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Environmentally Acceptable Endpoints
in Soil: Basic Concepts and

Assessment Approaches

David V. Nakles, Ph.D.
Remediation Technologies, Inc. (RETEC)

John A. Harju
Gas Research Institute (GRI)

ABSTRACT

The Gas Research Institute (GRI) in conjunction with the Petroleum Environmental
Research Forum, the Electric Power Research Institute (EPRI), and others have been
gathering scientific evidence since 1994 to support the statement that the mere detection
of a chemical in soil does not necessarily constitute a risk to human health or the
environment.  The examination of this premise has been the focus of the ongoing GRI
research program to investigate Environmentally Acceptable Endpoints in soils, other-
wise known as EAEs.  An EAE is defined as the threshold concentration of chemical sub-
stances in soil or other medium below which the risk to human health or the environment
is acceptable.  EAEs are based on the true risk associated with a contaminated soil, which
is consistent with sound scientific knowledge, and not simply on the analytical detection
of chemicals. GRI presented a summary of the key research results to date in a book,
Environmentally Acceptable Endpoints in Soil: Risk-based Approach to Contaminated
Soil Management Based on Availability of Chemicals in Soil, that was published in
January, 1997.  Perhaps the most significant conclusion that is presented in this book is
that the longer that chemicals remain in soil, (1) the less readily they are removed by
solvents, including water, (2) the less available they become to microorganisms, and (3)
the lower is their uptake by and toxicity to higher organisms such as earthworms.  This
reduction in availability of the chemicals reduces the risk associated with their presence
in the soil.  Evidence is also provided that when these “sequestered” chemicals are re-
leased from the soil, they are released very slowly.  Under these conditions, the chemicals
are often assimilated by the surroundings through sorption onto soil or natural biodegra-
dation such that the chemicals do not move very far from the source.  This assimilative
capacity of the natural environment limits the extent to which chemicals can migrate as a
dissolved-phase constituent in groundwater.  For many situations, this capacity can be
quantified and used as the basis for site management approaches which are both cost
effective and protective of human health and the environment.  This presentation
provides an overview of the basic technical concepts of EAEs in soil with an emphasis on
contaminant sequestration.  Supporting data are presented that demonstrate the binding of
chemicals in soil and their reduced availability to ecological and human receptors.  Based
upon these data, hypotheses are suggested to explain the observations and to assess their
potential impacts on contaminated site management.



INTRODUCTION

Extensive scientific data now exist to support the concepts that (1) chemicals in
soil are not completely and immediately released from the soil to the environment to be
transported to groundwater or taken up by receptors, and (2) the natural environment has
a finite assimilative capacity to deal with these chemicals and naturally reduce any
associated risks.  For inorganic chemicals, especially metals, migration is attenuated by
sorption to the soil.  For organic chemicals, both sorption and natural (intrinsic)
biodegradation processes can be active, attenuating the migration and thereby reducing
the risk.  Site-specific management strategies that incorporate these two concepts can be
both cost-effective and protective of human health and the environment.

This paper provides an overview of research data that have been generated by the
Gas Research Institute (GRI) and the Petroleum Environmental Research Forum (PERF)1

pertaining to the sequestration of chemicals in soil and its effects on uptake by and/or
toxicity to ecological receptors.  Information is also provided regarding the approach
taken by regulatory agencies to account for the effects of sequestration on the uptake of
soil-bound hydrocarbons by human receptors.  These data and information provide
support for the establishment of environmentally acceptable endpoints, or EAEs, for
hydrocarbons in soil that are greater than the analytical detection limits or background
concentrations at a given site.  An EAE is defined as the threshold concentration of
chemical substances in soil or other medium below which the risk to human health or the
environment is acceptable.  The emphasis of this paper is on data that will facilitate the
risk-based management and closure of sites containing hydrocarbons, but many of the
observations have also been noted in the literature for situations where inorganic species
are present as well.

THE OCCURRENCE AND MECHANISMS OF
CONTAMINANT SEQUESTRATION IN SOILS

The sequestration research of GRI and PERF has focused on hydrocarbons in soil
using two different sources of material: (1) uncontaminated soils spiked with single
hydrocarbon compounds and (2) uncontaminated soils spiked with a synthetic mixture of
hydrocarbons2.  These soils have been subjected to a combination of physical, chemical
and biological assays with the intent of: (1) demonstrating that the sequestration of
hydrocarbon occurs or has occurred during the aging of contaminants in soil, (2)
developing correlations between the occurrence of hydrocarbon sequestration and the
contaminant and/or soil properties, and (3) identifying the mechanisms that are
responsible for contaminant sequestration and the environmental factors that affect them.
This paper presents selected data that provide direct evidence that sequestration of
                                                       
1 The members of this PERF project (Research Area No. 1 , 94-06) include Chevron, Exxon, Shell,  Amoco,
Texaco, Conoco,  BP Oil, Canadian Association of Petroleum Producers, American Petroleum Institute,
DuPont, Aluminum Company of America, Department of Energy (Oak Ridge National Laboratory), and the
Gas Research Institute.
2 The research on single hydrocarbon compounds was conducted by Dr. Martin Alexander of Cornell
University under contract to GRI.  The research on synthetic mixtures of hydrocarbons was sponsored by
DuPont as part of Research Area No. 1 of the PERF Project 94-06.  Dr. Jodi Shann of the University of
Cincinnati and Dr. Murray Johnston of the University of Delaware conducted the work for DuPont.  GRI is
also a participating member of the PERF project.



hydrocarbons occurs in soil and suggests possible mechanisms to explain these
observations.  The potential impact of sequestration on the regulation of hydrocarbon
concentrations in soil is also briefly discussed.

EVIDENCE OF HYDROCARBON
SEQUESTRATION

The research results of GRI and PERF support the conclusion that hydrocarbons
become sequestered in soil as the contaminant ages in the soil under natural
environmental conditions.  The primary evidence was generated in the laboratory using
spiked soils that had been aged for various periods of time. The laboratory experiments
demonstrated that the sequestration of organic compounds occurred in a range of test
soils, leading to a loss in contaminant availability.  Mineralization, extractability with a
mild solvent (e.g., methanol, ethanol, or butanol), accelerated solvent extraction (ASE),
thermal desorption/mass spectroscopy (TD/MS), and plant/animal bioassays were the
assays used to document the occurrence of contaminant sequestration  in soil.

Microbial Assays

The initial sequestration studies dealt with the diminished availability of
contaminants to microorganisms as the hydrocarbon compounds persisted (or “aged”) in
soil.  Sequestration measurements using microorganisms represent a simple, inexpensive
and precise means of assessing the effect of soil type or chemical properties on the
sequestration process.  Some typical data depicting increasing resistance to biodegra-
dation by microorganisms as chemicals persist in soil are shown in Figure 1 for
naphthalene that had been aged in soil for 0 and 68 days and for phenanthrene that had
been aged for 0, 30, 60, 200 and 300 days.  This figure depicts mineralization of the
parent compounds (i.e., the percentage of the parent compound that is converted to CO2.)
as a function of time.  For naphthalene, the extent of biodegradation decreased from
approximately 75%, when no aging had occurred, to approximately 55% following only
68 days of aging.  Likewise, for phenanthrene, the extent of biodegradation decreased
steadily from slightly over 60% to nearly 40% as aging increased from 0 to 200 days.
Additional aging for a period of 100 days, or to a total of 300 days, did not result in a
further decrease in biodegradation.

Mild Solvent Extraction Assay

Sequestration was also evaluated using mild solvent extraction as the assay.
Mild solvents that were tested include 1-butanol, ethanol, methanol, 1-propanol, and
ethyl acetate.  Using this assay, Figure 2 provides evidence of the sequestration of
phenanthrene in eight test soils as the aging time of the contaminant in the soil increased.
In this study, a mixture of ethanol and water was used as the mild extractant.  The test
results show substantial decreases in the availability (i.e., decrease in extractability) of
the contaminants with aging up to 200 days.  For example, after 200 days of aging, the
percentage availability of phenanthrene decreased by anywhere from 6% to 54%.  In the
most extreme case, the absolute availability of phenanthrene, as measured by the mild
extractant, was reduced to 14%.  It is also evident from Figure 2 that the characteristics of



the soil (i.e., soil organic carbon) made a large difference in the extent of sequestration
that occurred with time.

Mild extractants were also used to examine the effects of aging on fluoranthene
and pyrene.  Both contaminants were spiked into the soil and then aged for approximately
140 days.  Samples from different aging times were extracted with 1-butanol, 1-propanol,
and ethyl acetate.  Each sample was also extracted using the methylene chloride Soxhlet
extraction.  Figure 3 shows these time series extraction data for pyrene.  These data
indicate that there was a decrease in the availability of pyrene to the solvents as the aging
time increased.  This decline in availability occurred in the first 83 days and varied with
the solvent that was used, ranging from approximately 23% (ethyl acetate) to 34% (1-
butanol).  In all cases, the recovery of the pyrene by Soxhlet extraction was 90% or
higher.

Thermal Desorption/Mass Spectroscopy/Accelerated
Solvent Extraction

Five test soils that were spiked with the mixture of seventeen hydrocarbons were
aged for as long as 15 months in the soil.  The unaged and aged samples were then
subjected to thermal desorption/mass spectroscopy (TD/MS) and accelerated solvent
extraction (ASE) as assays of contaminant sequestration.

Thermal Desorption/Mass Spectroscopy
TD/MS has been used previously to detect and, when used in combination with

gas chromatography, quantitate organic compounds in soil.  The soil analysis is
performed by heating the sample inside an oven and sampling the effluent into a mass
spectrometer.  In the source region of the mass spectrometer, the desorbed species are
photoionized with radiation just above their ionization potentials to produce molecular
ions with virtually no fragmentation.  This results in mass spectra that typically contain
only one peak per analyte.  Therefore, multiple compounds may be analyzed simultane-
ously from a single soil sample provided that they have different molecular weights or
evolve at significantly different temperatures.  Using the mass spectra from each sample
run, a thermal desorption plot of the molecular ion signal as a function of oven tempera-
ture is generated for each compound and the temperature of maximum desorption can be
determined from each plot.

It is believed that the temperature of maximum desorption can be used as an
indicator of contaminant sequestration.  This is based on the understanding that
contaminant sequestration is the result of a combination of both adsorption to the soil
surface and absorption within the soil matrix.  Energy is required to overcome the various
binding processes within the soil and release the compound into the environment.
Strongly-bound, or more highly sequestered, compounds require more energy and
therefore are more difficult to remove from the soil than the weakly bound, or less
sequestered, compounds.  With TD/MS, this energy difference is detected by a higher
temperature of maximum desorption.  In other words, the highly sequestered compounds
would have a higher maximum temperature of desorption than the less sequestered
compounds.

All five soils were analyzed using TD/MS immediately after spiking and then
after 1 month, 3 months, and 15 months of aging.  Of these soils and aging periods, only



the one soil showed a clear effect of aging on contaminant sequestration.  Table 1 shows
the average change in the maximum desorption temperature between the one-month and
15-month samples of that soil (i.e.,  TMAX).  For the higher molecular weight alkanes (i.e.,
C19 - C22) and phenanthrene, sequestration significantly increased between one and fifteen
months of aging as evidenced by increases in the maximum temperature of desorption for
these compounds of between 10 and 17ΕC.  Figure 4 shows the TD plots for
phenanthrene at the four aging times for this same soil.  As shown, the average maximum
temperature of thermal desorption for the three runs of the sample that had been aged for
15 months was 10ΕC higher than the maximum desorption temperatures at all of the
other three aging times (i.e., 0 days, 1 month, and 3 months).

Accelerated Solvent Extraction
ASE consists of a four-step sequential extraction procedure.  The procedure is

conducted in a 10 ml stainless steel extraction cell into which is placed a mixture of 1
gram of wet soil and 10 grams of silica which have been ground and mixed.  The cell is
placed into an ASE instrument (Dionex 200) which has five adjustable parameters: cell
temperature and pressure, static extraction time, purge time, and flushing volume.  After
several test trials, the solvent sequence and operating variables were set as shown in
Table 2.  The flushing volume was set at 100% for all steps of the sequence and the
heating time was five minutes.  The total run time per sample was 65 minutes.

Figure 5 presents the results of the ASE that demonstrate the sequestration of the
hydrocarbons in the soil.  This figure shows the fraction of the total hydrocarbons that
were recovered in each of the four sequential extracts (i.e., water, methanol, methylene
chloride [21ΕC, 1000 psi] and methylene chloride [40ΕC, 2000 psi]) of the ASE
procedure.  This information is shown for the fresh-spiked sample and for the samples
that had aged for 10 days and 15 months.  The data in the figure indicate that none of the
hydrocarbons in the fresh-spiked sample was removed during the initial water extraction;
nearly 90% was removed in the methanol extraction; and the remaining 10% was
removed during the first methylene chloride extraction.  However, as the hydrocarbons
aged in the soil matrix, the fraction that was removed by the methanol extraction
decreased (80% after 10 days of aging; 70% after 15 months of aging) and the fraction
that was removed in the two subsequent methylene chloride extractions increased (20%
after ten days of aging and 25% after 15 months of aging in the first methylene chloride
extract; from 0 to 5% after 15 months of aging in the second methylene chloride extract).
These data suggest that the hydrocarbons were becoming more difficult to extract (i.e.,
more sequestered) as the aging process proceeded.

Plant/Animal Bioassays

Plant and animal bioassays were developed to determine the decline in toxicity or
biological assimilation of a number of compounds.  Although these assays are more time
consuming and have less precision than assays of sequestration based on changes in
biodegradability or the amount of a compound removed by a mild extractant, strong
extractant or thermal heating, they have greater relevancy to risk analysis and
determining exposure.  The bioassays that have been used are earthworm uptake and
toxicity to plant seedlings and selected animals (i.e., flies and cockroaches).  These
assays were applied to several chemicals of potential interest to the gas industry including
phenanthrene, anthracene, pyrene, and fluoranthene.



Earthworm Bioassay
The uptake of phenanthrene by earthworms is presented in Figure 6 for both

unaged and aged soils.  As shown, the fraction of the spiked chemical that was added to
the soil became less available to the earthworm as it aged in the soil matrix.  After 155
days of aging, the availability of phenanthrene to the earthworm decreased from 8.6% to
3.3%.  It is important to note that when the unaged and aged soils were subjected to
vigorous extraction procedures similar to those used for regulatory purposes, the data
show that the total phenanthrene concentration in the soil is unchanged despite the loss of
availability to the earthworms.  This means that analytical methods of the types used for
regulatory purpose do not reflect the concentration of phenanthrene that is biologically
relevant to earthworms and, perhaps, other organisms as well.  Thus, the availability of
phenanthrene to earthworms declined by 62% in 155 days, while the total concentration
of 1 mg/kg in the soil was unchanged.  Similar data are also available for anthracene,
fluoranthene, and pyrene which were aged in soil for 203 days, 140 days, and 133 days,
respectively.  The uptake of these chemicals by earthworms declined by 40%, 30%, and
29%, respectively after aging for these time periods.

Additional studies were conducted to investigate the uptake of anthracene,
fluoranthene, and pyrene from soil by earthworms as a function of the contaminant
concentration.  The contaminant concentrations that were studied ranged from below 1
mg/kg to 100 mg/kg.  Figure 7 presents the experimental results and shows a linear
relationship, with the earthworm uptake increasing from 0 to about 60 to 80 Φg/g for all
of the contaminants over the concentration range that was studied.  The differences in the
uptake between the various contaminants was not significant.

Animal Bioassay
To examine the effects of sequestration on animal toxicity, 5 grams  of soil were

placed in triplicate in 100 x 25 mm polystyrene Petri dishes, the covers of which
contained 8 dime-size openings (covered with mesh) to allow for air exchange (Figure 8).
Each dish received a known number of flies [Musca domestica], fruit flies [Drosophila
melanogaster],or German cockroaches [Blattella germanica]).  The number of deaths of
the organism was then used to determine a percent mortality for each unaged and aged
soil sample.

DDT that was freshly added to soil killed all the test animals, whether they were
fruit flies (Drosophila melanogaster), houseflies (Musca domestica) or the German
cockroach (Blattella germanica) (Figure 9).  After 90 days of aging, only 68, 20 and 75%
of the individual animals were killed; that is, the toxicity had declined by 32, 80 and 25%
for fruit flies, houseflies and cockroaches, respectively.  Aging from 90 days to 150 days
resulted in little further diminution in toxicity.

Plant Bioassay
In the plant bioassays, seeds are germinated on moist filter paper, and the

seedlings are transferred to replicated 100 x 25 mm polystyrene Petri dishes containing
50 g of unaged or aged soil.  The system is enclosed in a transparent plastic bag (Figure
10), and the plants are grown at 25oC with a defined light-dark cycle.

These phytotoxicity assays were used to examine the effects of the sequestration
of atrazine on the seedlings of oat, cucumber, and wheat.  The results of these tests are
shown in Figure 11 and clearly demonstrate the declining availability of atrazine to these



plant seedlings as it aged in soil.  After only 120 days of aging in the soil, the mortality of
atrazine to the plant seedlings decreased from 100% (soil with freshly added atrazine) to
between 5 and 10%.

The uptake of anthracene by both wheat and barley was examined as a function
of aging and contaminant concentration in the soil.  In the aging study, uptake was
measured over six aging times to a total of 203 days.  An examination of the unaged
sample results revealed that the uptake by the wheat exceeded that of the barley by 32%
(i.e., 5.29 Φg/g versus 3.55 Φg/g).  For both plants, a decline in uptake was observed as a
result of aging.  At 203 days, the uptake by wheat had declined by 29% and the uptake by
barley, 32%.  To study the effects of contaminant concentration, the anthracene
concentration in the soil was varied from less than 1 mg/kg to as high as 250 mg/kg.  The
results of these studies are shown in Figure 12 and reveal a linear relationship between
uptake and contaminant concentration for both wheat and barley.  In general, the uptake
by the wheat exceeded the uptake by the barley at all contaminant concentrations.  In
particular, at the maximum concentration of 250 mg/kg of anthracene, the uptake by
wheat was approximately 10 Φg/g and by barley was 6 Φg/g.

The existence of correlations between the results of the plant and animal
bioassays and other, simpler physical or chemical techniques such as mild solvent
extraction was investigated.  This was done by plotting the uptake of anthracene, pyrene,
and fluoranthene by earthworms, barley, and wheat to the fraction of these contaminants
that were removed by 1-butanol, methanol, propanol, and ethyl acetate.  An example of
these comparison plots is shown in Figure 13 which illustrates the relationship between
anthracene uptake by wheat and its extraction by mild organic solvents.  In general, the
correlations were reasonably good for all of the comparisons (“r” values were greater
than 0.85 for all of the data regressions) and it would appear that mild solvent extraction
might be useful as a predictor for the availability of contaminants to earthworms and
plants.

Availability to Human Receptors

While there is less experimental data to illustrate the effects of sequestration on
the uptake of soil-bound hydrocarbons by human receptors, both Federal and state
regulatory agencies have provided guidance that recognize the potential for reduced
uptake as a result of the sequestration process.  This guidance is in the form of default
values that are used to adjust exposures to account for reduced contaminant availability to
humans through both the dermal and oral exposure routes.  Example of default values for
some groups of hydrocarbons are given in Table 3 for both the oral and dermal exposure
pathways.  As indicated in the table, default values for hydrocarbons are typically less
than 0.2 for the dermal exposure route.  It is also evident that different agencies use
different default values.  For the oral route of exposure default values are typically near
unity.  Magee et al.  [1996] proposed default values for dermal and oral absorption of
PAH compounds based on a review of available studies.  While these are not regulatory
agency default values, they provide insight into possible future default values.  The point
estimate for the oral-soil absorption adjustment factor (AAF) for all PAHs is 0.29.  The
point estimate for the dermal-soil AAF for carcinogenic PAHs is 0.02, and for non-
carcinogenic PAHs is 0.10.



MECHANISMS OF HYDROCARBON
SEQUESTRATION

There is no consensus regarding the mechanisms that govern contaminant
sequestration in soils.  However, it is generally understood that adsorption to surfaces,
diffusion into micropores, and partitioning into organic matter all play a role in some
fashion or another.  Due to this complexity, it is almost impossible to define specific
experiments that can delineate and separate the mechanisms that contribute to
sequestration.  In lieu of this, experiments have been conducted that provide inferences
about the sequestration mechanisms with the intent of developing a weight of evidence to
indicate what the predominant physical and chemical processes are that hold the
hydrocarbons within the soil matrix.  A review of some of these experiments and the
mechanistic inferences that were made from them are summarized below.

Diffusion into Nanopores

Using model solids, it has been shown that sequestration may occur because the
compounds penetrate hydrophobically coated nanopores in soil, physically partition into
soil organic matter, or both.  Support for the possible role of nanopores with hydrophobic
surfaces comes from an investigation in which phenanthrene was placed in contact with
glass particles with no pores, polystyrene particles with no pores or silica particles with
pores that had no hydrophobic surfaces.  The phenanthrene was then subjected to
biodegradation.  It was observed that the phenanthrene quickly and extensively (i.e., 50%
to 60%) degraded under these conditions (Top Half, Figure 14).  However, phenanthrene
in contact with PEI-silica or polystyrene containing hydrophobically coated nanopores
was almost completely resistant (i.e., 2% to 6%) to biodegradation (Bottom half, Figure
14).

Partitioning into Organic Matter

Evidence for the mechanism of sequestration involving physical partitioning of
the compound into soil organic matter comes from an investigation in which
phenanthrene was incorporated throughout the interior of model solids for soil organic
matter.  Low-molecular-weight synthetic polymers, alkanes, fats and waxes were used as
the model soil matrix.  Under these circumstances, very little of the PAH was degraded
by subsequently added bacteria.

Adsorption or Chemisorption to Soil Surfaces

Additional mechanistic studies were conducted to investigate the energetics of
hydrocarbon sequestration.  Using direct thermal desorption-photoionization mass spec-
troscopy (TD-MS), the activation energy (Ea) necessary to desorb (volatilize) hydro-
carbons from the fresh and aged soils was determined using the five test soils that had
been spiked with the seventeen-compound hydrocarbon mixture. The activation energy
required for desorption is a measure of the binding energy between a compound and the
soil and can provide insights into the nature of the binding mechanism.  The Ea’s of
seventeen hydrocarbons from the five different soil types, before and after varying
degrees of aging, were compared to identify any shifts in the thermal response profile.
The experiments were designed to test the hypothesis that the contaminant aging process



in soil involves a shift of molecules from weakly-bound to strongly-bound sites.  The
relationship between the contaminant-soil binding energy and contaminant availability
was determined by performing measurements of both parameters on the same set of fresh
and aged soil samples.

Evidence of the possible existence of different energy binding sites was observed
when the effects of changes in hydrocarbon concentrations on the thermal desorption
profiles were examined.  In this experiment, two samples of a soil were freshly spiked
with the hydrocarbon mixture to yield total concentrations for each constituent of
approximately 100 and 1000 mg/kg.  The thermal desorption plots for hexadecane are
shown for these two different concentrations in Figure 15.  For the high concentration
soil, the bulk of the ion signal resides in the high temperature desorption phase with a
much smaller, low temperature desorption phase evident.  In contrast, the low
concentration soil showed an ion signal that was more evenly split between the high and
low temperature phases.  In addition, the maximum thermal desorption temperature of the
high temperature desorption phase of the low concentration soil was at a significantly
higher temperature than it was for the high concentration soil (i.e., 112ΕC higher).  This
shift in the maximum thermal desorption temperature indicates that a portion of the
hydrocarbon is more strongly sequestered in the low concentration soil and that the
strongest binding sites become saturated at the higher hydrocarbon concentrations.

Further evidence that surface area plays a potentially important role in
hydrocarbon sequestration is shown in Figure 16.  This figure indicates that sequestration
is greater in soils with surface areas greater than 30 m2/g and least in soils with smaller
surface areas.  Once again, mild solvent extraction with 1-butanol was used as the
sequestration assay.

It is believed that the data from these experiments and others yet to be done will
provide additional insight into the mechanisms responsible for hydrocarbon seques-
tration, resolving the roles of limited diffusion or variable sorptive bonding energies.

POTENTIAL IMPACT OF HYDROCARBON
SEQUESTRATION ON ESTABLISHING

EAEs AT GAS INDUSTRY SITES
The gas industry has a number of sites that have had hydrocarbon (e.g.,

petroleum- and coal-tar derived) in the soil for long periods of time.  A long time, as it
relates to the sequestration of these chemicals in soil, consists of four to six months, or
greater.  One set of sites include production, processing, gathering, and transmission sites
where pits and spill areas can contain residual hydrocarbons.  Another set of sites include
manufactured gas plant (MGP) sites that have been out of service for as many as 50 to
100 years.  These sites can contain coal tar and other high molecular weight hydrocarbon
compounds in soil.  The lack of availability of these chemicals that results from
sequestration can be a significant factor in the management of both of these sets of sites
since the petroleum hydrocarbon and coal tar chemicals have undergone aging in the soil,
may not be readily released from the soil to groundwater or ecological/human receptors,
and, therefore, may not represent an unacceptable risk.



Contaminant availability information may be used at these sites for a number of
purposes.  First, it will be useful for establishing more realistic and technically achievable
soil limits and action levels.  This is especially true at sites that have aged contaminants
in soils that also contain a residual NAPL.  Incorporating improved computational and/or
site-specific experimental methods for contaminant availability will likely lead to an
upward modification of established regulatory limits for such a site and will provide
supporting documentation that these revised limits are protective of the environment and
human health.  In some instances, where significant contaminant aging has occurred and
where future land use precludes the completion of many exposure pathways, it may be
possible to make a scientifically defensible case for no action at a site.  In those cases
where remedial action is deemed necessary, the second use of contaminant availability
information comes into play.  This information can be used to identify and select cost-
effective remedial strategies for a site.  For example, the data in this paper have
demonstrated that a remedial technology that is capable of removing the readily available
fraction of chemicals from a soil may have reduced the risk of that contaminated soil to
acceptable levels, regardless of the concentration of the residual chemical that remained
following treatment.  For this reason, biological treatment as well as management
approaches such as hot spot removal, in situ bioventing or soil vapor extraction, and
natural attenuation may be considered effective treatment technologies.  Lastly, the
contaminant availability protocols will provide an industry- and site-specific data base to
support regulatory determinations such as the RCRA exemption for oil and gas
exploration and production wastes and total petroleum hydrocarbon soil concentration
limits of 1% or greater that are in place for many states.  The lack of contaminant
availability associated with elevated concentrations of many of these wastes or residuals
can be demonstrated and will support the contention that these materials do not represent
an unacceptable risk to the environment or human health.

Most risk-based, site management frameworks use a tiered decision tree
structure.  The early tiers use conservative generic information such as screening
benchmarks or generic guidelines, and subsequent tiers use more site-specific data that
permits factors such as future land use to be addressed.  As the assessment proceeds
through these frameworks, the early conservatism is replaced with more site-specific
data.  For information on contaminant availability to be useful for risk-based assessments
of contaminated soils, it must be relevant to the site situation, be accepted by oversight
regulatory agencies, and meet data quality objectives appropriate for the type of decisions
that will be made.  To elucidate these factors, GRI has participated in a workgroup
comprised of regulatory agencies, consultants, and university scientists — the New
England EAE Workgroup — which met for a period of a year and identified six
“considerations” for using information on contaminant availability in risk-based
approaches to site management (Menzie et al, in press):

• Determine the usefulness of incorporating information on contaminant avail-
ability.

• Identify information needs from a conceptual model of exposure for the site and
from exposure pathways judged critical to the assessment.

• Identify soil factors that affect contaminant availability.

• Determine the type or form of information (measures and/or models) that can be
used within the risk assessment and risk management process.



• Select methods (measures and/or models) based on the “weight of evidence” or
strength of the contaminant availability information they will provide and how
that information will be used for risk assessment and risk-based decision making.

• Incorporate information into the risk assessment and risk-based decision making.

It is presumed that these factors or steps can be integrated into a tiered (or iterative)
assessment strategy and tailored to specific federal or state risk assessment frameworks
such as those that exist within ASTM RBCA and EPA Superfund.
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Table 1.  Difference in Average ∆TMAX for Hydrocarbons in Soil
Following 1 Month and 15 Months of Aging.

∆∆TMAX
a

Compound Formula
Soil #1

(15 mo.)b
Soil #2
(1 mo.)

Alkanes
Tetradecane C14H30 2.9 (2.1)
Hexadecane C16H34 2.8 (2.1)
Pristane C19H40 10.3 (3.7)
Eicosane C20H42 13.2 (1.6)
Docosane C22H46 16.6 (3.6)
Alkene
1-Octadecene C18H36 5.3 (2.3)
Aromatic
Phenanthrene C14H10 11.5 (1.6)

Notes:
aValues are the average difference in ΕC from three runs of each soil (∆TMAX @ 15
months — ∆TMAX  @ 1 month).  Standard deviations of the three separate runs are given
in parentheses.
bTime indicates aging time prior to analysis.
Source:  Zoeller et al., 1998.

Table 2.  ASE Procedure Used to Extract Experimental Soils.

Solvent
Sequence

Temperature
(ΕΕC) Pressure (psi)

Static
Extraction
Time (min)

Purge Time
(sec)

Water 21 1000 5 120
Methanol 21 1000 7 120
Methylene
Chloride

21 1000 14 120

Methylene
Chloride

40 2000 10 40

Note:
Flushing volume was 100% for all steps of the sequence; heating time was 5 minutes.
Run time per sample was approximately 65 minutes.
Source:
Shann et al., 1998.



Table 3.  Examples of Default Values Used to Adjust Exposures to Account for
Reduced Contaminant Availability.

Route of Exposure and
Chemical

Dermal
Relative Absorption

Factor

Oral
Relative Absorption

Factor
Benzene 0.08 [1], 0.0005 [2] 1.0 [1]
Ethylbenzene 0.2 [1], 0.03 [2] 1.0 [1]
Toluene 0.12 [1], 0.03 [2] 1.0 [1]
Xylenes 0.12 [1], 0.03 [2] 1.0 [1]
Volatile organic compounds 0.1 [5], 0.25 [6] 1.0 [5]
n-Hexane (for TPH) 0.5 [1] 0.91 [1]
Nonane (for TPH) 0.2 [1] 0.91 [1]
Eicosane (for TPH) 0.1 [1] 0.91 [1]
Pyrene 0.18 [1], 0.1 [2] 0.91 [1]
Acenaphthene 0.2 [1], 0.1 [2] 1.0 [1]
Anthracene 0.29 [1], 0.1 [2] 0.91 [1]
Benzo(g,h,i)perylene 0.18 [1], 0.1 [2] 0.91 [1]
Fluoranthene 0.2 [1], 0.1 [2] 1.0 [1]
Fluorene 0.2 [1], 0.1 [2] 1.0 [1]
1-Methylnaphthalene 0.1 [1], 0.1 [2] 1.0 [1]
2-Methylnaphthalene 0.1 [1], 0.1 [2] 1.0 [1]
Naphthalene 0.1 [1], 0.1 [2] 1.0 [1]
Phenanthrene 0.18 [1], 0.1 [2] 0.91 [1]
Benzo(a)anthracene 0.18 [1], 0.1 [2] 0.91 [1]
Benzo(a)pyrene 0.18 [1], 0.1 [2] 0.91 [1]
Benzo(b)fluoranthene 0.18 [1], 0.1 [2] 0.91 [1]
Dibenz(a,h)anthracene 0.08 [1], 0.1 [2] 0.91 [1]
Indeno (123,cd)pyrene 0.2 [1], 0.1 [2] 0.91 [1]
Polycyclic Aromatic Hydro-
carbons

0.15 [3], 0.05 [4], 0.01 [5] 0.1
— semivolatile compounds [6]

0.5 — semivolatile
compounds [5]

Source:
1. Massachusetts Department of Environmental Protection, 1997.
2. U.S. Environmental Protection Agency Region III, 1998.
3. Wester et al., 1990.
4. Illinois Pollution Control Board, 1996.
5. Michigan Department of Natural Resources.
6. Ohio Department of Commerce, 1995.



Figure 1.  Effect of Aging on Chemical Resistance to Biodegradation.
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Figure 2.  Effect of Aging of Untreated Soils on Sequestration of
Phenanthrene: Mild Solvent Extraction Using Ethanol and Water.

Figure 3.  Effect of Aging Time on Extractability of Fluoranthene and Pyrene
from Soil Using Mild Solvent Extraction.
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Figure 4.  Effect of Aging on Maximum Thermal Desorption Temperature
for Phenanthrene in Soil.

Figure 5.  Effects of Aging on Extractability of Hydrocarbons from Soil:
Accelerated Solvent Extraction (ASE) Procedure.
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Figure 6.  Effect of Aging on Earthworm Uptake of Phenanthrene in Niagara Silt Loam.

Figure 7.  Correlation Between Uptake of PAHs by Earthworms and
Their Concentrations in Soil.
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Figure 8.  Example of Petri Dish Used in Animal Bioassay Analysis.

Figure 9.  Effect of Aging/Sequestration of DDT on Acute Toxicity
to Three Animal Species.

Source: Alexander, 1997
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Figure 10.  Example of Petri Dish/Plastic Bag System Used in Plant Bioassay Analysis.

Figure 11.  Effect of Aging/Sequestration of Atrazine on Acute Toxicity to Seedlings.
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Figure 12.  Correlation Between Anthracene Uptake by Plants and
Its Concentration in Soil.
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Figure 13.  Correlation Between Anthracene Uptake by Wheat
and Its Extraction by Organic Solvents.
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Figure 14.  Effect of Nanopores (With and Without Hydrophobic Coating) on
Phenanthrene Mineralization.
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Figure 15.  Thermal Desorption Temperature Plots for Hexadecane in Soil.

Figure 16.  1-Butanol Extraction of Phenanthrene Aged for
100 Days in Soils with Different Surface Area.
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ABSTRACT

A sacrificial batch method was used to measure the extent and rate of release
(ROR) of chemicals in six soils containing petroleum hydrocarbons.  The results indicated
that hydrocarbons in soils containing slightly to moderately weathered diesel range
organics were more available for release than hydrocarbons in soils containing weathered
crude oil.  Thus, hydrocarbons in soils at exploration and production sites having similar
characteristics to the soils in this study should be expected to be largely unavailable for
release.

Specific evaluations indicated that for log Koc values above approximately 7, the
slow rate at which the residual hydrocarbons were released, k2, decreased as Koc increased.
In addition, the dependence of k2 on Koc was less for soils that were more weathered.
Although no clear relationship between the fraction of the hydrocarbons rapidly released,
F, and Koc was apparent, the value of F appeared to be lower at higher Koc values.  Such
relationships can help guide research toward relevant fundamental relationships and may
help guide preliminary site management evaluations and decisions.



INTRODUCTION

Many sites in the United States and other countries have soils that contain organic
chemicals from spills, leaks, tank ruptures, or improper disposal techniques.  At such sites,
there can be concerns about the potential risk posed to human health and the environment
by these chemicals.  The primary management goal at such sites is to obtain “closure” of
the sites, i.e., to achieve a set of conditions that is considered environmentally acceptable
and that will ensure that no further action will be required at the site.  Recent information
has indicated that high concentrations of chemicals in soils may not be associated with
adverse effects (1).  Rather, the risk posed by chemicals in soil and the appropriate
environmentally acceptable endpoint (EAE) for a soil are dependent on the availability and
release potential of the chemicals present in the soil at a site.  Thus, in estimating the
relative risk of organic chemicals in soil, accurate and precise information is needed on the
amount of chemical released and the rate at which it is released under site-specific
conditions.

A batch rate of release (ROR) procedure was developed at the University of Texas
at Austin (UT) and has been described previously (2,3).  This procedure has been applied
to a number of field soils to determine the extent and rate of release of hydrocarbons from
soil.  The results are being evaluated to determine the effect of soil and chemical properties
and degree of treatment on chemical release from soil and to evaluate the use and
implications of the results with respect to site management decisions and the determination
of EAEs in soil.

As part of a large effort to determine EAEs in soils, several field soils from
petroleum industry sites were obtained and extensively characterized.  The soils were
obtained from exploration and production (E&P), refinery and terminal sites.  A number of
these soils were subjected to ROR studies at UT.  Some of the soils contained diesel range
hydrocarbons that had been only slightly or moderately weathered.  Other soils contained
crude oil hydrocarbons that were moderately to severely weathered.

The objectives of this research were to: 1) obtain ROR data for a number of field
soils from the petroleum industry, 2) evaluate chemical release with respect to the type of
hydrocarbons (e.g., diesel vs. crude oil) in the soils and the extent of weathering or prior
biodegradation, and 3) investigate the effect of soil and chemical characteristics on the
release of chemicals from soil.

METHODS AND MATERIALS

Soils Used

Six field soils were used in this study.  These soils were identified as Soils C, D,
F, I, K and Hilbig (Table 1).  These soils were obtained from E&P, refinery, and terminal
sites, and contained different mixtures of hydrocarbons as indicated in Table 1.

The extent of weathering of each soil was determined using criteria that considered
the hydrocarbon composition in the soil.  The evaluation of the extent of weathering had



been conducted previously (4) by examining available gas chromatographic and mass
spectrometric data.  For these soils, weathering was defined as follows: slight (C8 to C10
and greater hydrocarbons remaining, meaning loss of the straight chain hydrocarbons less
than C8); moderate (C10 to C12 and greater hydrocarbons remaining, meaning loss of the
straight chain hydrocarbons less than C10); and severe (substantial loss of C12 to C16
hydrocarbons and loss of the straight chain hydrocarbons less than C12).  Use of this
criteria resulted in Soil I being designated as having slight weathering, Soil D as having
moderate weathering, and Soils C and K as having severe weathering.  In addition, the
Hilbig soil had no quantifiable straight chain hydrocarbons less than C16.  Weathering
was defined as very severe for this soil.

Before conducting ROR experiments, each soil was passed through a U.S.
Standard #10 sieve (2 mm) and thoroughly mixed.  All soils were stored at 4°C until use.

Rate of Release Procedure

A sacrificial, batch method was used to determine the extent and rate of release
(ROR) of chemicals from soil to an aqueous phase over long time periods.  The batch
reactors used contained soil, water and a synthetic adsorbent, XAD2.  The method was a
revised version of the methods described previously by Williamson et al. (2) and Berg et
al. (3).  In the ROR procedure, the soil is actively mixed in a slurry.  In addition, the
XAD2 maintains a concentration in the aqueous phase of near zero providing a maximum
driving force for chemical release.  Thus, the rates measured in these studies are
considered conservative, upper-bound estimates of the rates that could be expected to
occur under field conditions.

This ROR method used 15-mL glass vials containing 2 g of soil, 1.2 g XAD2, and
a 0.02% NaN3 and 0.01N CaCl2 aqueous solution.  A series of vials were prepared and
placed in an end-over-end tumbler.  Triplicate vials were sacrificed at the following times:
2 h, 5 h, 8 h, 12 h, 1 d, 1.5 d, 2.5 d, 4 d, 7 d, 12 d, 21 d, 35 d, 49 d, 63 d, 77 d, 91 d, 105
d, and 119 d.  The sacrificed vials were centrifuged to separate the soil, water, and XAD2
layers.  The XAD2 was removed from the vial, vacuum dried, and chemicals were
extracted from the XAD2 with methylene chloride.

The concentration of chemicals in the soil phase (St) also was analyzed for
selected vials and used in mass balance evaluations.  For the vials sacrificed for mass
balance evaluations, the water was removed from the vial after removing the XAD2.  The
soil phase was then dried with magnesium sulfate and chemicals were extracted from the
soil with methylene chloride.

Seven additional representative samples of the initial soil were dried with
magnesium sulfate and batch extracted with methylene chloride to determine the total
chemical concentration initially in the soil (S0).

The solvent extracts from the XAD2 extractions and the soil extractions (mass
balance samples and S0 extractions) were analyzed by gas chromatography (GC).



The synthetic adsorbent used, Amberlite XAD2, is a synthetic resin (poly-
45%styrene-55%divinylbenzene, 20x60mesh) currently marketed as Supelpak-2 by
Supelco.  In the experimental design, it was assumed that the XAD2 provided an
instantaneous and infinite sink for organics released to the aqueous phase.  In other words,
chemicals released from the soil would be immediately adsorbed by the XAD2 and the
amount of XAD2 present was sufficient to adsorb the entire mass of chemical released
from the soil in the vial.  The capacity of XAD2 was verified during two of the
experiments described in this article, but the results are not shown.

The data obtained during the ROR experiments were: a) initial chemical
concentrations in the soil (S0), b) the amount of chemical released from the soil and sorbed
on the XAD2 (Sx) for each sampling event, and c) the chemical concentrations in the soil at
various times during the experiment (St).

Mass balance evaluations consisted of comparing the amount of chemical initially
present in the soil (S0) to the sum of the mass of chemical released from the soil (Sx) and
the mass of chemical remaining in the soil (St) for a given vial.

The chemical release data (Sx) were analyzed by normalizing the amount of
chemical released from the soil and sorbed on the XAD2 by the total chemical
concentration in the soil.  The data were then modeled using an empirical two-site model,
consisting of two first-order expressions:
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t  = Time [days]
Sx  = Mass of chemical on XAD2 after time t [mg/kg dry soil]
So  = Total mass of chemical originally in soil  [mg/kg dry soil]
Sx/So = Fraction of chemical released after time t
F = Fraction of chemical released quickly (labile phase)
(1-F) = Fraction of chemical released slowly (non-labile phase)
kf   = First order rate constant describing quickly released fraction

[1/day]
k2 = First order rate constant describing slowly released fraction

[1/day]

The parameters of fit were F, kf and k2.  Standard non-linear regression routines in
Deltagraph Professional were used to fit release data to the above equation.

Gas Chromatography

A Hewlett-Packard HP5890 Series II gas chromatograph with a flame ionization
detector (GC-FID) was used to quantify the concentrations of hydrocarbons in the
samples.  Internal standards were used in all standards and samples to account for changes



in sample volume or GC response.  Check standards and blanks were used to ensure
accurate and consistent GC performance.

Hydrocarbon Range Methodology

Chemical concentrations in soils can be determined using general measures, such
as total petroleum hydrocarbons (TPH), or using specific measures, i.e., analyzing for
specific compounds.  More information is obtained when individual compounds are
analyzed.  However, when analyzing complex mixtures of hydrocarbons, such as crude oil
and diesel fuel, it is difficult to consistently integrate a single peak, and thus quantify the
concentration of an individual compound, over a number of samples.  By breaking up the
chromatogram into a series of smaller ranges, more information is gathered about the
behavior of chemicals in the sample.  In this research, this concept was extended by
breaking the chromatogram into smaller ranges, with the ranges used established around
the retention times of n-alkanes.

Each hydrocarbon range was defined by a retention time (RT) window calculated
as the retention time of the n-alkane for that range ± half the difference between the
retention time of that n-alkane and the next n-alkane.  For example, the retention time
window for the C24 range was determined by:

C24 range window = RT for C24 ± 0.5(RT for C25 - RT for C24)

To quantify the concentration for a hydrocarbon range, the area within the
retention time window was compared to a calibration curve generated from hydrocarbon
standards containing either diesel range organics or motor oil range organics.  The
retention times of the n-alkanes were determined from a standard containing only n-alkanes
within the ranges present for that mixture.

RESULTS

Rate of Release Results

ROR data were obtained for each of the six soils and the resulting release pattern
was fit using the 2-site model.  An illustrative release curve showing the individual data
points and the two-site model fit for the release of C24 range hydrocarbons in Soil C is
presented in Figure 1.  Two-site model fit results for the release of hydrocarbon ranges
from Soil D and Soil K are shown in Table 2.

Soils D, F, and I contained diesel range hydrocarbons.  The general release
patterns for these soils indicated that the lower molecular weight hydrocarbons were more
readily released from the soil than were the higher molecular weight soils.  For example,



for Soil D, F values ranged from a high of 0.54 for the C15 range hydrocarbons to a low
of 0.05 for the C25 range hydrocarbons.

Soils C, K, and Hilbig contained primarily heavier hydrocarbons, sometimes
referred to as motor oil range organics.  Crude oil was the source of the hydrocarbons in
these three soils.  Soils K and Hilbig were from E&P sites and Soil C was from a refinery
site.  For Soils C and K, there also a trend of decreasing chemical release with increased
molecular weight of the hydrocarbons.  For example, for Soil C, the F value for the C24
range hydrocarbons was 0.12 and the F value of the C32 range hydrocarbons was 0.05.
For the Hilbig soil, F values ranged from 0.12 to 0.27 with no apparent trend related to the
molecular weight of the hydrocarbons.  The release patterns were similar for most of the
hydrocarbon ranges analyzed in the Hilbig soil.

One of the goals of this research was to evaluate release with respect to the type of
hydrocarbons (e.g., diesel vs. crude) in the soils and the extent of weathering or prior
biodegradation.  A comparison was made between the general release patterns observed for
soils containing primarily diesel range organics (Soils D, F, and I) and soils containing
primarily motor oil range organics (Soils C, K, and Hilbig).  The F values for four of the
six soils (Soils C, D, I, and K) are plotted as a function of hydrocarbon range in Figure 2.
For clarity, the results for Soil F and the Hilbig soil were not plotted, but the results were
similar to those for the other soils.  First, for a given soil, the previously noted trend of
decreasing F value with increasing molecular weight is illustrated for most of the
individual soils.  Second, the F values of Soils C, K and Hilbig were generally lower than
those of Soils D, F, and I.  This may be expected since Soils C, K and Hilbig contained
heavier hydrocarbons.  However, in some cases, the availability of the similar hydrocarbon
ranges was less in the soils containing crude oil than in the soils containing diesel range
organics.  For example, the release curves for C20 range hydrocarbons are shown for Soils
C, D, I, and K in Figure 3.  The release curves indicate greater availability of the C20
range hydrocarbons in Soils D and I (containing diesel range organics) than in Soils C and
K (containing crude oil).

Thus, the general patterns of chemical release indicated that the availability of
hydrocarbons in soils containing weathered crude oil was less than that of hydrocarbons in
soils containing less weathered diesel range organics.  The hydrocarbons at most
exploration and production sites are typically similar in composition to weathered crude oil
and could be expected to behave in a similar manner to the hydrocarbons in Soils C, K and
Hilbig.  Thus, the availability of the hydrocarbons in such weathered E&P site soils may
be very low.

Evaluations

The third objective of this research was to investigate the effect of soil and
chemical characteristics on the release of chemicals from soil.  By establishing
relationships between F and k2 and various soil and chemical characteristics, it is possible
that representative values of F and k2 can be estimated from readily available knowledge
about soil characteristics.  Such information then can be used to estimate the fraction of
chemicals released from the soil over time.  Such relationships, although empirical, can



help guide research toward relevant fundamental relationships and may be useful to guide
preliminary site management evaluations and decisions.

Properties of individual chemicals in soil (e.g., BTEX, polynuclear aromatic
hydrocarbons, n-alkanes), such as Koc and solubility, are available in the literature.
However, for this research, ranges of chemicals that included mixtures of many aromatic
and aliphatic compounds were quantified.  A method was needed to estimate properties,
such as Koc and solubility, of these hydrocarbon ranges.  One such method was developed
by the Total Petroleum Hydrocarbon Criteria Working Group (TPHCWG) (5).  The
TPHCWG calculated an equivalent carbon number for an individual compound by taking
the boiling point of the compound and normalizing it to the boiling point of the n-alkanes
or the retention time of the chemical in a boiling point gas chromatograph column.

Relationships between an equivalent carbon (EC) number and Koc for aliphatic and
aromatic compounds were then developed (5) and used to estimate Koc values for chemical
ranges.  In this study, these relationships were also used to estimate Koc values for each
chemical range.  The following TPHCWG relationships were used to determine Koc values
for aliphatic and aromatic compounds:

log Koc = 0.45*EC + 0.43, for aliphatics (1)
log Koc = 0.10*EC + 2.3, for aromatics (2)

In this study, the EC for a hydrocarbon range was set equal to the carbon number
of the straight chain alkane around which the range was centered.  For example, the
equivalent carbon number of the C14 range was 14.  A separate aliphatic and aromatic
Koc was determined from equations 1 and 2.  However, both Koc values had to be
accounted for within a range since the data obtained for F, kf, and k2 were based on
analyses of hydrocarbon mixtures containing both aliphatics and aromatics.

To account for the mixture of aliphatics and aromatics in the soil, a linear
weighted average of the two Koc values was calculated.  The fraction of aliphatics and
aromatics present in each soil was determined previously by an independent laboratory (4).
The weighted average of the aliphatic and aromatic Koc values in a chemical range is
referred to as the weighted Koc and was calculated using:

Koc(weight) = (Koc(aliph))(fraction aliph) + (Koc(arom))(fraction arom)    (3)

The weighted Koc provides an estimate of the average of the two extreme Koc values based
on the presence of aromatics and aliphatics in the soil.

In addition to the organic carbon partition coefficient, water solubility values were
estimated for each hydrocarbon range.  The TPHCWG also developed the following
relationships between equivalent carbon number and water solubility:

log S = -0.55*EC + 4.5, for aliphatics (4)
log S = -0.21*EC + 3.7, for aromatics (5)

A weighted solubility value was calculated using the procedure described above for
determining the weighted Koc value.



Values of Koc and S for the hydrocarbon ranges analyzed in Soils I and K are
provided in Table 3.  The values of Koc and S for the hydrocarbon ranges analyzed in the
other soils also were determined but are not shown.

To identify possible empirical relationships between release parameters and
chemical characteristics, the ROR parameters F and k2 were plotted against the values of
Koc and S determined for the hydrocarbon ranges in each soil.  If obtained and validated,
relationships between the release parameters and chemical characteristics will aid in
estimating release behavior at field sites.

The relationship between k2 and Koc for all six soils is shown in Figure 4 (the
dotted lines are illustrative trend lines, not statistical lines of best fit).  At log Koc values
less than approximately 7, k2 did not seem to vary with Koc.  At log Koc values greater than
approximately 7, the k2 values decreased as Koc increased.

The relationship between F and Koc also was evaluated for the six soils (Figure 5).
There was no clear relationship between F and Koc.  However, a general trend appeared to
exist indicating the F was larger at low Koc values than at high Koc values.  In addition, for
Koc values greater than approximately 1 x 1012 mL/g, F did not exceed 0.3 and most of the
F values were less than 0.2.

The F and k2 values also were compared to the solubility values determined for the
hydrocarbon ranges.  The relationships used to determine solubility for the ranges
(equations 4 and 5) were similar to those used to determine Koc (equations 1 and 2), and
these relationships all used the EC value of the hydrocarbon range to determine the
chemical property.  Thus, the relationships for solubility were opposite to those for Koc.
As S increased, k2 increased.  And while there was not a clear relationship between F and
S, there was a general trend indicating increasing F values for solubility values greater
than approximately log S = -1 (0.1 mg/L).

The above evaluations used the data from all of the six soils to see if general
relationships could be determined between release parameters and chemical characteristics.
The effect of other characteristics on release was investigated by analyzing the differences
between the individual k2 versus Koc relationships.  A unique relationship appeared to exist
between k2 and Koc for each individual soil.  The specific relationships indicated that at log
Koc values greater than approximately 7, k2 decreased as Koc increased.  Results for five of
the soils are presented in Figure 6.  In addition, there was less dependence of k2 on Koc for
soils that were characterized as being more weathered (Figure 7).

SUMMARY OF RESULTS

Rate of release results were obtained for six soils containing petroleum
hydrocarbons.  The results indicated that the extent of hydrocarbon release and availability
was greater for lower molecular weight hydrocarbons and lesser for higher molecular
weight hydrocarbons.  In addition, hydrocarbons in soils containing weathered crude oil
appeared to be less available for release than those in less weathered soils containing diesel



range organics.  Thus, hydrocarbons in soils at E&P sites having similar characteristics to
those in this study should be expected to be largely unavailable for release.

An attempt was made to correlate the release parameters F and k2 to soil and
chemical characteristics.  Although no broad relationships were developed across soils,
relationships did exist for individual soils.  In particular, for log Koc values above
approximately 7, k2 decreased as Koc increased.  In addition, the dependence of k2 on Koc

was less for soils that were more weathered.  Although no clear relationship between F and
Koc was apparent, the value of F appeared to be lower at higher Koc values.

When applying the results of this study to the field soils, the following must be
considered.  The ROR protocol is conservative for two reasons.  First, there is a
continuous maximum driving force for chemical release because of the presence of the
XAD2 resin.  Second, a large amount of mixing energy is introduced to the system
throughout the ROR study.  In the field, mixing is not as intense and equilibrium
considerations can influence the rate and extent of chemical release from the soil.
Therefore, the results of these ROR studies should be considered conservative estimates of
chemical release.  The fractions of chemical released and the rates of release determined
using this method represent maximum values likely to be encountered in the field.
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Table 1:  Physical Characteristics of the Soils Evaluated
Parameter Units Soil C Soil D Soil F Soil I Soil K Hilbig

Source - refinery
site

industrial
site

petroleum
product
terminal

site

petroleum
E&P site

refinery
site

crude oil
storage
facility

texture - Silty
clay

Sand Sand Silty sand Sandy silt Clayey
silt

Clay % 57 4 13 15 20 45
Sand % 1.5 47 63 60 50 <1
Silt % 42 49 24 25 30 55

Total
Organic C % 5.65 5.07 2.24 1.14 3.76 2.23

pH - 7.6 7.6 8.7 8.6 7.3 7.6
Cation

Exchange
Capacity

meq/
100g 21 13 8.0 7.0 14 **

Electrical
Conduct.

mmhos
/cm 1.7 1.4 1.8 0.56 2.5 **

Sodium
Adsorption

Ratio
-

1.3 0.20 36 2.0 1.4 **
Moisture
Content % 14 16 9.6 16 19
Total

Surface
Area m2/g 15 6.5 4.1 4.7 4.9 **

Particle
Density g/cm3 2.4 2.5 2.4 2.6 2.4 **

** Data Not Available



Table 2:  Chemical Release Parameter Values for Soils D and K
Soil D Soil K

Hydrocarbon
Range F kf (1/d) k2 (1/d)

Hydrocarbon
Range F kf (1/d) k2 (1/d)

C10 0.42 15 0.0031 C20 0.11 0.78 0.0047
C11 0.43 10 0.020 C22 0.13 0.35 0.0023
C12 0.30 3.9 0.031 C24 0.10 0.41 0.0019
C13 0.45 2.8 0.037 C26 0.09 0.44 0.0017
C14 0.52 2.5 0.034 C28 0.05 0.26 0.0014
C15 0.54 2.0 0.044 C30 0.04 0.14 0.00091
C16 0.48 1.8 0.051 C32 0.02 0.018 0.00064
C17 0.31 2.6 0.17 MROb 0.09 0.71 0.0013
C18 0.37 4.9 0.037
C19 0.42 4.4 0.033
C20 0.45 4.6 0.037
C21 0.28 3.6 0.013
C22 0.16 5.0 0.0082
C23 0.09 2.3 0.005
C24 0.06 1.9 0.0045
C25 0.05 1.7 0.0034

DROa 0.41 2.2 0.023

a Entire chromatogram integrated from C10 to C25
b Entire chromatogram integrated from C16 to C34

Table 3: Chemical Characteristics of Compound Ranges Evaluated in Soils I and K

Hydrocarbon
Range

Koc (mL/g)a S (mg/L)b Hydrocarbon
Range

Koc (mL/g)a S (mg/L)b

C10 6.87E+04 7.95 C20 1.62E+09 0.126
C11 1.93E+05 4.88 C22 6.92E+09 0.0813
C12 5.43E+05 3.00 C24 5.49E+10 0.0309
C13 1.39E+06 2.52 C26 4.36E+11 0.0118
C14 3.92E+06 1.55 C28 3.47E+12 0.00447
C15 1.11E+07 0.957 C30 2.75E+13 0.00170
C16 3.12E+07 0.590 C32 2.19E+14 0.000646
C17 8.31E+07 0.416
C18 2.34E+08 0.257
C19 6.60E+08 0.158
C20 1.86E+09 0.0976
C21 5.25E+09 0.0602
C22 1.46E+10 0.0380
C23 4.12E+10 0.0234
C24 1.16E+11 0.0145
C25 3.27E+11 0.00891

a Koc: Organic Carbon Partition Coefficient
b S: Water Solubility
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Figure 1: Typical patterns of chemical release from soil - release of C24 range
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Figure 4:  Relationship between k2 and Koc values for the soils and chemical ranges
evaluated in this study



Figure 5: Relationship between F and Koc values for the soils and chemical ranges
evaluated

Figure 6:  Relationship between k2 and Koc for Five Soils - Log Koc greater than 9



Figure 7: Relationship between the slope of the k2 versus Koc relationship and the
degree of weathering in Soils C, D, I, K and Hilbig



Reducing Potential Seafloor Impacts from
Synthetic-Based Muds with

Acute Benthic Toxicity Testing

Stephen P. Rabke and John E. Candler

M-I, L.L.C.

ABSTRACT
The use of synthetic-based mud (SBM) can improve drilling performance and reduce the
volume of pollution for offshore operations.  Because of the hydrophobic nature of cuttings
coated with SBM, the cuttings will settle rapidly to the seafloor.  Consequently the focus
of investigations has been on the benthic community.  Laboratory tests that measure acute
benthic toxicity and biodegradation rates may be useful tools for predicting impacts of
various SBM’s on the seafloor.  This paper will report the most updated information on
development of benthic toxicity tests that can be used on SBM’s.



INTRODUCTION

Synthetic-based muds (SBM’s) were introduced to address the performance
limitations for water-based muds especially in deep water and in highly deviated drilling.
They also address the environmental limitations of oil-based muds (OBM’s).  It has been
shown in literature that the use of SBM can reduce the overall volumes of pollution
introduced into the environment.1-5  The focus of recent research had been to develop a
toxicity test for SBM that could be used as either a stock pre-qualifying limitation on base
fluids or an end-of-pipe permit limit for whole muds.  A description of various base fluids
is included in the Appendix.

At present, only SBM’s associated with drilling cuttings are being discharged into
the marine environment.  Cuttings coated with SBM are hydrophobic and will not disperse
appreciably in the water column.  The potential toxic impact of this discharge can take the
form of physical smothering, direct chemical toxicity, and anoxia caused by organic
enrichment.6  Chemical toxicity can be avoided through product substitution.  The use of a
benthic toxicity test can help both service companies and operators to choose the most
appropriate fluid with the least amount of long term liability.

The regulatory toxicity test that is being used at present is a 96-hr mysid acute test
on the suspended particulate phase of a 1:9 mix of drilling fluid and seawater.1,7  Both the
industry and the US Environmental Protection Agency (EPA) agree that this test may not
be the most appropriate test for SBM’s.  Since SBM’s are hydrophobic and generally
settle on the seafloor, a benthic toxicity test would seem to be the most appropriate for
testing base fluids and whole muds.

In the North Sea arena Corophium volutator has been used to determine the
toxicity of drilling fluids.  A database of toxicity information has been developed on
different base fluids, whole muds and additives.  The data general show that base fluids are
more toxic than whole muds.  When concerns arose about the toxicity of SBM in the Gulf
of Mexico (GOM) information was needed to determine if C. volutator was an appropriate
species or if a protocol developed in the US was more appropriate.

The initial screening investigation was developed in two phases.8  The first phase
was to perform a literature review to determine the most appropriate protocol for a GOM
toxicity test.  The predominant benthic species are amphipods and polychaetes.  Of the
two, amphipods are generally characterized as being more sensitive to contaminated
environments.  Ampelisca abdita was chosen as the test organism because the results of a
seabed survey indicated that the species, Ampelisca sp., was no long present in areas with
high concentrations of synthetic base material.  It was also selected because it is routinely
used as an organism for toxicity testing.  C. volutator was also included to compare the
usefulness of the two species.  Base fluids and not whole muds were used in the
investigation to reduce the potential confounding effects of drilling fluid additives.  Four
base fluids were tested with the 2 organisms using ASTM E1367-92.7  The base fluids
were spiked into natural sediment and test duration was 10 days.  The results showed the
test method had promise at discriminating between the different base fluids.



The screening investigation was broadened to include two more amphipod species
that were listed in ASTM E1367-92.  The species were Leptocheirus plumulosus and
Rhepoxynius abronius.  As above, four base fluids were tested by spiking the material into
natural sediment.  Again, the organisms showed promise at discriminating between base
fluids.

Data from the North Sea indicated that whole muds were less toxic than base
fluids.  Discussions with industry experts indicated that sediment variability would hamper
the long-term reproducibility of benthic tests where the test material was spiked into the
sediment.  Therefore, in an attempt to improve the discrimination of the test protocol, a
study was initiated to determine the toxicity of whole muds spiked in formulated sediment.9

Formulated sediments are comprised of raw materials that are combined to simulate
natural sediments but would not have the variability of natural sediment.  Prior testing has
produced only limited data on the reproducibility of the test method.  Therefore, included
in the study design was an investigation of reproducibility.

The results of this move to whole muds spiked into formulated sediment did not
produce the expected response.  Even the 50% confidence intervals (± 1 standard
deviation) of the LC50 for diesel overlapped that of the SBM tested.  There were, however,
problems with the control survival in this study.  Of the tests initiated, 29% of the L.
plumulosus and 38% of the A. abdita had unacceptable control survival (<90%).  It was
not known if the survival problem was due to the test organisms or the formulated
sediment.

In the present study the goals were to first determine if control survival problems
were due to formulated sediment or the quality of the test organisms.  Once these problems
were solved, research would move forward with the refinement of the test procedure.  It
was felt that the move from base fluids and natural sediments to whole muds and
formulated sediments may have changed too many variables at one time.  This may have
added to the poor results of the previous study.  For this reason, base fluid tested in
formulated sediment was the core design of this study.  This would also indicate if
previous results using base fluids spiked in natural sediment, which showed promise at
discriminating different base fluids, could be duplicated.

METHODS AND MATERIALS

Study Design

The main focus of the research is to develop a benthic toxicity test that could be
used as a regulatory tool for SBM’s.  This study focused on developing and refining the
use of ASTM E1367-927 and EPA/600/R-94/02510 as a benthic toxicity test.  The test
species selected was L. plumulosus.  In order to achieve the desired objective, the study
design included the following primary elements that were intended to build on the previous
research:



a) Conducting studies to refine the use of formulated sediment.  In a previous
study, problems existed with survival in the control sediment.  Therefore, tests were
performed to determine if changing the component of the formulated sediment would
decrease the frequency of control survival problems.  Formulated sediments are
materials that are mixed together to emulate natural sediment.  Formulated sediments
generally consist of sand, silt, clay, organic matter, and calcium carbonate (to buffer
the sediment).  The use of formulated sediments provides a standard material for
sediment toxicity testing and eliminates any outside interference of indigenous
organisms and sediment variability.  For toxicity testing in which a chemical will be
spiked into sediment, formulated sediment eliminates and controls variation of
physicochemical properties and provides a consistent method for evaluating the effect
of chemicals in sediment.

b) The previous studies conducted with ASTM E1367-92 used both base
fluids and whole mud.  The initial research showed that base fluids tested in natural
sediment had adequate discriminatory power.  Further research showed that whole
muds in formulated sediment had lower discriminatory power.  The present study was
designed to investigate whether base fluids in formulated sediment would produce the
same type of discriminatory power as base fluid in natural sediment.

In a previous study,8 seven criteria for evaluating the usefulness of a toxicity test
as a screening tool were developed.  These criteria, listed below, were used in the
continuing evaluation of the ASTM E1367-92 protocol.

1. Adherence to protocol requirements for test acceptability
a. Control survival
b. Positive control results
c. Adherence to testing conditions

2. Occurrence of non-linear dose response curves
3. Contaminant partitioning and chemical analysis of test sediment
4. Differences in rank survival for test materials in sediments contaminated with

various base fluids
5. Within sample analytical precision
6. Discriminatory power
7. Identification of material as toxic or non-toxic

Test Matrix

The test protocol used was ASTM E1367-92.  The test matrix, shown in Table 1,
was the comparison of formulated sediments spiked with C1618 IO or diesel as a base
fluid and using L. plumulosus as a test organism.

Formulated Sediment

Formulated sediment consisted of five ingredients: sand, silt, clay, organic matter,
and calcium carbonate.  Table 2 lists the range of ratios used in the toxicity tests.  These
ranges are representative of sediment in the Gulf of Mexico.6



The sand was a #5 blasting sand from Specialty Sand, Houston, TX.  The silt
portion was the product Rev Dust which is ground sedimentary rock purchased from
Milwhite, Houston, TX.  The clay was API Standard Evaluation Clay (Wyoming
bentonite) which was obtained from Fann, Houston, TX.  This is a standard clay that has
consistent characteristics and properties.  This clay is also a material that any individual or
facility can obtain.  The organic matter was either humus/manure or peat/humus
purchased from a local hardware store.  The organic material was dried at 120°C
overnight and then milled to a fine powder.  Marble chips purchased from a local hardware
store were used as the calcium carbonate.  The marble chips were dried at 120°C overnight
and milled to a fine powder.

The dry materials of the formulated sediment were made in 6,500-g batches.
Various amounts (4,500 g to 6,000 g) of 20-ppt sea water were added to the dry materials
to reach the desired consistency.  The formulated sediment would allow for ease in
handling in the spiking procedure.  The dry material/sea water mixture was mixed on a
high-shear mixer until a smooth consistency was obtained.  The resulting average particle
size distribution is compared to GOM reference sites taken from previous studies6

conducted in the Gulf of Mexico (Table 3).  The organic content reported in the previous
GOM studies indicated the total organic content was in the range of 0.2 to 1.5 weight %.
The total organic content of the formulated sediment was formulated at 1-10 weight % but
not measured.

Test Sediment Preparation

Formulated sediment was combined with base fluids to make 5 concentrations per
test.  Each concentration was made by placing a weighted amount of base fluid into
stainless steel bowls with the appropriate amount of formulated sediment.  The test
sediment was then mixed with a hand mixer with stainless steel beaters for approximately
6 minutes.  The test sediments were then placed in the appropriately labeled glass test
chamber.

Amphipod Source

L. plumulosus were obtained from in-house cultures.  Original cultures were
started from amphipods purchased from Chesapeake Cultures of Hayes, VA.  Cultures
were started by placing 300 of mixed-sized amphipods into 11” X 13” plastic dish tubs
that contained 1-2 cm of sediment.  The sediment was collected from Galveston Bay.
Cultures were allowed to mature for at least six weeks before harvesting.  Harvesting
consisted of passing culture sediment through 1,000µ, 500µ, and 250µ sized sieves.
Organisms retained on the 500µ sieve were used in toxicity testing.  One hundred
organisms from each of the three sieves were then placed in a dish tub with sediment to
start a new culture.

The cultures were maintained by feeding and replacing approximately 70% of the
water three times per week.  The food consisted of 48.5% Tetramin®, 24% alfalfa, 24%
wheat grass, and 4.5% Neonovum®.  A 400-g batch was prepared and mixed in a blender
to a powder.  On the days of feeding, the food was sprinkled on the top of the water and



allowed to hydrate and fall to the sediment.  The feed rates were 0.25 g per feeding for
cultures less than or equal to two weeks old and 0.50 g per feeding for cultures over two
weeks old.

Sediment Testing

The 10-day static, benthic toxicity test followed ATSM E1367-92 procedures.
The test was performed in 32-oz jars.  Five replicates of each treatment were prepared.
Twenty randomly selected test organisms were introduced into each replicate.

Gentle aeration was provided throughout the tests.  The tests were conducted
under continuous light.  The amphipods were not fed during the tests.  Water quality
parameters (temperature, dissolved oxygen, salinity, and pH) were measured at the
beginning and end of the test.  Eh  was measured at the end of the tests.  Table 4 lists the
test conditions.

At the end of the 10-day period, the tests were terminated and the number of
surviving test organisms was recorded.
Reference Toxicant

A 96-hr, water only, reference toxicant test using cadmium chloride was
performed on the cultured L. plumulosus on a monthly basis to monitor the health and
sensitivity of the organisms.  The study design consisted of water only exposure of the test
organisms to 0.6, 1.3, 2.5, 5, 10 mg/L of cadmium chloride.

RESULTS

Formulated Sediment Testing

Four studies conducted over an 8 week period with 5-7 treatments were conducted
to try to determine the best formulation for formulated sediment.  The formulation used in
a previous study, denoted as “original formulated sediment, was used in each study as a
control to compare results of the differing formulations.  Natural sediment from Galveston
Bay was used as a control for the quality of the test organisms.  The results of the studies
are listed in Table 5.  The number in parenthesis represents the average change in data
points as compared to the “original formulated sediment”.  In Test 1 (Table 5) , sediment
from where the organism can be collected, York River, was used as a treatment to
determine if Galveston Bay sediment would perform as well.  To further characterize and
compare the formulated sediment with natural sediment, mineralogy analyses were perform
on formulated sediment, Galveston Bay sediment, and York River sediment.  The results of
these analyses are listed in Table 6.



Adherence to Protocol Requirements for Test Acceptability from
SBM Samples

Control survival (L. plumulosus).  The control survival ranged from 83-98% in 9
L.  plumulosus toxicity tests.  Only one of the tests had control failures (83% survival)
yielding an overall control failure rate of 11%.  The control failure was not included in
statistical analyses.  The average survival in the tests with control survival >90% was 93%
with a CV% of 2.9%.

Positive control results.  Reference toxicant tests for the cultured L. plumulosus
were conducted once per month.  The results of the reference toxicant test showed an
average LC50 of 3.04 mg/L CdCl2.  A graph of the cumulative results is shown in Fig. 1.

Adherence to test conditions.  All tests maintained salinity, pH, dissolved oxygen,
and temperature as prescribed by the test protocol.

Non-Linear Data in the Dose Response Curves

The expected response in toxicity tests is to have decreasing survival with
increasing concentration of a toxicant.  When a higher concentration of toxicant has a
higher percent survival compared to a lower concentration, a non-linear response is said to
have occurred.  Occurrence of non-linear dose response can be used as a measure of test
performance.  Of the 36 test concentrations from the six L. plumulosus tests, no non-linear
dose responses occurred.  The dose response curves of the L. plumulosus toxicity tests for
diesel and C1618 IO are provided in Fig. 2 and Fig. 3.

Contaminant Partitioning and Chemical Analysis of Test Sediment

In a previous study, total petroleum hydrocarbon analyses were performed to
determine if the method for spiking the tests sediment would produce a homogenous
mixture.  The method proved to have acceptable results and was therefore not validated in
this study.

Difference in Mean Survival Rank of Test Material

The L. plumulosus ranked diesel whole mud as the most toxic with an average
LC50 of 227 mg/kg.  C1618 IO whole mud was ranked next with an average LC50 of 407
mg/kg.  All LC50’s were calculated using the Trimmed Spearman-Karber analysis.  The
observed ranking of test material agrees with previously reported data.8-9, 11

Within Sample Analytical Precision

The within sample analytical precision was measured using two techniques.  The
first approach used the coefficient of variation (CV) and standard deviation between
replicates of each test concentration.  The standard deviation and CV for the L.
plumulosus toxicity tests are listed in Table 7.  A summary comparing the average



standard deviations and CV for L. plumulosus is listed in Table 8.  These results indicate
the average CV within replicates for this study was 25%.

The second approach compared the average, standard deviation, and CV of LC50

values from several tests.  These results are included in Table 9.  The range of CV from
the test matrix of this study was 5 – 60%.

Discriminatory Power (Total Range of LC50 Response Relative to
Analytical Precision)

The calculation of discriminatory power is intended to identify the test with the
widest range in response and the lowest analytical variability independent of the control.12

Using a test that is sensitive but has no discriminatory power may be a poor screening tool
for SBMs because test variability may overshadow the difference in toxicity.  The range of
response and analytical variability of base fluids is included in Table 10.  In this study, a
discriminatory power was calculated for the synthetic, C1618 IO, compared to diesel.  The
following was the first formula used for this calculation:

Avg LC50 of synthetic – Avg LC50 of Diesel =   Discriminatory power   [1]
(Avg STD of diesel + Avg STD of Synthetic)/2

where STD = (UCI – LCI)/4.

The calculations for discriminatory power are presented below.

L. plumulosus base fluid:
IO/diesel (407-227)/((21+58)/2) = 4.6

The discriminatory power for L. plumulosus is presented in Table 11. A summary
of the discriminatory power of previous studies8-9, 11 in which C1618 IO base fluids are
compared to diesel fluid is also included in Table 11. The range of response and analytical
variability measured as 95% confidence intervals are listed in Fig. 4.

Another potential way of calculating discriminatory power is to divide the lower
confidence limit of the SBM (calculated as mean - 2 STD) by the upper confidence limit of
the diesel (calculated as mean + 2 STD).  This measurement would take only the
variability of the test results into account and not the variability (i.e. confidence interval)
of individual tests.  If the discriminatory power calculated in this manner is ≤1, then the
test method would not discriminate. The following formula was used for the calculations:

Lower 95 % confidence limit of Synthetic LC50    =   Discriminatory power        [2]
         Upper 95% confidence limit of Diesel LC50



This calculation for discriminatory power is presented below. A summary of
discriminatory power calculated in this fashion from previous studies8-9, 11 is included in
Table 12.

L. plumulosus base fluid:
IO/diesel 367/499 = 0.7

A third method of calculating the discriminatory power is to take the average
lower 95% confidence limit of the synthetic and divide by the average upper 95%
confidence limit of diesel.  This method would account for the variability of individual
tests and allow the method to be used when only one set of test data was available.  The
following formula would used to calculate the results:

Average lower 95% confidence limit of SBM  = Discriminatory power       [3]
Average upper 95% confidence limit of Diesel

The resulting calculation for discriminatory power is listed below.  A summary of
discriminatory power calculated in this manner for previous and present studies8-9, 11 is
presented in Table 13.

L. plumulosus base fluid:
IO/diesel    308/274 = 1.1

Classification of Sediment as Toxic or Non-toxic

For the ASTM E1367-92 procedure, use of classification of sediment as toxic or
non-toxic as an endpoint is frequently used when evaluating field-collected sediments.
Because this study was focused on development of an LC50 endpoint for the ASTM
E1367-92 procedure, an evaluation of the sediments as toxic or non-toxic was not
performed.

4-day Results

Testing was performed with 5 replicates per concentration.  To get an
understanding of the short-term effects of the test materials, one replicate per concentration
was terminated on day 4.  The concentrations that were selected were designed to produce
an LC50 in 10 days, therefore not all tested produced a 4-day LC50.  In several cases the
highest concentration did not produce 50% mortality at day 4.  Table 13 lists the results of
the tests that produced a 4-day LC50.  The LC50 data and 95% confidence intervals are
included in Table 14.  The range of response and analytical variability measured as 95%
confidence intervals are listed in Table 15 and shown in Fig 5.  Discriminatory power was
calculated using Formulas 1, 2 and 3.  Table 16 lists these results.



DISCUSSION

Formulated Sediment

Natural sediment can vary in physical and chemical characteristics from location
to location.  The use of formulated sediment can help to reduce the variability in testing
compounds spiked into sediments.  Formulated sediment should simulate the physical and
chemical characteristics that are tolerated by the test organism used.  The characteristics of
the formulations tested in this study fell within the range of tolerance of L. plumulosus.
Formulated sediment, however, can not exactly match natural sediment.  Natural sediment
will have a bacterial colony that may help the organism to survive.  In the results of the
four studies, natural sediment always produced acceptable results (�90% survival) even
when the formulated sediments had survivals <50%.  Consequently, the advantages of a
consistent test medium are partially offset by additional stress on the organisms used in the
tests.

In a previous study,9 control survival problems started to occur towards the end of
the series of tests conducted.  This downward trend continued in the first study that was
conducted on formulated sediments.  After reviewing the culturing techniques that were
being used, it was determined that improvements could be made.  After the culturing
improvements were implemented, the quality of the organisms increased.  This is evident
from the survival results of the “original formulated sediment” (Table 5).  With each test
over time the survival increased from 43% to 95%.  This would indicate that if formulated
sediments are to be used, the test organisms must be of high quality.  It would also indicate
that organism quality is more important than slight changes in the formulated sediment.

By the end of the formulated sediment control study, the experimental treatments
had >90% survival.  However, during the time frame that lower survival was experienced,
some of the changes to the formulation caused a positive effect while others had a negative
effect.  Of the variations of formula and treatments explored, the findings, from most
beneficial to most detrimental, were as follows:

• The treatment that was aged for approximate 2 weeks had an increase in
survival of 20 data points.  The aging may allow bacteria to colonize the
sediment thus having the same effect of adding 10% natural sediment.

• The organisms counted in the treatment with 10% natural sediment did appear
to be healthier (i.e. active, having color, and food in their digestive tract).
This addition of natural sediment increased survival by 6 data points. This
small addition of natural sediment may inoculate the formulated sediment with
a bacteria colony that may help the amphipods.  The bacteria may also
facilitate the breakdown of ammonia in the sediment.  This small amount of
natural sediment should not compromise the consistent nature of a formulated
sediment.  For this reason, the test conducted in the present study used
formulated sediment with 10% natural sediment added.

• Modifying the mineralogy to include more silica and less bentonite improved
survival an average of 10 data points, possibly because this matches the native
sediment more closely.

• Reducing organic content to 1% increased survival 7 data points, possibly
because this matches the native sediment more closely.



• Combination of reduced organic to 1% and lower bentonite content increased
survival 5 data points, which again may more closely match natural
sediments.

• Removal of organic content improved survival 3 data points.
• Reduced clay amount and the use of organisms purchased from supplier

reduced survival 3 data points.  The added stress of shipping may have caused
the reduction.

• Removal of organic material and increasing of silt reduced survival 8 data
points.

• The use of water from a mysid culture to wet the dry ingredients reduced
survival 10 data points.  This may have added stress in the form of added
ammonia and lower water quality.

• The use of the organism’s food as the organic matter in the sediment reduced
the survival 40 data points.  This addition may have overloaded the system
with readily available food for the bacteria.

Although the formulated sediment used in this study produced acceptable control
survival, research into the adjustments in formulation may produce a sediment that
continues to reduce stress on the organisms which may increase the discriminatory power
of the test.

Evaluation of Test Criteria Data

The control survival in 1 of the 9 (11%) L. plumulosus toxicity tests showed
unacceptable results (<90%).  In a previous study,9 5 of 17 (29%) had controls that were
not acceptable (<90%).  In a round-robin study previous conducted with L. plumulosus, 2
of the 7 labs (29%) had control failures.13 The improvement in the control survival can be
related to gaining experience in the testing and culturing of the test organisms.

The occurrence of non-linear response can lead to confusing and invalid test
results.  No non-linear responses were observed in this study.  This may be due to more
experience with the testing and culturing of the test organism.  The strong dose response
curves observed in this study continue to indicate the potential usefulness of this protocol
with continued refinement.

In a previous study,9 chemical analyses were performed on the middle
concentration (12.5 mL/kg) in two tests.  These analyses were used to determine if the
mixing technique was adequate for homogenization within a particular test concentration.
In both tests homogenization within test concentration met the <20% CV limitation.  This
would indicate that the current spiking procedures are adequate to achieve a consistent test
material within a particular test concentration.  Therefore chemical analysis of the test
materials was not a part of the design of the present study.

An analysis of data in Table 8 for within replicate CV indicated lower results
from previous studies with L. plumulosus.9  The previous study had average CV for L.
plumulosus and A. abdita of 43 and 36 respectively.  The range of test concentrations used
in the study will impact this type of evaluation.  In general, the CV will increase with
lower survival.  The fact that the within replicate CV is lower may indicate the test
material and sediment are better homogenized, experience was gained in performing the



test, or the test organisms were of a more consistent quality.  In the case of Table 7, the
range of CV in the controls was 3 – 7%, the range of CV in the lowest test concentration
was 3 – 23%, while the range in the highest test concentration was 38 – 141%.  Previous
studies9 indicated CV for control, lowest concentration, and highest concentration were 3-
9%, 0-28%, and 26-200%, respectively.  This type of CV analysis may not be the best
way to compare various test methods in concentrations other than the controls.

The coefficient of variation of LC50 values in the test matrix may be a better
indication of the variability of the protocol as it relates to use as a regulatory tool for
SBMs.  The CVs shown in Table 9 (5% and 60%) were better than previous evaluations
of mysid testing used on water-based muds (26.4% – 139.7%)18 and of previous
evaluations of the L. plumulosus tested using base fluids (29% and 86%) and whole muds
(89% - 123%).

The ability of a test to discriminate between different classes of base fluids and to
rank the toxicity of the base fluids is very important in evaluating a test as both a screening
and regulatory tool.  The discharge of diesel muds is not allowed in the Gulf of Mexico.
Therefore, diesel muds can be used as a benchmark by which SBMs can be compared.  In
theory, the diesel should be more toxic than the C1618 IO since the diesel has a lower
molecular weight and has toxic aromatic compounds.14-15  The tests in this study did rank
the test material in the anticipated order.  However, the ranking based on the reported data
can not be considered a significant difference because the statistical analysis of the data
does not support such a conclusion.  A discussion of the statistical significance of these
results is provided below.

Statistical Analysis of Test Matrix

A CV of 5 for the LC50 from the C1618 IO shows that the test can produce values
that are reproducible.  These tests were conducted at different times and with different lots
of organisms.  The consistent nature of C1618 IO may have contributed to the extremely
low CV.  Of the diesel tests, the tests that achieved the LC50s 216 and 240 mg/kg were
conducted on the same day with the same lot of organisms.  A second pair of tests were
conducted in the same manner had LC50s of 126 and 104 mg/kg.  The CVs between these 2
pairs of tests were 7 and 14 respectively.  These low CVs are showing that the mixing
procedure is producing a homogenized sample.  They would also suggest that the
organisms within a culture are of consistent quality and sensitivity.

The evaluation of the standard deviations (STD) of the LC50 values can be used to
determine if a test method can discriminate between two compounds.  If these intervals do
not overlap (i.e. upper limit of diesel is lower than the lower limit of C1618 IO) then it
could be said that the method could discriminate.  Data from Table 10 indicates that the
upper 50% confidence limit (mean + 1 STD) for diesel would be 363 and the lower
confidence limit (mean – 1 STD) for C1618 IO is 387.  The two limits do not overlap thus
indicating the test method has promise in discriminating between the two compounds.
With exclusion of one unfavorable diesel result (LC50 of 448 mg/kg), the results improve
substantially.  The resulting data indicates that the 95% confidence limits (± 2 STD) of the
two compounds do not overlap.  Table 17 shows the results of this data exclusion.  With



more data, it may be shown that the 95% confidence limits do not overlap without
excluding data.

The calculation of a number for discriminatory power, although not common, may
be useful in identifying the most appropriate test and species for the test material.  In this
study, discriminatory power was calculated in three different ways in an attempt to better
understand the data.  Each method of calculating discriminatory power takes into account
different aspects of the data.  Formula 1 takes into account the average of the LC50s and
the variation (i.e. standard deviation) of the individual tests.  Formula 2 takes into account
only the variation of the LC50s.  The variation (i.e. 95% confidence intervals) of the
individual test is taken into account in formula 3.  In all three cases the basic trend is the
same.  Base fluids in natural sediment produced acceptable discriminatory power.  The
discrimination was reduced when testing whole mud in formulated sediments.  Testing base
fluids in formulated sediments increased discriminatory power but not to the level of the
initial study.

Statistical Analysis of 4-day Results

The termination of one replicate per concentration to determine a 4-day LC50 was
performed in an attempt to increase the spread of the confidence interval of the LC50s.  A
shorter duration test should also bring out any differences in the mode of action between
diesel and synthetic.  The results in Table 14 indicate that diesel is more acutely toxic than
C1618 IO.  This may be due to diesel’s lower molecular weight and high aromatic content.
The results also show that the 95% confidence interval for diesel (131-683 mg/kg) does not
overlap the 95% confidence interval for C1618 IO (1037-2125 mg/kg) indicating the
results are statistically different.  The average LC50 of C1618 IO is approximately four
times greater that the average LC50 of diesel.  This is an improvement over the 10-day
results that has the average LC50 of C1618 IO only two times greater than the average
LC50 of diesel.  Shortening the duration also increased the discriminatory power of the test.

Use of Test as a Regulatory Tool

The present study has shown that the test protocol could be used to discriminate
between a synthetic (C1618 IO) and diesel.  With more data the confidence intervals may
move further apart.  However, at this stage of method development, the overall results
indicate that using polychaetes instead of amphipods is worth investigating.  C. volutator’s
showing of a high degree of discrimination may be due to it not being as sensitive as L.
plumulosus.  For the same reason, polychaetes may show increased discriminatory power.
In order to use a toxicity test for regulatory purposes the results should discriminate
technologies.16  The EPA is seeking a best available technology (BAT) limit.  Therefore,
the test that is developed should spread out the different technologies so the best
technology can be identified.  With a regulatory BAT test, the results should be orders of
magnitude apart.  Concerns with the mysid toxicity test when introduced were that test
variability alone could cause an operator to violate the regulatory limit.17  Therefore it



could be said the test protocol ASTM E1367-92, as currently administered, using L.
plumulosus is marginally acceptable as a BAT regulatory test but may be improved upon.

Future Research Recommendations for L. plumulosus Test

• Shorter test duration – Shorter test duration could bring out different modes of
toxicity, acute vs. chronic, thus increasing the differences between synthetics
and diesel.  Shorter test duration could also reduce the affects of water quality
problems (i.e. ammonia buildup, reduced dissolved oxygen, etc.) in a static
toxicity test.  Furthermore, it would provide results in a more timely fashion.

• Determine if toxicity shown in tests is due to physical and/or chemical
toxicity.  This information would help to better understand the effects of these
fluids on the natural environment and to design fluids that would reduce the
effect of one or the other.

• Evaluation of the sensitivity of larger L. plumulosus test organisms.  The
organisms used in this study seem to be overly sensitive to the test materials.
A larger organism may not be as sensitive, thus increasing the discriminatory
power of the method.

Future Research Recommendations for Test Development

• Evaluation of different class of organisms  – Amphipods may be too sensitive
to the compounds being tested.  It has been documented that amphipods are
generally the first species to leave contaminated sediment and the last to re-
colonize.  Other classes of organisms, like polychaetes, should be evaluated to
determine if the results are decisive.

CONCLUSIONS

The results in this study indicate that reproducible results can be obtained from the
protocol used.  Variable results was one to the main complaints of the mysid toxicity test
when it was introduced to the offshore oil community.  The CV between LC50s could
continue to decrease as more data is developed.  Furthermore, the test is statistically
beginning to show discrimination between C1618 IO and diesel, which is a key element in
choosing the proper test for these test materials.  Therefore it could be said the test
protocol ASTM E1367-92, as currently administered, using L. plumulosus is marginally
acceptable as a BAT regulatory test but may be improved upon.
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APPENDIX

Brief descriptions of olefin-based synthetics and diesel oil.

LAO, Linear Alpha Olefin

The feed material for synthetic linear alpha olefins is ethylene. The ethylene is
oligomerized into even-numbered chain lengths from C8 to C20. In these LAO’s the
double bond is in the terminal or alpha position. The mixture of LAO’s is distilled to give
distinct cuts of and individual LAO’s or blends of LAO’s. C14C16 is an example of a
commonly used LAO mixture in drilling fluids. In a typical LAO product 28% of the
molecules contain branching. The typical branch is a methyl group (one carbon length).
However, different manufacturing process yield higher or lower degrees of branching.
LAO’s are not included in this study, however they are the feed materials for IO’s and
PAO’s which were used in this study.

IO, Internal Olefin or Isomorized Olefin

The feed material for IO’s are LAO’s. The LAO feed material chain length is
usually from C8 to C20.  IOs are formed from heating the LAO with a catalyst.  In the
isomerization process the double bond is moved to an internal position. During the process
the molecular weight of the material is not changed, therefore a C16C18 LAO is converted
to a C16C18 IO.  C16C18 is an example of an IO commonly used in drilling fluids.  In a
typical IO product, 28% of the molecules contain branching.  The typical branch is a
methyl group (one carbon length).  However, different manufacturing processes yield
higher or lower degrees of branching.

PAO, Polyalpha Olefin

The feed material for PAOs are LAOs. The LAO feed material chain length is
usually C8 to C10.  PAOs are formed from oligomerization of LAOs.  Chain lengths of
PAOs typically range from C16 to C40.  The order of the last two manufacturing steps of



distillation and hydrogenation can be interchanged depending on the manufacturing
process.  In some cases the PAOs are hydrogenated, therefore removing the double bond.
In unhydrogenated PAOs the double bond remains in the terminal or alpha position.  In a
typical PAO product more than 90% of the molecules contain branching.

Diesel Oil

Diesel oil is defined by the EPA in 40 CFR 435 as the grade of distillate fuel oil, as
specified in the ASTM Standard Specification for Diesel Fuel Oils D975−91, that is typically
used as the continuous phase in oil-based drilling fluids.  These oils are composed of complex
hydrocarbon structures and contain toxic compounds.  ASTM #2 diesel has no compositional
specifications and needs only to conform broadly to a range of physical properties.  Diesel
typically contains aromatic, cyclic, and paraffinic hydrocarbons in the carbon range of C8 to
C30.  Diesel oil is generally recognized as the most toxic of the base fluids included in this
study.  Because diesel oil is not a uniform product in terms of chemical composition, great care
must be used in comparing diesel oil toxicity results unless the diesel oil used in the analysis
came from a split sample.



Table 1. Number Of Tests Performed Using Base Fluid
L. plumulosus

Diesel OBM  6 (5)*
IO 1618 SBM 3 (3)

*(#) indicates the number of tests that met control survival requirements.

Table 2. Design of Formulated Sediment
Design Material Source % by Weight

Sand #5 Blast sand 24-36
Silt Rev Dust 17-35
Clay API standard evaluation clay 28-45
Organic matter Humus and manure 1-9
Calcium carbonate Marble chips 1

Table 3. Comparison of Measured Grain Size Distribution
Formulated Sediment (%)

Grain Size (µ) A B C Average
Natural

Sediment (%)
200-2,000 15.7 13 4.6 11.1 4.7
48 – 200 19.1 22.6 23.8 21.8 12.1

4-48 27.1 27.5 28.7 27.8 63.7
0-4 38.1 36.9 42.9 39.3 19.5

Table 4. Test Conditions
Parameter L. plumulosus

Temperature 20°C
Dissolved Oxygen > 60% Saturation
Salinity 20 ppt
pH 7.8 ±0.5



Table 5. Results of Formulated Sediment Studies
% Survival

Sediment Type
Test 1 Test 2 Test 3 Test 4

Avg.
Change

Original Formulated Sediment
27% Sand
18% Silt (Rev Dust)
45% Clay (API Standard evaluation

Clay)
9% Organic Matter (humus & manure)
1% CaCO3

43 68 89 95

Original Formulated Sediment – Aged 62
(+20)

+20

York River Sediment 90
Galveston Bay Sediment 86 98 99 99
Formulated Sediment w/ Different Organic
Source

28% Sand
30% Silt
40% Clay
1% Organic Matter (Organism Food)
1% CaCO3

3
(-40)

-40

Formulated Sediment w/o Organic Matter
27% Sand
17% Silt
45% Clay
1% CaCO3

76
(+8)

88
(-1)

98 +3

Formulated Sediment – Different Clay
amount

27% Sand
27% Silt
36% Clay
9% Organic Matter (peat/humus)
1% CaCO3

86
(+22)

86
(-3)

+10

Formulated Sediment – 1% Peat/Humus
27% Sand
26% Silt
45% Clay
1% Organic Matter (peat/humus)
1% CaCO3

75
(+7)

+7



Table 5. Results of Formulated Sediment Studies (continued)
% Survival

Sediment Type
Test 1 Test 2 Test 3 Test 4

Avg.
Change

Formulated Sediment – 1% Peat/Humus &
Different Clay Amount

36% Sand
34% Silt
28% Clay
1% Organic Matter (peat/humus)
1% CaCO3

74
(+6)

95
(+6)

99 +5

Formulated Sediment – 1% Peat/Humus &
H2O from Mysid Cultures

36% Sand
34% Silt
28% Clay
1% Organic Matter (peat/humus)
1% CaCO3

58
(-10)

-10

Formulated Sediment – 10% Natural
Sediment

10% Natural Sediment
24.3% Sand
24.3% Silt
32.4% Clay
8.1% Organic Matter (peat/humus)
0.9% CaCO3

98
(+9)

98
(+3)

+6

Formulated Sediment w/o Organic Matter
31% Sand
31% Silt
37% Clay
1% CaCO3

81
(-8)

-8

Formulated Sediment – Different Clay
amount & New Animals

27% Sand
27% Silt
36% Clay
9% Organic Matter (peat/humus)
1% CaCO3

86
(-3)

-3

(#) = change in data points as compared to original formulated sediment.



Table 6. Mineralogy results of various natural and formulated sediments.
Mineral York River Galveston Bay Sequim Bay Formulated Sediment

Smectite 6% 11% 13% 14%
Kaolinite 10% 5% 5% 15%
Illite 10% 5% 5% 5%
Feldspar 2% 3% 5%
Quartz 69% 73% 64% 62%
Anhydrite 1%
Pyrite 1%
Calcite 1% 1%
Halite 1% 1% 5% 1%
Sylvite 2% 2% 2%
CEC* 5 9 10 11

        *cation exchange capacity

Table 7. L plumulosus.  Percent Survival (Standard Deviation)
Coefficient of Variation(%)

Conc.
(mg/kg) Diesel Diesel Diesel Diesel Diesel C1618

IO
C1618

IO
C1618

IO

Control 98  (3)
3

90 (4)
5

91 (5)
5

91 (5)
5

91 (6)
7

93 (6)
7

91 (5)
5

95 (6)
6

30 93  (3)
3

89 (8)
8

90 (4)
5

60 91  (5)
5

86 (5)
6

85 (6)
7

65 (9)
14

54 (13)
23

100 76 (14)
19

76 (13)
17

78 (13)
17

125 91  (5)
5

79 (10)
13

83 (10)
12

41 (9)
21

44 (9)
22

250 75  (6)
8

34 (11)
33

41 (28)
67

35 (11)
31

25 (9)
37

400 44 (13)
29

51 (14)
28

51 (17)
32

500 44 (17)
38

5 (7)
141

9 (5)
55

5 (0)
0

0 (0)
NA

1,000 0 (0)
NA

0 (0)
NA

3 (3)
115

18 (9)
49

28 (9)
31

2,500 0 (0)
NA

5 (4)
82

6 (8)
120

6,250 0 (0)
NA

0 (0)
NA

0 (0)
NA

NA = Not Applicable.  CV can not be calculated when mean equals zero.



Table 8. A summary comparing the average standard deviations
and CV for L. plumulosus within concentrations

Fluid Type Standard Deviation
For % survival

Coefficient of Variation
(%)

Diesel 7 10
Diesel 8 34
Diesel 10 24
Diesel 6 14
Diesel 6 22
C1618 IO 6 43
C1618 IO 8 36
C1618 IO 9 40
Average 7 25

Table 9. Summary of LC50 Results for Tests using Base Fluids

Base Fluid LC50 (mg/kg) Max. Min. Avg. STD CV %

Diesel 448 216 240 126 104 448 104 227 136 60
C1618 IO 389 404 428 428 389 407 20 5

Table 10. Confidence Intervals for L. plumulosus using Base Fluids
Base Fluid Type LC50 (mg/kg) Lower 95% CI Upper 95% CI (UCI-LCI)/4
Diesel 448 365 549 46
Diesel 216 194 239 11
Diesel 240 216 266 13
Diesel 126 99 161 16
Diesel 104 69 156 22
C1618 IO 389 272 556 71
C1618 IO 404 323 506 46
C1618 IO 428 330 553 56



Table 11. Discriminatory Power of Test Using Base Fluids
Test Organism Test Material Comparison Discriminatory

Power
L. plumulosus Base Fluid IO/Diesel 18.5
L. plumulosus Whole Mud IO/Diesel 3.0

A. abdita Base Fluid IO/Diesel 13.2
A. abdita Base Fluid PAO/Diesel 7.9
A. abdita Whole Mud IO/Diesel 3.1

Previous study

A. abdita Whole Mud PAO/Diesel 3.1
Present study L. plumulosus Base Fluid IO/Diesel 4.6

Table 12. Summary of Discriminatory Power from Previous Studies using Formula 2
Test Organism Test Material Comparison Discriminatory

Power
C. volutator Base Fluid IO/Diesel NA

A. abdita Base Fluid IO/Diesel 1.5
R. abronius Base Fluid IO/Diesel 7.5

L. plumulosus Base Fluid IO/Diesel 3.1
C. volutator Base Fluid PAO/Diesel NA

A. abdita Base Fluid PAO/Diesel 7.5
R. abronius Base Fluid PAO/Diesel 25.1

L. plumulosus Base Fluid PAO/Diesel -4.4
A. abdita Whole Mud IO/Diesel -0.3

L. plumulosus Whole Mud IO/Diesel -0.3
A. abdita Whole Mud PAO/Diesel 1.0

Previous
Studies

L. plumulosus Whole Mud PAO/Diesel 2.5
Present study L. plumulosus Base Fluid IO/Diesel 0.7

NA = Not Applicable.  LC50 for synthetic was greater than the highest concentration, therefore confidence could not be
generated.



Table 13. Summary of Discriminatory Power from Previous Studies using Formula 3
Test Organism Test Material Comparison Discriminatory

Power
C. volutator Base Fluid IO/Diesel NA

A. abdita Base Fluid IO/Diesel 2.6
R. abronius Base Fluid IO/Diesel 7.5

L. plumulosus Base Fluid IO/Diesel 3.4
C. volutator Base Fluid PAO/Diesel NA

A. abdita Base Fluid PAO/Diesel 9.1
R. abronius Base Fluid PAO/Diesel 25.1

L. plumulosus Base Fluid PAO/Diesel 5.3
A. abdita Whole Mud IO/Diesel 0.9

L. plumulosus Whole Mud IO/Diesel 0.9
A. abdita Whole Mud PAO/Diesel 1.0

Previous
Studies

L. plumulosus Whole Mud PAO/Diesel 6.9
Present study L. plumulosus Base Fluid IO/Diesel 1.1

NA = Not Applicable.  LC50 for synthetic was greater than the highest concentration, therefore confidence could not be
generated.

Table 14. Summary of LC50 Results for 4-day Test
Base
Fluid LC50 (mg/kg) Max. Min. Avg. STD CV

Diesel 323 356 276 456 624 624 276 407 138 34
C1618 IO 1388 1773 1773 1388 1581 272 17

Table 15. LC50 and 95% Confidence Intervals of 4-day Data
Fluid Type LC50 (mg/kg) Lower 95% CI Upper 95% CI (UCI-LCI)/4

Diesel 232 282 369 22
Diesel 356 320 397 19
Diesel 276 201 378 44
Diesel 456 359 578 55
Diesel 624 492 794 76
C1618 IO 1388 930 2071 285
C1618 IO 1773 1219 2579 340



Table 16. Discriminatory Power for 4-day Results
Method Discriminatory Power

Formula 1 6.5
Formula 2 1.5
Formula 3 2.1

Table 17. Results of Unfavorable Data Exclusion

LC50 (mg/kg) Avg. STD Average
–2 STD

Average
+2 STD

Diesel 216 240 126 104 172 67 37 306
C1618 IO 389 404 428 407 20 367 447
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Figure 1. Results of Monthly Reference Toxicant Tests
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Figure 2.  Dose response curve for L. plumulosus diesel tests.
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Figure 3.  Dose Response Curve for L. plumulosus C1618 IO tests.
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Figure 4. Discrimination of Benthic Toxicity Test Using Base Fluids with L. plumulosus.
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Figure 5.  Discrimination of 4-day toxicity test using base fluids.
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ABSTRACT

Current upstream regulations for managing total petroleum hydrocarbons (TPH)
in soil are not based on risk to human health. Regulatory levels vary from 100 to 20,000
mg/kg TPH in soil.  Risk-based screening levels (RBSLs) for crude oils and exploration
/production (E&P) wastes are needed. This need is being addressed by a joint industry
effort through Petroleum Environmental Research Forum Project 97-08. Participants are
Exxon Production Research Company, Shell Oil Company, Chevron Research and
Technology Company, Unocal, the American Petroleum Institute, the Gas Research
Institute, the Canadian Association of Petroleum Producers, Oak Ridge National
Laboratories, and Arthur D. Little. Inc. The goal of this project is to establish human-
health RBSLs for upstream sites by building upon the work completed by the TPH
Criteria Working Group (TPHCWG). The TPHCWG established a methodology for
calculating RBSLs for refined petroleum products. One major difference between the
majority of refined products and crude oils is that crude oils contain more high molecular
weight compounds. As part of the project, over 50 crude oils and associated wastes are
being characterized for aliphatic and aromatic hydrocarbon content within equivalent
carbon number ranges. Appropriate toxicity, fate, and transport values are being
determined for those compounds greater than carbon number C35.  As a result of this
project, TPH can be incorporated into an upstream version of a Risk-Based Corrective
Action Plan.



SUMMARY OF NORTH AMERICAN
REGULATIONS

In the United States, most oilfield wastes generated at upstream sites are exempt
from the federal Resource Conservation and Recovery Act regulations, and are instead
regulated by state agencies.  A review of upstream TPH regulations in North America
indicates that the regulations are highly variable, ranging from 100 to 20,000 mg/kg soil.
The TPH regulations for some of the major oil producing states and provinces are shown
in Table 1.  Most of these regulations are not based upon an evaluation of the risk that
TPH may pose to human health or the environment.  However, a few states (e.g.
Colorado and New Mexico) do incorporate some broad risk concepts for determining
appropriate TPH limits by evaluating site specific conditions such as depth to
groundwater, proximity to suburban areas, etc.

The state of Colorado has different TPH limits for sensitive sites (1000 mg/kg)
and non-sensitive sites (10,000 mg/kg).  They define sensitive areas as:  “An area
vulnerable to potential significant groundwater impacts, due to such factors as the
presence of shallow economically usable groundwater or pathways for communication
with deeper economically usable groundwater; proximity to surface water, including
lakes, rivers, perennial or intermittent streams, creeks, irrigation, canals, and wetlands.
An area subject to concentrated human or wildlife use, such as: parks, recreation sites,
urban or suburban areas, and wildlife refuges (1, 2).”

New Mexico uses a ranking criteria based on the general site characteristics “to
determine their relative threat to human health, fresh waters and the environment.”  The
ranking criteria include:  depth to groundwater, distance from wellhead to water sources,
and distance to surface water body (3).

TPH Regulations Based on Petroleum Composition

Evaluating the potential risk of TPH in the environment based on the actual
composition of the petroleum mixture is a fairly new science that has not been
incorporated into regulatory guidelines until quite recently.  Only one state, Michigan,
has changed their TPH regulations for upstream sites based upon the composition of
crude oils.  In 1997, the Michigan Department of Environmental Quality changed the
TPH regulatory limit for upstream sites from 250 mg/kg to 10,000 mg/kg based upon a
risk evaluation of the crude oils produced in their state (4).

Several states have incorporated the concept of risk into establishing TPH limits
based on hydrocarbon composition for their downstream sites (e.g., Alaska,
Massachusetts, Ohio, and North Carolina).  Notably, two major-oil producing states,
Texas and Louisiana, have recently proposed using this concept for downstream sites.
Louisiana has recognized that some hydrocarbon fractions may pose no significant risk to
human health, but high levels of TPH may still be of aesthetic concern, and have
therefore, proposed an upper limit of 10,000 mg/kg at all sites (5).

This review of upstream regulations indicates that there is a real need to develop
risk-based regulatory limits for TPH, particularly for crude oils and their associated
wastes at E&P sites.   To accomplish this goal, upstream regulators must be informed



about risk-based approaches to site assessment, and furthermore, a technically sound
approach for determining potential risk of crude oils based on their composition must be
developed.

RISK-BASED CORRECTIVE ACTION (RBCA)

Risk based screening levels (RBSLs) are used within risk-based soil management
processes such as Risk-Based Corrective Action (RBCA).  RBCA is a tiered decision-
making framework for assessing petroleum release sites (6), and RBSLs are used as part
of a Tier 1 assessment of a site.  In RBCA, decisions related to resource allocation,
urgency of response, target cleanup levels, and remedial measures depend on current and
reasonable potential risks to human health and environmental resources. Corrective
action may be achieved by reduction of contaminant concentrations, but it may also
involve reducing the potential of exposure through application of institutional controls,
point-of-use water treatment, and the natural attenuation of contaminants.

The ASTM Standard (6) provides practical guidance for integrating traditional
corrective action and exposure/risk assessment activities for petroleum release sites,
primarily downstream.  The framework provided can be modified to meet the
requirements of various regulatory entities or special situations such as upstream
activities.

To have a risk you must have a demonstrated exposure pathway to the chemical
of concern.  Without exposure, there can be no risk regardless of the toxicity of the
chemical.  Therefore, RBCA is based on considerations of risk and exposure.  As such, it
incorporates the sequence of risk/exposure assessment activities prescribed by the
USEPA (7):

1. Identify chemicals of concern,
2. Receptor identification,
3. Exposure analysis,
4. Dose-response analysis,
5. Risk quantification, and
6. Risk management.

To meet the requirements of site assessment, risk assessment, and corrective
action; RBCA relies on a multidisciplinary approach of hydrogeology, toxicology,
environmental science, and environmental engineering.  The RBCA process utilizes a
tiered approach, in which assessment and remedial activities are appropriately tailored to
site-specific conditions and risks.   This flexibility allows RBCA to be more technically
defensible, protective, and cost-effective than traditional approaches under which all sites
conform to uniform standards and procedures.

The RBCA process is based on three tiers of possible activities, where the user
begins at the first tier and then progresses to higher tiers, if warranted.  By progressing
through each tier, the activities of subsequent tiers become more focussed and efficient.
The RBCA process is illustrated in Figure 1.



In Tier 1, sites are assigned a classification based on information collected from
historical records, a visual inspection, and minimal site assessment data.  The user is
required to identify contaminant sources, obvious environment impacts, the presence of
potentially impacted humans and environmental resources, and potential significant
transport pathways.  Appropriate immediate actions are taken and multiple sites
prioritized.

A Tier 1 “Look-up Table” containing RBSLs for specific chemical contaminants
is used to determine if site conditions satisfy the criteria for a quick regulatory closure, or
if conditions exist that warrant a more site-specific evaluation of correction action goals.
Groundwater, soil, and vapor concentrations may be presented in this table for a range of
site descriptions and types of contaminant sources.  These values are applied consistently
from site to site, but may change as new methodologies and parameters are developed.
These levels are established based on realistic exposure scenarios and the latest scientific
evidence available.

The development of total petroleum hydrocarbon (TPH) RBSLs or screening
levels by the TPHCWG (8) for petroleum products reflects the incorporation of a new
parameter and methodology.  The current development of TPH RBSLs for upstream
usage is a continuation of that effort.

Tiers 2 and 3 provide the user with options for determining site-specific target
levels (SSTLs).  A decision to proceed with corrective action or move to Tier 2 or 3
depends upon resource availability, cost-effectiveness, or safety issues.

AN APPROACH FOR DEVELOPING RBSLs

A key difficulty in establishing RBSL's for crude oils and refined products is the
fact that petroleum consists of several thousand individual hydrocarbons and other
compounds, each with a unique set of characteristics including volatility and solubility
parameters.  Recently, the Total Petroleum Hydrocarbon Criteria Working Group
(TPHCWG) has devised and published a method for establishing soil cleanup TPH levels
that are protective of human health.  The TPHCWG was guided by a steering committee
consisting of representatives from industry, government, and academia (8).  Their goal
was to address the large disparity among cleanup requirements being used by states to
regulate sites contaminated by fuels and other refined products.

TPH consists of thousands of individual compounds, of which only about 250
have been identified.  Therefore, it is impossible to analyze petroleum for all of their
constituents.  The TPHCWG chose to use a fraction approach for assessing the
composition of petroleum and they identified 13 TPH fractions.  The fractions were
chosen by grouping those hydrocarbons that have similar fate and transport properties,
such as solubility and vapor pressure.  Each fraction has no greater than an order of
magnitude difference in their modeled environmental behavior as shown in Table 2.
Aliphatic and aromatic hydrocarbons have to be considered separately because their
solubility and other fate and transport characteristics are so drastically different (8).

Toxicity criteria were developed for the fractions by conducting a thorough
literature review of all the data available on pure compounds, refined products, and



specific fractions.  The toxicity criteria developed are expressed as oral reference doses
(RfD) in mg/kg/day or as reference concentration (RfC) mg/m3 for inhalation exposure
and are provided in Table 3.  In some cases, identical toxicity values were assigned to
different fractions.  This is due to the similarity of toxicity findings across fractions, or
was due to the limitations in the toxicity literature.  Reference doses are estimates of daily
exposure to the human population, including sensitive subgroups, that are unlikely to
pose a significant risk during a lifetime.

The TPHCWG developed an analytical technique that is based on SW-846 EPA
methods for separating hydrocarbons into fractions and gas chromatography techniques.
First the crude oil is separated into aliphatic and aromatic hydrocarbons, and then the
amount of hydrocarbon in each of the 13 fractions is determined by gas chromatography
equipped with a boiling point column (non-polar capillary column).  These data can then
be used to calculate risk based screening levels as part of a tiered RBCA approach to
contaminated soils (8).

As part of PERF Project 97-08, the analytical approach developed by the
TPHCWG has been modified slightly to include the heavier fractions present in crude
oils.  The next section describes how crude oils differ from many refined products and
shows that these differences requires a slightly different approach to calculating RBSLs
for upstream sites.

CRUDE OIL COMPOSITION

Since all refined products are made from crude oils, it is not surprising that crude
oil composition covers the range of constituents found in fuels.  However, even more
important for determining risk based screening levels, is the fact that crude oil
composition varies greatly.  Differences in composition are reflected in the API gravity
values for crude oils, and API gravity values for crude oils produced in the U.S. range
from approximately 9 to 50º (9).  For example, heavy API gravity oils (<20º API) have
higher concentrations of asphaltenes and resins than do light API gravity oils (>30º API).
API gravity is a measure of specific gravity adopted by the American Petroleum Institute
(9) having the formula of:

         141.5                -   131.5
  s.g. at 60ºF

Many refined products can be readily characterized using the gas
chromatography method developed by the TPHCWG.  Most of the hydrocarbons in fuels
such as gasoline, jet fuels, and diesel can be detected by gas chromatography (GC)
analysis, so that >90% of these products are detectable by GC.  In contrast, as little as
35% of some crude oils can be detected by GC analysis.  Therefore, the TPHCWG
methodology must be modified to accurately assess the potential risk of crude oil
contaminated sites to human health.  As a precursor to establishing RBSLs for crude oils,
it is essential to understand the nature and composition of crude oils as described in the
following paragraphs.

Crude oil is composed almost entirely of the elements hydrogen and carbon, in
the ratio of approximately 1.85:1 hydrogen to carbon.  Minor elements (sulfur, nitrogen,



and oxygen) constitute less than 1 percent to as much as 7 percent of some crude oils.
Open-chained molecules with single bonds between carbon atoms are called alkanes.
Cycloalkanes are alkanes in a ring.  The terms saturated and aliphatic hydrocarbons are
also used for this group.  More familiar terms used by petroleum geologists to describe
these structures are paraffins for alkanes, and naphthenes for cycloparaffins or
cycloalkanes.  Aromatics are comprised of one or more unsaturated rings.  Benzene
contains one such ring, while polyaromatic hydrocarbons contain 2 or more rings (e.g.,
phenanthrene has 3 unsaturated rings).  All crude oils contain aromatics; however, several
refined petroleum products do not contain aromatics (e.g., mineral oils and some oils
developed for drilling muds).

The complexity of crude oils increases with carbon number.  The heavier the
material, the larger the number of possible combinations of atoms.  It is theoretically
possible to have over a million branched-chain paraffins in crude oils, as shown in Table
4.  This table lists the number of possible isomers representing different kinds of
branching, all containing the same number of carbon atoms (10).

Petroleum products are either fractions from the distillation of crude oil or blends
of distillation fractions from refinery streams.  A typical refining tower will yield
products from the smallest to the largest molecular size as follows: gas, gasoline,
kerosene, gas oil (diesel fuel), heavy gas oil, lubricating oil, and residuum.  It would be
extremely difficult to identify all the components in crude oils and fuels, so petroleum
and petroleum products are characterized in terms of boiling range and approximate
carbon number. Petroleum products can be classified by their distillation temperature
range (boiling point range), which is also an indication of the carbon number range each
fuel contains.  Figure 3 shows a petroleum distillation column or a refining tower that can
be run continuously by removing products at various levels in the tower, with results for
six fuel types (11).  The composition of a 35º API-gravity oil is shown in Table 5 (12).

Hydrocarbons comprise the majority of the components in most petroleum
products and are compounds that are primarily, but not always, measured as TPH.  The
non-hydrocarbons are relatively minor in most refined products but tend to be present in
higher concentrations in whole crude oils.  Some crude oils with very low API gravity
values can have 60 to 70% residuum as shown in Figure 4 (13).  This fraction of a crude
oil is comprised of very large molecules (those boiling above 600ºC) that are not well
characterized as to their compositional make up.  The residuum fraction contains a
mixture of aliphatic, aromatics, metals, and asphaltenes, but is also enriched in
heteroatoms (nitrogen, sulfur and oxygen containing compounds) (14).

The crude oils from which fuels are distilled contain compounds having carbon
numbers ranging from C1 to C45+.  This characteristic can be observed by analyzing crude
oils and fuels by gas chromatography.  The power of gas chromatography lies in its
ability to reliably resolve small compositional differences in mixtures. Gas
chromatography traces or fingerprints give an indication of the carbon number range for
the total petroleum hydrocarbons within a sample. Figure 5 illustrates the distinctive gas
chromatography fingerprints of gasoline, diesel, and two crude oils.  The more than 200
individual compounds in the C4 to C12 boiling point range are shown below for a
gasoline.  Normal paraffins elute in a "picket fence" type pattern and are evident in the
Widuri crude from Sumatra.  A diesel fuel signature is narrower than that of crude oils
containing hydrocarbons in the approximate range of C10 to C24.  The SJV crude oil from
California is dominated by a "hump" or unresolved complex mixture (UCM) of



hydrocarbons that are difficult for a gas chromatograph to separate.  This “hump” is
indicative of prior biodegradation of hydrocarbons occurring in the oil reservoir.  This is
a common characteristic for heavy crude oils with low API gravity values.

Some petroleum products are safe for humans to have bodily contact with, and
some can even be safely ingested because the aromatic hydrocarbons have been removed.
Examples are baby oil, mineral oil, and Vaseline, which are all products made from crude
oil.  However, other crude oil products contain hydrocarbons, such as benzene, that may
be harmful to human health.  An example is gasoline, which is composed of
hydrocarbons mainly ranging from C5 to C10 and can contain up to 3.0% benzene.

The TPHCWG established a methodology for calculating RBSL's for refined
products based on fate and transport characteristics of equivalent carbon range fractions.
These equivalent carbon ranges are related to the boiling point of a chemical normalized
to the boiling point of the n-alkanes or its retention time obtaining using gas
chromatographic column.  For example, benzene contains six carbons and has a boiling
point of 80ºC.  Based on benzene's boiling point and its retention time in a boiling point
GC column, its equivalent carbon number is 6.5 (8).  The TPHCWG approach treats
aromatic and aliphatic fractions separately, because the fate, transport, and toxicity
properties of equivalent carbon range fractions of alphatics and aromatics can be very
different.  Figure 6 illustrates this point for solubility.

To date, 51 crude oils from around the world have been analyzed and 25 of these
oils are from North America as part of PERF 97-08.  The amounts of BTEX (benzene,
toluene, xylenes, and ethyl benzene), polyaromatic hydrocarbons, and TPHCWG
fractions are being determined for all these oils. In addition to these analyses, the amount
of heavy metals is being determined in a subset of the crude oils is being determined.
These data are being used to establish RBSLs based on the composition of the crude oils
by type and production region.  The next section describes a case study for five crude
oils.

CASE STUDY

Risk-Based Screening Levels (RBSLs) were determined for five crude oils that
were representative of an oil production region in North America.  The RBSLs were
based on a modified TPH Criteria Working Group (TPHCWG) methodology for non-
carcinogenic components of TPH, so that those hydrocarbons >C28 were included in
calculating the RBSLs.

Aromatic and aliphatic boiling point fractions were analyzed for five
representative crude oils.  A modified gas chromatography method was used so that
hydrocarbons from C6 to C44 could be detected.  The fraction >C44 was determined by
distillation and was not fractionated into aliphatics and aromatics.  The raw laboratory
results were used to calculate the weight fraction of each of 14 boiling point fractions for
each crude oil. These calculations revealed that the five crude oils analyzed in this study
were very similar in composition.

The RBSLs for non-carcinogenic TPH were developed by summing the Hazard
Quotient (HQ) for each of 14 boiling point fractions such that the total Hazard Index is



equal to unity (HI=1).  The HI for each fraction was calculated by taking the weight
fraction times the total TPH [mg/kg] and dividing by the RBSL of the fraction.  The
RBSLs for each of the fractions and the overall approach used to develop a RBSL for
total TPH were based on the TPHCWG analytical methodology and the ASTM RBCA
default values for exposure assumptions such as depth to groundwater, average body
weight, dermal absorption factor, etc.

The RBSLs are presented for both residential and commercial exposure scenarios
and for three exposure pathways, soil leaching to groundwater, soil volatilization to
outdoor air, and direct surficial soil contact.  All RBSLs are in units of mg-TPH per kg-
soil [mg/kg].  “RES” (residual saturation) is used to indicate that concentrations in excess
of saturation (based on pure compounds) would be required to cause an exposure equal to
or in excess of the designated target of HQ=1.

Only the light aromatic fractions are capable of causing an exposure equal to or
in excess of a HQ of one for the cross media exposure pathways of leaching to
groundwater and volatilization to outdoor air.  The other fractions are either not soluble
or volatile enough to cause an exposure of concern.  Therefore, leaching to groundwater
and volatilization to outdoor air were not exposure pathways of concern for these five
crude oils.  This observation confirms typical past practices for site assessments.  For
example, at underground storage tank sites which have been contaminated by gasoline,
site assessments typically focus on the light aromatics (e.g., BTEX) in groundwater and
soil gas.  On the other hand, site assessments at E&P sites typically focus on oil and
grease or TPH measurements, since crude oils contain much less light aromatic
hydrocarbons than gasoline.

RBSLs for TPH for each of the crude oils based on the non-carcinogenic RBSLs
for the boiling point fractions are shown in Table 6.  Without exception, these RBSLs are
greater than or equal to 19,000 mg-TPH/kg-soil.  Considering the general
conservativeness of the RBSLs developed, a generic screening level in excess of 10,000
mg/kg TPH in soil is extremely conservative and would be protective of both residential
and commercial exposure scenarios for non-carcinogenic impacts at E&P petroleum
contaminated sites.  The above analysis supports relatively high cleanup standards for
typical crude oil contaminated sites for the region examined.

SUMMARY

As part of PERF Project 97-08, a great deal of data on the composition of crude
oils has been acquired.  This information is being used to calculate RBSLs based upon
crude oil type and/or production regions around the world.  The goal of this study is to
have a credible, technical basis for establishing TPH cleanup levels at E&P sites that will
be protective of human health.  The results from PERF 97-08 will be summarized in a
communication package for regulators, and this work is being funded by the Department
of Energy and the American Petroleum Institute. The PERF project and the
communication package are scheduled to be completed by mid-1999.  In addition, to the
work described herein which address human health risks, PERF 97-08 is also working on
assessing risks to ecological receptors.  The science behind ecological risk assessments is
not as advanced as that for human health, so follow-up projects will likely be needed
before ecological risks at upstream sites can be adequately addressed.
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Table 1.  Summary of TPH Regulations

State TPH Regulatory Limit
(mg/Kg soil)

Comments

Colorado 10000
1000

Non-sensitive
Sensitive

Louisiana 10000 Landtreatment of NOW
Michigan 10000 Was 250 mg/Kg
New Mexico 100; 1000; 5000 Site dependent
Oklahoma 20000 Landspreading of E&P wastes

(1 time only)
Texas 10000 RRC Rule 91
Wyoming 250
Alberta 1000

NOW = non-hazardous oilfield waste
RRC = Railroad Commission

Table 2.  Fate and Transport Characteristics of TPH Fractions (Based on Equivalent
Carbon Number) (8)

Solubility
(mg/L)

Vapor
Pressure
(atm)

Log Koc
(c/c)

PF
(soil/water)

PF
(soil/vapor)

Aliphatic
Fractions
C5-6 3.6E+01 3.5E-01 2.9 1E+01 3E-01
>C6-8 5.4E+00 6.3E-02 3.6 4E+01 9E-01
>C8-10 4.3E-01 6.3E-03 4.5 3E+02 6E+00
>C10-12 3.4E-02 6.3E-04 5.4 3E+03 5E+01
>C12-16 7.6E-04 4.8E-05 6.7 7E+04 1E+03
>C16-35 1.3E-06 7.6E-06 9.0 1E+07 1E+05

Aromatic
Fractions
C6-7 1.8E+03 1.3E-01 1.9 9E-01 4E+00
>C7-8 5.2E+02 3.8E-02 2.4 2E+00 9E+00
>C8-10 6.5E+01 6.3E-03 3.2 2E+01 5E+01
>C10-12 2.5E+01 6.3E-04 3.4 2E+01 2E+02
>C12-16 5.8E+00 4.8E-05 3.7 5E+01 2E+02
>C16-21 5.1E-01 7.6E-06 4.2 1E+02 4E+04
>C21-35 6.6E-03 4.4E-09 5.1 1E+03 3E+07



     Table 3.  Toxicity Criteria for TPH Fractions (8)

Equivalent Carbon
Number Range

Oral RfD
(mg/kg/day)

Inhalation RfC
(mg/m3)

Aliphatic
C5-6
>C6-8

5.0 18.4

Aromatic
C5-7
>C7-8

0.2 0.4

Aliphatic
>C8-10
>C10-12
>C12-16

0.1 1.0

Aromatic
>C8-10
>C10-12
>C12-16

0.04 0.2

Aliphatic
>C16-21
>C21-35

2.0 NA

Aromatic
>C16-21
>C21-35

0.03 NA

     Table 4.  Possible Number of Paraffin Isomers

Carbon Number Number of Isomers
C1-C2-C3 1
C4 2
C5 3
C6 5
C7 9
C8 18
C9 35
C10 75
C15 4,347
C20 366,319
C25 36,797,588
C30 4,111,846,763
C40 62,491,178,805,831



Table 5.  Composition of a 350 API-Gravity Crude Oil

Molecular Size Volume percent
Gasoline (C5-C10) 27
Kerosene (C8-C12) 13
Diesel fuel (C13-C17) 12
Heavy gas Oil (C19-C25) 10
Lubricating oil (C20-C45) 20
Residuum (>C40) 18

Total 100

Molecular Type Weight percent
Paraffins 25
Naphthenes 50
Aromatics 17
Asphaltics 8

Total 100

Table 6. TPH Risk-Based Screening Levels based on Boiling Point Fractions.

RESIDENTIAL  SCENARIO
Crude Leaching to GW

(mg/kg)
Outdoor Vaporization
(mg/kg)

Surficial Soils
Wt %

Crude A RES RES 2.1
Crude E RES RES 2.1
Crude S RES RES 2.2
Crude S RES RES 2.2
Crude P RES RES 1.9
Crude M RES RES 2.2

COMMERCIAL SCENARIO
Crude Leaching to GW

(mg/kg)
Outdoor Vaporization
(mg/kg)

Surficial Soils
Wt %

Crude A RES RES 3.6
Crude E RES RES 3.7
Crude S RES RES 4.9
Crude S RES RES 4.5
Crude P RES RES 3.6
Crude M RES RES 5.1



Figure 1.  A RBCA flowchart illustrating tiers and decision points
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Figure 2.  Flowchart illustrating the steps involved in determining RBSLs for E&P wastes (8).

Figure 3.  Distillation column or refining tower showing various fuel products, their boiling point
ranges, and the main part of their carbon number envelope.  (Adapted from Bruce and Schmidt,
1994).
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Figure 4.  The yield of vacuum residuum in 800 crude oils produced in the United States.

Gasoline Widuri Crude Oil
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Figure 5.  Gas chromatography fingerprints of (A) gasoline, (B) Widuri crude, that is enriched in
normal alkanes that appear as a "picket fence" type signature, (C) a diesel fuel and a (D) SJV
crude oil that has a "hump" that represents a large UCM.  Units are Intensity (mV) vs. Time
(minutes).



Figure 6.  Solubility vs. Equivalent Carbon Number for Aromatics and Aliphatics (8).
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ABSTRACT

It has been estimated that there are anywhere from 400,000 to 600,000 sites involved in the exploration and
production of gas in the United States.  Many of these sites have been in operation for as many as 50 to
100 years.  Due to the range of operating practices that were employed over these periods of operation,
hydrocarbons, inorganic salts, and a variety of drilling fluids have entered the environment and can be
present in the surface and subsurface soils and groundwater.  As the gas production from each of the sites
disappears or becomes uneconomical, it is necessary to decommission and close them.  Currently, the
environmental closure of the sites requires compliance with the appropriate requirements of the governing
regulatory agency, e.g., the state environmental regulators or the state oil and gas commission.  These
requirements are in the form of specific concentrations of target contaminants such as total petroleum
hydrocarbon(TPH) that have been set somewhat arbitrarily without regard to the actual risk that these
contaminants pose to human health or the environment.  This paper presents an alternative approach for
managing the environmental closure of gas exploration and production sites.  It emphasizes the definition of
environmentally acceptable endpoints or EAEs based on the soil-bound contaminants that are “available” to
the environment or human and ecological receptors. EAE assessment tools, which consist of a mixture of
chemical, biological, and physical tests, are described and their application to a gas exploration and
production site is discussed.



INTRODUCTION

The Gas Research Institute (GRI) conducted an expert workshop in May of 1995, in Washington,
D.C., to define data gaps and research needs associated with the establishment of environmentally
acceptable endpoints (EAEs) for hydrocarbons in soil.  The workshop consisted of a review and discussion
of the sequestration and binding of hydrocarbons in soil and the subsequent “availability” of these
hydrocarbons to groundwater and living organisms.  The modifying effect of the soil and hydrocarbon
interactions on the exposure, and ultimately on the toxicological effects, of the hydrocarbon contaminants
to both ecological and human receptors was also examined and discussed.  The technical foundation for
that workshop was an assessment of the current environmental literature on the sequestration and binding
of hydrocarbons in soil and their subsequent release to the environment; an analysis of relevant laboratory
and field data on the availability, mobility, and toxicity of soil-bound hydrocarbons; and an examination of
the toxicological assays for assessing the impacts of soil-bound hydrocarbons on both ecological and
human receptors.  This technical information and the critical data gaps and research needs that were
identified during the workshop were presented in a book, Environmentally Acceptable Endpoints in Soil —
A Risk-Based Approach to Contaminated Site Management Based on the Availability of Chemicals in
Soil  [Linz, D. G. and D. V. Nakles, 1997]

Since the workshop in May 1995, the use of risk-based approaches to contaminated site
management has continued to evolve.  Advances in both the technical and policy arenas provide evidence of
this evolution.  Along the policy front, the American Society for Testing and Materials (ASTM) has led the
nation by developing guidance for standardized approaches to evaluate, prioritize, and implement risk-
based corrective action alternatives.  The first significant development was the finalization of the standard
guide for the risk-based corrective action applied at petroleum release sites which was finalized in 1995
[American Society for Testing and Materials, 1995].  This guide was derived from an emergency standard
(ES 38-94) of ASTM that was driven by the need to cost-effectively and expeditiously manage the federal
underground storage tank program.  This standard was then expanded in 1998 with the completion of the
standard provisional guide for risk-based corrective action at chemical release sites [American Society for
Testing and Materials, 1998].  This standard expands the previous standard by facilitating the use of risk-
based corrective action in federal and state regulatory programs including voluntary clean-up programs,
brownfields redevelopment, Superfund, and RCRA corrective action.  To expedite the adoption of the
RBCA process, the U.S. Environmental Protection Agency (EPA), industry representatives, and ASTM
formed and funded the Partners in RBCA Implementation or PIRI.  The objective of PIRI is to train the
state regulatory agencies and other interested parties on the use of RBCA for contaminated sites.  In
addition to these national efforts, several state environmental regulatory agencies have also initiated unified
risk-based corrective action programs that include voluntary, Superfund or CERCLA, and RCRA
corrective action.  Examples of these state programs are the Massachusetts Contingency Plan, the Tiered
Assessment Corrective Action Objectives of Illinois, and the Risk Reduction Rules of Texas.

From a technical perspective, industry and government consortia have developed protocols to
manage hydrocarbons in soil and groundwater that are capable of supporting risk-based site assessments.
One of the best known consortia is the Total Petroleum Hydrocarbon Criteria Working Group (TPHCWG).
This group developed a methodology that recognizes that not all total petroleum hydrocarbon (TPH) is the
same nor does it all represent the same degree of risk at a given site [Total Petroleum Hydrocarbon Criteria
Working Group, 1997; Total Petroleum Hydrocarbon Criteria Working Group, 1996].  The TPHCWG
methodology segregates hydrocarbon contaminants at a site into fractions based on the number of carbons
and chemical structure (i.e., aliphatic and aromatic compounds).  The chemical, physical, and toxicological
properties of these fractions are used to generate risk-based corrective action criteria for the hydrocarbon
mixture or TPH.  The State of Massachusetts also recognized the importance of the chemical composition
of TPH in determining EAEs in soil and groundwater and used a similar fractionation approach; however,



the fractions were defined somewhat differently than those of the TPHCWG.  At the same time, the U.S.
EPA has initiated an agency-wide review of the use of contaminant availability in soils for the
establishment of EAEs.  The results of this review are intended to provide the basis for an EPA research
agenda in this area.  Similar technical review efforts have been recently completed or are planned by
several other research organizations including the Strategic Environmental Research and Development
Program (SERDP) of the U.S. EPA, Department of Defense and Department of Energy; the Water Science
and Technology Board of the National Research Council (NRC); the National Institute of Environmental
Health Sciences (NIEHS); and the Society of Environmental Toxicology and Chemistry (SETAC).  In the
meantime, the U.S. EPA has already begun to use the research results on contaminant availability to
manage sites that are contaminated with metals and to clarify the official policy for the use of natural
attenuation for the remediation of contaminated soil and groundwater at sites that are regulated under
Superfund, RCRA, and the Underground Storage Tank regulations.

Since 1995, GRI has continued to conduct research on the sequestration and release of
contaminants from soil by combining forces with the Petroleum Environmental Research Forum (PERF),
the American Petroleum Institute (API), the Department of Energy (DOE), and the Aluminum Company of
America (ALCOA).  This government and industry consortia has focused its efforts on the generation of
data to update the state of knowledge on the “availability” of soil-bound hydrocarbons to the environment
and the use of this information for the definition of EAEs in soil.  Of particular interest has been the
development of an increased understanding of the occurrence and mechanisms of hydrocarbon sequestration
in soils and sediments and the subsequent rate and extent of their release to groundwater and their uptake
by ecological and human receptors.  This research initiative has involved a combination of laboratory and
field investigations using a range of uncontaminated soils that have been spiked with individual
hydrocarbons and synthetic mixtures of hydrocarbons as well as field soils contaminated with both coal-
and petroleum-derived hydrocarbons.  Examinations have also addressed the differences in contaminant
availability that arise as a contaminant remains in contact with the soil over time under differing treatment
scenarios and natural environmental conditions.

EAE CONCEPTS FOR SITE MANAGEMENT

Management of contaminated sites is typically based on the detection and measurement of
chemicals in soil using laboratory analytical methods intended to detect trace levels of chemicals in the soil.
Soil management action levels are often established based on the mere detection of the chemical,
background levels of the chemical in native soil, or some other arbitrary, “pristine” level.  This approach
ignores the overwhelming scientific evidence that the analytical measurement of a chemical is not
equivalent to its mobility or availability to be taken up by a receptor.  As such, the environmental policy
that assumes “background” or “pristine” conditions must be achieved to protect human health and the
environment for all contaminated sites, for all future uses, is not scientifically justified.  It is conceivable
that some background levels may be appropriate in some locations under certain environmental conditions.
On the other hand, many soils containing detectable levels of residual chemical may in fact result in little or
no release of the chemical, and therefore little or no risk to groundwater or other receptors.  In many
situations, a contaminated soil can be effectively managed by a combination of containment, capping,
removal, and/or treatment such that the exposure to receptors is eliminated.  The mere presence of a
chemical does not necessarily mean that it will lead to an unacceptable environmental risk.  This concept is
already accepted in the context of metal stabilization and many commercial products (i.e., asphalt paving).

Soils that have aged in the environment, or that have been actively bioremediated contain organic
chemical residues that are not readily released from the soil.  In fact, there is mounting evidence that
chemicals that are present in a soil become less available for release to groundwater and for uptake by
living organisms the longer that they are in contact with the soil and that this reduction in availability



reduces the risk associated with these chemicals.  Furthermore, when these chemicals are released, they are
released very slowly.  Under these conditions, the chemicals are often assimilated by the surroundings
through sorption onto soil or natural biodegradation such that the chemicals do not move very far from the
source.  This assimilative capacity of the natural environment therefore limits the extent to which chemicals
can migrate and pose a risk to groundwater.  In some cases, the assimilative capacity can be sufficient to
limit the movement of the chemical to a small and acceptable region surrounding the source.  In other cases,
the assimilative capacity of the surroundings may be exceeded; however, a less aggressive, less costly
remediation such as biological land treatment can reduce the chemical to a concentration where the
assimilative capacity becomes sufficient to reduce the risk to an acceptable level.  This is analogous to
using in situ stabilization for the management of heavy metals rather than extensive excavation and
treatment or offsite disposal.

To utilize these concepts for site closure, the release rate of the chemicals and the assimilative
capacity of the surroundings must be quantified.  In addition, reliable methods to account for contaminant
availability to human and ecological receptors must be defined.  Finally a decision framework to
systematically incorporate this information into the site management process must be established.  In this
paper, a multi-prong approach is described for the environmental closure of E&P sites within the gas
industry.  This approach incorporates a cross-section of many of the risk-based and tiered frameworks and
methodologies that are currently in use or that are being developed by industry, academic, and government
practitioners and researchers.  In some form or another, all of these pieces, individually and collectively, are
designed to establish EAEs for hydrocarbons in soil.

RISK-BASED MANAGEMENT OF E&P SITES:
AN INDUSTRY PERSPECTIVE

The Risk Management Process

The gas industry can be divided into several distinct sectors, each of which presents a set of unique
physical conditions, processing equipment, products and residuals, and environmental settings.  These
sectors include exploration and production, gas processing, gas transmission, gas distribution, and gas
storage.  The environmental management of contaminated sites within all of these sectors requires an
understanding of both the applicable statutory requirements as well as the risk that they pose to both the
environment and human health.  Most statutory requirements are prescriptive, by nature, and may take
precedence over EAEs that are generated using site-specific risk assessments.  In these instances, the site
management goals will be very clear and there may be no need to expend the effort to determine EAEs
beyond what is prescribed by the regulations.  The regulations of particular interest to the gas industry for
the management of contaminated sites are RCRA, CERCLA, state environmental regulations, and the
regulations of the state railroad or oil and gas commissions.  Which regulations apply to which sites will
depend upon the sector of the gas industry in which the site resides, the nature of the site contamination and
when it first occurred, the current status of site operations, and the offsite migration of site contaminants.

If there are no prescribed statutory requirements for a site or if the statutes provide only a broad
framework for the determination of site management goals (e.g., CERCLA), then site- or industry-specific
EAEs can be determined.  In spite of the differences among contaminated sites in the different sectors of the
oil and gas industry, the management of risk in all of them requires an examination of the key elements of
the classic risk equation:

Hazard + Exposure Pathway + Receptor = Risk



Considering each of these elements, risk can be managed by:  (1) Eliminating or reducing the hazard, (2)
Eliminating the exposure pathway, and/or (3) Removing the receptors from the point of exposure.  The
choice of which approach should be taken depends upon several industry- and site-specific factors.  For
example, the future land use proposed for a site may result in the elimination of actual or potential
receptors, thereby eliminating the risk associated with the site without treating or removing any of the
contamination that is present.  Similarly, institutional controls that eliminate the use of drinking water by
potential receptors could have the same effect.  In other instances, due the nature of the site contamination,
it may be more strategic or cost-effective to achieve acceptable risk by treating the contaminated media and
reducing the hazard.  In this context, the definition of an EAE for a contaminant in soil may vary
significantly from site to site.  What is important, however, is that the combination of hazards, exposure
pathways, and receptors associated with a site do not result in unacceptable risks to human health or the
environment.

Specific Considerations of the Gas Industry

Regulatory Factors
The upstream operations of the gas industry are exempt from the requirements of RCRA.  This

exemption is based upon extensive studies that were conducted in the late 1980s [EPA, 1987].  These
studies were conducted in response to Section 8002(m) of the RCRA Amendments which required the U.S.
EPA to study selected wastes of the oil and gas industry (i.e., drilling fluids, produced waters, and other
wastes associated with the exploration, development, or production of crude oil, natural gas, or geothermal
energy) and to submit a final report to Congress.  The regulations defined the study factors that had to be
addressed which included:  (1) a description of the oil and gas industry, (2) the definition of exempt waste,
including the scope of the exemption, (3) the waste volume estimates for drilling fluids and produced
waters, (4) the characterization of the waste, (5) the descriptions of current and alternative waste
management practices, (6) descriptions of damage cases from oil and gas extraction, (7) a risk assessment
of waste management practices, (8) cost and economic impacts of alternative waste management practices,
and (9) descriptions of current state and Federal programs applicable to oil and gas extraction.  The study
concluded that the regulation of all exempt wastes under full, unmodified RCRA Subtitle C regulations was
unnecessary because of following factors:

• Damages and risks posed by oil and gas operations appeared to be linked, in the majority of cases, to
violations of existing State and Federal regulations.  As such, significant additional environmental protec-
tion could be achieved through a program that enhanced compliance with existing regulations.

• State programs exist to regulate the management of oil and gas industry wastes.

• Existing Federal programs to control underground injection and surface water discharges provide
sufficient legal authority to handle most problems posed by the oil and gas industry wastes within their
purview.

This waste exemption did not mean that the residuals did not have to be properly managed nor that
treatment would not sometimes be necessary; rather, it gave the industry the flexibility to manage these
residuals without having to comply with all of the permitting and reporting requirements of RCRA.  In the
absence of RCRA, the regulation of the upstream business is dominated by the individual states, either
through their environmental regulatory agencies or through the regulations established by their railroad or
oil and gas commissions.  In contrast, the downstream operations are managed almost entirely based upon
the requirements of RCRA, with the individual states adopting the federal requirements.

The state regulations typically specify total petroleum hydrocarbon, or TPH, as the primary
regulated “contaminant” for the upstream operations.  The state standards for TPH in soil vary signifi-



cantly, ranging anywhere from 1000 mg/Kg or less (e.g., 250 mg/Kg in Wyoming) to 10,000 mg/Kg (e.g.,
Colorado, Louisiana, Michigan, and Texas).  Due to the complex nature of the TPH and the state of the
science that existed when most of the TPH standards were established, these standards are not based on an
assessment of risk to either the environment or human health.  The American Petroleum Institute (API)
developed guidelines for TPH at upstream operations and recommended TPH concentrations of 10,000
mg/Kg [American Petroleum Institute, 1997].  More recently, innovative methodologies to determine the
risk associated with TPH have been developed by the TPHCWG [Total Petroleum Hydrocarbon Criteria
Working Group, 1997].  Preliminary applications of these methodologies to petroleum-contaminated soils
indicate that TPH action levels of 1000 mg/Kg or less are overly conservative and should be re-evaluated
[Petroleum Environmental Research Forum, 1997].  In addition to TPH, salts and metals may also be
regulated at the upstream operations.  On the other hand, downstream operations are regulated on a
substantially greater number of contaminants as part of the RCRA regulations.  For the most part, these
regulations are risk-based and include specific limits for each contaminant.  However, these regulations do
make provisions for the definition of alternative EAEs if site-specific factors warrant it.  As for CERCLA,
it applies to inactive sites regardless of whether they represent upstream or downstream operations.  The
difference is in the application of CERCLA since many of the RCRA requirements are not considered
ARARs (Applicable or Relevant and Appropriate Requirements) for the upstream sites.

From solely a risk perspective, the upstream and downstream operations are also quite different.
Due to the nature of the materials that are handled and the size and location of the operations, ecological
risks are more apt to drive the management of upstream operations whereas human health risks will likely
be the primary driver for the downstream operations.  The human health risks are typically low or
insignificant at the upstream operations since the location of these sites result in little or no human
exposure.  In addition, for many of these sites (particularly the non-associated gas production sites), the
hydrocarbons that are present are often devoid of carcinogenic PAHs (polynuclear aromatic hydrocarbons)
and, if weathered at all, may also contain little volatile hydrocarbons, leaving little or no potential for
offsite contaminant migration or carcinogenic health impacts.  Lastly, the inorganic contaminants
associated with the sites consist mostly of salts and metals that pose limited risk to human health.  At the
same time, there can be significant aesthetic impacts associated with these sites and the local ecological
receptors (i.e., soil fauna and plants) can be impacted, not only by the organic contaminants but also by
contamination with salt.  However, the extent and duration of the ecological impact is generally limited
depending upon several site-specific factors such as the local climate, the soil type, and the resident
biological community.  For example, limited field surveys of upstream sites indicate that the local
ecosystems have recovered from hydrocarbon spills within three years of the occurrence [Sublette, 1998].

Technical Factors
There are a couple of common classes of contaminants at both the upstream and downstream

operations of the gas industry.  The most important of these are hydrocarbon condensates and metals.
However, the specific characteristics of the condensates are quite different, increasing in molecular weight
as the gas progresses from the well head through the gas transmission line and into gas storage.  This
results in the presence of lighter hydrocarbons at the upstream sites as compared to the downstream sites.
Other significant differences associated with the upstream sites are the presence of salts from the associated
brines, gas processing fluids such as glycols and amines, and exploration additives such as corrosion
inhibitors, frac fluids, and drilling fluids.  Specific contaminants unique to the transmission and distribution
sites are PCBs, polynuclear aromatic hydrocarbons such as benzo(a)pyrene, and cyanide (manufactured
gas plant sites, only).  These different mixes of contaminants, the differences in the site settings, and the
differences in current operating status and varying process histories dictate different management strategies
for these individual gas industry sites.  These site-specific differences will result in site-specific EAEs for
contaminants in soil that will vary from site to site.  These EAEs will, in turn, determine the need for site
remediation as well as determine which remedial technologies may be capable of achieving compliance with
the remediation goals.



For example, at the upstream sites, the hydrocarbons that have the greatest potential to migrate
offsite are very biodegradable and the non-biodegradable, high molecular weight residuals that would
remain after biological treatment have a low toxicity.  For this reason, bioremediation can often be used to
meet the upper end of the specified regulatory limits (i.e., 5,000 to 10,000 mg/Kg TPH).  As the regulatory
limits approach the lower end of the spectrum ,i.e., 1000 mg/Kg or less, biological treatment may be
eliminated from further consideration.  One complicating factor is the presence of salts in the soil which
may require some form of intervention prior to the application of biological treatment.  Through the use of
biological treatment, and sometimes through simple natural restoration processes without intervention, the
normal ecosystem function can usually be restored at the upstream sites.  While there are other remedial
technologies that are capable of achieving the lower TPH standards in the event that bioremediation cannot
do so, the question remains whether the endpoint following biologically treatment is not as protective of the
environment and human health as is the specified standard.  Stated differently, one has to determine if the
cost associated with the application of the alternative technologies is warranted based on an assessment of
the reduction in risk that is achieved.

The different regulatory requirements for soil at the downstream sites, combined with the different
nature of the site contaminants, often result in the elimination of treatment technologies that can be used at
the upstream sites, e.g., bioremediation.  For example, TPH standards in Louisiana of 100 mg/Kg of TPH
or soil standards for benzo(a)pyrene in New Jersey of 660 Φg/Kg (ppb) for downstream sites preclude the
use of biological treatment and many other remedial technologies for site management.  It is these
circumstances, the development of site-specific EAEs that reflect the true nature of the soil/contaminant
matrix can provide the site manager with some regulatory relief.  This is especially true if the sequestration
and binding of the contaminants in the soil are sufficiently great to reduce the availability of the site
contaminants to groundwater as well as both human or ecological receptors.

In summary, the management of contaminated sites in the gas industry will require multiple
strategies.  Some of these strategies will be straight-forward and will simply require the selection of an
appropriate remedial technology to meet a specific regulatory standard.  In other cases, it will be evident
from a brief survey of the site setting, a review of the future land use options, and an examination of the
site contamination, that the site does not pose a risk and does not require remedial action.  Between these
two extremes will be a number of situations where it is not clear what the actual risk is to the environment
or to human health and whether or not some form of site remediation is justified.  In these instances, it may
be necessary to determine EAEs for contaminants in soil using state-of-the-art risk assessment methods and
techniques.  The information discussed in this paper identifies the state-of-the-art approaches for the risk
assessment of hydrocarbons in soil and should help to ensure that the resources for the environmental
management of contaminated sites in the oil and gas industry are properly allocated and effectively used.

APPLICATION OF EAE CONCEPTS TO E&P SITES

Human Health Considerations

Human health risks, if present at an E&P site, are typically driven by the potential carcinogenic
effects associated with benzene (e.g., gas condensates) and selected high molecular-weight PAHs (e.g.,
heavy petroleum residuals) and/or the potential non-carcinogenic effects associated with total petroleum
hydrocarbon or TPH.



Carcinogenic Effects
With regards to the carcinogens, different EAE approaches are applicable to the different chemical

classes of contaminants.  For the volatile and relatively water soluble benzene, the rate of release of
benzene from the soil and its natural attenuation in the groundwater aquifer dictate the EAE for benzene in
soil.  Ultimately, an EAE is represented by that benzene concentration in the soils whose rate of release of
benzene into the aquifer is equal to or less than the rate of intrinsic biodegradation of the dissolved benzene
in the groundwater.  This approach to site closure for an E&P site is currently being examined at an
upstream site near Fort Lupton, CO.  This field scale evaluation is being cofunded by DOE, Amoco, and
GRI.  A more detailed report of this work is provided elsewhere [Sublette, 1997].

On the other hand, the presence of selected, high molecular weight PAHs, which are not very
soluble in water, will make the dermal contact and oral ingestion routes of exposure more important to the
human risk assessment.  However, GRI has throughly documented that these contaminants become
sequestered in soil during the aging process.  This sequestration process results in the subsequent reduction
in availability of these contaminants to groundwater and ecological receptors.  The impact of these findings
is the establishment of EAEs in soil that are typically from 3 to 10 times greater (and sometimes 20 to 100
times greater) than would be determined using conventional risk assessment default assumptions.

Non-Carcinogenic Effects
The non-carcinogenic effects associated with TPH may also be a concern at E&P sites.  Until

recently, examining these effects involved using either a whole product approach or an individual chemical
approach.  However, because of limitations with these methods, an alternative approach based on using
hydrocarbon fractions has evolved.  Examples of fraction-based approaches include those developed by the
Massachusetts Department of Environmental Protection (MADEP) [Massachusetts Department of
Environmental Protection, 1997] and the Total Petroleum Hydrocarbon Criteria Working Group
(TPHCWG).  Petroleum hydrocarbon fraction methods break the TPH mixture into discrete aliphatic and
aromatic hydrocarbon fractions.  Together, the fractions represent the mass of petroleum used to evaluate
non-cancer risks (e.g., hematological changes, immunological changes, nephrotoxicity) to human health.
Some advantages of the fraction-based approach include:

• Each fraction may be treated as an individual compound with a characteristic mobility and toxicity.  This
is useful when calculating risk estimates, or risk-based screening levels (i.e., EAEs).

• A fraction approach for quantifying TPH is simpler and more cost effective than trying to quantify
hundreds of individual constituents in TPH, and provides a more accurate estimate of the composition of a
petroleum mixture in the environment than an estimate obtained from measurement of total TPH only.

• Use of fractions accounts for the effects of aging on spilled hydrocarbons.

• Fractions can be used to address any type of petroleum contamination, regardless of whether one or more
petroleum products were released to the environment

The TPHCWG selected thirteen TPH fractions to represent groups of petroleum compounds that are
expected to behave similarly in the environment (Table 1).  The TPHCWG approach establishes a
methodology for complex petroleum mixtures to be evaluated as a combination of fractions, where each
fraction is treated like an individual chemical with appropriate fate and transport and toxicity criteria.  An
analytical method known as the Direct Method was developed by the TPHCWG to characterize C6 to C35

petroleum hydrocarbons as a series of aliphatic and aromatic carbon range fractions.  The method uses a
parameter called the equivalent carbon number index (EC) that is related to a combination of the boiling
point and retention time of individual constituents in a gas chromatograph.



After identifying the 13 transport fractions and an analytical method to measure them, the
TPHCWG developed toxicity criteria for these fractions to quantify human health risk.  The TPHCWG
used mixture and individual compound data to develop toxicity criteria that are most representative of each
fraction.  Mixture data were given higher priority because the fractions themselves are mixtures.  Using
these data, the TPHCWG assigned toxicity criteria that provide a representative and conservative estimate
of toxicity (Table 2).  In some cases, the same toxicity criterion is assigned to multiple fractions for one of
two reasons: the fractions exhibit similar toxicity or there are insufficient toxicity data to distinguish among
the fractions.

Use of the TPHCWG RfDs and RfCs requires several assumptions.  First, it is assumed that the
fraction composition and toxicity will not vary significantly from the constituent or mixture used to develop
the toxicity criterion for the fraction.  Second, it is assumed that the application of each toxicity criterion is
appropriate whether or not the constituent or mixture from which the toxicity criterion was derived is
present in environmental samples.  The last assumption is that the toxicity of a given fraction does not
change with different petroleum product sources.  For example, the toxicity of the C10 to C12 aliphatic
fraction measured at a gasoline spill site is the same as the toxicity of the C10 to C12 fraction measured at an
aged No. 2 fuel oil spill site.

As mentioned earlier in this paper, the application of the TPHCWG methodology to petroleum-
contaminated sites indicate that EAE concentrations of 1000 mg/Kg of TPH or less are overly conservative
and should be re-evaluated.

Ecological Evaluations

Ecological evaluations at E&P sites must be led with a preliminary evaluation that determines
whether it is necessary to conduct any level of a formal ecological risk assessment.  If it is determined that
such an assessment is necessary, the first step is a screening assessment that focuses on the completed
exposure pathways and the chemicals of interest at these sites.  A detailed ecological risk assessment
should only be conducted if it is warranted by the results of the screening analysis.  A brief discussion of
these steps is provided below.

Preliminary Evaluation
The exploration and production of oil and gas reserves is a natural resource based industry which

tends to be located in areas that are not densely populated by humans. Because of this, environmental
issues are dominated by questions concerning potential impacts to ecological receptors or other natural
resource based industries such as agriculture, timber production, and management of rangeland, fisheries
and wildlife. The current environmental management practices used for upland E&P sites minimize
potential risks to ecological receptors.  In terrestrial environments at E&P sites, ecological risks associated
with petroleum spills appear to be relatively minor.  This outcome might be expected because of the
generally small spatial extent of the areas involved and the relatively low toxicity of petroleum materials.
In addition, simple, standard bioremediation and revegetation techniques can probably be applied to achieve
rapid intrinsic rates of recovery of diverse biotic communities at sites where petroleum has been spilled.  In
contrast, the damage resulting from accidental releases of produced water can be more extensive and long
lasting.  For example, in the Tall Grass Prairie Preserve near Bartlesville, OK, where brine had been
released more than 70 years ago, plant communities have not recovered and significant erosion of soil has
occurred [Department of Energy, 1998].  Several factors can influence the significance of the impact of
produced water releases.  Site topography is one of these factors since the presence of rolling hills or
ravines will exacerbate the effects of soil erosion. Another factor is the chemical-specific nature and
concentration of salts in the produced water.  The concentration of total dissolved solids (TDS) in produced
water can vary from tenths of a percent to as high as 20%.  The ion composition of the salinity is also



important since the dominance of sodium ions, as opposed to calcium or magnesium ions, can affect the
sodium adsorption ratio of the soils, especially clays.  Lastly, quick action to remediate the spill and to
retain the topsoil at these spill sites can also improve the potential for a more rapid ecological recovery of
the site.  In addition to the impacts of petroleum and produced water releases, it is often the case that the
physical disruption associated with the building of roads and other E&P construction activities result in
more significant ecological impacts than does any chemical contamination at these sites.

Most of the currently active oil and gas production sites are believed to have a negligible impact to
ecological receptors and probably do not merit significant attention.  Most sites are small in area (< 0.5
acres) and consist of a single wellhead that is a considerable distance from adjacent wells.  However, while
most E&P sites are small, they may be located near especially sensitive ecological habitats.  These habitats
might include wetlands, mangroves, desert, tundra or wildlife sanctuaries or parks.  The screening of the
presence of these habitats should be done early on in the ecological assessment process to determine if the
special needs of these habitats must be addressed.  It is also possible that the aggregate coverage of many
small well sites within a region may be significant. Thus, aggregate ecological risks in areas with a high
density of wells and other facilities may differ from those of similar operations at a lower density.  The
development of an ecological risk assessment framework that is specific for the E&P industry must take
into account the low probability of significant ecological risk associated with any one site, yet consider the
cumulative impact of many wells within a region, if and when it is appropriate.

Given that most E&P activities result in negligible risk to environmental resources, it is important
that a set of simple screening criteria be developed to identify sites that are unlikely to pose significant risk.
At the same time, it should also be possible to identify those situations when a more detailed assessment of
a site is required and if a broader regional assessment is necessary to properly evaluate the potential
ecological impacts of the E&P activities.  These selection and evaluation criteria would permit management
resources to be focused only on those sites that may represent a significant problem.  An ecological risk
framework should also recognize the importance of the future land use at a site.  Land use (e.g., agriculture
or rangeland) determines the scope and breadth of an ecological risk assessment and is a critical factor in
determining what the appropriate risk management goals are for the site.  For example, the desire to use the
land for agriculture will require it to sustain crop yields and productivity whereas use as rangeland may
focus more on plant community and diversity.  The challenge in applying an ecological risk assessment
approach to E&P sites will be to determine when such an assessment is required and, when necessary, to
balance the assessment of individual wells with the larger spatial analysis of risks associated with an entire
oil/gas field.  The ability to identify sites rapidly and inexpensively that do not have a significant ecological
impact is critical to a successful risk management strategy.  At the same time, it is important to understand
that single wellhead sites that might appear to present an ecological risk may prove not to be a problem
when placed in the proper spatial or regional context of the entire well field.

Tier 1 Screening Analysis
GRI, in conjunction with API and PERF, is in the process of funding the development of a Tier 1

risk-based corrective action (RBCA) tool for application at E&P facilities [DeVaull, et.al., 1998].  This
tool will determine EAEs for hydrocarbons in soil using a set of worksheets and spreadsheets that have
been developed based on the ASTM RBCA methodology and that have been specifically tailored for the
risk-based evaluation of terrestrial oil and gas E&P facilities.  As such, the worksheets and spreadsheets
will incorporate the potential sources of contamination, the transport pathways, and the potential receptors
that are commonly considered important to E&P sites.  At this time, specific measurement endpoints for
assessing ecological risk have been proposed as part of this study and include soil TPH where effects are
related to narcosis and asphyxiation of soil dwelling organisms;  soil salinity (electrical conductivity) where
effects are related to plant growth and survival of soil invertebrates (e.g. earthworms); and soil pH and
fertility where effects are related to maintaining vegetative cover and minimizing erosion of topsoil.
Several issues which need to be evaluated carefully within this RBCA framework include the size of the



site within the landscape (i.e. are the impacts limited to few square meters or do they encompass many
hectares) and the persistence of the environmental impact (i.e. are the effects short lived such as a relatively
small hydrocarbon spill on a tropical soil or are the effects long lasting such as a large spill of a saline
produced water in a dryland soil).

Detailed Ecological Risk Assessments
In some instances, a detailed ecological risk assessment will be required beyond a Tier 1

assessment.  The EPA and others have developed guidance regarding the conduct of these detailed
assessments [U.S. EPA, 1998].  At the same time, the EPA and others are developing ecological EAEs for
several chemicals that are known as ecological screening levels or SSLs.  These are being developed for
invertebrates and plants, wildlife, surface water and groundwater.  These SSLs can be used or, in lieu of
these, site-specific ecological EAEs can be established.  Since the development of these site-specific data
often require field and laboratory testing of environmentally-impacted field soils, the effects of contaminant
sequestration and reduced availability will be directly reflected in these test results.

CLOSING COMMENTS

E&P sites within the gas industry represent a unique set of conditions that reflect the location,
operation, and management practices of the industry.  By their very nature, it is likely that they pose little
or no threat to human health and the environment.  GRI has embarked on a research program to develop the
analytical/test protocols and data assessment methodologies to technically confirm this hypothesis.  The
application of these tests, protocols, and methodologies to develop EAEs for soils at E&P sites will provide
site management strategies that are both cost-effective and protective of human and ecological receptors.
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Table 1.  TPHCWG Carbon Equivalent(1) Aromatic and Aliphatic Fractions.

Carbon Equivalent Aromatic Fractions Carbon Equivalent Aliphatic Fractions

C5 to < C7 (Benzene)2 C5 to < C6

>C7 to < C8 (Toluene)3 C6 to < C8

C8 to < C10 C8 to < C10

C10 to < C12 C10 to < C12

C12 to < C16 C12 to < C16

C16 to < C21 C16 to < C21

C21 to < C35

Notes:
1Carbon equivalent fractions are determined by the retention time on a GC column, relative to straight
chain aliphatic compounds of known carbon number.

2Benzene is the only aromatic compound in this fraction.
3Toluene is the only aromatic compound in this fraction.



Table 2.  Toxicity Criteria for TPHCWG Petroleum Fractions.

Aromatic Fractions Aliphatic Fractions
Equivalent

Carbon
Range

Oral
RfD

(mg/kg/day)

Inhalation
RfC

(mg/m3)
Critical
Effect

Oral
RfD

(mg/kg/day)

Inhalation
RfC

(mg/m3) Critical Effect
Aromatic

6-7
(benzene)

0.003 0.006 Hematological
and

immunological
changes

Not applicable Not
applicable

Not applicable

Aliphatic
5-6

>6-8

Aromatic
>7-8

(toluene)

0.2 0.4 Hepatoxicity,
Nephrotoxicity

5.0 18.4 Neurotoxicity

>8-10
>10-12
>12-16

0.04 0.2 Decreased body
weight

0.1 1.0 Hepatic and
hematological

changes
>16-21
>21-35

0.03 NA Nephrotoxocity 2.0 NA Hepatic
(foreign body

reaction
granuloma)

Source:
Edwards, D. A., et al., 1997 (modified Table 1).
Notes:
NA — Not available.
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ABSTRACT

The nature and concentrations of the hydrocarbons that are present in gas
condensates and in soils that have been impacted by these condensates are required for
the risk-based analysis of these materials.  This paper presents the results of a
hydrocarbon characterization program that has examined samples of gas condensates and
impacted soils from gas exploration and production sites located in Canada, Wyoming,
Colorado, and New Mexico.  The hydrocarbon profiles from each site are discussed and
ompared.  Comparisons between the hydrocarbon profiles of the impacted soils and the
"neat" condensates for a given site are also presented and discussed.

EXPERIMENTAL

Samples

Gas condensate liquids and impacted soils were collected from sites in New
Mexico, Colorado, Wyoming, and Alberta.  Each sample was collected from a storage
tank, except for the condensate from Colorado, which was obtained from an underground
plume.  Soils related to the condensate sampling sites were collected from the surface at
each site except the Colorado site, where the soils were provided from core samples
collected at ca. two to eight feet below the surface.  Liquid condensates were shipped in
headspace-free bottles and analyzed as received.  Soils were extracted by sonication in
acetone/methylene chloride for 18 hours.

Analysis

The identification of all organics in the condensates and in the soil extracts were
based on high resolution gas chromatography/mass spectrometry (GC/MS) analysis.
Percent composition of the individual organics found in the condensates were based on
GC analysis with flame ionization detection (FID).  All separations were performed
using a J&W Scientific 60-m DB-1 (250 um i.d., 0.25 um film thickness).  Prior to



analysis, an internal standard (n-hexyl benzene) was added to each soil extract to
correspond to a soil concentration of 16 ppm (mg/kg).

RESULTS

Condensates

GC/FID comparisons of the gas condensate samples are shown in Figures 1-4,
and demonstrate that their compositions are dependent upon the well location.
Condensate organics from the New Mexico site were primarily in the range of C5 to C9
alkanes (Figure 1), C5 to C12 for Colorado (Figure 2), C5 to C16 for Alberta (Figure 3),
and C5 to C30 for Wyoming (Figure 4).  Attempts were made to identify all of the
organic components from each condensate which contributed more than 1 wt.% to the
total condensate composition.  As shown in Table I, the major components of the
condensates were straight-chained, branched, and unsaturated hydrocarbons, although
the Wyoming condensate was unusual in that it contained high concentrations of longer
chain n-alkanes (Figure 4, note that condensates collected from different wells in
Wyoming both showed the higher molecular weight alkanes).

In addition to the aliphatic hydrocarbons, each condensate contained significant
concentrations of benzene, toluene, ethylbenzene, and xylenes (BTEX).  Because these
species are of regulatory importance, the concentration of each BTEX component was
determined in each condensate as shown in Table II.  Benzene concentrations ranged
from 0.15 to 3.6 wt. % (of the total condensate mass), with somewhat higher
concentrations of the other BTEX compounds.  Higher molecular weight aromatics (e.g.,
PAHs) were not present in significant concentrations (i.e., >0.1 wt. %) in any of the
condensates.

Soils

The soil extracts showed a wide range of contamination, apparently based more
on the condensate composition than on the soil locations.  For the New Mexico and
Colorado soils, no significant organics (e.g., > 1 ppm) were found in the soil extracts as
shown in Figure 5.  (Note that the internal standard peak corresponds to ca. 16 ppm of
hydrocarbon on the soil.  The results shown are  from the New Mexico soil, but both the
New Mexico and Colorado soils showed similar results.)  However, the Alberta soil
showed low ppm concentrations of hydrocarbons in the ca. C6 to C16 range (Figure 6).
In contrast to the low contamination levels found at the other three sites, the soil from
Wyoming had fairly high levels of contamination, particularly of the larger (ca. C10 to
C30) alkanes.  These species had soil concentrations in the range of a few to ca. 50 ppm.



It is important to note that all of the soils tested were known to have been
contaminated with gas condensates, yet the amount of contamination remaining on the
soils varied greatly.  Several factors may contribute to these differences including age of
the contamination (ranging from a few days to a few decades), the different soil types
(and collection depths), climate, and the amount of original contaminant.  While the
samples in this work are certainly not sufficient to evaluate these factors, it does seem
clear that the soils contaminated with the more volatile (and water soluble) lower-
molecular weight hydrocarbons show much lower retention of the contaminants than the
soils contaminated with condensates containing less volatile (and less water soluble)
hydrocarbons.

CONCLUSIONS

Gas condensates from four different locations were all composed primarily of
aliphatic hydrocarbons and included low  wt.% concentrations of BTEX compounds.
However, the molecular weight range of the major hydrocarbons varied in the
condensates from different sites, and major components ranged from C5 to C9 for the
more volatile condensates to ca. C6 to C30 hydrocarbons for the least volatile
condensate.  Initial analyses of soils collected at the four sites indicate that the bulk of
the condensate materials are sufficiently volatile (or water soluble) to be removed from
the soil by physical processes.  However, soils contaminated with less volatile
compounds show selective retention of the less volatile condensate compounds.
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Table I.  Major Organic Components (> 1 wt. %) of Gas Condensates

New Mexico Colorado Alberta Wyoming
identity                  wt. %               identity               wt. %                  identity                   wt. %              identity                     wt. %
CH3cyclohexane 11.0 CH3cyclohexane 13.9 C5H12 9.0 CH3cyclohexane 8.5
n-octane 7.4 C6H12 4.8 n-pentane 8.7 C2benzene 5.5
n-heptane 6.1 n-heptane 4.6 n-hexane 6.7 toluene 5.4
C8H16 3.9 n-octane 3.2 toluene 5.8 n-octane 3.0
C8H18 3.7 n-hexane 3.2 n-heptane 4.5 n-heptane 3.0
n-hexane 3.6 C8H16 3.1 C6H14 4.3 n-nonane 2.7
C6H12 3.2 C6H12 2.5 C2benzene 3.6 C6H12 2.5
C8H16 3.1 C7H16 2.4 benzene 3.6 n-decane 2.3
C7H16 2.9 C9H18 2.3 CH3cyclohexane 3.5 n-hexane 2.3
C7H16 2.9 C7H16 2.3 n-octane 3.0 C8H16 2.3
C8H16 2.5 C8H16 2.2 C6H12 2.6 n-undecane 1.8
C2benzene 2.4 C8H18 2.0 C6H14 2.5 n-pentane 1.5
C6H14 2.4 toluene 2.0 C6H12 2.1 C6H14 1.5
C6H12 2.3 C6H14 1.9 C7H16 2.0 C6H14 1.4
C8H16 1.8 C8H18 1.9 C7H16 1.8 C5H12 1.4
C9H20 1.8 n-nonane 1.7 C8H18 1.7 C3 benzene 1.4
C8H18 1.7 n-pentane 1.7 n-nonane 1.6 n-dodecane 1.3
n-pentane 1.6 C5H12 1.5 C2 benzene 1.4 C8H18 1.2
C6H14 1.6 C2benzene 1.5 n-decane 1.0 C8H16 1.2
C9H18 1.5 C6H14 1.3 --- --- C7H16 1.1

(continued)



 Table I (continued).  Major Organic Components (> 1 wt. %) of Gas Condensates

New Mexico Colorado Alberta Wyoming
identity                wt. %                 identity               wt. %                  identity                    wt. %           identity                      wt. %

n-nonane 1.5 C8H18 1.2 --- --- C7H16 1.1
C9H20 1.5 C8H16 1.2 --- --- benzene 1.1
C5H12 1.5 C7H14 1.0 --- --- C3benzene 1.1
C9H18 1.3 C9H18 1.0 --- --- C2benzene 1.0
C7H14 1.3 C9H20 1.0 --- --- n-tridecane 1.0
C8H18 1.1 --- --- --- --- --- ---
C8H18 1.1 --- --- --- --- --- ---
toluene 1.1 --- --- --- --- --- ---
C8H16 1.1 --- --- --- --- --- ---
C7H14 1.1 --- --- --- --- --- ---
C9H18 1.1 --- --- --- --- --- ---
total wt.% (>1%) 81.0 65.3 69.4 56.6



______________________________________________________________________
Table II.  Concentration of BTEX Components in Gas Condensates

New Mexico Colorado Alberta
Wyoming

              identity                             wt. %                                wt. %                                wt.%     
                            wt. %

benzene 0.15 0.15 3.6
1.1

toluene 1.1 2.0 5.8
5.4

ethyl benzene 0.31 0.45 0.63
0.62

m-,p-xylene 1.5 2.3 3.6
5.5

o-xylene 0.33 0.48 1.4
1.0



Figure 1.  GC/FID chromatogram of gas condensate from New Mexico.  The numbers indicate
chain length of n-alkanes in the sample.



Figure 2.  GC/FID chromatogram of gas condensate from Colorado.  The numbers indicate chain
length of n-alkanes in the sample.



Figure 3.  GC/FID chromatogram of gas condensate from Alberta.  The numbers indicate chain
length of n-alkanes in the sample.



Figure 4.  GC/FID chromatogram of gas condensate from Wyoming.  The numbers indicate chain
length of n-alkanes in the sample.



Figure 5.  GC/FID chromatogram of a methylene chloride/hexane extract of soil from New
Mexico that had previously been contaminated with condensate.  Peaks before ca. 7 minutes are
solvent artifacts.  “IS” denotes the internal standard which corresponds to a soil concentration of
16 ppm.  Results from the Colorado soil are similar.



Figure 6.   GC/FID chromatogram of a methylene chloride/hexane extract of soil from Alberta that
had previously been contaminated with condensate.  Peaks before ca. 7 minutes are solvent
artifacts.  “IS” denotes the internal standard which corresponds to a soil concentration of 16 ppm.



Figure 7.  GC/FID chromatogram of a methylene chloride/hexane extract of soil from Wyoming
that had previously been contaminated with condensate.  Peaks before ca. 7 minutes are solvent
artifacts.  “IS” denotes the internal standard which corresponds to a soil concentration of 16 ppm.
The numbers indicate chain length of n-alkanes in the sample.
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ABSTRACT

Petroleum contamination of soils and sediments is a national concern due to the
toxicity and recalcitrance of the aromatic components in the absence of oxygen. Oxygen can be
introduced into the anaerobic zone of a contaminated environment by injection of O2 to
stimulate biodegradation but this process is costly and inefficient. Other more soluble electron
acceptors, such as nitrate or sulfate, may alternatively be used, but rates of oxidation are slow
and not all hydrocarbons are degraded. Here we report that chlorite dismutation by chlorate-
reducing bacteria may offer an alternative source of oxygen for contaminant degradation. The
dismutation of chlorite is an intermediate step in the microbial reduction of chlorate. Chlorite
dismutation can stimulate the rapid oxidation of aromatic hydrocarbons such as benzene in
anoxic sediments by supplying oxygen to the aerobic hydrocarbon-oxidizing population. The
benzene, which is notoriously persistent under anaerobic conditions, is rapidly degraded to CO2
even in pristine soils with no prior exposure to hydrocarbons. The chlorate-reducing bacteria
could grow rapidly in a broad diversity of environmental conditions and survived in significant
numbers over the longterm in inoculated sediments. In addition the chlorate-reducer could
survive starvation, forming a stable ultramicrobacterium with a cell size less than one tenth that
of the vegetative cells. Such ultramicrobacterial cells can readily pass through small pore sizes
of subsurface environments preventing near-well plugging in bioaugmentation strategies. The
ultramicrobacterial cells formed could readily be recovered as vegetative cells and could be
used to stimulate hydrocarbon oxidation after only 68 hours recovery. Our results suggest that
chlorite in the presence of chlorate-reducing bacteria may be used as an effective in-situ
remediation strategy for petroleum-contaminated soils and aquifers.



INTRODUCTION
Petroleum hydrocarbon contamination of soils and sediments from industrial activity,

fuel oil spills, and runoffs is becoming a national concern due to the toxicity and recalcitrance of
many of the aromatic components (1). Aromatic hydrocarbons, both monocyclic and polycyclic,
are among the most prevalent organic contaminants in groundwaters (2) and are of major
concern due to their low volatility, relatively high solubility, resistance to microbial degradation,
and high affinity for particulate matter such as clays and sediments. Polycyclic aromatic
hydrocarbons (PAHs) have been identified by the United States Environmental Protection
Agency as priority pollutants as many are known carcinogens and mutagens (3). Although much
work has been done on the aerobic microbial degradation of hydrocarbons in general and PAHs
in specific (1 and references therein) very little is known about the fate of hydrocarbons in the
absence of oxygen. Several studies have indicated that many hydrocarbon contaminants are
particularly recalcitrant under strictly anaerobic conditions. This has an important influence on
bioremediation strategies for petroleum contaminated soils and sediments.  Recent studies have
demonstrated that many simple hydrocarbons such as benzene, toluene, xylene, (BTEX),
hexadecane, and even some PAHs can be biodegraded in the absence of oxygen (4 - 12 and
references therein). However, the range of hydrocarbons anaerobically biodegradable is still
small and the rates of oxidation are at least an order of magnitude less than aerobic degradation
(13, 14).  The fact that BTEX and PAHs can be rapidly degraded in aerobic environments has
been the major impetus for intrinsic bioremediation (2, 13, 15, 16, 17). Numerous aerobic
microorganisms capable of degrading aromatic hydrocarbons have been identified, the most
notable and environmentally significant of these are the Pseudomonas species which have
accounted for up to 87% of the gasoline-degrading microorganisms isolated from well water and
core material from a gasoline contaminated aquifer (18). In the degradation of BTEX
hydrocarbons by these and other aerobes, molecular oxygen is incorporated into the aromatic
ring in order to activate it. In the case of PAHs, degradation is initiated by introduction of
oxygen to produce cis-dihydrodiols at the aromatic ring of initial attack. Dehydrogenation of the
dihydrodiol produces a catechol intermediate followed by ortho or meta ring cleavage (1). The
process is repeated for additional rings in the polyaromatic structure. However, when soils and
sediments are contaminated with organic compounds, extensive anaerobic zones frequently
develop (2, 19, 20 and references therein) and molecular oxygen is not available. This is
because aerobic microorganisms readily degrade many of the constituents of common pollutants
such as petroleum products and landfill leachate with O2 as their electron acceptor and thus
rapidly remove dissolved oxygen from groundwater. Because of low solubility, recharge water
entering the contaminated environment can only carry small amounts of dissolved oxygen and
introduction as a result of diffusion from the atmosphere is slow. The small amount of O2 that
does enter the anaerobic zone through these mechanisms is rapidly consumed by further aerobic
respiration and chemical oxidation of reduced products of anaerobic respiration such as Fe(II)
and sulfide. Thus, aerobic biodegradation is restricted to the fringes of contaminant plumes (2).

Stimulation of aerobic degradation of contaminants in the anaerobic zone of a
contaminated soil or sediment by the addition of oxygen can be a very effective bioremediation
strategy of organic pollutants. Aerobes can still survive in an oxygen depleted environment and
the stimulation of these by oxygen addition has been used in a number of studies (15, 21, 22,
23). This is probably the most common engineering approach used for enhancing
bioremediation of aquifers (24, 25, 26). Oxygen can be introduced into the anaerobic zone of a
contaminated environment by injection of compressed air or O2 below the water table (27) but
this process is costly and inefficient due to the low solubility of O2. Hydrogen peroxide is often
used as an additional soluble O2 source (26, 28, 29, 30, 31). However, hydrogen peroxide is
toxic to many microorganisms and in several studies inhibition of petroleum contaminant
degradation was observed when H2O2 was added at concentrations of 200 mg/L or less (32, 33,
34). In addition, the presence of metals such as iron and manganese can catalyze the



decomposition of H2O2, potentially resulting in premature release of O2 prior to entry to the
anaerobic zone (35). Also, microorganisms capable of decomposing H2O2 through enzymatic
mechanisms have to be inhibited prior to time of injection. In one study, when recirculated
groundwater was used in a peroxide injection process, the activity of catalase positive bacteria
indigenous to the groundwater resulted in diminished concentrations of H2O2 prior to the
injection well (30) with a resulting decrease in the effectiveness of this bioremediation strategy.

We describe here a novel bioremediation strategy which is based on the stimulation of
the aerobic microbial contaminant-degrading populations in the anaerobic zone of the
contaminated environment. This strategy takes advantage of the unique physiology of some
chlorate-reducing bacteria. These organisms can be induced to dismutate chlorite into chloride
and O2 under anaerobic conditions. The O2 produced by this reaction is available to aerobic
hydrocarbon-oxidizers in the environment.

MATERIALS AND METHODS

Source of soils and sediments

Soil samples were collected from the top 6 cm of an uncontaminated soil in
Thompsons Wood on the Carbondale campus of Southern Illinois University. Freshly collected
soil samples were transported directly back to the lab where they were immediately slurried with
equal volumes of distilled water. The soil slurries were then made anoxic by degassing with N2-
CO2 (95:5, vol/vol) for 30 minutes as previously described (10, 11). Soil slurries (20 g) were

incubated at 20 oC under a headspace of N2-CO2 (95:5) in serum bottles (36 ml) sealed with

thick butyl rubber stoppers and amended with 1 �Ci of [ 14C]-benzene (63.2 mCi/mmol) from

an anoxic, sterile aqueous stock. The [14C]-benzene stock was prepared as previously described
(10, 11, 12, 36). The amended bottles were inoculated (1 ml) with an active culture of D.
agitatus previously grown on minimal medium with acetate as the electron donor and chlorate
as the sole electron acceptor. Chlorite was added from a sterile anoxic stock to give a final
concentration of 1 mM.

Media and culturing techniques

The dissimilatory chlorate-reducer Dechlorimonas agitatus strain CKB was previously
isolated as part of a study on the microbiology of microbial chlorate reduction from sediments
that were collected from waste sludge at a pulp and paper plant (37). In the laboratory standard
anaerobic culturing techniques were used throughout (38). Anoxic media was prepared by
boiling under N2-CO2 (80:20, v/v) to remove dissolved O2 and dispensed under N2-CO2
(80:20, vol:vol) into anaerobic pressure tubes or serum bottles that were then capped with thick

butyl rubber stoppers and sterilized by autoclaving (15 min at 121 oC).

The freshwater medium (37) contained (in grams per liter): NH4Cl (0.25); NaClO3
(1.03); CH3COONa (1.36); NaH2PO4 (0.60); KCl (0.1); NaHCO3 (2.5). Vitamins and trace
metals were added (10 ml/L respectively) from stock solutions.  The vitamin stock contained



(mg/L): biotin (2), folic acid (2), pyridoxine HCl (10), riboflavin (5), thiamin (5), nicotinic acid
(5), pantothenic acid (5), vitamin B-12 (0.1), p-aminobenzoic acid (5), thioctic acid (5). The
trace metal stock contained (g/L): nitrilotriacetic acid (1.5), MgSO4 (3.0), MnSO4.H2O (0.5),
NaCl (1.0), FeSO4.7H2O (0.1), CaCl2.2H2O (0.1), CoCl2.6H2O (0.1), ZnCl (0.13), CuSO4
(0.01), AlK(SO4)2.12H2O (0.01), H3BO2 (0.01), Na2MoO4 (0.025), NiCl2.6H2O (0.024),
Na2WO4.2H2O (0.025).

Unless otherwise described all culture incubation temperatures were at 30 oC.

Cell suspension preparation

Cells of D. agitatus were grown anaerobically in 500 ml volume with acetate as the
electron donor and chlorate as the electron acceptor. After six hours growth, cells were
harvested by centrifugation and washed with anoxic bicarbonate buffer (2.5 g/L) under a
headspace of N2-CO2. Washed cells were resuspended in 1 ml anoxic bicarbonate buffer and
sealed in a 10 ml serum vial with a thick butyl rubber stopper under a headspace of N2-CO2.
Heat killed cells were prepared by placing a portion of the cell suspension in boiling water for 5
minutes and cooling prior to addition of chlorite.

Analytical techniques

14CO2 concentrations in the headspace were monitored by gas chromatography with
gas proportional counting as previous described (10, 11, 12). Chlorate and chloride
concentrations in samples were analyzed by HPLC with conductivity detection (Shimadzu
CDD-6A) using a PRP-X100 anion exchange column (Hamilton #79434). The eluent was 4 mM
p-hydroxybenzoic acid in 2.5% methanol with pH adjusted to 8.5, and a flow rate of 2.0 ml per
min.  Concentrations of HCL-extractable Fe (II) in soil samples were determined
colorimetrically by the ferrozine assay (39). Growth of cultures on soluble electron acceptors
was measured by increase in optical density at 600 nm. Oxygen concentrations from chlorite
dismutation were determined by an O2 electrode (YSI, model 5300) as previously described
(37).

DNA extraction

DNA extractions from chlorate-reducing microorganisms in the highest MPN dilutions
tubes that showed growth were performed by cell disruption using a modification of the method
as described by Stephen et al. (1996) (40). Aliquotes (1 ml) of cells,  0.5 ml of tris-saturated
phenol (pH 8.0), and 0.5 g of zirconium beads (diameter, 0.1 mm, Biospec Products, Inc,
Bartlesville, OK) were mixed in a 2 ml screw cap tube (Fisher, Pittsburgh, PA). Samples were
shaken for 30 s in a mini-beadbeater (Biospec Products, Inc.) and chilled on ice between
shaking periods. Samples were then centrifuged for 5 min at 12,000 rpm. Genomic DNA was
further purified with the Geneclean Spin kit (BIO 101, Vista, CA). DNA was eluted to a final
volume of approximately 30 �l.



Primer Design and PCR conditions

All PCRs were conducted with primer pair 846.F (5’-
AACTAGGTGTTGGGTGGGTA-3’) and 1327.R (5’-TCATGCAGGCGAGTTGCAGC-3’).
Primers were designed to be specific for Dechlorimonas species based on our alignment of the
16S rDNA sequences of representative species of most of the major phyla (41). Primers were
tested with a Dechlorimonas agitatus strain CKB (37) and Rhodocyclus tenuis, the closest
known relative to D. agitatus.

DNA amplifications were perfomed with a Perkin-Elmer Gene Amp PCR System
(Perkin-Elmer, Norwalk, Conn.). For specific amplification of the Dechlorimonas sp., a reaction
mixture was made as follows: 5 �l 10x Reaction Buffer (50 mM KCl, 10 mM Tris-HCl (pH
9.0) and 0.1% Triton‚ X-100), 1.25 mM MgCl2, 0.2 mM deoxynucleoside triphosphates, 25
pmol each of 856.F 1327.R, and 0.5 ml of Taq polymerase (2U). The master mix was brought
up to 50 �l with distilled water. 50 �l was aliquoted into MicroAmp tubes (Perkin-Elmer,
Norwalk, Conn.) and 1 �l of the appropriate gDNA (ca. 10-100ng) was added to each tube.

PCR reaction mixes were cycled as follows: 94 OC for 1 min, 1 min annealing, 72 OC 3
min with a final 72 OC extension for 10 min as previously described (41). The annealing
temperture is variable because a touchdown PCR was employed to reduce spurious byproducts
and increase the amplification specificity (42). The annealing temperature was decreased from
65 OC to 55 OC by 1 OC every 2 cycles during the first 20 cycles followed by 10 cycles at 55 OC
annealing (43). The PCR products were checked by electrophoresis on a 1% agarose TBE gel.
The gel was stained with ethidium bromide and photographed.

Sequencing

Amplified DNA was purified with the GeneClean Spin kit (BIO 101, Vista, CA) and
used as a template in sequencing reactions with the SequiTherm Exel II DNA Sequencing kit
(Epicenter Technologies, Madison, WI) Sequences of both strands were determined using
primers 846.F and 1327.R. Sequencing data was analyzed by manual alignment with appropriate
bacterial 16S rRNA sequences obtained from the Ribosomal Database Project (RDP) (41a) and
from our own database of chlorate-reducing bacteria (41). Alignments were generated using
SeqApp for the Macintosh (44). Distances were assessed by consensus sequence construction.

RESULTS AND DISCUSSION

As part of a study on microbial chlorate reduction, we isolated a dissimilatory chlorate-
reducer, Dechlorimonas agitatus, from waste sludge collected from a paper mill in
Pennsylvania, USA (37). D. agitatus is a facultative anaerobe which grows by the complete
oxidation of simple organic acids (acetate propionate, butyrate, lactate, succinate, fumarate,
malate) coupled to the reduction of perchlorate, chlorate, or oxygen. Similarly to what has been
observed previously for chlorate-reducing bacteria, (45) chlorate and perchlorate are completely
reduced to chloride (37). Chlorite, a potential intermediate of dissimilatory chlorate reduction is
dismutated by D. agitatus into chloride and O2 (37).



When chlorite was added to anoxic soil samples which had previously been inoculated

with D. agitatus and amended with [14C]-labeled benzene (1 �Ci), 14CO2 was rapidly

produced after 24 hours lag phase. More than 90% of the original [14C]-label was recovered as
14CO2 after 6 days incubation (Fig. 1). No benzene oxidation occurred in the soil samples if the
chlorite was omitted. Similarly, no 14CO2 production occurred in the absence of D. agitatus
(Fig. 1). The rate of benzene degradation in the soil amended with D. agitatus and chlorite was
similar to the oxic control samples to which air had been added, however, 100% of the initial

[14C]-label was recovered in the treated anoxic soil as opposed to only 60% in the oxic control
(Fig. 1). The amount of benzene oxidized was proportional to the initial concentration of
chlorite added (Fig. 2).

As D. agitatus can not oxidize aromatic hydrocarbons in pure culture the stimulatory
effect of the chlorite and D. agitatus treatment was probably as a result of chlorite dismutation
by the chlorate-reducer (37, 46). Oxygen released by this metabolism was being used by
indigenous aerobic hydrocarbon-oxidizers which were otherwise inhibited by the anoxic
conditions of the soil (46). In support of this hypothesis, when an anaerobic washed whole-cell
suspension of D. agitatus was amended with chlorite, oxygen was rapidly evolved (Fig. 3).
Oxygen evolution as a result of chlorite dismutation by D. agitatus took less than 10 seconds
from the initial addition of chlorite (data not shown) and its production was proportional to the
initial concentration of chlorite (Fig. 3). No O2 production occurred if the cells were omitted or
killed by heat.

Survival of Dechlorimonas agitatus in the environment

The applicability of D. agitatus to bioremediation processes requires that it can survive
and metabolize in many diverse environments where indigenous chlorate-reducing populations

may not exist. Although D. agitatus shows a temperature optimum of 35 oC, a pH optimum of
7.5 and a salinity optimum of 1% NaCl (37) it can grow in a broad diversity of environmental
conditions including temperatures up to 40 oC, salinities up to 2% NaCl, and pH values up to
8.5 (Fig. 4 a through c). To investigate the survival of D. agitatus in environmental samples
over the longterm, anoxic sediment samples, freshly collected from the Potomac River in
Virginia, were inoculated with an active culture of D. agitatus to give a final cell yield of 3.5 x

106 cells per gram. Most probable number (MPN) counts indicated that chlorate-reducing
bacteria were present in the anoxic sediment samples over the sampling period (60 days) and
that their numbers remained relatively constant (Fig. 5). Interestingly, although in lower
numbers, there was an indigenous chlorate-reducing population present in the uninoculated
control sediments (Fig. 5).

When the D. agitatus treated sediments were amended with chlorite after 60 days,
14CO2 was produced from [14C]-benzene after a 24 hour lag phase demonstrating that the
inoculated organisms still retained the ability to stimulate hydrocarbon oxidation. No benzene
was oxidized if chlorite was omitted (data not shown).

In order to ensure that the chlorate-reducing population in the inoculated sediment was
D. agitatus, the ribosomal DNA from the final dilution tubes of the MPN series taken at day 0
and day 30 were amplified using 16S rRNA primers specific for organisms in the
Dechlorimonas genus. All of the samples tested gave PCR products (Fig. 6) which when
sequenced were identical to D. agitatus. The fact that the uninoculated controls contained an



indigenous population of Dechlorimonas species suggests that organisms from the
Dechlorimonas genus may be the predominant chlorate-reducing bacteria in the environment.
This suggestion is further supported by the fact that several chlorate-reducing organisms, which
are members of the Dechlorimonas genus, have been isolated from a broad diversity of
environments including both pristine and hydrocarbon-contaminated soils, farm waste lagoons,
and freshwater sediments (41, 47).

Bioaugmentation with ultramicrobacteria of D. agitatus

The bioremediative potential for the treatment of hydrocarbon contaminated sites using
the unique metabolic characteristics of chlorate-reducing bacteria would require either the
bioaugmentation or the stimulation of indigenous populations. Since only two of the known
species of chlorate-reducing bacteria have been demonstrated to be capable of chlorite
dismutation (37, 45) this latter approach may not yield a chlorate-reducing population with
suitable metabolic characteristics. The primary limitation to bioaugmentation of subsurface
environments is the ability to reliably deliver the required microorganisms to the contamination
plume. This is because vegetative cells bind to mineral surfaces and are immobilized, and also
the vegetative cells tend to be of the same order of magnitude as the pore spaces in many
substrata and can quite often plug the substratum in the near-well environment (48, 49).
Previous studies have demonstrated that starvation of non-spore forming microbial cells can
significantly reduce their cell size and overcome this limitation (48, 50, 51). Although these
ultramicrobacteria are metabolically dormant, they still retain all their genetic information and
are readily revived in nutrient rich environments (48). When D. agitatus was starved in a
nutrient poor suspension over 25 days, in excess of 99% of the viable cells were lost resulting in

a viable cell population of 2.31 + 1.33 x103 per gram at day 25. The average cell volume of the

fresh culture was reduced from 0.36 to 0.05 �m 3 over the 25 day period. If these
ultramicrobacterial cells of D. agitatus were reinoculated into an anoxic growth medium with
acetate as the electron donor and chlorate as the electron acceptor a viable population was
rapidly recovered suggesting that these smaller cells still retain all their genetic information
similarly to previous observations with other microbial types (48). When anoxic soil samples,
which had been inoculated with the starved cells, acetate, and chlorate, were amended with

chlorite after 3 days incubation [14C]-benzene was rapidly oxidized to 14CO2 (Fig. 7). This
result demonstrates that the starved cells could be recovered in anoxic environmental samples
and used to stimulate hydrocarbon oxidation after a short incubationary period.

CONCLUSIONS
The results presented here demonstrate that the dismutation of chlorite by chlorate-

reducing bacteria in anaerobic environments can produce extracellular O2. This O2 can be used
by hydrocarbon-oxidizers to degrade many hydrocarbons, including benzene which is of
particular importance as an environmental contaminant due to its toxicity and relative solubility.
Very little is known about chlorate-reducing bacteria, however, recent studies in our lab have
demonstrated that these organisms are ubiquitous in a broad diversity of environments including
pristine soils and petroleum contaminated sediments. Chlorate-reducing bacteria similar to D.
agitatus can readily be applied to bioremediation processes due to their ability to grow rapidly
in a broad divesity of environmental conditions and to survive over the longterm. In addition,
the fact that active viable cells can be recovered from ultramicrobacteria of D. agitatus further
enhances the applicability of this organism to in-situ bioremediation of contaminated soils and
sediments. The use of chlorite dismutation for the stimulation of hydrocarbon oxidation in



contaminated environments offers a novel alternative to other injection processes in
bioremediative applications.
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Figure 1. Production of 14CO2 from [14C]-benzene in anoxic soil samples amended with the
chlorate-reducer D. agitatus and 1 mM chlorite.

Figure 2. The production of 14CO2 from [14C]-benzene is proportional to the initial chlorite
concentration in the sample.



Figure 3. Oxygen production by a whole cell suspension of D. agitatus from the dismutation of
chlorite.



Figure 4. The effect of the environmental conditions on the growth rate of D. agitatus (a)
temperature, (b) salinity (% NaCl), and (c) pH.



Figure 5. Most probable number counts of acetate-oxidizing, chlorate-reducing bacteria in
anoxic sediment samples inoculated with an active culture of D. agitatus at day 0.



Figure 6. Agarose electrophoresis gel showing PCR products from amplifications done with
Dechlorimonas species specific primers of samples taken from the last dilution tubes in the
MPN series showing growth. Denotations:- “With CKB”, samples taken from the MPN series of
sediments amended with D. agitatus strain CKB; “Without CKB”, samples taken from MPN
series of sediments not inoculated with D. agitatus strain CKB.



Figure 7. Stimulation of the oxidation of [14C]-benzene in anoxic soil samples inoculated with
ultramicrobacterial cells of D. agitatus and chlorite.
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Abstract:

ORC® is a unique formulation of magnesium peroxide that releases oxygen slowly when
hydrated. The compound is insoluble and releases oxygen while being converted to
ordinary magnesium hydroxide which is also insoluble. ORC is packaged in
exchangeable filter socks and is contacted with contaminated groundwater via an array
of wells or trenches. ORC can also be made into a slurry for permanent applications in
the saturated zone, or dispersed as a free powder for the in-situ or ex-situ treatment of
soil. These methods help optimize the natural bioremediation of aerobically
degradable compounds and are being used on over 2600 sites worldwide as a low-
cost, passive bioremediation protocol.

ORC mediated oxygenated zones generally last four months to a year as a function of
contaminant flux. The objective of the “oxygen barrier” is plume cut-off; however, any
significant reduction of contaminant mass will bring the control point back to the source
and reduce risk. A broad array of treatment points, in which ORC is backfilled or
injected, has been shown to be an effective source treatment. The points can be
implemented with low-cost, small-bore technologies to achieve full remediation or risk
reduction objectives. Free powder has traditionally been used by direct mixing of ORC
into biopiles or in the floor of tank pit excavations to address residual hydrocarbons.

An overview of the history of the environmental applications of ORC, and the evolution
of the strategies for site closure involving direct treatment of contaminant sources and
control of plume migration, will be presented. This will include 1) a compendium of
oxygen barrier field results featuring several large-scale, fully monitored
demonstrations, 2) results from several large-scale, fully monitored source treatment
applications and 3) results from a variety of in-situ soil applications. All of these
projects were directed at BTEX remediation and showed that the use of ORC is a highly
effective bioremediation protocol. Preliminary evidence for the use of ORC in the
remediation of other hydrocarbons and MTBE will also be presented and the potential
for treating certain chlorinated hydrocarbons will be discussed.



Introduction:

ORC is a unique formulation of magnesium peroxide that releases oxygen slowly when
hydrated. ‘The compound is insoluble and releases oxygen while being converted to
ordinary magnesium hydroxide which is also insoluble. ORC is packaged in
exchangeable filter socks and is contacted with contaminated groundwater via an array
of wells or trenches. ORC can also be made into a slurry for permanent applications in
the saturated zone, or dispersed as a free powder for the in-situ or ex-situ treatment of
soil. These methods help optimize the natural bioremediation of aerobically
degradable compounds and are being used on over 2600 sites worldwide as a low-
cost, passive bioremediation protocol.

ORC mediated oxygenated zones generally last four months to a year as a function of
contaminant flux. The objective of the “oxygen barrier” is plume cut-off, however, any
significant reduction of contaminant mass will bring the control point back to the source
and reduce risk. A broad array of treatment points, in which ORC is backfilled or
injected, has been shown to be an effective source treatment. The points can be
implemented with low-cost, small-bore technologies to achieve full remediation or risk
reduction objectives. Free powder has traditionally been used by direct mixing of ORC
into biopiles or in the floor of tank pit excavations to address residual hydrocarbons.
These application methods are presented in Figure 1.

In the evolution of ORC technology there has been a transition from the use of filter
socks in wells for plume cut-off, to the use of the injectable slurry for direct source
treatment. Also, use in soils has become more popular for application to the floor of
excavated tank pits, with the objective of remediating residual dissolved phase
hydrocarbons.. On a parallel evolutionary track, the first applications of ORC were for
the treatment of BTEX and other petroleum hydrocarbons. Use has now expanded to
the remediation of the ubiquitous and problematic gasoline oxygenate MTBE, with
some recent interest in treating certain chlorinated compounds, such as vinyl chloride.

Oxygen Barrier Applications:

Fundamental, peer reviewed work on the use of ORC in semi-permeable barriers has
been carried out by several universities - most notably by the University of Waterloo
and North Carolina State University (1-3). Many other barrier operations, in
commercial settings, have added to this base of information and establishes the validity
of placing ORC in wells or trenches to cut-off migrating hydrocarbon plumes. From a
cost-benefit perspective, the oxygen barrier technology should be viewed as a method
of enhancing natural attenuation, unless the wells are placed closely enough to
achieve a full plume cut-off. This approach is highly consistent with the move toward
RBCA based regulatory policy in an effort to dramatically reduce the cost of cleanup at
many sites. An example of a typical commercial application of an oxygen barrier is
presented through the early and defining work of Jeffrey Johnson and Rhonda Methvin
of GRAM, Inc., in association with the New Mexico Environment Department (NMED).



New Mexico Environment Department Oxygen Barrier Studv with GRAM, Inc.

The site was the location of a former filling station in Belen, New Mexico, approximately
50 km south of Albuquerque, New Mexico. There was a release of an undetermined
amount of gasoline over an unknown period of time. A series of investigations had
previously determined that dissolved phase contamination in the groundwater extended
off site, and some residual sorbed phase soil contamination remained on site. There
was no evidence of free-phase product on the site greater than a slight sheen in the
existing monitor wells before the start of the remediation. The depth to groundwater
was approximately 1.5 m bgs and the soils at the site are primarily composed of alluvial
sands, silts, and clays. Groundwater velocity was approximately .2 feet per day.

A permeable oxygen barrier was formed by depositing 342 ORC filter socks in a series
of 20 six-inch PVC source wells. A site map and barrier configurations are presented in
Figures 2 and 3. The DO and BTEX levels were determined by sampling monitoring
points attached at three depths to the exterior of the source well screens. Additional
monitoring points downgradient of the barrier were also installed and sampled.
Thousands of oxygen and BTEX measurements were taken using inexpensive field
assays, calibrated intermittently with laboratory methods, from which a detailed
contouring and generation of mass curves for both components was made possible.

Data analysis showed an increase in DO and a decrease in BTEX above background
levels, both at the barrier and at various points downgradient, through the one year
observational period. An earlier report (4), presented the status of remediation on the
site 93 days after the introduction of ORC. In that first quarter, the dissolved oxygen
mass increased an order of magnitude in less than two weeks and remained relatively
constant for at least another month. By the end of three months approximately half of
the oxygen placed in the system was exhausted and a concomitant reduction in BTEX
was observed. There was a 78% decrease in the total BTEX mass in the immediate
vicinity of the barrier and a 58% decrease in the broader area (120’ x 100'), as
represented in Figure 3. It was also shown that by Day 9 an oxygen barrier had formed
across the well system and that, by Day 93, dissolved oxygen had dispersed at least 20
feet downgradient from the ORC source wells. A significant increase in microbial
degrader populations was also noted; there was a three order of magnitude higher
microbial population in the immediate barrier region than in the background wells.

We are now able to report on the performance of the oxygen barrier after a full year of
use, including a partial recharge of the barrier (47%) after 9.1 months of operation.
This is the longest continuous monitoring of performance of an ORC oxygen barrier to
date. Total mass of BTEX and DO in the vicinity of the long (16 well) and short (4 well)
portions of the barrier are presented in Figures 4 and 5 respectively. At the long
barrier, it i s  clear that oxygen was being liberated from the ORC for at least 200 days
(April 3 to October 20). BTEX levels reached the low point discussed previously at Day
93, but may have decreased further between Day 93 and Day 200 (July 5 to October
20). It was clear that the BTEX levels were being recharged as the oxygen source was



becoming depleted - so 162 fresh ORC socks were added to the barrier at Day 279
(January 7). Data from Day 288 (January 15) shows oxygen levels being restored by a
factor of greater than 3, after which consumption became evident as noted between
Day 288 and Day 365 (April 3). BTEX levels are once again shown to be decreasing in
proportion to the availability of oxygen.

With respect to the short barrier, a virtually identical pattern is observed in the
dynamics of oxygen and BTEX changes over the course of a year. Since the
contaminant load was only about 20% of the load present at the large barrier, the
results after 365 days show a much greater amount (94%) of the mass being removed.

Of great significance, from a risk reduction standpoint, is the impact of ORC on the
downgradient compliance point, SH-6 (Figure 2). BTEX levels were observed to
decrease from several hundred ppb to ND. In essence, natural attenuation had
generated BTEX levels of several hundred ppb at SH-6 compared to about 10 ppm in
the vicinity of the barrier. Following the installation of ORC, BTEX levels further
decreased to ND. This particular result serves as a graphic example of enhanced
instrinsic bioremediation mediated by supplementary oxygen. In essence, the
presence of the oxygen barrier served to pull the control point back towards the source.

Source Treatment Applications:

Source treatments, involving a direct injection of ORC slurry, have recently become a
preferred method of bioremediation at most sites where the use of supplemental
oxygen is indicated. By injecting the time release oxygen compound into the source of
the contamination, total contaminant mass and the plume dimensions can be reduced
in an accelerated fashion. Also, in the current atmosphere of risk reduction (RBCA),
the source injection treatments have become a low cost and easy to implement
approach to site remediation - relative to alternatives such as air sparging and pump
and treat. While a considerable amount of performance data is just becoming
available, the following examples are the more historical projects that have the longest
monitoring records and that have helped define the current protocols.

Envirolooic Study

This project, representing the first direct and non-retrievable use of ORC, was carried
out by Dave Bohan and Wendy Schlett of Envirologic, Inc. A leaking UST impacted
convenience store site in Michigan, that was demolished for reconstruction, presented
an opportunity to make a series of direct placements of ORC into the contaminated
subsurface. The aquifer at this site is composed of a complex series of glacial outwash
and ice contact deposits. The water table is at a depth of 6.7 meters and the ground
water flow direction is highly variable. It was apparent that very little natural
degradation of the contaminant plume was occurring with historical data indicating that
contaminant concentrations had decreased by less than 37% over a four year period.



It appeared that the limited natural degradation could be attributed to the oxygen
deficient conditions present within the contaminant plume. Due to the low groundwater
flow velocity, the rate of oxygen entering the system was minimal. ORC was applied by
drilling 57 holes with a 5 1/4 inch hollow stem auger; the material being deposited into
the 4 1/4 inch core. Placement of the ORC filled borings is as indicated in Figure 6.

The treatment area was approximately 36 m by 21 m, with a 3 m thick contaminated
saturated zone containing approximately 13.4 kg of BTEX. The BTEX concentrations
and microbial populations were measured from a series of five monitoring wells in the
impacted area. In the 316 days following the installation of ORC, the contaminant
mass has been reduced 54% - from 13.4 kg to 6.2 kg. This decrease in contaminant
mass is considerably faster than would be expected by natural attenuation. Microbial
evaluations; indicate that there has been a four to 170 fold increase in microbial
populations in the monitoring wells.

Historical monitoring data indicated that very little natural attenuation of the
contamination was occurring near the former pump island area. Within 316 days of the
installation of ORC, however, there was a significant increase in the rate of natural
attenuation. Similar effects were observed in all of the monitoring wells located within
the plume. An areal representation expressing the 54% decrease in BTEX on the site
over 316 days, is presented in Figures 7 and 8. A stable plume has become a
shrinking plume.

Kansas Department of Environmental Health (KDHE) Studv with Terranext. Inc.

One of the most intensively studied source treatment applications using an ORC slurry
was carried out in Great Bend, Kansas by Roger Lamb of Terranext, in cooperation
with the Kansas Department of Environmental Health (KDHE). The site had releases
from two gas stations on adjacent corners that formed a commingled dissolved phase
hydrocarbon plume over an area of 500’ x 350’. Although initial investigations and
testing revealed that an air sparging and SVE system could be installed, there were
several drawbacks. In addition to a capital cost of $300,000, there were both physical
limitations for the placement of equipment and residential nuisance issues. ORC was
chosen to enhance aerobic remediation in the anoxic core of the plume.

The saturated zone, which consisted of medium to coarse grained sand eight feet bgs,
was treated with ORC placed by direct push injection techniques. Groundwater was
flowing east at a rate of .2 ft/day. Based on calculations of BTEX mass in the core of
the plume, 2,325 pounds of ORC were injected into 118 points throughout the site.
After three months, the ORC treatment reduced BTEX by 81%, as shown in Figure 9. A
visual representation of the clean-up on an areal basis is presented in Figures IO and
11. The cost of this project was $23,600 for ORC plus about $24,000 for
implementation; a substantial cost savings relative to air sparging capital and O&M.



The Use o f  ORC in the Bioremediation of MTBE

Subsurface releases of the gasoline oxygenate, methyl tertiary butyl ether (MTBE),
seriously compromise the remediation and closure of properties contaminated with
BTEX and other conventional fuel hydrocarbon components. Several factors are
responsible for the recent heightened level of concern and include the following:
1) MTBE degrades very slowly under aerobic conditions, 2) it is highly soluble and
does not retard on the aquifer matrix - 3) it has a very low taste and odor threshold and
4) its toxicity and carcinogenicity profile are largely undetermined. The result is an
environmental problem with a large element of uncertainty in terms of its pervasiveness
and health consequences. Yet another element of difficulty exists with regard to the
treatment of MTBE. Although the compound is extremely volatile, MTBE has a high
Henry’s constant, rendering it difficult to remove once it is soluble in groundwater and
active treatment methods such as air sparging and pump and treat,

Several years ago, it was observed that monitoring wells containing ORC filter socks
exhibited an unusually high disappearance rate for MTBE. Though data was sparse at
that time,, as MTBE was rarely measured and reported, an intriguing trend was
emerging., In some cases the rate of loss for MTBE, presumed to be a function of
biological degradation, was extremely high. The literature reported aerobic
degradation rate constants (k) in a range of .0231 to .0038 (half-life of 30 to 180
days)(5). In an early data set from 11 wells across three diverse oil company sites (in
California,, Michigan and New Jersey), k ranged between .1 447 to .0112 (half-life of 5
to 61 days). Subsequent laboratory experiments showed that there was no significant
direct absorption or chemical oxidation of MTBE by ORC. Combined with the fact that
stripping is not possible, especially with a slow release of oxygen, the hypothesis
emerged that ORC was facilitating the aerobic bioremediation of MTBE by enhancing
levels of dissolved oxygen in the aquifer. This is consistent with reports that MTBE was
biologically degradable under aerobic conditions

Since these observations were made, Park and Cowan (6) have reported evidence
indicating a “dose response” to oxygen in the bioremediation of MTBE; in that the
biodegradation of MTBE was dependent on dissolved oxygen concentration. It was
further reported that organisms which use MTBE as the sole carbon source have a
Monod half-saturation constant greater than that of other heterotrophs - revealing their
higher sensitivity to adequate oxygen concentrations in performing MTBE degradation.

Early field reports support these laboratory observations. Amoco Oil reported that on a
site in Michigan utilizing air sparging, significant biodegradation of MTBE occurred in
the aerated portion of the plume; there was essentially no degradation in the anoxic
regions (7). Matrix Environmental used direct injections of oxygen on a site in New
York and demonstrated that BTEX and MTBE decreased with increasing dissolved
oxygen (8).



Returning to our data sets discussed above, Figure 12 presents the levels of BTEX and
MTBE degradation in a single well in the Michigan series. This representative data
reveals a possible interference in the metabolism of MTBE by background
hydrocarbons. Laboratory experiments further clarified the issue. Using microbial
isolates that use MTBE as a sole carbon source, we have shown the metabolism of
MTBE can be largely inhibited by the addition of xylene - causing it to fall behind in the
preferential sequence of degradation. Furthermore, MTBE metabolism can be
predictably modulated by xylene, such that when it is removed from the culture MTBE
degradation resumes.

While the initial evidence and hypothesis about oxygen and MTBE were drawn from
examples in wells containing ORC socks, new data is now available concerning the
effects of ORC at a distance. Several diverse sites were treated with slurry injections
and other (delivery methods, but this time the results were monitored at wells
downgradient of the ORC application zone. A compilation of the data, presented in
Table 1, indicates that oxygen from ORC is adequately distributed into the larger
aquifer, which in turn stimulates bioremediation of both MTBE and BTEX.

In conclusion, MTBE is aerobically biodegradable making the application of ORC
technology a  viable part of bioremediation protocols. Given the fact that an MTBE
plume will move farther downgradient than the more highly retarded BTEX components,
variations on barrier and source treatment methods may be required. Oxygen barriers
using ORC filter socks in wells or slurry injections are a reasonable approach to cutting
off the leading edge of an MTBE plume. Otherwise, tank pit soil treatments and/or
direct push iinjections in the core of the MTBE plume will address the problem at points
of higher concentration.
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Figure 11
BTEX in Ground Water:
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Figure12
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Table I

site-i_ O R C 1 Time 1 Monitoring Well 1 % Reduction % Reduction
Application in Distance from BTEX MTBE

Days ORC Placement
PA SlLlrr)l 138 MW 1 - 60’ 66% 70%

’ injection
NJ Barrier 182 MWl-4’ 24% 26%

MW2-4’ 73% 99%
NJ Slurry 393 MWl-7’ 100% 90%

Injection MW2-50’ 100% 86%
MW 3 - 85’ 100% 100%

WI Slurry 118 MWl-7’ 77% 80%
Injection MW2- 13’ 41% 98%

WI Tank Pit 167 MWl-4’ 84% 84%
Tmt. And MW2- 12’ 60% 48%
Injection MW 3 - 23’ 99% 96%

MA Slurry 187 MWl-5’ 100% 100%
Injection



Application Bioaugmentation to Reduce Wastewater
Treatment Costs at a Barge Cleaning Facility

Erik Rumbaugh, InterBio/Microbe Masters

Background

Barge cleaning operations often find wastewater treatment a roadblock to achieving full operation.  Unlike
many individual organic chemical and petroleum refining wastewater plants, barge cleaning facilities have
extreme daily fluctuations in influent composition.  As a result, these facilities have had greater difficulty in
maintaining effluent permit compliance when treating wastewater within given time constraints.  Even
when compliance is achieved, the operation of the treatment system involves a great deal of maintenance
and holding time to sufficiently reduce extremely high oxygen demand.

Starting in the summer of 1995, a south Louisiana barge cleaning firm worked with InterBio/Microbe
Masters to optimize the existing wastewater treatment system.  The system consistently experienced
difficulty in maintaining healthy biomass, steady kinetic rates, and proper settling of suspended solids.
During the period InterBio/Microbe Masters’ staff collected samples to characterize the influent and
determine the best mode of treatment.

The treatment system consists of an aerated barge based suspended growth system.  By having three
distinct chambers for treatment, the biobarge could simulate multiple complete mix reactors.  The first and
second chambers had a working volume of 141,000 gallons each, while the third chamber had a volume of
105,000 gallons.  The barge was capable of treating 386,000 gallons of wastewater at a given time.  The
working depth was 12 feet and aeration was supplied by a blower system with PVC diffuser pipe running
along the bottom of each chamber.  A diagram of the system is presented in Figure 1.

Average loadings consisted of 175,000 gallons per day of wastewater with a COD of 8,000 mg/L.  Since
the pH of the aeration tank runs around 7.0 with sufficient nutrients, the primary limiting factors on the
barge were oxygen availability and active biomass.  To improve efficiency, the barge cleaning company
entered into a program of moderate capital upgrades in aeration along with the use of bioaugmentation to
reduce biomass limitations.

Objectives

Because of the unstable nature of hydraulic and organic loadings on the biobarge, the biomass exhibited
signs of general stress.  In addition, microscopic examinations and oxygen uptake rate tests revealed the
system had problems with old biomass.  Investigation revealed the system did not use wasting as a method
of controlling sludge age.  Without proper wasting, the system operated much of the time in endogenous
respiration.  While endogenous respiration is desirable, at the barge cleaning facility the biomass decreased
to a point where influent flows brought extended lag phase growth.

The study determined that it was necessary to undertake minor capital improvements to enable sludge
wasting.  Along with problems stemming from the lack of sludge wasting, the barge also had insufficient
aeration capacity to treat the high strength waste streams entering the barge.  Changes in system design
were therefore required before undertaking a program to improve biomass characteristics.

After the primary capital projects were completed the facility initiated a bioaugmentation program to
reduce lag phase growth while changing influent charges.  The biomass building program also included
provisions for reducing treatment time to relieve the bottlenecks associated with treating produced
wastewater.



The Program

The augmentation program was designed for the shipyard based upon prior experience in dealing with high
strength and variable wastewater streams seen in many batch chemical plants.

Before the commencement of dosing, the cleaning facility added a new blower with increased aeration
capacity and a new sludge drying bed to allow for on-line wasting.  With both in place, the biobarge
underwent complete removal of old sludge and installation of improved aeration.  By removing the old
biomass, Microbe Masters would reduce the number of poor settling filamentous bacteria and replace
undesirable organisms.

To increase the rate of biomass creation, the plant began aeration on day 1 of the fill phase and added
sludge from a current land based tank treatment system.  On day 2 of the project, the wastewater operators
began adding MicroPro D; a blend of naturally occurring stress acclimated organisms, to the system.
Microbe Masters monitored the effects of culture additions using microscopic exam and oxygen uptake rate
data.  Once an active stable biomass was achieved, the facility began a maintenance dosage designed to
maintain activity with the variable nature of the influent.

Results

The addition of MicroPro D into the biobarge treatment system resulted in increased system efficiency and
performance.  The effects of adding the bacterial supplements became apparent within the first four days of
treatment.  The magnitude of change is best expressed by a direct comparison of a run with and without
augmentation.  Figure 2 represents the effects of improved treatment on COD reduction rates.  Wastewater
entering at a COD of 9,000 mg/L was reduced to acceptable levels without the normal expected lag.
Decreased treatment time results in reduction in bottlenecks from wastewater accumulation and lower
utility costs associated with maintaining aeration.  Based on early findings, the facility has increased
treatment capabilities by more than 200%.

Conclusions

A barge cleaning facility in south Louisiana had problems in treating various wastewater streams to
NPDES limits.  Among the problems were lack of sludge wasting, poor aeration, and insufficient active
biomass.  The facility enlisted the aid of InterBio/Microbe Masters to devise a program to speed up
treatment time and meet necessary discharge permits limits. The resulting program consisted of:

• Additions of MicroPro D to keep an active biomass capable of
• degrading a wide variety of high COD waste streams;
• 
• Use of capital additions to improve aeration and sludge wasting;
• 
• Improved operation of blowers by aerating in the fill phase, to reduce
• treatment time.

The above modifications succeeded in reducing the required treatment time substantially.  The barge
cleaning facility met permit and did not have to increase tankage for holding produced water.



Effectiveness of Bioventing to Remediate Jet Fuel-Impacted
Sites

Mark R. Blanchard, Ben L. Noller, Janell B. Bergman
Roy F. Weston, Inc.

Robert M. Carter, Walter R. Nixon, Dennis D. Bollmann
City and County of Denver

ABSTRACT

The objective of biological treatment of contaminated media is to remove or reduce the concentration of
hydrocarbon compounds.  Stimulation of the indigenous microbial population by introducing oxygen into
the subsurface has been shown to be effective and cost-efficient in treating hydrocarbon-contaminated
soils.  Jet fuel contamination is particularly amenable to bioremediation.

In-situ bioventing is being implemented at four former underground storage tank (UST) fuel farm sites at
Denver’s former Stapleton International Airport to address soils impacted by Jet “A” fuel.  Ambient air is
supplied to contaminated soils within the vadose zone by blowing air into vent wells.  The oxygen
stimulates naturally-occurring bacteria to degrade hydrocarbon contaminants within vadose zone soils.

The bioventing systems were activated in 1993.  One fuel farm met the applicable cleanup standards in
approximately two and one-half years and a second is anticipated to achieve cleanup goals in 1998.
Knowledge gained from operating the existing systems is currently being utilized to select a remediation
strategy at an additional fuel farm.  This evaluation will result in selecting an appropriate system to meet
both cleanup goals and site redevelopment priorities.



BACKGROUND

Setting

Stapleton International Airport (SIA) was closed in 1995 after 66 years of operation.  Cleanup of
hydrocarbon-contaminated soil and groundwater is a key component of the City of Denver’s
redevelopment plan for the property.  The study area is located at the southern end of the Stapleton
property (Figure 1) and includes four former fuel farms, known as the Southern Fuel Farms (SFF), at
which bioventing systems have been installed, and an additional UST fuel farm, known as the Ports of
Call Association (POCA) area, for which a remediation system is currently being designed.  The area is
currently bounded to the north, west, and east by SIA property and to the south by residential property.
The land surface is paved throughout much of the area and slopes slightly to the north.  The closest
down-gradient receptor, Sand Creek, is approximately one and a half miles to the north.

The currently active remediation systems at SIA were installed when the airport was still active.  New
systems, however, must take into account that the redevelopment plans for the former airport call for a
mix of commercial use, green belt set-asides, and residential use (Figure 2).

Geologic Setting

The shallow stratigraphy at the site is comprised of unconsolidated silty clays, silty clayey sands, and
gravelly sands (Figure 3).  These deposits include a loess deposit which has been cited in earlier
investigations to be a controlling influence on the movement of free product within the saturated zone (1)
and a gravelly sand at the base of the overburden.  The unconsolidated materials are underlain by the
Denver Formation, which was encountered during drilling at the site at depths of 18 to 36 feet below
ground surface (1, 2).

Groundwater within the unconsolidated overburden occurs at depths of 14 to 24 feet below ground
surface, creating a saturated thickness of 0 to 12 feet.  Groundwater flow through the site is generally to
the north-northwest with an average gradient of approximately 0.005 feet per foot (ft/ft) and an average
linear velocity of approximately 142 feet per year.

ONGOING REMEDIATION AT FOUR FORMER FUEL
FARM SITES

History of Southern Fuel Farms

In April and May of 1992, 15 USTs were removed from the four fuel farms collectively known as the
Southern Fuel Farms (Figure 4).  On behalf of the City and County of Denver, HWS Consulting Group,
Inc. supervised the tank removals, submitted closure reports, and conducted follow-up investigations of
all four areas.  In March 1994 a Corrective Action Plan (CAP) was submitted to the Colorado
Department of Labor and Employment/Oil Inspection Service (DOLE/OIS) for the SFF site (1).



Fifty-one soil samples were collected at the fuel farms during the initial site assessment and the
subsequent investigations and were analyzed for benzene, toluene, ethylbenzene and total xylenes
(BTEX) and total extractable hydrocarbons (TEH) per the requirements of the State of Colorado.  None
of the 51 samples exceeded the Colorado Remedial Action Category II (RAC II) clean-up level of 50
milligrams per kilogram (mg/kg) total BTEX (3), but 28 of the samples did exceed the RAC II clean-up
level of 250 mg/kg TEH (Table 1).  The maximum TEH concentration detected was 16,000 mg/kg.

Groundwater samples collected during the initial investigation were analyzed for dissolved BTEX, total
recoverable petroleum hydrocarbons (TRPH), and TEH.  Only benzene was detected at concentrations
exceeding the federal Safe Drinking Water Act (SDWA) maximum contaminant level (MCL) of 5.0
micrograms per liter (ug/L) (Table 1).  TEH/TRPH concentrations ranged from non-detect to 13,000
mg/L.  No standards for TEH/TRPH concentrations in groundwater exist, but it was noted in the CAP
that samples from the three point of compliance wells had TEH  concentrations less than 0.5 mg/L.

During the initial investigation, free-phase product was detected only in one well.  During subsequent
measurement events, product was observed in numerous wells throughout the site.  The product thickness
observed in the wells ranged up to 2.9 feet.

Based on the known activities at the fuel farms, the product was identified as jet fuel (Jet A).  The site
assessment delineated the maximum horizontal extent of soil contamination occurring at each of the four
fuel farms  (Figure 5).  The mapped area of soil contamination ranged from approximately 2000 square
feet to over 100,000 square feet at the different fuel farms (Table 2).

Exact product release volumes are unknown, but appear to have been on the order of thousands of gallons
(1).  To confirm this estimate, the volume of free phase hydrocarbon at each of the fuel farms was
approximated by a simple calculation (Table 2).  Product baildown tests conducted in 1997 indicated an
approximate hydrocarbon saturated thickness within the formation of 0.10 feet (4).  Multiplying this
value by the areal extent of contamination at each fuel farm and a porosity of 0.30 yields product
volumes ranging from approximately 400 to 24,000 gallons.

Remediation

The bioventing systems at the SFF were designed in 1993 by Engineering Science and installed by HWS
Consulting in late fall of 1993 (1, 5).  The bioventing systems were intended to remediate the residual
hydrocarbons in the unsaturated zone, while relying on natural attenuation to address the contamination
in the groundwater.  The supply of oxygen in the unsaturated zone is increased in order to enable
naturally occuring bacteria to metabolize the hydrocarbon at a faster rate.  The biovent wells were
installed with 15 feet of screen extending from approximately twelve feet above the water table to three
feet below the water table (Figure 6).  Ambient air is pumped through the systems at rates of
approximately twenty cubic feet per minute (cfm) per vent well.

Following the installation of the four biovent systems in 1993, WESTON conducted quarterly monitoring
and subsequent investigation work at the site to measure the effectiveness of the systems.  In 1996,
WESTON prepared an amendment to the original CAP because the plan had assumed complete
remediation within two years (2).  In the amendment, WESTON recommended several changes to the
guidelines for shutdown of the bioventing systems and final disposition of the fuel farms because:  1) the
soil sampling locations in the 1994 corrective action plan did not account for the possible migration of
the center of mass of the free phase product plume, 2) remediation at the different fuel farms was



proceeding at different rates, and 3) guidelines were needed for monitoring of the fuel farms after
shutdown of the bioventing systems.

The revised guidelines for shutdown of the biovent systems included a one-year observation period
following shutdown in order to check for a rebound effect.  If rebound effects are observed during the
post shutdown period, a re-evaluation is to be conducted to determine the potential need to reactivate the
bioventing system.  This evaluation includes answering the following:

• Has a resurgence of free product occurred?
• Do respiration tests indicate that bacterial degradation of vadose zone contamination has become

negligible because of a lack of oxygen?
• Has the concentration of dissolved phase BTEX in the groundwater increased?
• Do soil samples indicate soil contamination above the RAC II guidelines?

The quarterly sampling and monitoring conducted at the fuel farms since the installation of the biovent
systems has shown that the systems have had a positive effect.  At each fuel farm, free phase product is
observed in only a few wells, whereas at the start of remediation it typically occurred in wells throughout
the area of observed soil contamination.  However, to date only the fuel farm with the smallest areal
extent of contamination has met the applicable soil clean-up standards.  Two others appear to be close to
attaining the standards required to shut down the bioventing systems and begin the one-year observation
period.  The remaining fuel farm, with the largest areal extent of contamination, is at least several years
away from system shutdown.

NEW FUEL FARM SITE

Site History

The Ports of Call Association (POCA) site is located to the west of the SFF area (Figures 1 and 4).  The
property was leased from the City and County of Denver (CCoD) until June 1990.  Several USTs
containing Jet A fuel and regular gasoline were operated at the fuel farm.  In February 1979, a 20,000
gallon UST ruptured during installation, resulting in a spill of Jet A fuel.  Measures were taken to recover
as much of the spilled fuel as possible, and the damaged tank was replaced.  The incident was reported to
the State of Colorado.  The Jet A tanks were in service until 1988, and the gasoline tank was used until
June 1990.

Six USTs were removed in June 1990 and an initial site investigation was conducted to determine the
nature and extent of contamination related to these USTs.  Free product was observed on the water table
in several wells.

The recommendations made in the CAP prepared in 1992 by the consultant for the property lessee
included the use of a skimmer pump to facilitate removal of free product for a period of approximately
one year.  Once product recovery dropped below one gallon per day, the lessee proposed to cease product
removal activities and conduct monitoring and sampling of three point of compliance wells and one
upgradient well for a period of two quarters.  At that time, the point of compliance wells met the
Colorado proposed clean-up guideline for groundwater of 1.0 µg/l benzene.  (For a time, Colorado
adopted a benzene standard of 1µg/l but has since gone back to 5 µg/l.)  However, soil clean-up
guidelines for RAC II groundwater were not met at several soil boring/monitoring well locations.



During subsequent monitoring activities, it was discovered that the extent of the free product plume had
extended to one of the point of compliance wells.  Despite continued product skimming activities, free
product remained in several wells at the site.

In December 1995, an agreement was reached to transfer responsibility from the lessee to CCoD.
Because of the proximity of the POCA site to the southern fuel farms, it was incorporated into the 1996
amendment to the corrective action plan for the Southern Fuel Farms.

Geologic Setting

The shallow stratigraphy at the site is the same as encountered at the southern fuel farms.  Bedrock was
encountered during drilling at approximately 20 to 40 feet below ground surface.  The bedrock surface is
highly irregular throughout the site.  Groundwater within the unconsolidated overburden occurs at depths
of 20 to 40 feet below ground surface.  The saturated thickness of the alluvium ranges from 0 (dry) to
greater than 16 feet.

Groundwater flow is generally toward the north to northwest with a seepage velocity of approximately
140 ft/year (Figure 3).  The average hydraulic gradient is approximately 0.004 ft/ft.  Annual water table
fluctuations are approximately one to three feet (2).

Additional Investigation

Following the agreement between the lessee and CCoD, WESTON installed two additional wells and
began a quarterly monitoring program to be conducted in conjunction with the existing program at the
nearby fuel farms.  The extent of contaminated soils and free phase product were found to be much more
extensive than previously thought.  At this point, a geoprobe investigation was conducted to fully define
the extent of contamination.

The concentration of BTEX and TEH detected in soil samples collected during the geoprobe
investigation ranged from non-detect up to 20 µg/kg total BTEX and 430 mg/kg TEH.  None of the soil
samples exceeded the RAC II guideline of 50 mg/kg total BTEX.  The extent of soil contamination
exceeding the state guideline of 20 mg/kg TEH for defining the extent of contamination (3) is denoted on
Figure 7.

The use of continuous sample coring during the geoprobe investigation allowed the direct observation of
hydrocarbon stained soils.  The thickness of the hydrocarbon smear zone could thus be measured in order
to delineate the distribution pattern of the hydrocarbon impacted soils downgradient from the source
area.  The extensive area of stained soils denoted on Figure 7 is interpreted to be the area in which
stringers of free phase hydrocarbon may still exist.

At the soil borings in which hydrocarbon staining was observed, the staining straddled the water table
from two to three feet below the water table to two to three feet above the water table.  This range
indicates that the water table has fluctuated on the order of two to six feet since the release of
hydrocarbon over ten years ago, which is a slightly greater range than the observed typical annual
fluctuation of one to three feet.  Much of the residual soil contamination is currently entrapped below the
water table, which renders it relatively immobile.



The original source area is located in an area where the bedrock surface is relatively high and the
corresponding saturated thickness of alluvium is relatively low (Figure 8).  Hydrocarbon releases
apparently flowed from this area northward (downgradient) into an area in which the highly permeable
gravelly sand layer at the base of the overburden is thicker.  A bedrock high to the east and thicker clay
deposits to the west kept the hydrocarbon restricted to a relatively narrow band.  The hydrocarbon
continued to flow toward the north-northwest approximately parallel to the direction of groundwater
flow.  Another bedrock high to the north of the site again restricted the spread of the hydrocarbon.

CONSIDERATIONS FOR REMEDIATION DESIGN FOR
ADDITIONAL FUEL FARM

In order to design an appropriate remediation system, cleanup results from operating the existing biovent
systems at the original four fuel farms have been compared to the cleanup requirements of the additional
fuel farm.

The biovent system at each fuel farm has a single blower system scaled to maintain a flow rate of 20 cfm
in each of the wells in the system array.  The fuel farms with the larger vent well arrays have larger
capacity blower systems.  In practice, observation of the four existing biovent systems has shown that
there is an air-flow loss through the connective piping.  As a result, the wells closer to the blower receive
a flow greater than 20 cfm while the wells at the periphery of the array receive a flow less than 20 cfm.
This effect appears to be greater in the systems at the two fuel farms (142 and 145) with the larger areas
of contamination (larger vent well arrays and larger blowers).  A refinement to the existing systems might
therefore be to subdivide the vent well arrays and install a separate blower system for each subdivided
area.  Given the large area of contaminated soils at POCA, this approach would require four to six blower
systems.

In addition, a trend over the last few years towards higher water table conditions at the Ports of Call Area
means that much of the hydrocarbon contamination is entrapped within the saturated zone (Figure 9).
Thus, because these biovent systems are designed to address only the contamination in the unsaturated
zone, bioventing at POCA would probably be very ineffective.

Finally, a critical factor affecting the new remediation system is that the time available to attain closure is
much less than was available at the first four fuel farms when the biovent systems were installed.  When
the old systems were installed in 1993, Stapleton International Airport was still in operation.  Chances of
exposure to contaminated soil and groundwater were very low because access to the area in question was
restricted to airport personnel.  The study area is now slated as part of the first portion of the old airport
to be redeveloped.  This means that, whereas the systems designed in 1993 could be built with a five to
ten year timeframe for cleanup, the new system must be designed with a two to three year timeframe for
cleanup.

The biovent system design used at the Southern Fuel Farms thus does not seem appropriate for use at the
Ports of Call Area.  The knowledge gained from observation of the systems at the SFF over the last five
years has shown that the large area of contamination occurring at POCA would require a very large
number of blowers and vent wells.  In addition, changes in the site hydrogeologic conditions are
rendering much of the contamination inaccessible to a biovent system.  Finally, the land use requirements
of the redevelopment plan dictate that a faster, more aggressive clean-up technology be employed.



SUMMARY AND CONCLUSIONS

Hydrocarbon contamination at four fuel farms at the former Stapleton International Airport is currently
being addressed by bioventing systems.  Monitoring of soil and groundwater contamination at these sites
has shown that the biovent systems have been effective, albeit slowly.

A remediation system for a fifth, additional fuel farm, is currently being designed.  An evaluation of the
differences in the nature of contamination and the requirements for a shorter cleanup period at the
additional fuel farm has resulted in rejecting a similar biovent system.  Several factors differentiate the
design needs for this new system from the older bioventing systems at the original four fuel farms:

1. The areal extent of contaminated soils is much greater than that of the four original fuel farms,
2. Observations of water levels at the site over the last few years show a general rise in the water table,

causing further entrapment of the hydrocarbon contamination, and
3. The study area is one of the first areas of the old airport scheduled for redevelopment, thus there is a

faster timeframe for attaining the necessary cleanup standards.

Thus the question at the additional fuel farm is, “What type of remediation system will attain the
necessary cleanup standards in a much shorter time than the old biovent systems”?  A dual phase
extraction system with groundwater depression is currently being evaluated.  While a dual phase
extraction system is anticipated to be more expensive than a biovent system, initial results from a pilot
test conducted in August 1998 indicated that this system will be more effective and more likely to attain
cleanup standards in a shorter timeframe.
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Table 1.  Soil and Groundwater Clean-up Standards

MEDIUM CONTAMINANT CLEAN-UP LEVEL 1

SOIL Total BTEX 50 mg/kg
TEH 250 mg/kg

WATER Benzene 5 ug/L
Toluene 1,000 ug/L
Ethylbenzene 700 ug/L
Xylenes (total) 10,000 ug/L
TEH NSE

NSE= No Standard Established
1 Applicable standards:  RAC II (Soil); Federal SDWA MCLs (Water)

Table 2.  General Extent of Contamination

FUEL FARM APPROXIMATE AREAL EXTENT OF SOIL
CONTAMINATION (square feet)

APPROXIMATE VOLUME OF
HYDROCARBON (gallons)

Original Four Fuel
Farms

142 30,000 6,800
143 1,900 430
144 7,200 1,600
145 108,000 24,000

Additional Fuel
Farm

POCA 860,000 194,000



FIGURE 1: General map of the Former Stapleton International Airport.  Study Area is located at
southern end of facility.



FIGURE 2: Proposed future land use according to the redevelopment plan for the Former Stapleton
International Airport.



FIGURE 3: Generalized stratigraphic column for the overburden.  Groundwater is generally encounted
in the gravelly sand that directly overlies bedrock.



FIGURE 4: Study area map showing Southern Fuel Farms (142, 143, 144, and 145), which currently
have biovent remediation systems and Ports of Call Area, for which a remediation system
is currently being designed.  Former UST locations are represented by “X” symbol.



FIGURE 5: Map of Southern Fuel Farms only.  Shaded areas at each fuel farm denote zones in which
free phase hydrocarbon was detected during initial investigations in 1992 and 1993.
Former UST locations are represented by “X” symbol.



FIGURE 6: Diagram showing typical biovent well construction as installed by HWS Consulting Group
at Southern Fuel Farms.



FIGURE 7: Map of Ports of Call Area and Southern Fuel Farms.  Shaded areas at each fuel farm
denote zones in which free phase hydrocarbon was detected during initial investigations in
1992 and 1993 and subsequent investigations in 1996 and 1997.  Former UST locations are
represented by “X” symbol.



FIGURE 8: Schematic cross section showing approximate bedrock configuration and water table along
the north-south axis of the contaminated zone at the Ports of Call Area.



FIGURE 9: Hydrograph showing water levels in three wells located near the former UST site at the
Ports of Call Area.  A slight increase in the water table elevation has been observed in the
study area over the past few years.
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ABSTRACT

Polycyclic aromatic hydrocarbons and sulfur heterocyclic compounds are
oxidized by cytochrome c in the presence of hydrogen peroxide. Products are mainly
quinones and sulfoxides respectively. Genetic engineering on the protein produces
variants with higher catalytic activity. Chemical modification of the protein surface
and active site with hydrophobic moieties also increased the catalytic properties and
the range of substrates. The use of cytochrome c as biocatalyst has the following
advantages: a) On the opposite to peroxidases, the heme prosthetic group is covalently
bond to protein. b) Cytochrome c is active in a wide range of (from pH 2 to pH 11). c)
Biocatalytic activity was found at high concentration of organic solvents (up to 90% of
tetrahydrofuran). d) Finally, cytochrome c is inexpensive. Cost and stability are the two
main factors for biocatalysis in a large scale.



INTRODUCTION

The use of fossil fuels for energy and as raw materials during the last century has
been the origin of some widespread environmental pollution. Among these pollutants are
the polycyclic aromatic hydrocarbons (PAH´s) that are considered to be potential health
risk because of their possible carcinogenic and mutagenic activities [1]. Aromatic
hydrocarbons are also formed during the pyrolysis of organic matter and are found
ubiquitously in nature. The ability of microorganisms (bacteria and fungi) to modify
PAH´s by oxidation is well known, and a number of comprehensive reviews have been
written on the microbial metabolism of PAH´s [2-5].

PAH´s with more than five aromatic rings are considered as recalcitrant
compounds for microbial attack. Mass transfer of hydrophobic substrates is an important
limitation in the microbial activity. Microorganisms may use a water-insoluble substrate
as it spontaneously dissolves in water, or they metabolize the compound after
biologically mediated solublization or by mechanisms involving physical contact with
the insoluble phase of the substrate [6]. Because their high hydrophobicity, PAH´s are
usually adhered to small particles and dissolved in very small amounts. Bioavailablity of
PAH´s depends on their desorption and dissolution rates [7]. Calculations based on
bacterial growth, biodegradation rates, and the rates of dissolution of PAH suggest that
the dissolution rate of the hydrocarbon may limit the rate of its biodegradation [8]. The
use of surfactant [9, 10] and solvents [11] has been proposed to enhance bioavailablity
and biodegradation of PAH´s.

The controlled partial oxidation of aromatic hydrocarbons by molecular oxygen
(dioxygen) is both highly desirable, from environmental point of view, and difficult [12].
Oxidation of organic matter to carbon dioxide and water by dioxygen is a
thermodynamically highly favourable process. Fortunately for biological systems, the
kinetic barrier is large. The main problem in biological systems is how to promote
reaction whilst at the same time limiting the damage caused by indiscriminate attack of
dioxygen. Nature achieves this by using metalloenzymes, many of which contains iron
porphyrin groups (hemoenzymes) as active-site responsible for activating the dioxygen.
The present work is an overview focused on the biocatalytic oxidation of PAH´s in vitro
by using cytochrome c.

Hemoproteins shows structural differences in both the heme and polypeptide
moieties. However, it is generally accepted that the generation of high-valent
oxoiron(IV)porphyrin radical cation by hydrogen peroxide is the first active intermediate
in catalytic cycle of hemoproteins. Non peroxidase proteins such as monoxygenase
cytochrome P450 [13-16], cytochrome c [17-20], and hemoglobin [21-27] can catalyze
oxidation of organic substrates in the presence of several oxidizing agents such as H2O2,
RO2H, chlorite, periodate and iodosylbenzene.



CYTOCHROME C AS BIOCATALYST

The c-type cytochromes are probably the most popular proteins and were subjects
for several review books [28-30]. In vivo conditions, cytochromes c are part of the
energy-conserving electron transport systems. They have protoheme covalently attached
via two thioether bridges between cysteine residues of the protein and vinyl side chains
of the heme. Only mammalian peroxidases [31] and type-c cytochromes are
hemoproteins having a covalently bound heme group. The location and role of
mitochondrial cytochrome c are well known but the means by which cytochrome c
conducts electrons between its membrane reductase and oxidase remains controversial.
However, there are arguments for a probable cytochrome c diffusion across the
membrane surface to interact separately with its reductase and oxidase.

Cytochrome c is a protein ubiquitous to all eukaryotic organisms and the sequence
of many such proteins have been determined. This intensive inventory of sequences have
been used to trace the phylogeny of the eukaryotes [32]. Comparison of sequences shows
that cytochromes c in eukaryotic organisms are highly conserved. High-resolution
structures of five eukaryotic and six bacterial cytochromes c have been elucidated to
date. The high degree of sequence homology expresses itself in a high degree of
structural conservation among the cytochromes c.

In living systems no catalytic activity of cytochrome c has been described.
However, forty years ago the ability of cytochrome c to induce lipid peroxidation as well
as its involvement in hydroperoxide cleavage have been reported [33]. Cytochrome c
participates in the hydroxylation of 4-nitrophenol [34] and in the oxidation of 2-keto-4-
thiomethyl butyric acid [35] in the presence of hydrogen peroxide. Peroxidase activity of
cytochrome c has been demonstrated by the oxidation of various electron donors
including ABTS (2-2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) and 4-
aminoantipyrine [36]. This peroxidase activity is greatly enhanced by binding
cytochrome c to a phosphate bilayer membrane [37]. The enhancement of guaiacol
oxidation could be attributed to the interaction of negative charges of membrane with
positive charges of protein surface. Oxidative reactions with free and immobilized
cytochrome c such as N- and O-demethylations, S-oxidations and epoxidation of
oleofins, which are cytochrome P450-like reactions, are performed in the presence of
hydrogen peroxide or other organic hydroperoxide [17]. As cytochrome P450,
cytochrome c has been used as biocatalyst in the oxidation of thiophenes and
organosulfides to form sulfoxides [19, 24]. Aromatic substrates of cytochrome c interact
with the heme group as ligand rather than as a substrate [19, 20].
Cytochrome c presents several advantages for use as a biocatalyst:

a) The heme prosthetic group is covalently bond to protein. This property could be
important for catalysis in the presence of organic solvents, because in opposite to
peroxidases, cytochrome c does not loss its heme catalytic group in these systems.



b) Cytochrome c is active in a wide range of pH [19]. Figure 1 shows that oxidation of
dibenzothiophene is performed from pH 2 to pH 11. To our knowledge, no other enzyme
is able to be active in this pH range.

c) Biocatalytic activity was found at high concentration of organic solvents. In a system
containing 90% of tetrahydrofuran, horse heart cytochrome c showed 18% of its
maximum activity [38]. The different cytochromes c showed high catalytic activity at
90% of tetrahydrofuran (Table 1).

d) Finally, cytochrome c is inexpensive. Cost and stability are the two main factors for
biocatalysis in a large scale.

The first oxidation of an aromatic hydrocarbon with cytochrome c in the presence
of hydroperoxide was reported by Akasaka et al. [18]. Hydroxylation of benzene was
carried out in organic solvent with less than 5% of water, and with immobilized protein.
Free cytochrome c was unable to perform this reaction. By using 18O label the authors
showed that two thirds of oxygen in the produced phenol was derived from
hydroperoxide and the resting third from molecular oxygen. Recently it has been
reported the capacity of yeast cytochrome c to perform oxidations of polycyclic aromatic
hydrocarbons (PAH´s) [20]. Biocatalytic activities on 11 aromatic compounds were
tested in a system containing 10% acetonitrile and 1 mM hydrogen peroxide. The
specific activities for the oxidation of these compounds are shown in Table 2.
Anthracene, pyrene, dibenzothiophene, benzothiophene, and carbazole were oxidized by
the catalytic activity of yeast cytochrome c.

The development of molecular genetics and recombinant DNA procedures allowed
expression in yeast cultures of mutant cytochromes c bearing any desired amino acid
change [39]. Recently, directed random mutagenesis of iso-1-cytochrome c, in which
PCR techniques and transformation into E. coli are used, may used for large screening of
protein variants [40]. Site-directed mutagenesis has been performed on yeast cytochrome
c and Phe82 substitution significantly altered the kinetic behaviour of the protein. The
Gly82:Thr102 variant showed 10 times more catalytic activity and a ten-fold catalytic
efficiency than the wild-type iso-1-cytochrome c [20]. For oxidation of pyrene, the
different variants of yeast cytochrome c have showed different catalytic constants (Table
3). Lysine 79 residue is placed at the edge of the solvent access to the heme group, and
its substitution by alanine produced a protein with higher kcat but also higher KM,
resulting in similar catalytic efficiency. These results show that site-directed mutagenesis
could be a tool for the design of a better biocatalyst for PAH´s oxidation.

In addition to genetic techniques, chemical modification has been performed on
horse heart cytochrome c [42]. Free amino and carboxylic groups of the horse heart
cytochrome c were modified by chemical reaction with methyl, trimethylsilyl (TMS),
and poly(ethylene)glycol (PEG) moieties. As consequence of chemical modification the
heme environment (active site) was altered. The kinetic constants and substrate
specificities were determined for the differently modified-cytochromes. Cytochrome
with a double modification; PEG on free amino groups and methyl esters on carboxylic
groups (including propionates of heme), was able to oxidize 17 aromatic compounds
from 20 tested, while the unmodified protein was only able to oxidize 8 compounds



(Table 4). Thus, chemical modification of biocatalyst could be also a tool for the design
of new biocatalyst with environmental proposes. As mentioned above cytochromes are
very stable proteins (Fig.1), and it is possible to perform on it a large variety of chemical
reaction without affect the activity.

Catalytic mechanism of cytochrome c has been elucidated [43]. Ferricytochrome c
showed low-level chemiluminescence in the presence of hydroperoxides [44]. The
requirements for chemiluminescence were oxidized cytochrome c, organic
hydroperoxide and O2. The light-emission that arises from the reaction could be
understood in terms of a process that includes a catalyzed scission of hydroperoxide by
cytochrome c, a free-radical oxidation process, and the generation of a chemiluminescent
singlet oxygen. As in the case of peroxidases, an initial activation of cytochrome c by
hydrogen peroxide to a catalytically more active species in which a high oxidation state
of an oxo-heme complex mediates the reaction (Fig.1). Superoxide (O2

-) and hydroxyl
radical (HO.) are not involved in this catalytic activity, since it is not sensitive to
superoxide dismutase and mannitol [36].

Peroxyl and alkoxyl radicals were detected by electron spin resonance spectroscopy
(EPR), and by using trapping techniques [45]. In the peroxidase mechanism, ferric form
of cytochrome c could heterolytically cleave the peroxide O-O bond, and reduce the
organic hydroperoxide to its corresponding alcohol. Also, a ferryl cation-radical from
cytochrome c (Compound I) could take one hydrogen from another molecule of
hydroperoxide, producing a peroxyl radical. Alternatively, ferric cytochrome c could
cleave the peroxide O-O bond homolytically which would produce alkoxyl radical.
Nevertheless, the main question, heterolytic or homolytic cleavage of hydroperoxide?,
remained unsolved until the elegant work of Barr and Mason [43]. In this study, ESR
spin trapping with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used to detect the
formation of peroxyl, alkoxyl, and methyl radicals from organic hydroperoxides and
cytochrome c. By increasing the DMPO concentration the authors demonstrated that the
alkoxyl radical is the initial radical produced. Thus, cytochrome c produces a homolytic
cleavage of hydroperoxide, in contrast to previous proposed mechanisms. The peroxyl
radicals are secondary products from the reaction of oxygen with methyl radicals, which
are formed from the β-scission of alkoxyl radicals. To explain how all three of these
radical adducts were observed in the ESR spin trapping experiments, the following free-
radical reactions should be considered:

Cyt-FeIII + ROOH                Cyt-FeIV=O + RO.

          RO.                    .CH3 + ketone

.CH3 + O2             .OOCH3



CONCLUDING REMARKS

Catalytic oxidations mediated by iron porphyrin-containing proteins are the basis of
a large number of biosynthetic and degradative process in vivo. Hemoproteins are
involved in the detoxification of foreign and xenobiotic substances, such as
hydrocarbons, pesticides and drugs. Catalytic oxidation is also a very important
technology used in oil industry to transform petroleum hydrocarbons; alkanes, alkenes,
and aromatics, to commodity chemicals. Moreover, as a result of increasing
environmental constrains, catalytic oxidation with "clean" oxidant, such as dioxygen,
hydrogen peroxide, and alkyl hydroperoxides, is also becoming a new open field in
biotechnology.

From data shown in Table 5, not all hemoproteins are able to perform PAH
oxidation in the presence of hydrogen peroxide. Heme prosthetic group must have
located in a protein environment for it to catalyze this reaction, and only certain types of
protein environments are able to induce this heme-based catalytic activity [41]. However,
as discussed above, both chemical modification and mutagenesis are biotechnological
tools to improve the catalytic properties of hemoproteins with environmental purposes.

Polycyclic aromatic hydrocarbons are converted to quinones by cytochrome c in the
presence of peroxides. In spite that this process is not the elimination of aromatic
compound, this transformation present two main advantages: First, quinones are more
soluble and bioavailable compounds than their parent PAH´s. Thus these aromatic
ketones could be easily eliminated by conventional biological treatment process. Second,
quinones are significantly less mutagenic and carcinogenic than their parent PAH´s
(Table 6). This was demonstrated testing for mutagenicity in an assay with human B-
lymphoblastoid cells [46].

The two main factor for biocatalysis are activity and stability. As discussed above
cytochrome c activity could be improved by using genetic and chemical techniques,
nevertheless the main challenge for future research is the stability improvement. As all
peroxidases [47-50], non enzymatic hemoproteins are inactivated in the presence of
hydrogen peroxide [19, 43]. Hydrogen peroxide interacts with heme producing a two-
electron oxidation to form an activated site, followed by reduction of the oxidized
biocatalyst in two one-electron steps by the aromatic substrate (peroxidase shortcut).
Compound II may be oxidized by an excess of hydrogen peroxide to form a very reactive
peroxyiron(III)porphyrin free radical, which could reach its tetrapyrrol structure leading
to an irreversible oxidation, probably into the methylene groups. This suicide
inactivation is observed by a decrease of the Soret peak of the absorbance spectrum,
indicating a destruction of porphyrin group. As in the case of activity, site-directed
mutagenesis and chemical modification could be tools for the inactivation reduction by
protecting specific sites of the protein.

Aromatic substrates interact with the heme prosthetic group as ligand [19, 20], and
hydrophobicity is the predominant force involved in substrate binding, drawing the
hydrophobic substrate from the aqueous phase [51]. Substrate partitioning between



active site and bulk solvent determines the catalytic behaviour in the oxidation of
hydrophobic compounds, such as PAH's [52]. Mass transfer limitation is one of the most
important difficulties in the enzymatic oxidation of PAH's, because the latter are virtually
water insoluble. Organic solvents should be added in order to obtain better activity. The
effect of water-miscible organic solvents on biocatalytic oxidation of PAH's has been
studied [38, 53, 54]. Hydrophobic substrates shows a threshold behaviour, in which at
low organic solvent concentration, the mass action can limit the biocatalytic activity.
When the concentration of organic solvent is increased, the mass transfer limitation is
reduced and the biocatalytic activity reaches its maximum value. Then, an increase of the
solvent concentration induces a decrease of the activity due to a favourable substrate
partitioning between active site and bulk solvent [52]. One alternative to solvents for
aqueous solublization is the formation of an inclusion (host-guest) complex with
cyclodextrins, which are known as cyclic and nonreducing oligosaccharides [55]. The
ability of lignin peroxidase to oxidize these cyclodextrin-included PAH's was similar to
that obtained for mixed solvents. Thus, solvent engineering is another tool for
biocatalytic oxidation of PAH's.

In conclusion, cytochrome c is able to oxidize polycyclic aromatic hydrocarbons in
the presence of hydrogen peroxide. The reaction products of biocatalytic oxidation are
mainly quinones. This transformation should be considered as a detoxification process.
Using site-directed mutagenesis and chemical modifications, it is possible significantly
to increase the catalytic activity and the substrate specificity of hemoproteins. Thus, by
these techniques, it is possible to design a new biocatalyst with better catalytic and
stability properties for environmental purposes.
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Table 1. Kinetic constants of different type c cytochromes and modified horse heart
cytochrome c in 90% of tetrahydrofuran. The oxidation rates were determined for the

decoloration of pinacyanol chloride [38].
_____________________________________________________________________

 kcat  KM   kcat/KM

Type-c cytochrome (min-1) (mM) (min-1 mM-1)
_____________________________________________________________________

Horse heart cyt c   52.2 12.5      4.1
Acetyltated cyt c   48.6     1.7   27.7
Benzyl cyt c     10.9     2.0      5.5
Poly(ethylene glycol) cyt c 210.1   1.6 132.6
Polymeric cyt c 137.2   9.2  14.9

Saccharomyces cerevisiae cyt c    7.3   5.7    1.3
Pseudomonas aeruginosa cyt c551    8.5     1.6    5.2
Desulfovibrio vulgaris cyt c3  29.1   3.0    9.8
_____________________________________________________________________

Table 2. Specific activity of yeast cytochrome c on aromatic compounds [20].
______________________________________________________________

Specific activity

Aromatic compound Product      (min-1)
______________________________________________________________

Dibenzothiophene Dibenzothiophene sulfoxide 3.2 (±0.1)
Anthracene 9,10-Anthraquinone 2.1 (±0.1)
Pyrene 1,8-Pyrenodione 1.3 (±0.3)
Benzothiophene Benzothiophene sulfoxide 1.0 (±0.2)
Carbazole Unknown 0.9 (±0.1)
Acenaphthene  NR
Chrysene  NR
Fluoranthrene  NR
Fluorene  NR
Phenanthrene  NR
Triphenylene  NR
______________________________________________________________

NR, no reaction detected.



Table 3.  Kinetic constants of wild-type and variants of yeast
iso-1-cytochrome c in pyrene oxidation [41].

__________________________________________________________

kcat KM,app kcat/KM,app

Variant (s-1) (mM) (s-1 M-1)
__________________________________________________________

Ala86;Thr102 0.17    4.0  33
Phe67;Thr102 0.10    3.3  32
Ala72;Thr102 0.13    4.0  33
Ala52;Thr102 0.18    4.7  39
Ala73;Thr102 0.28    7.5  38
Ala87;Thr102 0.39    3.9  99
Phe82;Cys102 (WT) 0.31    9.7  32
Ala79;Thr102 3.28 101.8  32
__________________________________________________________



Table 4. Oxidation of polycyclic aromatic hydrocarbon by unmodified- and
methylated poly(ethylene)glycol-modified-cytochrome c [42].

______________________________________________________________

 Specific activity (min-1)
           ________________________________________

Aromatic compound Unmodified PEG-Cyt-Met
______________________________________________________________

7,12-Dimethylbenzanthracene 24.59 (±1.52) 80.33 (±3.83)
1,2:3,4-Dibenzanthracene   NR 16.60 (±2.24)
Azulene   2.26 (±0.29) 14.32 (±0.57)
3-Methylcholanthrene  1.88 (±0.07) 10.96 (±0.54)
7-Methylbenzo(a)pyrene   NR    7.56 (±0.42)
1,2:5,6-Dibenzanthracene   NR    5.70 (±0.31)
Triphenylene   NR    5.27 (±1.05)
Dibenzothiophene  0.67 (±0.06)    4.73 (±0.05)
Anthracene  0.33 (±0.06)    3.09 (±0.32)
Thianthrene  0.49 (±0.06)    1.41 (±0.08)
Pyrene  0.51 (±0.05)    0.97 (±0.03)
Fluoranthene   NR    0.65 (±0.09)
Acenaphthene   NR    0.40 (±0.01)
Benzo(a)pyrene  0.22 (±0.02)    0.39 (±0.06)
Fluorene    NR    0.22 (±0.01)
Phenanthrene   NR    0.17 (±0.02)
Chrysene   NR     NR
9,10-Dimethylanthracene   NR     NR
Naphthalene   NR     NR
Biphenyl   NR     NR
______________________________________________________________

NR. No reaction detected



Table 5. Kinetic constant of pyrene oxidation by eight hemoproteins and
hemin [41].

______________________________________________________________

kcat KM,app
a kcat/KM,app

Hemoprotein (s-1) (mM) (s-1 M-1)
______________________________________________________________

Chloroperoxidase 74.9  0.124 6.0 x 105

Lignin peroxidase  2.6  0.031 8.4 x 104

iso-1-cytochrome c   0.31  9.7 3.2 x 10
Cytochrome c551  0.29 30.2 9.7
Horse heart cytochrome c  0.18 29.8 6.0
Hemoglobin  0.10   9.0 1.1 x 10
Horseradish peroxidase  NRb

Microperoxidase  NR
Hemin  NR
______________________________________________________________

a Michaelis-Menten constant for hydrogen peroxide.
b NR, no reaction detected.



Table 6. Minimum mutagenic concentration (MMC) of polycyclic
aromatic hydrocarbons and their quinones on human B-lymphoblastoid cells

[46].
______________________________________________________________

Minimum mutagenic
 concentration

Compound   MMC (ng/ml)
______________________________________________________________

Cyclopenta(c,d)pyrene           1.8
Cyclopenta(c,d)pyren-3-one      2600

Benzo(a)pyrene         14
1,6-Benzo(a)pyrenedione        NM
3,6-Benzo(a)pyrenedione        NM
4,5-Benzo(a)pyrenedione        NM

Benzoanthracene        570
7,12-Benzoanthrecedione        NM

Chrysene        750
1,4-Chrysenedione        NM

Phenanthrene        NM
Phenethrenequinone        NM
______________________________________________________________

NM. No mutagenic
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Figure 1. Effect of pH on the biocatalytic oxidation of dibenzothiophene with
cytochrome c in the presence of 1 mM hydrogen peroxide.



Microbial Dynamics of Soil Ecosystems

Impacted by Release of Production Fluids

Scott A. Bailey, Rebecca M. Myers, and Rebecca S. Bryant
BDM Petroleum Technologies, Bartlesville, Oklahoma

ABSTRACT

Microbial communities respond to releases of production fluids from oil
production sites into soil ecosystems with changes in numbers and community
structure. Measurements of the microbial responses can be used to indicate the impact
caused by the release. Soil microbial communities were monitored at a site in the
Tallgrass Prairie Preserve which has recently been impacted by releases of crude oil.
The methods used in this study and microbial dynamics of the site will be discussed.



INTRODUCTION

Accidental releases of crude oil during petroleum production operations often
cause some impact to the environment.  Such releases may cause immediate changes
in the ecosystem at the impacted site, including changes in species diversity or
elimination and replacement of species (1).  In many cases, some type of remediation
is prescribed to mitigate the adverse effect of these contaminants in the
environment.  The ultimate objective of remediation operations is to restore the
impacted environment to its original state.  Present criteria for impacted site
remediation is based on removing contaminants until some target level of
contamination is achieved.  However, this method does not address long-term
impacts of the contamination which may cause changes in land use or changes in the
ecosystem.  Furthermore, it is not well understood how to determine when the
restoration is complete and original conditions have been restored.

Many of the hydrocarbons present in crude oil are biodegradable by native
populations of microorganisms ubiquitous in soil environments, provided that
physical conditions are favorable and other nutrients are available (2).  When
petroleum hydrocarbons are released into a soil ecosystem, the ecosystem responds
with blooms of microorganisms which consume the hydrocarbons.  Levels of distinct
physiological groups of bacteria such as hydrocarbon-degraders and sulfate reducing
bacteria have been shown to increase after contamination of soil by crude oil (3).
This microbial response to hydrocarbons in soil can be used to gain information about
the source and presence of the contamination.

The ultimate objective of bioremediation of hydrocarbon-contaminated sites
is to remove the hydrocarbons from the soil and return the economic and/or aesthetic
value of the site.  Present criteria for closing a crude oil contaminated site is based on
achieving some target level of total petroleum hydrocarbons (TPH) in the soil.
Long-term effects are important determinants to eventual post-remediation use of
the soil.  However, the long-term effects of the original contamination and the
bioremediation process on soil ecosystems are not well understood.

An understanding of the bioremediation process and the recovery of soil
ecosystems following a spill of crude oil is critical to providing a sound scientific basis
for regulations governing the response to these events.  The purpose of this research
was to better understand the recovery of a soil ecosystems following a crude oil spill.
The site investigated in this study was contaminated with crude oil and then
remediated using managed remediation with nutrient amendments.  However, after
the remediation process was completed and concentrations of petroleum
hydrocarbons had decreased to background levels, some components of the ecosystem
did not immediately return to native conditions.  This research was designed to
investigate changes in the soil microbial community and the return of a soil microbial
system to its native condition after the remediation process.



EXPERIMENTAL

Study Site

The site where this project was conducted, the Tallgrass Prairie Preserve, is
located near Pawhuska, Oklahoma.  The Tallgrass Prairie Preserve is a 37,000 acre
nature preserve which was formed by the Nature Conservancy in 1989 in order to
recreate a tallgrass prairie ecosystem.  A pipeline break in the Preserve in 1992
resulted in the release of an unknown quantity of dewatered crude oil which flowed
down the slope of a hill.  The pipeline was repaired and the site has been remediated
through managed bioremediation.  Concentrations of hydrocarbons in the soil are
presently at background levels.  Research at this site focused on characterization of
the impacted ecosystem and soil ecosystem dynamics as the site returns to its native
state.  At the present time the site has full vegetation cover and native grasses have
been re-established in most of the originally impacted area.

Enumeration of Microbial Populations

Soil samples were collected at the site during three sampling events.  The
sampling events were in September 1997, April 1998, and September 1998.  Soil
samples were taken along 3 lines perpendicular to the course of the spill down the
hillside (Figure 1).  Each transverse was 200 ft. long and extended into un-impacted
prairie on each side of the contaminated zone.  Soil samples were taken at a depth of
approximately 6 inches using a 1-inch diameter stainless steel hand probe.  Soil
samples were kept cool and transported to the lab.

Microorganisms were extracted from 1-gram soil samples using a sterile
isotonic extraction buffer.  Culturable bacteria were enumerated on three different
types of solid media:  blood agar plates, to enumerate surfactant-producing hemolytic
bacteria; plate count agar with cycloheximide, to enumerate total heterotrophic
bacteria populations; and inorganic minimal medium amended with crude oil, to
enumerate hydrocarbon-degrading bacteria.  Colony forming units (CFUs) on the
plates were counted using an automatic counter.  A most probable number (MPN)
technique was used to enumerate hydrocarbon degraders.  The MPN consisted of a
sheen screen technique in which oil was added to a three-row serial dilution in a
microtiter plate and dispersion of the oil sheen was indicative of the microbes’
presence (4).

Sample data were plotted by transverse.  An "averaging" formula (5) was
applied to the CFU counts to reduce sample noise;  the weighted average at sample
point j (Aj) was calculated from mean CFU count (C):

Aj =
(Cj − 2 + 2 × Cj − 1 + 3 × Cj + 2 × Cj + 1 + Cj + 2)

9



Averaged data from each functional group of microorganisms were pooled and
a histogram was constructed from the averaged data to show the frequency
distribution.  The frequency distribution was then plotted against the sample range to
test for modality and normal distribution.

RESULTS AND DISCUSSION

Microbial counts for three functional groups of soil bacteria, total
heterotrophs, surfactant producers, and crude oil degraders were plotted by transverse.
Using this microbial enumeration method that the focus is not on the actual mean
counts for particular samples.  Instead, the averaging smoothes out the raw data and
shows zones or areas with increased microbial activity.

The sample count frequency distributions of the averaged values were then
plotted against sample range to show whether or not the data sets from the site
contains statistically significant “blooms” of increased microbial activity.  With this
statistical method, a normally distributed population will plot a single straight line.
Deviation from adequate fit by single linear regression indicates a non-normal sample
distribution.  This can be caused by multi-modal distribution or skewness.

Figures 2-4 show microbial activity in the September 1997 sampling event.
Total heterotrophs and surfactant producers were in the range of 105/g soil.  Crude oil
degraders were present in the September 1997 samples at around 106/g soil.
Evaluating the data by transverse, two zones appear to be possible areas of increased
microbial activity, the central region (samples 8-14) of the north transverse (Figure
2), and the east end (sample 18) of the central transverse (Figure 3).  These two
zones show high averaged counts for all three functional groups of bacteria.

Sample count frequency distributions for the September 1997 sampling period
show non-normal distribution for all three functional groups of bacteria (Figure 5).
The sheen screen MPN technique also indicated a non-normal distribution.
Frequency distributions were best fit with two regression lines, indicating bi-modal
distribution of these sample sets.  The zones contributing to the second mode are
primarily those identified with high averaged counts.  The zone of high microbial
activity at the east end of the central transverse is due primarily to a single sample
which is anomalously high and possibly an outlier.  The zone in the central region of
the north transverse appears to be a bloom area, with averaged counts exceeding
1.2×106 total heterotrophs, 4.0×105 surfactant producers, and 3.0×106 crude oil
degraders per gram soil.

In the April 1998 sampling event, microbial counts were lower by almost an
order of magnitude for total heterotrophs and surfactant producers than in the
previous fall (Figures 6-8).  Crude oil degraders did not show this seasonal variability
and counts remained around 106/g soil in the spring sampling event.  No distinct
bloom areas were identified, although total heterotrophs averaged counts were up to
two-times higher in the north transverse than in the central and south transverses.



Distributions from the April 1998 sampling period showed normal
distributions for surfactant producers and crude oil degraders (Figure 9).  The sheen
screen MPN technique also indicated normal distribution of crude oil degraders for the
April sampling period.  Total heterotrophs remained non-normally distributed in the
spring samples due to the higher counts in the north transverse.

When the site was resampled in September 1998 sampling, microbial counts
for total heterotrophs and surfactant producers had increased from the April sampling
event (Figures 10-12).  Total heterotrophs averaged just over 106 and surfactant
producers were present at approximately 105 per gram soil.  Crude oil degraders again
remained steady with counts of just over 106/g soil.

Samples collected in September 1998 showed normal distributions for total
heterotrophs and surfactant producers when the frequency distributions were plotted
against the sample ranges (Figure 13).  The distribution of crude oil degraders from
the September 1998 sampling period indicated a non-normal distribution with some
areas of increased counts.  The higher count areas appear to result primarily from two
individual samples, one in the central transverse and the other from the south
transverse.  While the two areas are anomalously high, they do not appear to be
bloom areas.

CONCLUSIONS

Characterization of the impacted soil ecosystem at this former crude oil spill
site indicates that the site appears to be returning to its native state.  Analyses of
samples from the September 1997 sampling period indicated that two of the three
transverses appeared normal compared to the surrounding prairie.  A zone in the spill
area of the north transverse appeared to have increased activity for all functional
groups of soil microbes enumerated.  The occurrence of higher counts for all the
functional groups of microbes enumerated in the same zone indicates a high
probability of bloom activity.

When the sample analyses were repeated the following spring, counts from
the site appeared normal with the exception of higher counts of total heterotrophs in
the north transverse.  However, there were no distinct bloom areas as were seen in
the previous fall samples.  Similarly, the distribution of microbial counts from the
September 1998 sampling event indicated normal population distributions with the
exception of the crude oil degraders.  No distinct bloom areas were identified though
from evaluation of the data.

After three sampling events, a trend cannot be positively inferred.
Nonetheless, the normal distribution seen in some analyses indicate that the site is
near its native state.  Some fluctuation of the soil microbial populations is occurring
at the site, but these may be due largely to seasonal variation or other factors.
Longer term monitoring will be necessary to determine if the apparent progression to
native state is due to continued renewal of the soil ecosystem at the site or to
seasonal variability.  Also, earlier monitoring should be conducted to more fully
measure the dynamics of the ecosystem during the natural renewal process.
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Abstract

A field experiment was conducted to determine the efficacy of a single air
sparging point at different injection rates.  Seven HydroTechnics In Situ Groundwater
Velocity Sensors were installed around a single air injection well to study the
groundwater flow regime when air was injected into the saturated zone at 5, 10, and 20
standard cubic feet per minute (scfm). Horizontal groundwater flow velocities were
significantly reduced 15 ft up gradient at each injection rate of 5, 10 & 20 scfm.  In fact,
at 20 scfm, the horizontal flow velocity was reduced to 0.02 feet/day (ft/day), and the
groundwater flow direction was deflected away from the sparge area.  This indicates the
possibility that once air is injected into the subsurface at rates greater than 10 scfm,
contaminated groundwater in shallow areas of the aquifer is diverted from the most
effective regions of an air sparging system.  Groundwater flow velocity changes during
mounding or groundwater displacement episodes lasted less than 24 hours, which had
little impact on the distribution or spreading of hydrocarbon contamination (2-3 feet
dispersion).



Introduction

Air sparging is the process of injecting clean air directly into an aquifer for
remediation of contaminated groundwater.  In situ air sparging remediates groundwater
through a combination of volatilization and enhanced biodegradation.  The induced air
transport through the groundwater removes the more volatile and less-soluble
contaminants by physical stripping.  Increased biological activity is stimulated by
increased oxygen availability.

The United States Air Force (USAF) in conjunction with the Environmental
Protection Agency (EPA) initiated an air sparging experiment at the National Test Site
(NTS) located at the Naval Base in Port Hueneme, CA.  The Air Force has initiated these
actions with the goal of creating the Department of Defense (DOD) In Situ Air Sparging
(IAS) Manual to be used in future remediation activities.  The Department of Energy
(DOE) had previously created a similar manual called the Parsons Document.  The
document includes 16 heterogeneous hydrogeological scenarios catalogued for
preliminary air sparging site evaluation, design, and utilization.  The reasoning behind
the Parsons Document is the belief that air sparging success, and more importantly air
distribution in the subsurface, is controlled by stratigraphy.  The purpose of the DOD
IAS manual is to combine the information provided in the Parsons Document and further
correlate generic hydrogeological settings with air sparging design and degree of success.
The USAF plans to accomplish this with a pair of experiments utilizing intense and
advanced monitoring systems.

A team of environmental professionals was gathered to conduct in depth in situ
air sparging research.  This team, organized by the Air Force Research Laboratory
(AFRL), included Mission Research Corporation (MRC), Battelle Inc., Arizona State
University (ASU), Oregon Graduate Institute (OGI), and Parsons Engineering.

The primary objective of this experiment is to verify air sparging performance in
a series of experiments under different geologic conditions.  The results of these studies
will be used to further refine existing air sparging models and to support the
development of the Air Force Air Sparging Manual.

 As part of this experiment, MRC was tasked to identify and install state-of-the-
art, in situ sensors to monitor the physical parameters of the air sparging experiment.  In
situ groundwater velocity sensors were deployed that are capable of detecting very low
three-dimensional flow velocities from a single location.  This technology helped to
determine water flow characteristics (3-D velocity) surrounding the sparge area.  While
there were many chemical and physical tests performed during the air sparging
experiment at Port Hueneme, this analysis focused on the results of changing
groundwater flow characteristics, surrounding the air sparging zone, while air was
injected into the subsurface at regular intervals of 5, 10, and 20 scfm.

Technology Description

HydroTechnics Inc. In Situ Groundwater Flow Sensors were used to monitor and
define the three-dimensional groundwater flow regime surrounding the air sparging



process.  The flow sensors are new, state-of-the-art instruments, which use a thermal
perturbation technique to directly measure the three-dimensional groundwater flow
velocity vector in unconsolidated, saturated, porous media.  Sensors are installed in
direct contact with the subsurface formation and are capable of continuous remote
monitoring and data retrieval.

The instrument consists of a cylindrical heater 30 inches long by 23/8 inches in
diameter with an array of 30 carefully calibrated temperature sensors on its surface.
When the probe is installed directly in contact with unconsolidated saturated sediments,
at the point where the measurement is to be made, and the heater activated with
approximately 70 watts of continuous power, the sediments and groundwater
surrounding the probe are warmed by 20 to 30 °C.

The temperature distribution on the probe surface is independent of azimuth and
symmetric about the vertical midpoint of the probe in the absence of any flow.  When
there is flow past the tool, the surface temperature distribution is perturbed as the heat
emanating from the probe is advected around the probe by the moving fluid.

Relatively cool temperatures are observed on the upstream side of the tool while
relatively warm temperatures are observed on the downstream side.  PC-based software
is available which converts the measured probe surface temperature distribution into
flow velocity (3D magnitude and direction).  Darcy velocities in the range of 0.01 to 1.0
ft/day (3 x 10-6 to 3 x 10-4 cm/s) can be accurately measured with this technology.
Measurement resolution is (0.001 ft/day or 3 x 10-7 cm/s).

The flow sensor probe is a 23/8” diameter by 30” long cylinder (Figure 1).  The
probe is engineered to accommodate the expected deployment conduit of a 2.5” ID
borehole casing, provided by any standard hollow-stem auger. The probe is connected to
the surface by cables housed in 2” SCH40 PVC, Tri-Lock monitoring well casing.  Table
1 contains the flow sensor specifications.

The heater on the probe is a 40-ohm electrical resistance heater, which is
normally operated at 70 watts of power output.  This requires 57 volts DC power supply
at 1.4 amps.  The surface of the flow sensor is covered with an array of 30 thermistors
that have a nominal resistance at 1 megaohm at 25ºC.  The resistance of the thermistors
varies from about 2.5 megaohm at 10ºC to about 125 killiohm at 70ºC.

Outer sensor material is PVC and high-density plastic.  The sensors are safe for
environmental use.  Sensors have been successfully installed to depths of 400 ft below
ground surface, and are very durable.

Site Description/Sensor Array

A total of seven in situ groundwater velocity sensors were installed at the test air
sparging site at Port Hueneme in July 1996.  Figure 2 illustrates all subsurface
installations at the site, not including vapor extraction wells that are only in the vadose
zone.  In situ flow sensors are designated with the code MRC-F-0#.  Cross Section SW-
NE depicts the flow sensor cross section illustrated in Figure 3.



Figure 3 illustrates the depths and locations of the flow sensors in relation to the
sparge well, and the geological formations the flow sensors are installed within.

The test site is covered with 4-6 inches of asphalt, which prevents precipitation
from entering the site vertically through the vadose zone.  From the asphalt to a depth of
7 feet below ground surface (bgs) there is a silty fine-grained sand called made-land.
This subsurface unit is a fine-grained fill dirt that is less permeable than the lower sand
formations.  The made-land also occupies most of the vadose zone, with the groundwater
level near the contact between the made land and the underlying sand formations.  Below
the made land, begins the upper aquifer consisting of a fining upward sand and gravel
sequence that extends to a clay layer located at 25-26 feet bgs.  The clay layer runs the
entire length of the site and acts as an aquitard.  The entire sand and gravel formation is
saturated.  The flow sensors are installed within the sand formations at either 22 or 13-ft
bgs depths.

 The uppermost, fine-grained silty sand unit has been interpreted to be fill
material dredged from the Channel Island Harbor and Port Hueneme Harbor, but that
interpretation has not been confirmed1.  Some investigators have interpreted the
uppermost silty units as a confining layer to the semi-perched aquifer, which may be true
for some portions of the site.  However, in the area containing the plume, the aquifer
appears to be unconfined.  The groundwater levels are well below the contact between
the uppermost silty unit and the underlying sandy unit.

 
 The surrounding site contains a total of 34 groundwater monitoring wells.  All

boreholes and completed monitoring wells have been drilled to evaluate the semi-
perched aquifer to depths about 25 ft bgs.  The depth to water and lithology relationship
has created a semi-perched upper conterminous aquifer above the silty clay aquitard at
25 ft bgs.  This clay aquitard is laterally extensive across the entire naval base.  The
groundwater flow direction of the uppermost aquifer is to the southwest.  The semi-
perched aquifer is brackish to saline with an elevated nitrite concentration due to
irrigation practices in the rural portions of the Oxnard Plain.  Groundwater movement
within the semi-perched aquifer is influenced by tidal fluctuations over some portions of
the base, but not in the northeast quadrant, where the NEX is located.  Discharge from
the aquifer is to the drainage canals, harbors, and beaches on and around the base.  Table
2 presents additional hydrogeological investigation results from the previous site
literature.
 

Flow sensors in the cross section were installed at either 13 or 22 feet bgs.  Flow
sensors at 13 feet bgs were installed to monitor groundwater flow characteristics within
the upper realms of the aquifer, where most of the dynamic changes of groundwater flow
were expected to occur during air sparging.  The flow sensors were installed at least 13
feet bgs to ensure that with seasonal water table fluctuation the sensors would be
submerged in the saturated zone at all times and that data collection would occur in the
more porous sand formation below the made land silty sand.

Flow sensors installed at 22 feet bgs, were placed to monitor flow characteristics
in a more porous media at a greater depth.  In addition, the placement of flow sensors at
this lower depth was to observe, if possible, any groundwater convection cell currents
that may occur once sparging was initiated.  Sensors were also installed at 22 feet bgs to



monitor groundwater flow characteristics that could be correlated with Naval Facilities
Engineering Service Center (NFESC) groundwater level and flow measurements.

Data Collection & Analysis

All flow sensors were installed in late July 1996.  The data acquisition system
was in place and flow data collection began on July 27, 1996.  The groundwater flow
sensors were programmed to collect a velocity reading every 15 minutes.  The data
represented in the following analysis subsamples data into one hour average data points.
Data was collected for one full year, with the last data transfer from the site including
data collected on 11 August 1997.  Due to funding restrictions, data analysis has been
limited to June 1997.

Raw data collected from the HydroTechnics flow sensors is mV (millivolt) data
converted to temperature data with the HydroTechnics HTFLOW software.  Once the
mV data is quickly converted to temperature data, the data is then mathematically
processed within the HTFLOW software to resolve three-dimensional groundwater
velocities.  The entire data reduction process can be done relatively quickly, and can be
processed automatically once raw data has been downloaded from the flow sensors.
Processed sensor data was loaded into spreadsheet software for analysis and
presentation.

Groundwater velocity sensors generate three data sets consisting of horizontal
speed, vertical speed, and azimuth.  All three data sets were evaluated in order to
generate a three-dimensional model of changes in groundwater flow patterns.  Figure 4
illustrates the recorded changes in horizontal groundwater flow velocities as the air
sparging injection rate was stepped from 0 to 5 to 10 and to 20 scfm.

Results

Background Flow Velocities

Background groundwater flow velocities remained constant for the time period
in May 1997 prior to the initiation of air sparging.  Flow sensors installed at 13 ft bgs
recorded horizontal velocities ranging from 0.19 to 0.32 ft/day.  These velocities
compared closely to velocities calculated from the length of a benzene plume, which
exists at the same site.  Based on the length of the benzene plume, and the estimated date
of release, horizontal groundwater flow velocities were estimated from 0.27 to 0.35
ft/day2.

Horizontal Groundwater Velocities

Figure 5 illustrates the mean horizontal groundwater velocities for each flow
sensor at each sparge injection rate.  The means have been calculated without the
inclusion of outlier data points recorded during periods of transition between air sparging
rates, where large velocities are recorded for a few hours when air injection begins, ends,
or is increased.



Horizontal groundwater velocities remain relatively constant at most flow sensor
locations except for flow sensor 1 and 3.  Flow sensor 3 is located 15 ft up-gradient from
the sparge point and 13 ft bgs.  This sensor recorded a constant decrease in horizontal
velocity at each injection rate of 5, 10, and 20 scfm.  At 20 scfm, horizontal groundwater
velocity at flow sensor 3 has been reduced by an order of magnitude from background
velocity.  Flow sensor 1, located 30-ft up-gradient from the sparge point remains
relatively constant until air is injected into the formation at 20 scfm.

Vertical Groundwater Velocities

Figure 6 illustrates the mean horizontal groundwater velocities for each flow
sensor at each sparge injection rate.  The means have been calculated without the
inclusion of outlier data points recorded during periods of transition between air sparging
rates, where large velocities are recorded for a few hours when air injection begins, ends,
or is increased.

Vertical groundwater velocities remain relatively constant at any air injection
rate.  There is a noticeable change in vertical velocities at flow sensors 3 and 4 when air
injection is 20 scfm.  While the vertical velocities at flow sensors 3 and 4 remain
positive, there is evidence that air sparging at 20 scfm has an influence on the vertical
component of groundwater flow.  Flow sensor 3, which is located 15 ft upgradient from
the sparge point and 13 ft bgs is effected by a negative component of vertical flow at 10
and 20 scfm injection rates.  This is a result of the up-gradient flow or pressure generated
by air injection and water displacement near the surface of the aquifer.  Down-gradient at
flow sensor 4, located 15 ft southwest and 13 ft bgs, a small positive vertical component
is recorded.  This is a result of the down-gradient movement of displaced water with the
background flow velocity rising through the aquifer under flow sensor 4.

Flow sensors were initially installed in the array pictured in Figure 3 in order to
monitor for groundwater circulation cells created by the air sparging process.  No
groundwater circulation cells were recorded.

Azimuth

Figure 6 illustrates the mean groundwater directions for each flow sensor at each
sparge injection rate.  The means have been calculated without the inclusion of outlier
data points recorded during periods of transition between air sparging rates, where large
changes in direction are recorded for a few hours when air injection begins, ends, or is
increased.

Groundwater directions remain constant for all groundwater sensors except flow
sensor number 3, located 15 ft up-gradient from the sparge point and 13 ft bgs.  Flow
sensor 3 records a gradual change in flow direction at 5 and 10 scfm injection rates, and
a large change or deflection in azimuth at 20 scfm injection rate.  Groundwater flow at
sensor number 3 deflects to the west away from the sparge point and the original
groundwater flow direction by more than 65 degrees.  This azimuth indicates that
groundwater flow 15-ft upgradient from the sparge point is deflected around the zone of
aeration created by the sparging process.



Conclusions

The original intent of this research was to monitor the physical parameters and
groundwater flow regime associated with different air sparging operating parameters.
Other areas of interest included the existence and effect of mounding on the possible
spread of contamination, and the presence of groundwater circulation cells caused by the
air sparging process.

Groundwater velocity sensor data has indicated that mounding is created by the
air sparging process, but it is a short event that lasts only 12-24 hours.  Mounding is
created by the initial displacement of water by air injected into the saturated formation.
Once displacement is complete, the groundwater flow regime returns to equilibrium
close to background levels.  The mounding event does occur, and will spread
contamination away from the sparge area, but the length of the mounding event is so
short, groundwater movement is less than one foot.  This indicates that mounding is not a
serious contributor to the spread of groundwater contamination.

Groundwater velocity sensors were positioned in an array that could have
recorded groundwater circulation cells created by the air sparging process.  There was no
evidence that any groundwater circulation cells were created at the Port Hueneme test
site.

Figure 8 illustrates the changes in the groundwater flow regime up-gradient from
the sparge point at different air injection rates.  Flow sensor 3, located 15-ft up-gradient
from the sparge well, was the sensor most effected by air injection at all three injection
rates.  Horizontal groundwater flow velocities were significantly reduced 15 ft up
gradient at each injection rate of 5, 10 & 20 scfm.  In fact, at 20 scfm, the horizontal flow
velocity was reduced to 0.02 ft/day, and the groundwater flow direction was deflected
away from the sparge area.  This indicates the possibility that once air is injected into the
subsurface at rates greater than 10 scfm, contaminated groundwater in shallow areas of
the aquifer is diverted from the most effective regions of an air sparging system.
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Table 1.  Specifications

Description Specification
Operating Range 0.01 to 2.0 ft/day

Accuracy 0.01 ft/day
Resolution 0.001 ft/day

Probe Length 30 inches
Probe Diameter 23/8 inches
Power Required 57 Volts at 1.4 amps
Data Collection CR10 data logger
Data Processing HTFLOW© software

Depth >400 ft bgs

Table 2.  Port Hueneme Hydrogeological Values

Hydrogeological Parameter Value
Depth to Water 8-9 ft
Groundwater Direction Southwest
Transmissivity 10,000 - 44,000 gpd/ft
Storativity 0.001 - 0.92, ~0.05
Hydraulic Conductivity 1,267 - 3,000 gpd/ft
Flow Velocity 694 - 1,643 ft/year
Porosity 30%
Free Product Migration Velocity 0.90 ft/day
Total Dissolved Solids (TDS) 1,212 mg/L



Figure 1.  HydroTechnics Groundwater Velocity Sensor
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Horizontal Groundwater Flow Velocities (June 1997)
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Average Horizontal Groundwater Velocities (June 1997)
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Average Vertical Groundwater Velocities (June 1997)
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ABSTRACT

The Port of New York and New Jersey ranks first in the United States in volume
of petroleum products handled each year.  In addition, many refineries are in operation on
the New Jersey side of the Port.  These activities have led to the discharge of significant
amounts of petroleum hydrocarbons into the waters of the New York/New Jersey region.
Intense industrial and commercial activities have also brought about major inputs of other
organic and inorganic contaminants as would be expected in an industrialized, heavily
populated urban port.  Sediments that then are contaminated are a major problem for the
region since they can no longer be disposed of by the traditional method of ocean
disposal following the dredging operations required for the efficient operation of the Port.
Decontamination and beneficial reuse of the dredged materials is one component of a
comprehensive dredged material management plan being developed by the US Army
Corps of Engineers.  A demonstration decontamination project extending from bench- to
field-scale operations is now in progress in the Port, and its current status and relevance
for other regions is summarized.



INTRODUCTION

Environmental effects resulting from  petroleum consumption are diverse and
must be considered for all steps in the chain starting with drilling and recovery from a
reservoir and ending with use as fuel or chemical product.  Minimizing environmental
impacts is clearly an important goal, but  it should also be recognized that minimizing the
environmental impact of petroleum use will also have related benefits by improving the
overall energy efficiency of the United States and thereby reducing overall energy
consumption.  The purpose of this paper is to describe a project to show that it is possible
to clean dredged material from the Port of New York / New Jersey at an acceptable cost
and to dispose of the end material in an environmentally responsible way.  Funding for
the demonstration has been provided through the Water Resources Development Acts
(WRDA) of 1990, 1992, 1996, and 1998.

The need for the demonstration was brought about by the introduction of more
stringent regulations governing the disposal of dredged material from the Port of NY /
NJ.  These regulations ultimately led to a ban on ocean disposal of sediments that did not
pass certain testing for sediment toxicity and bioaccumulation tests in selected marine
organisms.  Since approximately 3- to 4,000,000 cubic yards of material are dredged each
year to maintain channel depths and approximately 75% of this total does not pass the
more stringent criteria, a major operational problem has resulted.  Further, the shipping
industry is introducing a new generation of container ships that require much deeper
channels.  Channel deepening projects must be carried out to meet regional demands, and
new alternatives are needed for disposing of the dredged material generated.
Decontamination of the sediments and conversion to a beneficial reuse can offer at least a
partial solution to the problem.  The WRDA dredged material decontamination project
(1-19) is validating and bringing suitable  technologies into commercial use.

The demonstration, while being carried out in the Port of NY / NJ has national
significance through the entire country.  If viewed narrowly in terms of the specific
project mission the goal is only to provide part of a solution to management of dredged
material in the Port.  A broader statement is that it is one part of a search for ways to
optimize the efficiency/minimization  of energy consumption for much of the eastern
seaboard of the United States.  Thus, it is an important building block for operation of the
urban centers in the region.  The Department of Energy is rightly concerned with the
environmental problems directly related to the production of petroleum.  It is clear that
environmental problems of concern to the Department should also include the problems
related to transport and use as well.  Our decontamination demonstration brings together
a collaboration of the US Environmental Protection Agency - Region 2 (EPA), the US
Army Corps of Engineers - New York District (ACE), and the US Department of Energy
- Brookhaven National Laboratory (DOE-BNL) all of whom have specific strengths and
interests at stake.

The impact of petroleum-related activities on the Port can be established
quantitatively.  The  volumes of petroleum passing through the top ten oil ports in the
United States are listed in Table 1.  New York is the leading port in the country and
carries more than three times the volume than does the number two port, Houston.  New
York  is responsible for 38.6% of the total for all ports.  Changes in the shipping patterns
to New York could affect the distribution of petroleum products in the region and have



unforeseen effects on energy efficiency and the environment which could have either
positive or negative impact.

A direct impact on the local environment results from discharges into the harbor
waters that come from sources that include storage tank and pipeline leakage, fuel
transfer spills , combined sewer overflows, and other point and non-point sources.
Crawford et al. (20) listed the discharges into Newark Bay where a major port of the
shipping to the Port docks in Port Newark and Port Elizabeth.  Table 2 shows volumes of
petroleum products and hazardous chemicals released from October 1986 to 1991 and the
volume for 1991 alone. Table 3 gives a breakdown of the production and release of
industrial chemicals through publicly owned treatment works (POTWS) and to surface
water.  Table 4 shows the percentage contributions from different types of sources.  It can
be seen from the work of Crawford et al. that petroleum products and petrochemicals are
of major importance in contamination of the Harbor sediments. It is also obvious that the
contamination is of major magnitude and that sediments in the harbor in general can be
expected to contain heavy  metals, polynuclear hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), insecticides, etc.  The concentrations are high enough, as mentioned
above, to make approximately 75% of the dredged material in the Harbor unacceptable
for unrestricted disposal in the coastal Atlantic Ocean.

The status of the WRDA decontamination project is summarized in the following
sections.  The experience gained in the Harbor is transferable to other areas with
significant petrochemical industries such as the Mississippi River around New Orleans
and the Houston/Galveston region.  A similar decontamination demonstration in the State
of New Jersey is in progress under the auspices of the New Jersey Commerce and
Economic Growth Commission, and in Michigan by the Michigan Department of
Environmental Quality and the US Environmental Protection Agency - Region 5 with a
program intended to clean sediments in waterways around Detroit.  Many of the
technologies considered have already gone through testing in NY/NJ.

PROJECT DESCRIPTION

The ultimate goal of the WRDA project is to create decontamination facilities
that can process dredged material at a rate of 500,000 cy/y.  This goal must be reached in
a timely way so that decontamination procedures are a meaningful part of the overall
comprehensive dredged material management plan for the Harbor.  The stipulation that it
is necessary to perform the work as rapidly as possible made it necessary to focus on
technologies which could be put into operation without carrying out an extensive research
program.  On the other hand, turn-key facilities do not exist so that some research and
development activity is an ineluctable part of the effort.

In order to meet these requirements a conservative path was chosen.  The initial
steps were to carry out testing at the bench scale (5 gallons), pilot scale (2-20 cy),
operational scale (10,000-100,000 cy/y), and full scale (500,000 cy/y) levels.  This ramp-
up sequence is advantageous since it demonstrated the efficacy of the decontamination
procedure and also identified problems to be solved in putting together a large treatment
facility prior to making commitments to a specific design that had not been adequately
tested.   The sequential testing procedure made it possible to evaluate results from each



step and then make a selection of the technologies to be given further consideration based
on the results and the level of WRDA funding.

Selection of vendors was made through a full-scale request for proposals (RFP).
It was desired to make funding selections from as wide a base of technologies as possible.
An important consideration was that the chosen technologies could be moved to
productive operations easily.  Approximately 150 bid packages were sent to companies
responding to the RFP.  A total of 25 formal proposals were ultimately received and
evaluated by a review panel of scientists and engineers from Brookhaven, EPA, ACE,
and universities.  Seven technologies were selected for the bench-scale testing.  Other
tests were performed by the Army Corps of Engineers Waterways Experiment Station
(WES).

BENCH- AND PILOT-SCALE TESTING

The technologies tested in the bench-scale work (5 gallons) are as follows:

US Army Corps of Engineers, Waterways Experiment Station (WES).  Manufactured
soil: created by addition of compost (yard waste), and other materials such as
cellulose and biosolids (cow manure) to the as-dredged sediment.  Contaminant
concentrations are reduced through dilution by the additives.

WES, International Technology Corporation, Marcor, and Metcalf & Eddy.
Solidification/stabilization (S/S) by addition of Portland cement, fly ash, lime and/or
proprietary chemicals to create solid aggregates.

BioGenesis.  Sediment washing using a proprietary blend of surfactants, chelating and
oxidizing agents, and high pressure water jets to remove both organic and inorganic
contaminants.  The decontaminated product can be used to produce a manufactured
soil with the WES approach or with proprietary mixtures.

Metcalf & Eddy.  Solvent extraction using organic chemicals at an elevated temperature.

Battelle Memorial Institute.  Base-catalyzed decomposition.  This is a two-stage process
combining thermal desorption with a catalyst to dehalogenate chlorinated
compounds.

International Technology Corporation.  Thermal desorption: uses heat to remove surface
contaminants.  The temperatures used are not high enough to destroy the organic
compounds.  Metals are not treated per se.

BioSafe.  High temperature thermal destruction of organic compounds in a fluidized bed
reactor.

Institute of Gas Technology/ENDESCO.  High temperature thermal destruction of
organic compounds using a natural gas fired melter.  Metals are reduced in the end
product by reason of loss to gaseous side streams and by dilution with cement-
forming additives.  The remaining metals are incorporated in the cementitious matrix.



Westinghouse Science and Technology Center.  High temperature thermal destruction of
organic compounds in a plasma torch.  Metals are reduced by dilution with glass-
forming additives.  The remaining metals are incorporated in the glassy matrix.

The evaluation of the bench-scale test results lead to the selection of four projects
for evaluation at the pilot-scale level of 2 – 20 cy.  Each of the choices represent a
treatment train for processing of the dredged material through a series of steps from the
initial dredging to a final beneficial reuse.  The demonstrations were:

WES.  Manufactured soil
BioGenesis.
Institute of Gas Technology/ENDESCO.
Westinghouse Science and Research Center.

The pilot-scale work included the successful treatment of the larger volume of
sediments, the conceptual design for treatment facilities that could process 100,000 to
500,000 cy/y of dredged material, and indicated a beneficial use for the material
following treatment.  Results obtained for decontamination removal are shown in Table 5
for BioGenesis, Institute of Gas Technology/ENDESCO, and Westinghouse.  The
reductions for the WES manufactured soil test are about 70%.  All of these technologies
were found to merit consideration for development at the field-scale level.  The status of
the field-scale projects is presented in the next section.

FIELD-SCALE DEMONSTRATIONS

Several field-scale demonstrations are now in progress.  Each one will comprise
a complete treatment train for the contaminated dredged material.  That is, the project
team  will dredge the material, carry out pre-treatment steps to remove large debris and
possibly dewater the material, remove contaminants, prepare a final product for
beneficial reuse, and then sell the product in the open market place.  The technologies
chosen include the low temperature  BioGenesis sediment washing procedure  and the
high temperature treatments by the Institute of Gas Technology and Westinghouse.

BioGenesis is now in the field at a temporary site in Kearny, NJ.  This site is
presently undergoing brownfield remediation.  They are setting up a complete sediment-
washing facility that can process 8 cy/hr that will be used to treat approximately 300 to
500 cy of sediment taken from a dredging site in Newark Bay.  This test is scheduled for
completion by the end of February 1999.  Following the successful completion of this
work, the equipment will be moved to another site with water access and used to treat
10,000 cy or more of dredged material.  Present schedules call for an equipment upgrade
which will bring processing capacity to 40 cy/h by the latter part of 1999.  Work on
market development for the manufactured soil beneficial use product is now in progress
so that a complete treatment train can be in operation at that time.

The Institute of Gas Technology and its subsidiary, ENDESCO, are now
negotiating for a demonstration site in New Jersey.   At the same time the fabrication of a
rotary kiln facility designed specifically for this project is in progress.  The kiln will be
able to process approximately 30,000 cy/y of dredged material in its original
configuration.  Additional equipment can be added to reduce the moisture content of the



material going into the kiln that should yield even higher through puts.  The beneficial
use of the product as cement has already been established with several cement
distributors and end users.  This facility will be ready for initial testing by the summer of
1999.

Westinghouse is presently completing a demonstration of the feasibility of
converting the vitrified material product that results from their process into glass tile.
This is not merely to show that tile can be produced from the material.  That has already
been done.  Rather, several tons of the vitrified harbor dredged material will be used in a
production run at an actual tile manufacturing facility.  The results of the test will be used
to show that it is truly feasible to use the material in an operational facility devoted to tile
manufacture.  The next step in this part of the project is to develop a team that
incorporates the Westinghouse vitrification technology with a partner who will be
concerned with the end use as a glass product.  The time scale for this is not now clear.

CONCLUSIONS

The work carried out under during the WRDA demonstration project has been
successful in showing that decontamination technologies can perform successfully and at
estimated costs which are far below those estimated from previous test projects.

• Evaluated a wide range of technologies for potential use.

• Developed innovative procurement procedure to enable multi-step
demonstration.

• Completed bench-scale testing of 9 technologies.

• Completed pilot-scale testing of 4 technologies.

• Completed planning for field-scale demonstrations of 4 technologies.

• Began field-scale demonstrations of two technologies.

• Worked on several projects in support of the demonstrations:

• Developed an active public outreach program that included public meetings, an
internet list serve to enable posting notices and comments on the topic of
contaminated sediments, and a project web page at
http://www.wrdadcon.bnl.gov.

• Tested decontaminated materials for sediment toxicity.

• Carried out preliminary environmental and human risk assessment studies.

• Supported decontamination projects launched by the States of New Jersey and
Michigan and the Port Authority of New York & New Jersey.

• Began a New York / New Jersey Harbor Atlas mapping the distribution of
contaminants.

• Assisted several technology companies in developing project plans for
commercialization of their technologies.
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Table 1.  Top 10 U.S. Oil Ports - Average Annual Gallons Transported
(Source: New Jersey Petroleum Council)

Rank                                       Port                                              Gallons

1 New York Harbor, NY/NJ 28,253,000,000
2 Houston, TX 8,584,800,000
3 New Orleans, LA  6,409,200,000
4 Corpus Christi, TX 5,762,400,000
5 Port Arthur, TX 5,145,000,000
6 San Francisco, CA 4,674,600,000
7 Boston, MA 4,498,200,000
8 Delaware Bay/River 4,116,000,000
9 Port Everglades, FL 3,175,200,000
10 Tampa, FL 2,557,800,000



Table 2.  Volume of Petroleum Products and Hazardous Chemicals Released into
Newark Bay and Its Major Tributaries from October 1986 to August 1991a  (From D. W.
Crawford, N. L. Bonnevie, and R. J. Wenning.  Ecotoxicology and Environmental Safety
30, 85-100 (1995.)

  Total volume released (gallons)
Material                                                     1986-1991                    1991
Petroleum products

No. 1 Fuel oil 3,125 NRb

No. 2 Fuel oil 4,636,512 597
No. 4 Fuel oil 201 NQc

No. 6 fuel oil 12,600,683 266
Creosote 75 75
Crude oil 1 NQ
Diesel fuel 50,278 6,380
Gasoline 42,659 7,672
Hydraulic oil 70 NQ
Kerosene 306 NQ
Liquid asphalt 53,000 NR
Motor oil 931 NR
Transmission fluid 30 NR
Waste oil 80,374 NR

Other oil productsd 257,461 1,760
Total 17,725,706 16,750

Hazardous chemicals
Alcohol 150 50
Aldehyde 4,000 4,000
Ammonia 100 NR
Antifreeze 5.5 5.5
Benzene 3,000 3,000
Chlorine 1,500 NQ
HCL 1,080 NR
Hexane 150 150
Hydrocarbons 10 NR
Isobropenyl 50 50
D-Liminone 10 10
Milk 75 75
Naptha 210 210
PCBs 130 30
Pesticides NQ NQ
Phenol NQ NQ
Solvents 1,261 NQ

Unidentified chemicalse 69,615 2,790
Total 81,346.5 10,307.5



Table 2 (continued)

Total volume released (gallons)
Material                                                     1986-1991                    1991 Other

materials
Ink NQ NR
Paint 513.5 24
Waste water 16,075 16,075

Unidentified materialsf 494,562 685
Total 511,150.5 16,784

aData were compiled from computer database maintained by the NJDEPE Bureau of
Communication and Support.
bAn accidental spill incident involving this material was not recorded (NR) on the
database.
cOne or more spill incidents were reported to NJDEPE but the volume of the spill was not
quantified in the database.
dOil products in this category included infrequently released or unidentified petroleum
products.
eHazardous chemicals in this category included chemical compounds not specifically
identified.
fOther material in this category included materials which were reported as unknown in
the database.



Table 3. Summary of Production and Discharges of Industrial Chemicalsa

(From D. W. Crawford, N. L. Bonnevie, and R. J. Wenning.  Ecotoxicology and
Environmental Safety 30, 85-100 (1995.)

   Total amount Total discharged, Total discharged,
Group number and name produced, annuallyb        POTWS    surface water
                                                                       (lbs)                                   (lbs)                                  (lbs)

Halogenated alkanes and alkenes 20-102 M 973,910 31,930
Phenols 600 T-2 M 1,070,500 16,710
Halogenated aromatics 1-5 M 242,200 26,300
Phthalates 155-610 M 20,770 5,230
Ethers, epoxides, aldehydes, and
     anhydrides 110-550 M 1,070,500 50,200
Imines, nitriles, and hydrazines 100 350,050 10
Nitroso compounds 50-100 T 0 300
Amides and amino compounds 3-15 M 7,210 1,000
Pesticides 5-10 M 13 0
Aromatic hydrocarbons 10 M-2 B 906,901 18,650
Inorganics 2-7 M 2,216,770 109,410
Nitro compounds 60-160 M 30 36,410
Dyes 631 T-1 M 1,971 10
Miscellaneous 10-50 M 400 600

Total 1-3.5 B 6,861,225 296,760
(kg/d)c (kg/d)c

Totals in kg/d 8,525 368
Amount directly discharged to Newark Bay 512 121
Amount indirectly discharged to Newark Bayd 4,689 ---

aData from NJDEPE (1986b; New Jersey Industrial Survey for selected substances).
bT, thousand pounds; M, million pounds; B, billion pounds.
ckg/d, kilograms/days.
dIndirect discharges include the PVSC and MCSA discharges.



Table 4.  Percentage Contributions of Pollutant Mass Loadings to the Newark Bay Estuary by Sources
(From D. W. Crawford, N. L. Bonnevie, and R. J. Wenning.  Ecotoxicology and Environmental Safety 30, 85-100 (1995.)

Municipal Industry Combined Storm-    Total     Total    Percentage
treatment  direct     sewer water Tributary    direct   indirect   contribution

                                                             systems              discharge         overflows        runoff              flow         discharges         discharges                      Direct      Indirect

Flow (MGD)284 45.7 54.6 299 910 1,594 343 82 18
Percentage 17.8 2.9 3.4 18.8 57.1 100

Total conventional (mt/d) 116 9.4 93.9 47.8 129 396 146 73 17
Percentage 29 2.0 24 12 33 100

Total metals (kg/d) 637 36.8 365 336 398 1,773 1,549 53 47
Percentage 36 2.0 20.5 19.0 22.5 100

 Accidental spillsa

Petroleum products (kg/d) 33,880
Hazardous chemical (kg/d) 168
Other materials (kg/d) 1,059

atotal volume for the period 1986-1991 averaged on a daily basis, Table 2.



Table 5.  Summary of Results

BioGenesis Institute of Gas Technology Westinghouse
 Percent  Percent  Percent

        Contaminant                   As-dredged      Treated       Reduction          As-dredged      Treated       Reduction          As-dredged      Treated       Reduction

2,3,7,8 TCDD (ppt) 66 ND1,2 >98.9 23 0.35 98.47 19.0 --- 100
O CDD (ppt) 5560 412 99.3 11879 3.7 99.97 9655 8.0 100

TCDD/TCDF TEQ (ppt) 7442 127.12 98.1 513.2 1.406 99.72 335 0.07 100
Total PCBs (ppm)3 0.415 0.0195 95.3 8.6 0.31 96.39 0.900 0 100

Anthracene (ppb) 771 177 77.0 18735 0 100 7.72 0 100
Benzo(a)anthracene (ppb) 1793 234 86.9 17155 0 100 7.19 0 100

Chrysene (ppb) 1994 286 85.7 16878 0 100 8.76 0 100
Total PAHs (ppb)3 19,502 3207 83.6 293,854 0.16 100 109 0 100

Arsenic (ppm) 22.2 12.8 42.3 39 1.52 96.10 15.8 4.94 68.7
Cadmium (ppm) 18.2 1.4 92.3 27 0.66 97.55 33.3 0.948 97.1
Chromium (ppm) 226 63 72.1 298 632.5 212 344 1001 ---
Copper (ppm) 676 404 40.2 1012 306 69.76 1145 1077 5.9
Lead (ppm) 454 60 86.8 542 29.4 94.57 594 105 82.3
Mercury (ppm) total 2.11 1.09 48.3 2.8 0.092 96.71 2.08 0.087 95.8
Zinc (ppm) 1100 479 56.4 1535 280 81.76 1695 1240 26.8

1Not detected.
2For grain size not passing through a 400-mesh screen.
3NOAA, “Contaminant Levels in Muscle and Hepatic Tissue of Lobster from the New York Bight Apex,” in Report to the US Environmental Protection Agency
and the US Army Corps of Engineers, National Oceanic and Atmospheric Administration, National Marine Fisheries Service, James J. Howard Marine Science
Laboratory, Highland, New Jersey (May 1996).
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Abstract

Humates are humic substances found in nature throughout the entire food chain
and are the components of soil humus. They function in a wide variety of natural
processes; degradation of organic matter, chelation of metals, stimulation of microbial
activity, and possess many soil amending characteristics. Additionally, they contain
biological and pharmacological properties once they enter the food chain.

Two elements of humate, humic acid and fulvic acid, have been examined to
determine their suitability as a remediator of oil and salt contaminated soils. Humic acid
has been found to alter oils into fatty acids and sugars by chemical reactions and
stimulation of microbial activities. Additionally, it is thought to act as a catalyst for soil
enzymes in the degradation process. Fulvic acid has been found to be an extremely
strong chelating agent with the ability to strip metal ions from the salt molecule. Both
materials, in the presence of an adequate supply of nitrogen, stimulate indigenous
microbial activity.

The usage of humates as a remediation method has many benefits over the usage
of microbes; soil water wetability, need for less oxygen, ease of application and cost.



This paper presents laboratory data along with field results showing the applications of
humates as an inexpensive and effective alternative to remediation of oilfield wastes.

References and Illustrations at end of paper.

Introduction

Oil and saltwater spillage are common occurrences in field operations. The shear
volume of oil and saltwater produced daily invites contamination of the soils. Leaks
occur at the well head, in flow lines and tank batteries, and at a multitude of places along
the fluid flow from well bore to market/disposal. Even though saltwater spills occur
more often than oil, environmentalists have given oil spills the spotlight possibly because
they are more readily visible. An environmental comparison of oil or salt as hazards is
not a debatable issue in this paper. How the spill is acknowledged and remedied by the
operator is a responsibility of the company.

Historically, operators responded to spills in a wide variety of ways ranging from
doing nothing to removal of the contaminated soil and replacing with clean soil. The
economics of the remediation as well as the pressure(s) of the surface owner, community,
regulatory agency and their own environmental attitudes stimulated response activities of
the operators. Shoveling sand or dirt over the spill to hide it has covered many oil spills.
It is almost an attitude, “If the spill cannot be seen, it possesses no risk to the
environment.” Salt water historically was looked at with little regard to possible damage.
How much saltwater has been released on the surface to flow down drainage areas.
Evidence of past events can be seen as salt scars in older oil fields.

Even today, with attitudes changing on the environment, clean up is an arbitrary
issue depending on the locale, the regulatory agency or agencies and enforcement
policies. The level of remediation for “clean” in one area is not the same as another area;
i.e. 5,000 ppm, 1,000 ppm, 100 ppm, etc. Additionally, the amount of damage or
environmental impact is relative depending on land usage. In some areas, determining
which regulatory agency is responsible can be frustrating. These preceding sentences
create complex problems for the operator as well as his employees and/or service
contractors. The operator must make decisions as to the activity level of remediation
plan and implement those steps pursuant to the regulatory jurisdiction(s) he is working
under. Due to the nature of the pollutants and soils, remediation plans must address
differences in clean-up techniques. This further complicated the operator’s problems.

In assessing the differing clean-up techniques, it is apparent cost, simplicity and
natural processes have merits over other types. The humates seem to fit the criteria in all
ways. This paper will present humate usage with oil and salt-water spills and compare
it’s differences with bacterial and mechanical means.



DEFINITIONS

Humus. The organic components of soil containing organic compounds such as
humic acid, fulvic acid, DNA/RNA fragments and humin.

Humic Acid. A brown to black polymeric constituent of soils, lignite and peat
containing aromatic and heterocyclic structures, carboxyl groups and
nitrogen. This material is naturally formed from the decomposition of
cellular substances and acts to decompose cell walls and gluing materials
(hydrocarbons) in decaying plant life. The substance enters the food
chain and is soluble in alkaline solutions (1). (See Figure 1 - Molecular
Characteristics of Humic Acid) (2).

Fulvic Acid. A light orange to brown constituent of soil humus. This natural
material is formed from the decomposition of cellular material and acts
as a natural chelator of minerals and metals in soils. The material enters
the food chain and is soluble in acid solutions.

Humin.. The non-soluble portions of soil humus which breaks down slowly by
soil microbial activity and affects the soil by regulating its water holding
capacity, it’s ion exchange rates and electrical conductivity, it’s pH and
the soil crumble.

Humate. Technically, this term refers to the salts of humic acid. Generically
and commercially, this term generally refers to the combined
components (humic, fulvic and humin) along with its natural carrier
(peat, coal, compost, etc.) Sometimes, humates are referred to as humic
substances.

OIL CLEAN UP - Microbial Stimulation

Humates naturally contain available carbon and other organic stimulants as an
energy source for microbes. With the addition of nitrogen, enhancements of indigenous
microbial activity occur. This increased microbial activity then causes additional
hydrocarbon bioremediation . Table 1 is titled Microbial Stimulation and demonstrates
the effect of humates on microbial activity when added to contaminated soil.



MICROBIAL STIMULATION
Table 1

Microbial Activity: Mg. Formazan/ 10 g/ day

Time
Days

Control
Additive to Contaminated Soil
1% Humate 3% Humate 5% Humate

0 210 150 160 150

14 275 800 500 625

28 280 725 650 675

The above data demonstrates that small amount of humate enhances microbial
activity. As humate percentages increase, there is an increased activity of the microbes
over the control. It can be reasoned from looking at the data, that there are limits to the
amount humates will increase activity. In the tests observed, maximum activity occurred
at 1% by weight. As percentages increased, activity fell.

Knauf s experiments did not report humic acid contents of the humates.
Experiments performed by the author using Dr. Knauf" s procedures examined humates
with varying amount of humic acid. Assuming adequate nitrogen supplies in the soil,
results from these tests indicated increasing microbial activity levels as humic acid
concentrations increased. When humic acid concentrations exceeded SO%, activity levels
became sporadic, alternating between high and low levels. At concentrations below 50%
activity levels remained relatively constant once stimulation had occurred.

Other questions came to mind during examination of microbial activity during
the remediation process. Are the microbes performing the remediation of the
hydrocarbons? Are the humates simply serving as a stimulant and not actively taking
part in the remediation? These are logical question, and the following experiment was
performed to answer these questions. A live healthy loam was taken from the backyard
and split into two samples. Each sample was placed in a glass pie pan and contaminated
with 10 W 30 motor oil to a Total Petroleum Hydrocarbon (TPH) concentration of 10,000
ppm. Sample 1 was then placed in a microwave oven for 20 minutes. The radiation from
the microwave was sufficient to kill any bacteria/microbes present in the sample. Humate
(1% by weight) was added to each sample and blended into the soil. Both samples were
then placed in a protected outdoor area for 30 days. At the end of 30 days, TPH was
taken from both samples.

Table 2. Microbe vs. Humate Remediation of Hydrocarbon
Sample 1 Sample 2

10,000 ppm TPH 10,000 ppm TPH
Without microbes With microbes

30 days 5,400 ppm 950 ppm

It is apparent the humates are playing a function in the remediation over and
above the stimulation of the microbes. Upon examination of the test residues, high levels



of fatty acids and sugars were found. This indicates some type of chemical reactions
and/or catalytic activity is occurring which fractionates the oils ( 4 ) .  By observing the
above data, it can be assumed the humates are responsible for about half of the total
remediation. More testing of these phenomena needs to be performed in the future to
further define the mechanism(s) humates are using to fractionate the oils.

One other test was performed which had significance upon the microbes’ place in
remediation. A hole was dug to a depth of 18 inches, using post hold diggers in a sand
loam. The hole was filled with humate. Samples of soil were taken at or slightly below
surface elevation every six inches along the radius of a circle surrounding the hole. Each
soil sample was analyzed for a microbe count to establish a population density pattern
surrounding the hole. Initial microbe density was fairly uniform around the hole out to a
distance of 6 feet. After 2 weeks, soil samples were again taken and comparison of
microbe density patterns made. Population density increased dramatically near the
humate, and dropped out to a distance of 3 to 4 feet radius. Beyond the 3 to 4 feet radius,
population densities were equivalent to initial testing. The significance of these results
has application in underground contamination, It appears the microbes will migrate to
the humate. The increase of microbe population causes additional remediation. Further
study will delineate this matter further.

Humates have demonstrated their ability to reduce fractions of hydrocarbons
from the soils by direct chemical action, microbial stimulation and catalytic action.
Humates, being concentrated organic acids common to soil humus, use natural processes
to fractionate hydrocarbons into lesser fractions with the fmal results being sugars, fatty
acids and amino acids; all of which act a plant nutrient.

Humate is extremely chemically reactive with soil hydrocarbons. In nature, these
organic acids perform the function of breaking down the hard cellular wall and adhesive
materials. These natural compounds are formed in nature from the inner liquids of a
living cell. When the cell dies and is deprived of oxygen, these inner liquids alter into
organic acids (humic and fulvic acids along with many others). Humate is a concentrated
form of these acids. It cannot distinguish between a hydrocarbon of oil or a cellular
structure within a plant. Upon contact, these acids being the breakdown process.

Field and Lab Tests were performed using the following typical applications:

Table 3. Typical Hydrocarbon Application

1. Assess the hydrocarbon contamination (TPH) levels.
2. Apply humates at the following rates.

TPH (ppm) Humate (lb. I cu. M.)

Below 15,000 17
15,000 to 60,000 25
Above 60,000 50

Optional additives depending on soil conditions.



Additive Usage Ouantitv

Nitrogen Fertilizer
Organic Matter
Lime
Calcium Peroxide
Water

Microbe energy source
Indigenous Microbes
Adjust pH
Oxygen source
Activator

2 lbs./ cu.M.
2 lbs./cu.M.
Amounts vary
2 lbs./cu.M.
Amounts vary

Example 1. A drilling pit containing inverted oil based mud was emptied and
allowed to dry for several months. The operator desired to clean the bentonite clay lining
of the pit. Lab samples were taken to measure Total Petroleum Hydrocarbon (TPH)
using Environmental Protection Agency (EPA) Lab Method 4 18. 1. Samples were treated
with humate at 6% by weight, nitrogen fertilizer at 2 lbs./ton of soil, potting soil at 10%
by weight and sufficient lime to adjust pH to 9. All additives were well mixed and
dampened with deionized/distilled water. The samples were placed in a flat glass dish
and placed in a sunny location outdoors. Samples were kept moist throughout the four
weeks of the experiment.

Table 4. Remediation of Inverted Oil Based Mud in Bentonite

Results 

Elapsed Time Sample No. TPH Methodology

.

Initial 203
1 week 204
2 week 205
3 week 206
4 week 207

161,000 EPA 418.1
40,300 EPA 418.1
24,400 EPA 418.1
37,500 EPA 418.1
14,300 EPA 418.1

Example 2. A clay bottom pit contaminated with 38 API gravity crude oil was treated
with 3 %  by weight humate, 2 lbs. nitrogen fertilizer/ton of soil, 5 lbs./ton potting soil and
sufficient lime to adjust pH to alkali. Samples were tested according to the procedure
described in Example 1.

Table 5. Remediation of Crude Oil in Clay Soil

Results (5)
Elapsed Time Sample No. TPH Methodology

Initial
1 week
2 week
4 week
5 week

368
368A
368B
368C
368D

148,600 EPA 418.1
107,000 EPA 418.1
94,900 EPA 418.1
78,900 EPA 418.1
68,800 EPA 418.1

The remediation in Example 1 indicates a 90% clean up within a period of 30
days. The cost of clean up for this fast a response time is prohibitive. Example 2 is more
realistic concerning economics. Hydrocarbons have been reduced 50% in a 5-week
period. For a reduction of 90% it is estimated the time required will be 120 days. These



two examples point out the relationship between cost and time for remediation. Lower
concentrations of humate work, but time to remediate is lengthened

Example 3. An underground storage tank at an abandoned site was removed. Upon
removal, the fill soil surrounding the old tank was contaminated with gasoline. Lab tests
found the contamination to be between 3,500 and 5,000 ppm TPH. The soil was
primarily clay with a pH of 7.9. A treatment plan consisting of one- percent humate, 2-
lbs./yd. nitrogen fertilizer and 2 lbs./yd. potting soil was implemented. There were
approximately 250 yards of contaminated soil. The soil was removed from the hole and
stockpiled nearby. The bottom of the hole was then treated with humate, fertilizer, and
potting soil. As each side of the hole was collapsed into the hole, equal amounts of
treatment were tilled into the soil. After all four sides were collapsed, the stockpiled soil
was replaced into the hole in 6 to 8 inch layers. Each layer was then treated with an
equal portion of treatment. After all contaminated soil had been placed into the hole and
treated, the site was left alone. The target for closure by the local regulatory agency was
below 100 ppm TPH. Below are the lab readings from this job.

Table 6. In Situ Remediation of Underground Storage Tank Leak. (15)

Date TPH (ppm) Methodology Notes

Feb. 6 3,500
Mar. 10 180
Apr. 4 > 50

EPA 418.1 Initial
EPA 418.1
EPA 418.1

Water Repellent Soils. (16)

Soils contaminated with hydrocarbons exhibit a waxy appearance and resist
wetting when dry. In Alberta, water repellency caused by hydrocarbon contamination is
often long-lasting. One study of soil 15 years after a hydrocarbon spill found only partial
restoration of its original state of wettability. This is a common characteristic of soils
cleaned of hydrocarbons by microbial means, whether indigenous or commercial.
Humate, by its very nature, water wets the soil. A recent article in the Carolina
Greenskeeper (17) indicated humate was “the single most effective material to eliminate
dry spot on golf greens”. In terms of remediation, this is a significant finding and a plus
for humates over microbes in hydrocarbon remediation.

SALT REMEDIATION

As the United States oil industry matures and oil production declines, larger
volumes of salt water are produced on a daily basis. It is inevitable ever increasing
numbers of salt-water spills will occur. Salt-water spills are not new, as evidenced by
salt scalds (kill areas with sterile soil) visible in older field areas. Some of the “kill’ areas
ate back 50 to 70 years. With the number and ages of these salt scalds, it is apparent
ature has limited mechanisms to remediate these spills.



Many soils in oil producing areas contain large amounts of clays, which
inherently have low percolation rates. Additionally, many of these soils are generally
“worn out” from farming practices, both past and present, resulting in soils containing
low amounts of soil humus. Humus content affects soil crumble; hence, soil percolation
rate. Soils with high humus contents are permeable allowing water to penetrate below
root level. In high clay, low humus soils, the upper layer is generally broken up by root
growth. Rainfall soaks into the soil to a depth determined by root growth. Below this
depth, soil permeability is greatly reduced; thus water tends to pool at root depth.

No adverse occurrences are observed in a high clay soil until a saltwater spill
occurs. The salt water penetrates the soil and, in areas with low humus content, pools at
root depth. Needless to say, plant life is destroyed. Many leaks are not found until
someone notices dead plant life. At this point nature is in a dilemma; her mechanism to
rid salt pollution by drainage to below root level is blocked by tight clays. Additional
rainfall may push the salt to lower topographic areas, but ultimately this pool of salt water
will settle into a low area. At the final migration point a salt scald is created. Salt water
is denser than fresh water; thus rainfall cannot float the salt contamination from its pooled
position.

Another problem compounds nature’s dilemma. Soil microbes are vital to soil
health functioning to convert organic matter and soil materials into plant nutrient.
Compounds such as NaC1, CaC1, MgC1, etc., typical to salt waters are toxic to the
microbes. The chief toxic agent is sodium (Na). Microbes can live, though not healthy,
in many salts, but NaC1 is lethal. At this point, nature has no way to remove the
contaminant, nor does it have the ability to provide nutrient to any plant that can tolerate
the salts present. This constitutes a double deathblow to nature for remediation.

SALT REMEDIATION THEORY

Two objectives necessary for remediation will be demonstrated by these tests:
break down of salt in-situ and re-establishment of microbial populations. The salt break
down will be indicated by sodium reduction. The microbial re-population will be shown
by the soil’s ability to sustain plant growth after remediation.

Salt is composed of a metal ion bonded with chlorine. Depending on soil
moisture, salt will occur either in solution or as a crystal within the soil. If chelation
techniques can capture the metal ions, releasing the chlorine, the salt molecule will be
broken. It is generally recognized organic acids common to soil humus are excellent

%chelating agents(6). .  Literary research has shown humic acid to be one of the major
organic acids present in soil humus (7). Since the typical soil affected by the salt is low in
soil humus, it is logical to add concentrated humic acids to the soil for chelating of the
metal ions. Humate is a concentrated form of humic acid. Humate is an excellent source
of carbonaceous material in a favorable state of partial decomposition. Its state of
decomposition is reflected by the humic acid content; thus, the higher the humic acid
content, the higher the state of decomposition. Logic would then indicate higher levels of
humic acid chelate greater levels of salt. This research indicates the logic holds true, but
in dealing with a natural ecosystem each part of the system effects the whole. Salt break
down is the objective, but microbial activity and nutrient supply must be maintained in

order to restore plant life.



Early research ( 3 ) indicates the humates stimulate microbial activity. Aerobic
microbial activity within a soil requires an energy source for the microorganisms.
Humate, in combination witb molecular oxygen provides this energy. Additionally
nitrogen within the humate is used to build the bodies of microbes and multiply to
efficiently decompose organic wastes aerobically. Testing indicates microbial
stimulation from humate for concentrations of humic acid up to 50 %.. At concentrations
above 50 %  humic acid, microbial activity becomes sporadic cycling between high and
low levels.

Once the humic acids have reduced the salt levels within the soil, microbial
populations can be re-established. This is a relatively simple matter of providing the
contaminated area with organic matter rich in native microbes. Organic matter such as
cottonseed hull, rice hull, potting soil or thatch is rich in microbes, readily available and
inexpensive in rural area. Added nitrogen from fertilizers can assist.

Example 1. Salt Clean Up (8)

A historical contaminated site was selected for the test. The site was relatively
flat to reduce the effects of possible drainage and/or leaching effects thereof. Samples
were taken for lab testing at several points across the spill area. Each sample site was
sampled from the surface, four inches of depth and 8 inches of depth. All samples sites
were blended together into a composite and submitted to the lab for analysis(9). .

Initially, the site was tilled with a tractor and disk to a depth of 6 inches. Humate
was applied at the rate of 40 pounds per 1000 square feet of surface area. Five pounds of
potting soil per 1000 square feet was spread over the site to provide organic matter to the
system. The soil was then tilled with a garden tiller to a depth of approximately four
inches. The site was left undisturbed for a period of eight weeks. At the end of eight
weeks, the soil was then disk again. The test was terminated at the end of 16 weeks.

Additional samples, taken from marked sites initially, at eight days and at
sixteen weeks. Outside air temperatures ranged from 28 to 70 degrees F., with soil
temperatures ranging from 40 to 50 degrees F. Rainfall was normal for the area during
the test period. Little erosion, if any, was observed from the site.

Table 7. Lab Data from Salt Test

Component
Initial

Value
8 day 16 week Unit

PH 7.1 6.4 6.7
Electrical Conductivity 62.7 54.6 43.4
Sodium 15,570 9,472 911
Potassium 746 610 67
Calcium 8,060 5,722 5,148
Magnesium 1,983 1,383 1,132
Na Absorb. Ration (SAR) 40.2 29.1 3.0

Mmho./cm.
ppm
ppm
ppm
ppm

i
Analysis of the above data indicated a 94% reduction in sodium, a 91% reduction

n Potassium and a drop in the sodium absorption ratio from 40.2 to 3.0. Of significant
interest was the 40 %  sodium drop at the eight-day test. Sodium absorption ratios of 12



or below generally indicate the ability of the soil to sustain salt tolerant grasses. A plot of
sodium absorption ratio against time indicated the SAR level of 12 was reached at 10
weeks.

Example 2. Salt Remediation with Sustained Plant Growth.

The salt remediation test performed above did not perform any type of restoration of
plant growth on remediated soils. Salt reduction is one matter; sustained plant growth on
these soils is another matter. Historically, magnesium and calcium sulfates have been the
preferred treatments. Their primary method of operation is the alternation of the
electrostatic conductivity (EC) of the soil thereby increasing chemical reactivity. Many
of these treatments sterilize the soil. One of the objectives in using the humates as a
remediation product is its ability to stimulate plant life. Table 8 lists the pertinent
benefits of humates in sustaining plant growth.

Table 8. Benefits of Humates ( 1 0 ) ( 1 1 ) ( 1 2 )

Biological Benefits - Plant Stimulation
Stimulates Plant Enzymes.
Acts as an organic catalyst.
Stimulates Growth and proliferation of desirable soil microorganisms,
algae and yeast.
Increases root respiration and formation.
Increases vitamin content of plants.
Increases germination of seed and viability.
Stimulates plant growth by accelerating cell division.
Increases the yield of dry matter.

Chemical Benefits - Chemically changes the fixation properties of the soil
Increases buffering properties of soil.
Chelates metal ions under alkaline conditions
Rich in both organic and moineral substances essential to plant growth.
Retains water-soluble inorganic fertilizers in the root zone and releases to
plants when needed.
Possesses extremely high ion-exchange capacity.
Promotes the conversion of a number of elements into forms available to
plants.

Physical Benefits - Modifies the soil.
Makes soil more friable or crumbly.
Improves soil workability.
Increases aeration of soil.
Increases water holding capacity.
Improves seedbeds.
Reduces soil erosion.

The site selected for the test was down grade from a tank battery that served as a
feed for a waterflood. The waterflood had been in effect for approximately 20 years and

ow lines and connections had leaked many times on the area. Although a firewall was
around the tanks, flow lines and manifolds outside of the firewall contributed



heavily to the contaminated soil. The site covered 10,250 square feet (approximately
0.25 acres). The area was relatively flat with no plant life. The soil was a Keeter Sandy
Loam (See Figure 2 - Keeter Sandy Loam), crusted and had crystalline salt observable on
the surface at a few locations.

Treatment consisted of disking the site to break up the surface crust. Humate
was added at the rate of 40 lbs./1000 square feet (1 ton/acre). Additives consisted of 21-
0-0 fertilizer at the rate of 175 lbs./acre and dolomitic sand at a rate of 600 lbs./acre. All
material was broadcast, disk to a depth of 6 inches and left to remediate.

Table 9 -Lab Data (14)

Item Initial 45 Day 90 Day Units % Change <>=increase

pH 7.6
Sodium 1052
Magnesium 248
Calcium 3232
Potassium 107
Soluble Salts 1696
Cation Exchange 24
Organic Matter 0.8

7.3 7.7
1664 449 ppm 57%
358 225 ppm 9%
3749 3259 ppm 0 %
119 141 ppm <35 % >
3097 748 ppm 56 %
30 21 meg/l 00gm
0.7 1.0 %

Sodium levels did not drop as rapidly in this test as in the previous. Probably the
lack of good topsoil affected the cation exchange rates. It should be noted during the 45-
day tests the salt levels increased. Many times salts are locked up in soil clays and not
recorded in leaching tests for initial amounts. When the humates are added, they affect
the soil crumble and tend to break up the clays. As the clays break down they release
additional salts into the system. This has been observed on a number of jobs.

In order to determine the total effectiveness of the humates as a remediation tool
for salt, grass was planted on the remediated soils to determine plant health and
sustainability. If the plants grow for an extended time period, then the microbe
population is healthy and providing nutrient to the plants. Table 10 - Grass Test Data
shows in every case the protein values on the grasses grown on the humate treated salt
contaminated soil to be superior to the control. When one considers the control grasses
were grown on non-contaminated soil, the results are even more impressive.

Table 10 - Grass Test Data, Salt Remediated Soils.



CONCLUSIONS

Humate is a natural product using
on both oil and salt water spills. Although
and salt, humate is a single material which

processes to remediate. It is beneficial
process of remediation is different for oil

1.
2.
3.

4.

Remediate oil contaminated soil by
Water wet the soil.

the oil into fatty acids and sugars.

Remediate salt contaminated soil
activity.
Foster plant life and acts as a

the salt and fostering microbial

The material is easy to use and requi
can be found in rural areas and local stores. Although cost was not discussed in
this paper, humates are extremely economii al and in most cases will compete or beat
price wise other remediation processes.



MOLECULAR CHARACTERISTICS OF HUMIC ACID
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Figure 1. Hypothetical structure of a segment of humic acid. An actual humic acid
molecule should have a formula weight of more then 10,000. The formula for this
segment is C130H140O64N9P,, giving
one-quarter of a typical

it a formula weight of 2,881, so it represents less than
molecule. (2)

Soil - Keeter Sandy Loam (13)

This soil is deep and gently sloping on convex ridgetops, mostly in old cultivated
fields. It has lost most of its surface layer as a result of erosion.

Surface Soil Surface
3 inches Fine Sandy Loam Brown Neutral pH
1 I inches

Sand Clay Reddish Brown
Acid

Sub Soil 18 inches Yellowish Red
Sandy Clay

38 inches Yellowish Red
Sandy Clay Loam

Underlying Material
55 inches Pale Brown

I Fractured Sandstone

Med.



Typical Cross Section - Keeter Sandy Loam - Figure 2
Keeter Sandy Loam

This soil is well drained. Permeability is moderately slow and the available
water capacity is moderate. Runoff is rapid, and the hazards of water erosion and soil
blowing are severe in unprotected areas. This soil remains relatively dry because most of
the surface layer has been removed by erosion and the rapid runoff allows little moisture
to enter the blocky subsoil. The root zone is moderately deep, but roots have difficulty
penetrating the upper part of the subsoil. Because past erosion has reduced the fertility
level and water holding capacity, it is now used mainly as unimproved rangeland

This soil is poorly suited to pasture. Seedbeds are difficult to prepare because of
the eroded surface layer. After rains, a thick surface crust forms as the soil dries. This
crust impedes the emergence of seedlings. During extended periods of drought, plants
growing on the more severely eroded soil commonly die. Most of the soil is poorly
suited to use as cropland because of eroded areas, low fertility and low levels of soil
moisture. Changes in moisture content cause moderate shrinking and swelling
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Abstract

The ultimate fate and transport of polycyclic aromatic hydrocarbons (PAHs) in
groundwater and surface waters is closely linked to the attachment of these compounds
to natural organic matter (NOM). In this study, the effect of pH, ionic strength, and cation
in solution on the binding of phenanthrene by an IHSS soil humic acid was determined.
 Batch experiments were conducted with the soil humic acid in solution and adsorbed onto
API kaolinite and illite clays.

For this humic sample, the experimental results were most consistent with a
conformational model where, depending on solution conditions, some parts of the humic
structure may be more open to allow more PAH access to attachment sites. 
Supernatant solutions of the un-adsorbed humic fraction used in fluorescence quenching
experiments yielded Koc values lower than dissolved concentrations of the original humic
acid. Humic material which has a higher preferential affinity for the clay and more
hydrophobic micro-environments for the attachment of the PAH, is probably sorbing
preferentially to the inorganic surface.  Calculations for the binding coefficients for the
kaolinite bound humic acid yielded higher Koc values in the presence of sodium ion than
in the presence of calcium. Koc values for phenanthrene binding for the humic adsorbed
onto the illite were also lower than for the dissolved humic acid. In all cases, the
experimental Koc values for phenanthrene binding with humic-coated clay surfaces were
lower than the results calculated for the same humic acid in the dissolved phase. The lower
Koc values for the humic acid in solution with the bivalent calcium ion solutions may be
caused by a more compact humic conformation, due to charge screening effects or
increased complexation. Two models proposed to describe the attachment of phenanthrene
to the humic coated particles have been evaluated.  This study presents results which
suggest the conformational conditions of humic substances in solution and adsorbed onto
clay surfaces can strongly influence their interaction with hydrophobic organic
compounds.



INTRODUCTION

The transport and partitioning of polycyclic aromatic hydrocarbons (PAHs) as
contaminants in ground water and surface waters are known to be highly dependent on the
interaction of these compounds with soil natural organic matter and mobile colloids, which
are largely composed of humic substances.  In addition, the bioavailability of these
contaminants to degrading microorganisms has been closely linked to the sorption capacity
of the sediments and organic matter (1, 2).  The retardation and migration of the
contaminant plume at contaminated sites is calculated from the well known advection
dispersion equation utilizing a binding coefficient (Koc) which estimates the division of
the pollutant between the aqueous phase and the natural organic matter.  Contaminant
transport will be attenuated if it preferentially sorbs onto immobile soil organic matter
during its migration, or conversely, it may be accelerated if it attaches to a nonsorbing
compound (such as an aquatic humic substance) which facilitates its transport.  Koc values
are often relied upon by practicing engineering professionals for screening of remediation
technologies applicable to a given contaminated site. 

Achieving a better understanding of the causes of the wide variation in
experimental values and correlations for the parameter (Koc) is an important research goal.
 Koc values have even been known to vary spatially within short distances between wells
at contaminated site locations.  Some potential causes of these variations are the source
and origin of the organic matter, the solution chemistry in the groundwater, and the
presence of inorganic constituents in the sediments and soils.  Aquatic natural organic
matter in subsurface systems may be introduced from direct aquifer recharge flows or from
in-situ leaching of organic strata within the soil horizons.  Soil organic matter may come
from attachment of the aquatic organic matter onto mineral surfaces or from the
humification processes taking place within the organic rich strata, or a complex
combination of the two.  The general objective of this work was to evaluate the roles of
dissolved bulk natural organic matter (NOM) and mineral bound NOM in the ultimate
distribution and transport of hydrophobic organic compounds.

The research objectives of this study were:

1.  To measure the extent of binding of phenanthrene with a soil humic acid in solution
under different conditions of pH, ionic strength, and cation type. 

2.  To determine the influence of the presence of monovalent, and multivalent cationic
species at different ionic strengths on the extent of soil humic acid sorption onto clay
particles of kaolinite and illite.

3.  To determine if significant fractionation of the humic material onto the inorganic
particles is occurring during the adsorption process in cation solutions and the extent of
its influence on the PAH binding coefficient of the humic coating by comparison to the
extent of binding by the dissolved humic acid.



4.  To evaluate models to describe the role of solution cation in the attachment of humic
substances to clay particles and how it influences the interaction of the humic coating with
PAH compounds.

MATERIALS AND METHODS

API-9 kaolinite and API-35 Fithian illite were obtained from the Wards Natural
Science Establishment in Rochester, NY.  The desired clay size fraction (0.2-2.0 µm) was
isolated by sedimentation and centrifugation, as outlined in Methods of Soil Analysis, Part
1 (3).  The clays were cleaned with five washes in distilled water.  This procedure removes
soluble salts, carbonates, and hydroxides from the clay surface.  This was followed by
three rinses with hydrogen peroxide to remove oxidizable organic material.  N2 BET
analysis measurements were made with a Quantachrome Corporation Nova-1000 Gas
Sorption Analyzer resulting in specific surface area measurements of 19.4 m2/g for the
kaolinite and 66.4 m2/g for the illite clay. 

Kaolinite dissolution during the experimental protocol was evaluated through
tests in which an identical procedure was followed but in which the aluminum
concentration in the supernatant during the cleaning was evaluated. ASTM method
designation D 857 (4) was used to test for the µg/L levels of aluminum in solution.  The
method makes use of the fluorescence of an aluminum-morin complex, which is measured
and referred to a previously prepared calibration curve to determine the aluminum
concentration in solution.  Total aluminum concentrations in the supernatant were in the
range of 20 µg for 500 g of clay sample. These results demonstrate that a maximum of
only 1.1 x 10-6 % of the total mass of pure kaolinite [Al4Si4)O10(OH)8] would be dissolved.
 Similar experiments with the illite sample resulted in higher values of potential clay
dissolution, but were still only in the range of 6.0  x 10-5 % of the total mass.

The cleaned clay was made homoionic by resuspension in a 0.01M solution of
NaNO3, Ca(NO3)2, or Al(NO3)3 for one hour.  Following the resuspension to remove
exchangeable cations, the suspension was again centrifuged and the supernatant removed.
 The water content of the clay pellet resulting from this procedure was evaluated by
heating to 100oC for 12 hours and weighing before and after drying.  The error introduced
from the remaining pore water resulted in an error of less than 1% in subsequent material
balance calculations.

The soil humic acid (Reference #1R102H) was acquired from the International
Humic Substances Society (IHSS) in Golden, CO.  A 100 mg sample was dissolved into
a liter of ultra-filtered distilled water with the aid of 3 mLs of 0.1N NaOH.  Reported
percent elemental analysis from the IHSS results on a dry, ash free basis are 58.90 C, 3.38
H, 33.46 O, 4.31 N, 0.41 S, and 0.42 P.  A concentrated stock solution of phenanthrene
was prepared in methanol.  Representative microliter quantities of  methanol solvent were
checked for background fluorescence and found to cause insignificant interference at the
experimental wavelengths used in these experiments.  The excitation wavelength,
emission wavelength used were 288nm/364nm for the phenanthrene probe.  NaOH and
HNO3 were used to control pH in experimental stock solutions.  NaNO3 was chosen as the
background electrolyte as opposed to NaCl or KCl to avoid specific interactions, which



may occur involving Cl-.  Ca(NO3)2 and Al(NO3)3 were also used.  Ionic strength (I) for
the aqueous phase experiments included 0.001, 0.005, and 0.01 M solutions at pH 4, 7,
and 10.  The water used was deionized, distilled and filtered. Absorbance measurements
were recorded on a Hewlett Packard Model 8452A Diode Array Spectrophotometer to
correct for inner filter effect.  Fluorescence measurements were performed with a
Shimadzu Model RF-1501 recording spectrofluorophotometer.  Slits were set for 10 nm
bandwidths for both excitation and emission monochromators.  Software provided by the
manufacturer allowed for real time data monitoring of the fluorescence in the sample cell.

The analyses of the humic sorption experiments depended upon accurate
measurement of total organic carbon (TOC).  Glassware was rigorously washed with soap,
soaked overnight in 15% HNO3, and rinsed seven times in distilled water to remove the
risk of contamination.  TOC was measured on a Shimadzu Model TOC-5050A Analyzer
with an ASI-5000A auto sampler.  The sorption of humic substance over the course of an
experiment occurred over a pH range of 3.9 to 4.2.  pH was measured with a Fisher
Acumet pH meter 25 with an Orion Ross 8103 semi-micro combination electrode.  0.1 g
of kaolinite in 25 mL during an experiment provided a surface area of 77.2 m2/L based on
BET measurements made in our lab.  The same experiment done with illite resulted in a
surface area of 268 m2/L.  CEC values for these materials were supplied in an API Report
for Research Project 49 (5) as 25 meq/100g for the Fithian illite and 6.8 meq/100g for the
New Mesa kaolinite.

A clay bound humic experiment was begun by combining the clay and humic
suspension in a flask and adding NaNO3 to increase the ionic strength to 0.001 M and
HNO3 to increase the pH to 4.  The suspension was mixed by hand for one minute, then
placed on the shaker table at 300rpm and allowed to equilibrate for four hours.  The
supernatant containing the remaining dissolved humic material was decanted and retained.
 The clay particles were resuspended in fresh electrolyte, and shaken for four hours and
centrifuged again to wash non-adsorbed humic acid from the particles.  This sequence was
repeated for several experiments.  No significant desorption of humic material was
observed at pH 4 and I=0.001 M or 0.01 M.  After these tests, the clay particles were
washed only once in subsequent experiments.  The HA bound was calculated from the
difference between the initial HA concentration as TOC and the final TOC in the
equilibrium supernatant solution.  The clay particles were resuspended at pH 4 and
I=0.001 M or 0.01 M, and spiked with phenanthrene.  Evaluations of the kinetics of the
sorption process at equilibration times of between one and 48 hours revealed that after an
equilibration time of four hours no appreciable sorption of phenanthrene was observed.
 Control experiments also indicated no significant loss of phenanthrene to sorption to glass
surfaces.  PAH concentrations were measured with fluorescence spectroscopy and the
extent of association of phenanthrene with coatings on the different surfaces in the
presence of a specific cation was evaluated. 

Fluorescence quenching experiments with the bulk humic acid in solution and the
supernatant from several experiments were completed to compare the binding by the non-
adsorbed humic acid fraction to that of the total dissolved humic acid before adsorption
onto the kaolinite surface.  Even with its limitations (6), this method still apparently
produces more reliable results than several other methods (7).



A description of the overall process can be summarized in the following
simplified steps:

HA + mineral surface  ⇔ HAresidual + HA-mineral surface
HA-mineral surface + PAH  ⇔  PAH-HA-mineral surface

HAresidual + PAH  ⇔  PAH-HAresidual

where HA is humic acid, and HAresidual is the humic acid remaining in solution after the
adsorbing fraction has been removed.  In this case, the binding of phenanthrene by the
surface bound HA can depend on the source of the HA, the surface coverage of the HA
and the configuration of the HA on the mineral surface.

Coagulation of the humic acid at the concentrations used (5-30 mg/L) at pH 4 was
not expected but with the addition of cation concentrations resulting in ionic strengths of
0.001M and 0.01M, coagulation and removal of humic material from sedimentation alone
was possible.  In fact, Traina, et al. (8) reported visual observations of pinpoint floc with
calcium and aluminum solutions mixed with soil humic material at ionic strengths of 0.05
to 0.5 M.  In this study, independent experiments were conducted by mixing the cation
solution with humic acid in the absence of the clay particles at I=0.001 M and 0.01 M.
 No observable floc resulted at I=0.001 M for the sodium, calcium, and some limited
testing with aluminum solutions.  Absorbance measurements of the humic solutions were
checked immediately after mixing, and at 5, 15, 30, and 60 minutes of elapsed time. 
Within the accuracy of the instrument (± 0.005 absorbance units/ < 1% of TOC
concentration), no decrease in absorbance resulted for these solutions indicating that
coagulation and sedimentation of the humic substance was minimal.  Additionally, humic
solutions of the same pH and ionic strength as those used in the experiments were mixed
in Corex tubes, allowed to equilibrate over night, and then centrifuged (8000 rpm for 30
minutes).  No coagulation of humic material was observed based on the lack of a residual
solid phase in the tubes. 

Material balance of the experimental procedure was evaluated.  For a given tube,
the mass of phenanthrene remaining in the supernatant solution was determined using
fluorescence as a quantitative technique.  The residual mass of phenanthrene bound to the
humic coated clay particles was determined through extraction and analysis by capillary
gas chromatography with a Hewlett Packard GC 5890 Series II with FID.  The clay
material remaining in the solid pellet after the supernatant was decanted from the tube was
extracted with 1 mL of acetone.  The tube with the pellet was sonicated in a water bath for
5 minutes, shaken at 5 minutes intervals for one hour, and allowed to equilibrate for
another hour.  After methanol blanks were run to purge the system, a standard of 488 µg/L
of phenanthrene in acetone was used to establish a baseline area at a retention time of
17.33 minutes.  A 10 µL syringe was used to inject a 2 µL sample of the acetone extract
from each tube into the capillary GC.  The output chromatograms were compared to the
baseline phenanthrene in acetone chromatograms for analysis. 



RESULTS

The effect of increasing the pH from 4 to 10 in experiments with the bulk humic
acid did not significantly influence the extent of binding at the higher ionic strength values
of I=0.01 M and 0.005 M in sodium nitrate solutions; however, at I=0.001 M the Koc value
increased significantly from 3.30 to 8.04  x 104 mL/g-C.  In addition, in all cases an
increase in ionic strength caused a reduction in the magnitude of Koc.  These results are
shown in Figure 1.  Figure 2 shows the Koc values from experiments with phenanthrene
and the soil humic acid using NaNO3, Ca(NO3)2, and Al(NO3)3 as background electrolyte.
 PAH binding by the humic acid was highest when monovalent sodium was used,
followed by bivalent calcium, while the extent of binding was the lowest in the presence
of the trivalent cation, aluminum.  For each electrolyte, these results also show a consistent
trend of Koc with increasing I. 

Figure 3 is an isotherm for humic adsorption onto kaolinite in the presence of
sodium and calcium ions.  The adsorption isotherm followed Langmuir-type behavior,
which has also been observed in other studies on inorganic surfaces (9-12).  An increase
in affinity of the kaolinite surface for the humic material in the presence of the calcium ion
is apparent.  In this study, experimental pH increased from approximately 3.9 to about 4.2
providing the indirect observation noted by other authors that a ligand exchange
mechanism of attachment is suggested (9).

The attachment of the PAH to the inorganic clay surface was measured through
the use of duplicate blank tubes in each experiment in which the phenanthrene was spiked
into a tube with only clay and no humic acid added.  Losses of phenanthrene over time to
the glass surfaces over time were only 0-0.4% over the time scale of a typical experiment
based on evaluations of phenanthrene spike fluorescence over time in sodium and calcium
experiments at pH 4 and I=0.001M.  The quantity of adsorption of phenanthrene to the
kaolinite surface was less than 1% of available PAH, which was accounted for in
subsequent calculations for PAH binding to the humic material.  Figure 4 is a plot of the
mass ratio of the humic bound phenanthrene to the phenanthrene in solution versus the
amount of organic carbon in the system.  The amount of phenanthrene bound by the humic
coated kaolinite was greater in the presence of sodium ion than that in the presence of
calcium. Experimental results with dissolved bulk humic material prior to adsorption to
inorganic surfaces are represented by the solid lines in the figure (normalized to total mass
of mg-C in solution).

The results from the material balance experiments are presented in Table 1. 
Overall material balance results were reasonable, which provides some assurance that
compound loses to other surfaces or volatilization was not significant.  An unexpected but
important observation from examination of the data was a significant difference in the
overall recoveries from the humic coatings made in the presence of sodium when
compared to the coatings from the calcium experiments.  The mean recovery of
phenanthrene was 87.48% (std. dev. 8.72%) for the sodium experiments and 107.28%
(std. dev. 2.43%) for the experiments with the calcium clay.  The difference between these
two sets of experiments was found to be significant (p-value 0.00468).



The adsorption of the soil humic acid onto the illite clay surface is presented in
Figure 5.  On this surface, the humic substance also had a higher affinity for the clay in
the presence of the calcium ion than in the presence of sodium.  Figure 6 depicts the
distribution of the phenanthrene probe between the adsorbed humic material and the
aqueous solution.  In the case of the API illite clay, a significant difference between
experiments utilizing the different cations was not observed, although the coatings made
in the presence of sodium had slightly more affinity for the PAH than those made with
calcium. Koc values for the humic adsorbed onto the illite were also lower than the Koc's
for the dissolved humic acid.  However, the precision of the data in experiments with the
illite clay was less than similar experiments with the API kaolinite. Even though the trends
in the data for the adsorbed humic onto illite clay were consistent with the earlier results
with kaolinite, the interpretation of the data was made difficult by the fact that the illite
clay without humic acid had substantial affinity for the phenanthrene (approximately 40%
of the phenanthrene in solution in some cases).  This was not expected since the illite
should be a more highly charged surface than the kaolinite and have even less attraction
for the hydrophobic PAH.  During the cleaning step with H2O2, several repetitions of
washing resulted in light oily films on the vessel surface and at the air/solution interface.
 It appears that the cleaning procedure followed may not be effective for a clay of this
type.  It is likely that this material was not very homogeneous and residual organic
contamination of the inorganic surface remained even after the washes.  Weaver and
Pollard (13) also found this clay material to have significant inhomogeneity. 

DISCUSSION

An interpretation, which focuses on the similarities between humic substances
and anionic polyelectrolytes, could be used to explain the results for the experiments with
the bulk soil humic acid in the aqueous phase used in this study.  At low pH, the humic
macromolecule adopts a more compact conformation due to the neutralization of the
charge-charge repulsion at acidic sites.  The more constricted conformation can make
areas favorable for PAH attachment less accessible to the solute.  This is reflected in
Figure 1 by the decrease in Koc as pH decreases at low ionic strength.  At high ionic
strength values, the effect of pH is much reduced when the increased electrolyte
concentration allows the soil humic acid to retain a more compact configuration by
screening the effects of  the repulsive forces.  Overall, decreasing the ionic strength of the
solution generally resulted in an increase in Koc, especially at higher values of pH.  The
lower electrolyte concentrations allow an expanded humic conformation, exposing more
portions of the macromolecule which have a high affinity for the PAH.  At pH 4, the effect
of changing electrolyte concentrations was much less significant, possibly because charge
neutralization has already caused the humic structure to contract to a maximum extent.
 The observed change in Koc in the presence of the different solution cations (Figure 2)
may be the result of a change in humic conformation in which the polyvalent cation
attachment to the humic material can tie up several binding sites causing a more tightly
packed macromolecular shape which restricts access of the PAH to attachment sites within
the voids.  Alternatively, the presence of more highly charged dissolved species in local
macromolecular environments could also cause additional humic contraction due to
increased electric double layer effects between the cation and deprotonated sites.  As
shown in Figure 2, an increase in ionic strength for a given cation species slightly reduced



the extent of PAH binding to the humic acid, which is also consistent with the conceptual
model.

The interactions of mixed media complexes (organic humic substances with
mineral surfaces) may amend the behavior of the PAH relative to its behavior with each
sorbent individually.  Humic-mineral complexes may prove to be a very significant source
of binding for these contaminants, where the adsorption efficiency depends on the nature
and perhaps conformational character of the humic material once it adsorbs to the mineral
surface.  Murphy et al. found variations in sorption enhancement for humic material
sorbed to two different mineral surfaces (9).  Rav-Acha and Rebhun successfully predicted
sorption behavior for a PAH on calcium bentonite in the presence of humic material using
a model that included the different binding characteristics of these complexes (14).  Some
studies of the interactions of PAHs with mineral-bound humic substances have yielded
observations that were inconsistent with a simple organic phase dissolution mechanism
(7, 10).  In this study, two models which propose to account for changes in the extent of
binding by clay bound humic substances when compared to dissolved bulk humic acid are
evaluated. 

The surfaces of metaloxyhydroxides and the edge surfaces of clay particles can
react with negatively charged organic acids through a ligand exchange mechanism
between the protonated OH2

+ group and COOH.  Sposito (15) proposed the following
steps:

SOH + H+ ⇔ SOH2
+

SOH2
++ Hu-COO-  ⇔ SOH2

+OOC-Hu
SOH2

+OOC-Hu  ⇔ SOOC-Hu + H2O

where SOH represents the surface hydroxyl group on the sorbent, and Hu-COO- is the
humic carboxyl group. 

Clays with charged siloxane ditrigonal cavities can react with natural organic
matter in two principal ways.  An increase in the pH of the organic solution will cause an
increase in negative charge for the humic acid due to deprotonation of carboxylic and
phenolic functional groups.  The overall effect is an increase in repulsion between the
humic acid and the permanent negative charge on the inorganic surface.  However, the
presence of exchangeable cations can serve in important complexation reactions causing
increased amounts of organic substances to be adsorbed in many cases.  If a monovalent
cation is present in solution, the quantity of organic matter adsorbed increases as the Lewis
acid softness of the cation increases, suggesting that the humic ligands are softer Lewis
bases than the solvation water molecules which points to cation bridging as the primary
sorption mechanism (15).  In the presence of a bivalent cation, as the ionic potential of the
cation increases the amount of organic material sorbed also increases, which indicates that
weak protonation of water molecules is occurring which is suggestive of a water bridging
adsorption mechanism (15).  Cations of higher ionic potential would be expected to cause
 higher electrostatic attraction across a water solvation shell.  Tipping found that goethite
had twice the capacity for adsorption of humic substances from an aquatic source in the
presence of bivalent species than that of a solution containing monovalent cations and
anions (11). 



The additional affinity of the humic substance for the calcium kaolinite surface
in this system may be due charge neutralization effects of the negatively charged humic
acid by attachment with the positively charged cations.  As an alternative explanation, a
change in humic adsorption mechanism from ligand exchange to water/cation bridging is
possible, where the solution cation provides a more direct link between the negatively
charged humic with the negatively charged kaolinite edge surface in the attachment
process.  Theng (16) reported a significant increase in sorption of a fulvic acid onto
montmorillonite clay saturated with bivalent cations (including calcium) when compared
to sodium and other monovalent cation saturated montmorillonite.

When a complex mixture such as humic acid is used as the sorbate, some
fractionation of the large distribution of complex molecules is expected to occur.  To
examine this aspect of the adsorption experiments, a computer model called TITRATOR
was employed in an  attempt to match the experimental adsorption behavior.  TITRATOR
is a chemical equilibrium simulator that models speciation as a function of pH, pE, or
chemical formation constants (17).  Using three pseudo-components with artificial
formation constants representing a mixture of components with different equilibrium
values to represent a humic acid, the early portion of the adsorption data for the attachment
of humic acid onto sodium kaolinite was modeled with the results presented in Figure 7.
  As the material with more affinity for the surface is increasingly used up, the second and
third  pseudo-components begin adsorption with a more gradual approach to equilibrium.
 The conclusion is that some fractionation of the humic substance may be occurring even
during the linear portion of the adsorption isotherm.  This explanation is also supported
by the desorption results in which the kaolinite was washed in humic free electrolyte and
the humic acid allowed to desorb.  Negligible humic material was desorbed through
repeated rinsing, indicating that the adsorbed material had a strong affinity for the clay
surface.  When desorption occurs, increasing contacts of humic free water are required to
dislodge the adsorbed humic substance.

In this study, the adsorption of soil humic acid to kaolinite and illite clays
followed a Langmuir-type isotherm in which a plateau or adsorption maximum was
achieved.  Using this plateau as an approximation for monolayer saturation onto the clay
surfaces, a model was applied in which the fractional coverage of humic adsorption onto
the inorganic surface was estimated based on the mass ratio of the experimentally
determined adsorbed TOC and the saturation estimate.  The limitations of this approach
includes the assumptions of monolayer coverage and that the molecular areal coverage by
a single humic macromolecule remains approximately the same.  Murphy, et al. (10)
produced HPSEC chromatogram results for a peat humic acid which demonstrated that
at a given pH and ionic strength the relative size of the humic should remain
approximately the same for a specific background electrolyte.  However, the peaks were
different when calcium or sodium solutions were used.  Cornel, et al. (18) also presented
hydrodynamic radii results for a humic substance in which changes in pH and ionic
strength were required to affect the relative Stokes-Einstein radius for the humic acid. 



When both organic and inorganic surfaces are present,  a summation model of
the mineral and organic contributions to sorption has been proposed (19):

where Kd is the overall distribution coefficient for both the mineral and organic
components (mL/g), fi is the fraction of mineral surface area available for PAH sorption,
Ki is the surface area normalized distribution coefficient for the inorganic component
(mL/cm2), and Sa is the sorbent surface area (cm2/g).  In this study, independent
measurements of the inorganic surface adsorption coefficient were made and the overall
equilibrium distribution value was also measured experimentally.  If the fractional
coverage of the surface by humic material is estimated, the effective Koc for phenanthrene
can be evaluated and compared with other observations. 

For several series of experiments, the supernatant from adsorption experiments
was retained and used to evaluate the binding coefficients for the unadsorbed humic
fraction.  Since the humic material is a mixture of complex macromolecules, some
fractionation for some of the material is reasonable.  For example, the larger molecular
weight humic acid particles may preferentially adsorb to the inorganic surface, which
results in the material attached to the surface not being the same as the original bulk humic
acid; and, therefore, also different from the humic substance remaining in solution. In this
study, the important aspect of this characteristic is whether the fractionation affects the
PAH binding capacity of the humic acid.  An approach is the treatment of the humic
substance as if it were a mixture of two broad groups of material.  In that case, the overall
PAH binding capacity of the dissolved humic would be proportioned among the two
phases:

where, KDOM is the binding coefficient of the dissolved organic matter at a given pH and
ionic strength, foc adsorbed is the fraction of organic carbon absorbed to the surface, Koc adsorbed

is the binding coefficient calculated for the adsorbed humic fraction, foc residual is the
fraction of organic carbon remaining in the supernatant solution after adsorption, and Koc

residual is the binding coefficient for the supernatant solution.

In order to perform this evaluation, the binding coefficient of the residual
supernatant solution of the humic material after adsorption was determined.  Experiments
to perform this calculation were completed to include separate absorbance and background
fluorescence measurements to enable Koc determinations for these solutions using the
fluorescence quenching technique.  The results of these experiments at pH 4 and I=0.001
M are presented in Table 2.  The column on the left lists the experimental results for the
dissolved humic acid before adsorption onto the clay surface.  The right-hand column
describes Koc results from experiments with the centrifuged supernatant from the
experiments in which the humic acid is adsorbed onto the clay.  The mean Koc value for

(1)    S K f + K f = K aiiococd

(2)  K* f + K* f = K  OCOCOCOCDOM residualresidualadsorbedadsorbed



the experiments in which sodium was the background electrolyte was significantly higher
than the experiments with calcium (p-value 0.051314).  The mean Koc for the experiments
with the residual humic acid supernatant from the adsorption experiments was lower than
that of the experiments with the bulk dissolved humic acid in both the case of the sodium
solution (p-value 0.002728) and the calcium solution (p-value 0.000414). 

In both cases the corresponding extent of binding of PAH by the dissolved bulk
humic acid was greater than the binding by the mineral bound humic.  Murphy, et al. (10)
reported non-linear sorption isotherms for anthracene onto humic coated kaolinite,
suggesting adsorption and not a partitioning into an organic phase was occurring.  In this
study, non-linear isotherms were also observed for the binding of phenanthrene by the
humic coated clays.  Calculations for the binding coefficients for the kaolinite bound
humic acid yielded higher Koc values in the presence of sodium nitrate than in the presence
of calcium nitrate.

The material balance recoveries are also consistent with an increase in affinity for
the  phenanthrene by the sodium clay when compared with the calcium clay.  This may
be due to its attachment into a less constricted configuration of the humic material
providing  access to sites existing deeper within the structure along a more tortuous path.

The comparison of the calculations for Koc adsorbed from the two models using
equations (1) and (2) at pH 4 and I=0.001M are presented in Table 3.  The mean of the
experimental calculations for Koc adsorbed in sodium solution from Model 1 (called the
Summation Model [SM]) is 4.45 (±0.56) x 104 mL/g and 2.51 (±0.16) x 104 mL/g in
calcium solution.  Calculations from Model 2 (called the Two Phase Model [TPM]),
yielded Koc adsorbed of 3.34 (±1.01) x 104 mL/g in sodium solution and 2.24 (±0.59) x 104

mL/g in calcium solution. In the cases of both solutions, the TPM estimated a significantly
lower Koc adsorbed than the SM model.  Also, for both sets of experiments, the Koc adsorbed

values for the calcium experiments were lower than those from identical experiments
conducted in the presence of sodium electrolyte and sodium kaolinite.

Another way to represent these findings for the humic acid/kaolinite system is
presented as Figure 8.  In this case the calculated Koc for each experiment is plotted versus
the mass of organic carbon in the system.  The solid lines represent the Koc from
experiments with the unadsorbed bulk humic acid and the dashed lines show the predicted
Koc based on the SM model.  In almost every case, the actual Koc for the adsorbed humic
acid is much less than the predicted Koc based on fractionation of the humic material,
especially at high surface coverages.  The actual adsorbed Koc values are also less than the
Koc for the bulk humic acid prior to adsorption.  Since the Koc predicted by the SM model
represents the hypothetical binding by the adsorbed humic acid fraction as if it were in
aqueous solution, the conclusion is that something other than humic fractionation
differences are needed to explain the observed trends.  Based on fractionation
considerations alone, the expected result is that the binding of phenanthrene by the
adsorbed humic acid should be higher than the bulk humic acid prior to adsorption.  These
data suggest that the surface conformations of the humic acid may be having a significant
influence on its PAH binding characteristics. 



In some cases, the mass fraction of organic carbon adsorbed onto the clay surface
was less than others.  The material with the strongest affinity for the inorganic surface may
be adsorbing preferentially, leaving a different distribution of material in solution than that
on the surface.  However, the effect of this change in distribution on the determination of
 Koc adsorbed is not clear.  A comparison of results for only those experiments in which the
fraction of organic carbon adsorbed ranged from 47-53% was made.  When restricted to
only those results, the difference between the Koc adsorbed calculated from the SM model for
the sodium experiments (4.28 (±0.13) x 104 mL/g for 6 observations) and the calcium
experiments (2.69 (±0.07) x 104 mL/g for 7 observations) was still very significant.  The
results indicate that the trend in the difference between the calcium experiments and the
sodium experiments remain consistent for those cases in which similar mass fractions of
organic carbon are adsorbed.  However, the molecular weight and functional group
distributions of the two humic fractions may still be different.

The configuration of the adsorbed humic substance on the inorganic surface can
depend on the surface density and distribution of the surface reactive sites present on the
inorganic surface, the structure and conformation of the humic substance due to the
number of attachment sites, and the degree of ionization of carboxylic and phenolic groups
on the humic material.  Some important limitations of this study are that only one humic
substance was evaluated, the type of distribution of humic material was assumed to be the
same in solution as that adsorbed onto the surface, and that the method of estimating the
fractional coverage of clay surface by the organic matter in the first model is only an
approximation.  Nevertheless, some interesting comparisons can be made from the results.
 In the presence of calcium and sodium electrolyte, the distribution coefficient for
phenanthrene associated with a soil humic acid adsorbed onto kaolinite, was less than the
distribution coefficient for phenanthrene with the bulk dissolved humic acid.  This result
suggests a change in the conformation of the humic upon adsorption in which some
binding sites become inaccessible to the phenanthrene probe.  In addition, the distribution
coefficient for the phenanthrene attached to the sorbed humic acid in the presence of
sodium was higher than that in calcium electrolyte.  In the calcium solution the clay bound
humic acid may adopt a more condensed conformation in which additional cation bridging
between functional groups combines to form a more compact structure, reducing the
accessibility of phenanthrene binding sites.  Two models have been evaluated, in which
a physical description of the system can result in calculations for adsorbed Koc values,
which qualitatively predict the differences, observed in the experimentally observed
binding results.  Further work is needed to better characterize the molecular weight
distribution and functional grouping of an adsorbed humic mixture and compare those
results to that of the residual humic substance remaining in solution.  
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Mass of
phenanthrene

Mass of phenanthrene Overall Mass
Balance

Cation in supernatant (µµg) extracted from % recovery of
in Solution adsorbed humic (µµg) total spike

Sodium 0.674 0.393 94.6
0.690 0.355 92.6
0.582 0.266 75.2
0.556 0.431 87.5

mean    0.625 mean    0.361 mean    87.5
  std. dev.  0.07 std. dev.  0.07 std. dev.  8.72

Calcium 0.736 0.509 110.5
0.690 0.501 105.6
0.708 0.508 107.9
0.698 0.488 105.2

mean  0.708 mean  0.502 mean  107.3
std.dev. 0.02 std.dev. 0.01 std.dev. 2.43

p-value  0.0543 p-value  0.0076 p-value  0.0046

NOTE:  Experiments at pH 4 and I=0.001M ionic strength



Koc values for Dissolved Koc values for HA Supernatant
Cation in Solution Humic Acid after adsorption experiment

Sodium 3.04 1.94
3.97 2.32
2.99 2.04

2.54
2.78
2.49
2.39
2.37

mean    3.33 mean    2.36
  std. dev.  0.550 std. dev.  0.269

p-value  --- p-value 0.002728

Calcium 2.12 1.79
2.20 1.80
2.68 2.07

1.80
2.02
2.06

mean   2.33 mean   1.92
std.dev. 0.300 std.dev. 0.139

p-value  0.051314 p-value  0.000414



Calcium Solution
Koc values for

Calculated
Koc values for

Calculated
from SM model from TPM model

2.33 2.77
2.41 2.92
2.40 2.44
2.37 1.84
2.43 1.94
2.36 1.68
2.38 1.83
2.38 1.55
2.63 2.09
2.72 1.95
2.79 2.03
2.60 1.76
2.64 2.03
2.68 1.85
2.75 1.93
2.32 3.53
2.45 3.13
2.52 3.11

  Mean 2.51   Mean 2.24
std. dev.  0.16 std. dev.  0.59



Figure 1.  Phenanthrene binding coefficients (Koc) for IHSS soil humic acid as
a function of pH and I.

Figure 2.  The effects of solution cation on Koc for the interaction between
phenanthrene and soil humic acid at pH 4.

Figure 3.  Adsorption of soil humic acid onto API kaolinite at I=0.001 and pH
4.

Figure 4.  Distribution of phenanthrene between the fraction of soil humic acid
adsorbed (symbols) on kaolinite and in solution.  Solid lines are the
distribution of phenanthrene between the bulk soil humic acid and solution at
I=0.001 and pH 4.

Figure 5.  Adsorption of soil humic acid onto API illite at I=0.001 and pH 4.

Figure 6.  Distribution of phenanthrene between the fraction of soil humic acid
adsorbed (symbols) on illite and in solution.  Solid lines are the distribution of
phenanthrene between the bulk soil humic acid and solution at I=0.001 and pH
4. 

Figure 7.  Experimental data for adsorption of soil humic acid onto API
kaolinite at I=0.001 and pH 4 compared to TITRATOR simulations.

Figure 8.  Predicted Koc values compared to experimental values for adsorbed
soil humic acid on API kaolinite at I=0.001 and pH 4.
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ABSTRACT

In the summer of 1996, the City of Santa Monica ceased pumping groundwater
from two well fields used for public drinking water supply due to persistent and
increasing concentrations of methyl tertiary-butyl ether (MTBE) in seven municipal
water supply wells. The oil companies potentially responsible for the contamination have
entered into agreements with the City, and are working in cooperation with the City and
State and Federal agencies to investigate the MTBE contamination and implement source
remediation and well field restoration programs.

The remediation and restoration programs will need to employ effective
technologies to reduce or remove MTBE from the groundwater. This paper reviews the
present body of knowledge on the fate and transport properties affecting treatment, and
technologies for the treatment of MTBE-impacted groundwater. Technical data about the
chemical properties, production and use of MTBE are readily available, however, because
the problems associated with MTBE contamination in soil and groundwater have come to
light only recently, there is a limited amount of information on MTBE treatment techniques
in the literature. Data is available regarding the application of the more common treatment
techniques (e.g. air stripping, carbon adsorption), but the applicability and effectiveness of
lesser used techniques (e.g. membrane separation, advance oxidation processes) must be
inferred from theory and observations of the effectiveness of the technique with other
compounds. Due to the uncommon characteristics of MTBE (high solubility, resistance to
biodegradation, limited attenuation), some of the techniques that have had success treating
BTEX compounds or chlorinated solvents may not be applicable to the treatment of MTBE.

This paper presents the preliminary results from the literature review and pilot
testing of the following potentially applicable technologies:

l    Adsorption (granular activated carbon. polymeric resins and chemically modified
clays)

l Membrane separation processes
l Advanced oxidation processes (AOP)
l Biological treatment in the aqueous phase
l Air stripping and off-gas treatment
. In-situ air stripping (in-well aeration and sparge barriers), and
l Other treatment processes (reactive barriers).



INTRODUCTION

Technical data about the chemical properties, production and use, and fate and
transport of MTBE are readily available, however, because the problems associated with
MTBE contamination in soil and groundwater have come to light fairly recently, there is a
limited amount of information on MTBE treatment techniques in the literature. Data is
available regarding the application of the more common treatment techniques (e.g. air
stripping, GAC), but the applicability and effectiveness of lesser used techniques (e.g.
membrane separation, AOPs) must be inferred from theory and observations of the
effectiveness of the technique with other compounds. Because of the characteristics of
MTBE (high solubility, resistance to biodegradation, limited attenuation), some of the
techniques that have had success treating benzene, toluene, ethyl-benzene and xylenes
(BTEX) or chlorinated solvents may not be applicable to the treatment of MTBE.

Chemical Properties

MTBE is an ether generally produced by the catalytic oxidation of methanol and
isobutylene. Commercial MTBE is 97 to 99% pure and may contain tertiary-butyl alcohol
(TBA), isobutylene and methanol as impurities (1). The chemical and physical properties
of MTBE are summarized in Table 1.

The significant MTBE fate and transport properties affecting treatment are
follows:

l MTBE is highly soluble in water;
l MTBE does not readily sorb to organic matter, therefore it is highly mobile

groundwater;

as

in

l MTBE does not biodegrade readily in the subsurface under natural groundwater
conditions;

l MTBE does not cause cosolvency of BTEX and aromatic compounds in gasoline;
l Dissolved MTBE is not attenuated relative to benzene or conservative tracers; and

Enhanced or cultured microbial populations
laboratory setting, which can theoretically
systems.

can aerobically biodegrade MTBE in a
be created in above-ground treatment

TREATMENT TECHNOLOGIES

This section reviews the technologies that have been identified as potentially
applicable for the removal or destruction of MTBE from water. Alternatives for
remediating MTBE contamination in groundwater close to the point of release have been

  suggested (2), however, these studies generally focus on moderate to high MTBE
concentrations (>1000 ug/1) and low flow rates (<100 gpm). Detailed treatability studies of
water contaminated with MTBE at concentrations less than 1,000 ug/L, at flow rates greater



than 100 gpm (378 L/min), i.e. drinking water supplies, are lacking in the scientific and
engineering literature.

Air Stripping

Air stripping is commonly used with pump-and-treat methods to remediate
contaminated water (3). The feasibility of air stripping for removal of contaminants is
determined by the mass transfer rate and the Henry’s law constant. The mass transfer
rate increases with increasing temperature, increasing Henry’s law constant, increasing
turbulence, and decreasing solubility (3) (4) (5). In the air stripping experiments of
Labranche and Collins (4), diesel-range petroleum hydrocarbons were effectively
stripped at modest liquid flow rates and temperatures (16˚C to 22˚C) Economical air
stripping of volatile organic compounds (VOCs) and total petroleum hydrocarbons (TPH)
compounds can be achieved using low liquid flow rates (20 to 75 L/min), high air/water
ratios (225 to 898), and medium liquid temperatures (16˚C to 28˚C).

The USEPA evaluated performance data on air stripping systems, ranging from
pilot-scale to full-scale operation, as reported by several sources (3). Among the 46 sites
evaluated, two were contaminated with MTBE, with influent concentrations averaging 90
ug/l and ranging from 50 to 130 ug/L. The average removal efficiency for air stripping
ranged from 95% to 99% and averaged 97%. From influent concentrations of 3.2 ug/l,
MTBE was removed to non-detectable levels by an air stripper at Rockaway Township,
NJ. The air stripper had a flow rate of 1,400 gpm (4,270 L/min), a tower diameter of 9
feet (2.7 m), a packing height of 25 feet (7.6 m), an air-to-water ratio of 200: 1, and used
2-inch (5 cm) Tellerettes packing. The operating temperature was not reported.

A separate test described the design criteria for a 4-foot diameter air stripping
tower to remove 99.4% of TCE and MTBE from groundwater at 18˚C (6). From the
design specifications used, it can be concluded that air stripping of MTBE is much less
efficient than TCE air stripping. Because influent concentrations for TCE and MTBE are
not available, however, the MTBE design criteria can not be directly compared to the
field data. Bazzazieh (5) compared various treatment technologies for MTBE removal,
including GAC adsorption, air stripping, and bioremediation. The treatment
effectiveness of air stripping for MTBE was medium to low, while it was high for TCE.

Increasing temperature can improve the mass transfer rate for removing
contaminants from water. Providing heat and a heat exchanger may be feasible for
highly soluble compounds such as MTBE. Truong and Parmele (7) considered air
stripping for removal of MTBE from water heated to 205˚F. They did not perform any
laboratory scale or pilot scale studies, but instead used computer programs to predict
packed-tower air stripper performance. In the same report the authors claim that air
stripping without supplemental heating can also effectively remove MTBE, but the
current general consensus is that an extremely high air-to-water ratio or a series of air
strippers must be used (2).

Butillo et al. (8) reported that the removal efficiency of MTBE from water at
55˚F could be as high as 99.78%, but this required an extremely tall packed section. The
authors’ model predicted that heating the water to 80˚F was sufficient to remove MTBE



to non-detectable levels, but their field evaluation was not comprehensive and dealt only
with industrial wastewater that had significant concentrations of other volatile organic
compounds. Butillo et al. (8) did not address the effects of inorganic constituents,
dissolved solids, suspended solids, or pH. Aqueous solutions with high values of
turbidity, iron, manganese, or carbonate may cause plugging or scaling within towers and
feed lines, and reduce removal efficiencies. Equipment corrosion may occur at pHs
greater than 11 or less than 5 (3).

Air stripping produces contaminated effluent air and effluent water with reduced
contaminant concentrations. Off-gas treatment is necessary when VOC emissions from
the air stripper exceed atmospheric discharge limits. GAC is the most commonly used
treatment process for the off-gas stream because of its ability to remove hydrocarbons
cost-effectively from dilute (<1 percent) air streams (3). Thermal incineration, catalytic
oxidation, or gas-phase biofihration can also be used. Biofiltration has successfully
treated various VOCs including alcohols, ketones, esters, and petroleum hydrocarbons,
and might be an economical MTBE treatment. Preliminary results of MTBE
biodegradation suggest that a biofilter may be impractical, but more studies must be done
using this relatively new technology to be certain.

The air stripper effluent water containing reduced concentrations of volatile
compounds may require additional treatment, e.g. polishing with GAC. This may add
capital, operational, and maintenance costs, but it will produce higher treatment
effectiveness. Therefore, an overall cost-effectiveness analysis should be conducted.

Advanced Oxidation Processes

Advanced oxidation processes (AOPs) generate the highly reactive hydroxyl
radical (OH.) from the reaction between water and one or more of the following: ozone
(O3), ultraviolet (UV) light, hydrogen peroxide (H2O2), metal oxides such as' titanium
dioxide (TiO2), ultrasonic cavitation, or combination of these. Combinations which have
been investigated include UV radiation and H2O2, UV radiation and O3, UV radiation and
TiO2, O3 and H2O2 (Peroxone), and Fenton’s Reagent - a combination of H2O2 and iron
sulfate in an acidic medium of pH = 2.5 (9) (10) (11).

The hydroxyl radicals generated through AOPs are useful for the oxidation of a
wide range of pollutants found in water. The hydroxyl radical is second only to fluorine in
oxidizing strength and is twice as strong as chlorine (12). Hydroxyl radicals are especially
useful for treatment of low concentrations of organic pollutants in contaminated
groundwater (11) because they have the potential to fully oxidize any organic compound to
carbon dioxide (CO2) (13). AOPs have been widely studied for their use in destroying
organic contamination in water (14) (1 5) (16) (17) (18), however, little research has been
directed specifically at using AOPs to remove MTBE from water.

In work by Barreto et al. (10), laboratory scale experiments were conducted to
determine the effectiveness of photocatalytic degradation of MTBE with TiO2 as a catalyst.
TiO2 concentrations were varied from 1,250 ug/l to 1,250,000 ug/l and the optimum
concentration was determined to be 125,000 ug/l. Beginning with an initial concentration
of 82,000 ug/l of MTBE, the degradation efficiency was 7 6 %  in the first 20 minutes, with
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complete MTBE removal being achieved within 4 hours. The degradation half-life was
approximately 9.6 minutes at the optimum concentration of TiO2 however, the experiment
also showed that it took approximately 8 hours to remove 9 5 %  of all the purgeable products
of MTBE, which included TBA, tertiary-butyl formate (TBF) and acetone. The pH decline
from 6.8 to 4.2 during this time may have decreased the reaction rate because lower pH
inhibits the effectiveness of hydroxyl radical reactions (9).

Calgon Corporation (19) has reported a study of MTBE removal from industrial
wastewater using a proprietary mixture of aqueous oxidants which were essentially
Fenton’s reagent with additional H2O2. In two separate experiments with initial
concentrations of 46,000 ug/l and 50,000 ug/l, they achieved MTBE reductions of 99.9 %
and 88%, respectively. The authors mentioned that the chemical oxidation demand (COD)
of the wastewater seemed to have an impact on MTBE removal, suggesting the need for a
more controlled study.

Montgomery Watson (6) reported the removal of MTBE using a combination of
W light and H2O2 on groundwater samples from a site in New Hampshire. They noted
that the process typically required a hydraulic retention time (HRT) of about one minute to
destroy organic contaminants while to “achieve significant removals of MTBE” an HRT of
20 to 70 minutes was required, depending on water quality. They also said that the W
light dose required was as much as 120 times greater than that required for disinfection of
wastewater in California.

Hydroxyl radicals can be also generated by the sudden pressure change in water
caused by ultrasonic cavitation. An EPA Superfund Innovative Technology Evaluation
(SITE) found ultrasonic cavitation with H2O2 feasible for oxidation of benzene, toluene,
ethylbenzene, and trichloroethene (TCE) in groundwater flows of less than 5 gpm (18.8
L/min) (Cav-Ox, 1995). Lin et al. (20) (21) examined the decomposition of 2-
chlorophenol and total organic carbon (TOC) by ultrasound/H2O2. The decomposition of
2-chlorophenol was a pseudo-first-order kinetic reaction, with higher removal efficiency
than that for TOC. While a higher removal efficiency is obtained with a lower pH and a
higher dose of H2O2, the ionic strength did not significantly influence the decomposition
of 2-chlorophenol. Because MTBE is a relatively non-polar compound, application of
ultrasound with catalysts may be feasible for treating MTBE in groundwater, however,
intermediate compounds may not be completely mineralized. Hoffmann et al. (22)
examined the degradation of a variety of contaminants, such as chlorinated hydrocarbons,
pesticides, phenols, explosives and esters using ultrasonic cavitation. Findings showed
that these compounds were transformed into short-chain organic acids, CO2 and inorganic
ions over durations ranging from minutes to hours. These authors are presently
examining this method at the bench-scale on MTBE.

Another method for MTBE degradation employed Fenton’s reagent, which is a
mixture of ferric iron and H2O2 One advantage of using Fenton’s reagent to product
hydroxyl radicals is that the capital equipment costs are expected to be much lower than
those for UV/H2O2 oxidation processes (11). Chen et al. (23) conducted a laboratory study
to evaluate the effectiveness of Fenton’s reagent for the degradation of MTBE. The
destruction efficiency was 85% for an initial 500,000 ug/l concentration using 12 hours of
reaction time at room temperature and pH 2.5. The extremely long retention time and low
pH required for this process appears to make it unfeasible for full-scale treatment. No
pilot-scale tests have been undertaken for this process.



Two new variations of AOPs have also been identified. Photocatalytic oxidation
of MTBE has been achieved in waste air streams using TiO2 illuminated at near UV
wavelengths (24). In this experiment, the oxidation rate depended on the O2 concentration
and competition with other organics for reaction sites. Idriss and Seebauer (25)
investigated the photolysis of MTBE on fly ash particles (approx. 3 mm diameter) in the
presence of UV light, and determined that the reaction of MTBE with photogenerated
hydroxyl radicals had a half life of 32 hours. This kinetic study found that the end products
of this reaction included formaldehyde, which is toxic, corrosive and carcinogenic.
Therefore, heterogeneous catalysis of MTBE in the gaseous phase may not be an
acceptable off gas treatment.

Adsorption

Several authors have reported that GAC can be used to remove MTBE from water
( 6) (26) (27).. However, little research has been conducted in the concentration range and
flow rates of interest for drinking water. Montgomery Watson (6) reported adsorption
isotherm data for GAC adsorption of MTBE using the Freundlich isotherm equation: q =
KCl/n, where q is the mass of MTBE adsorbed per dry unit weight of carbon, C is the
concentration of MTBE at equilibrium, and K and l/n are experimentally determined
constants at a given temperature. They found a K value of 2 mg/g and a l/n value of 0.63 1
at an MTBE concentration of 1,000 ug/l. This adsorption capacity translates into a GAC
utilization rate of 420 lbs (190 kg) of carbon per 100,000 gallons (378,000 liters) treated (1
lb MTBE: 500 lbs GAC). In comparison, 1,000 ug/l of TCE has a carbon utilization rate of
only 20 lbs (9 kg) of carbon per 100,000 gallons (378,000 liters) of water treated.
Therefore, using GAC to remove MTBE is approximately 21 times more expensive than
using GAC to remove an equivalent mass of TCE from water.

Competitive adsorption in the aqueous phase has been shown to have a dramatic
impact on solute uptake by GAC (28) (29) (30). However, little work has been done on
competitive adsorption with various solutes to determine how they will affect MTBE
uptake. Reproducible isotherm data, both for the single solute and in multi-solute
situations, is essential for evaluating the suitability of an adsorbent.

Polymeric resins are an alternative adsorption media for removal of MTBE from
water. Polymeric resins are water insoluble, cross-linked beads that have a high specific
surface area, similar to GAC. While they are similar to ion exchange resins, they have a
greater specific surface area and either a weakly ionizable exchange group, or no ionizable
group at all (3 1). These resins have trade names such as Amberlite, Ambersorb (Rohm and
Haas, Inc.), XUS (Dow Chemical Inc.), and Reillex (Reilly Tar and Chemical, Inc.), and
are made from polystyrene, sulfonated polystyrene, polyvinylpyridine, and
polymethacrylate. Polymeric resins effectively remove a variety of contaminants from
water, including surfactants (32) (33), phenol (34), p-nitrophenol (33), and chlorinated
solvents (35) (36) (37) (38).

In addition to macro-porous polymeric resins, another group of polymeric materials
has also shown promise for specific adsorption of target solutes. They are polymer grafted
silica and alumina made by attaching long-chain molecules to the surface of either silica or
alumina particles (39). Polymers can be selected according to their specific chemical



affinity for MTBE, and because the polymer is permanently anchored to a stationary phase,
even water soluble polymers can be used. If the particle surface can be coated with a
sufficient mass of polymer, tailor-made composite resins can selectively adsorb MTBE
from water. As this technology is in its early development stage, costs associated with
implementation of this technology may be prohibitive at this time.

Chemically modified clays are another composite inorganic material that is
   commercially available as an aqueous phase adsorbent. These clays are being applied

successfully to the treatment of oily wastewater and spent wash water (40) (41).A variety
of chemical functional groups can be attached to the clay, and it may be possible to fashion
a custom material for removing MTBE from water.

Membrane Separation Processes

A variety of membrane separation processes are available for removal of organic
solutes from water, including reverse osmosis (RO), nanofiltration (NF), microtiltration
(MF), and ultrafiltration (UF). The latter two processes are designed for removal of
relatively large solutes such as proteins, drugs, or colloids in the size range of 300 nm or
greater, or 1 O6 daltons or greater molecular weight (42). Therefore, only RO and NF appear
to have the potential to selectively remove MTBE from water. These processes use a
variety of membranes, including cellulose tri-acetate, and composites of
polystyrenesulfonate and alumina.

RO has the greatest potential for MTBE removal of all the membrane processes
because it is designed to remove small solutes such as sodium and chloride ions. One study
tested the effectiveness of reverse osmosis for removal of pesticides and chlorinated
hydrocarbons from water (43). The RO membrane was able to reduce 1,2-dichloropropane
concentrations from 85 ug/l to 7 ug/l. Another full-scale study conducted at Water Factory
21 in Fountain Valley, CA, tested RO for the removal of chloroform, ethylbenzene, and
dichlorobenzene at flow rates of approximately 3,300 gpm (44) using cellulose acetate
(CA) and polyamide (PA) membranes. The CA membranes removed 87% of the
chloroform, 50% of the ethylbenzene and 50-56Oh of the dichlorobenzenes. The PA
membranes removed as much as 7 1% of the chloroform, 7 1 %  of the ethylbenzene, and 6 1-
92% of the dichlorobenzenes. No research has yet been published applying RO to MTBE
removal from water.

NF is a membrane separation process conceived to soften water by removing
divalent cations. As in the case of RO membranes, NF composite membranes are spiral
wound modules available with a variety of polymers as the solute rejecting layer. Amy et
al. (45) found NF effective at removing dissolved organic carbon (DOC) with a molecular
weight greater than 200 from groundwater. Another study found NF effective at removing
wastes in the range of 300 - 1,000 daltons from pharmaceutical and food products (46). A
study of NF for the removal of ethers from water is still needed.

Related research indicates that membrane technology should be further
I investigated to determine its applicability for treating MTBE in groundwater. MacNeil (47)

notes that the rejection of alcohols by composite membranes ranges from about 40% for
methanol to greater than 90% for alcohols with molecular mass greater than 60, while



rejections for CA membranes range only from 1 to 20%. Clearly, alcohols differ from
MTBE, but the similarity in chemical structure warrants further investigation into the use of
composite membranes.

In the manufacturing of MTBE, unreacted methanol is removed from the produced
MTBE by distillation, but current research suggests that separation techniques may be less
expensive (48) (49) (50). In one case, 99.5% of the methanol appeared in permeate for all
membranes studied (48). This indicates tbat MTBE can be effectively removed from
methanol. Although methanol and water are significantly different and the MTBE
concentrations are vastly different, success in this research indicates the potential
effectiveness of membrane separation techniques for MTBE in water. Work in the area of
air/vapor separation indicates that polysiloxane membranes are effective for removing
MTBE from air streams (51). However, these experiments were conducted at laboratory
scale with pure nitrogen. Actual applications and economic evaluation must be conducted
to determine the feasibility of this method.

Biological Treatment

Early studies reported that biological degradation of MTBE did not occur either
aerobically or anaerobically. Fujiwara et al. (52) stated that 100,000 ug/l MTBE were not
biodegraded in an activated sludge reactor degrading gasoline under aerobic conditions. A
concentration of 10,000 ug/l of MTBE was not degraded in either aquifer soil or activated
sludge after 60 days (53). Suflita and Mormile (54) concluded that MTBE was persistent
because it was resistant to anaerobic degradation. The inability of microorganisms to
degrade MTBE may be attributable to the chemically unreactive and stable ether bond, the
heavily branched tertiary-butyl group, the inability of cells to absorb the molecule, and the
lack of necessary enzymes to attack the ether bond (55).

However, more recent work has indicated that MTBE can be both aerobically and
anaerobically degraded. Salanitro et al. (55) report the aerobic biodegradation of MTBE by
a mixed bacterial culture they named BC- 1. MTBE was the sole carbon source in their
work with initial concentrations ranging from 120,000 ug/l to 200,000 ug/l. Complete
removal of MTBE occurred in less than 4 hours, at a rate 34,000 ug of MTBE degraded per
gram of cells per hour. However, their data indicated a degradation rate approximately 3
times lower when the concentration was less than 5,000 ug/l. MO et al. (56) identified three
species of bacteria which can degrade MTBE. These cultures biodegraded 60,000 ug/l
MTBE as the sole carbon source at very low rates, with only 28% removal after 2 weeks of
incubation. They conclude that the relatively slow biodegradation rate in their work and in
that done by Salanitro et al. (55) may indicate that MTBE is a poor substrate and energy
source for microorganisms and that degradation by-products may inhibit cell growth.

Anaerobic biodegradation occurred only when there were no more easily
biodegraded organic compounds present and the pH was 5.5 (57). This competition
between MTBE and other organics may suggest why others were unable to degrade MTBE
in solutions rich in hydrocarbons (52). Clearly, MTBE in aqueous solutions degrades much
more slowly than BTEX and other common hydrocarbons.



Several researchers have explored biologically activated carbon (BAC) for removal
of contaminants from water (58) (59) (60) (61). With BAC, a viable microbial mass
attaches itself to the carbon surface in a GAC/water contactor (packed bed, fluidized bed, or
settling basin). The biological community is exposed to nutrients and the carbon food
source which is dissolved in the aqueous phase. Pseudomonas and enteric coliforms
successfully remove contaminants from water under these conditions, and the total
contaminant removal has been shown to be substantially greater than that possible using
GAC alone (62) (63). Enzien et al. (64) observed biodegradation of PCE and TCE in soils
which were predominantly aerobic. This research indicates the potential of flow through
reactors for degradation of recalcitrant organic compounds which are degraded only by
anaerobic microorganisms. No studies have reported the use of BAC to degrade MTBE.

MTBE removal by biodegradation in a fluidized bed reactor was reported by
Mosteller et. al. (65). Upon startup, the reactor showed a high rate of removal for all
contaminants, however, the rate decreased to approximately 10% after the first 30 days.
This high rate of removal followed by a decrease was attributed to sorption.
Approximately 140 days after startup, one of the two parallel bioreactors was inoculated
with 5 gallons (18.8 liters) of GAC from another bioreactor treating MTBE. Within a few
days, the removal efficiency of the reactor which received the GAC began increasing, and
over the next 200 days increased to approximately 8 5 %  removal. Of significance is that the
reactor in parallel that was not inoculated showed an increase in removal approximately 90
days later. The authors admit that it was possible that the reactors could have been cross-
contaminated, which would explain the striking similarity in their performance near the end
of the experiment.

In Situ Air Stripping

Bausmith et al. (66) discussed design considerations and problems for in situ air
stripping technologies for the removal of VOCs from groundwater. Currently in-well air
stripping (vacuum vaporization and air-lift vapor stripping) and air sparging systems are
in use. While in situ air stripping eliminates the need to remove and treat large quantities
of groundwater, and enhances mass transport and biodegradation, it has several
disadvantages. Mounding of the water table, channeling of air flow, and clogging due to
chemical and biological fouling are typical problems with in situ air stripping systems.

Even though in situ stripping produces much lower concentrations of airborne
contaminants than conventional air stripping processes, off-gas treatment is still required.
Favorable conditions for air stripping application include unconfined and highly fractured
bedrock aquifers, homogeneous sandy soils with TOC less than 2%, and aquifer
permeability greater than 10-3 cm/s. Contaminants with Henry’s law constants greater
than 1 0 - 5  atm-m3/mole, vapor pressures higher than 1 mm Hg, low solubilities in water,
and high aerobic biodegradabilities generally favor application of in situ air stripping.
BTEX, PCE and TCE in groundwater were treated by in situ air stripping by various
investigators (67) (68) (69).

Javanmanrdian and Glasser (70) have performed laboratory studies on
biosparging of MTBE and claim to have achieved significant reductions. They report a



biodegradation half-life of MTBE of 30 to 45 days from experiments where the initial
level of MTBE contamination in the water was 5 to 10 mg/L.

Because of the relatively high water solubility of MTBE, and low Henry's
Constant, steam or hot air stripping technology may be a more appropriate for in situ
operations. The USEPA evaluated the performance of in situ steam/hot-air stripping
and its applicability as an on-site treatment technique for cleanup of volatile and
semivolatile contaminants (71). This demonstration test results showed that the process
reduced VOCs to an average concentration less than the target level of 100,000 ug/l (85%
removal efficiency) in saturated and vadose zones. The in situ steam/hot air stripper also
reduced semivolatile contaminants in the soils by approximately 50%. While heated in
situ air stripping is potentially applicable for MTBE removal in groundwater, energy
requirements and off-gas treatment will add costs.

Other Treatment Processes

Heat treatment and distillation are also used for VOC treatment in water.
However, they are not appropriate for dilute VOCs in groundwater. Catalytic oxidation
and thermal oxidation are possible methods for off-gas treatment. Catalytic oxidation
completely destroys low concentrations of VOCs in air at much lower temperatures than
thermal oxidation. Bustamante and Nunzez (72) examined the catalytic oxidation of
BTEX, and C3 to C7 aliphatics in a pilot scale experiment. They successfully treated
benzene concentrations between I and 35 ppmv (5-111 mg/m3), and consistently oxidized
benzene at 5 1 0˚F (256˚C) to concentrations below the target of 1 ppmv (5 mg/m3). Low
temperature catalytic oxidation was a lower cost treatment than GAC at flow rates above
600 cfm (1,000 m3/hr). Thermal oxidation may produce a significant portion of its own
process heat and reduces air handling volumes. High fuel costs are inevitable at low
VOC concentrations.

Another in situ treatment technology is a reactive barrier, zone, or curtain,
through which contaminated groundwater passes and the contaminants of concern are
either precipitated or degraded by the reactive media (73). Groundwater passes through
the reactive zone via its natural gradient or an induced gradient, created by the optimal
location of groundwater extraction and re-injection wells. The reactive barrier has to be
constructed wide enough and deep enough to intercept the contaminant plume. This
technology has been successfully employed to treat groundwater contaminated with PCE
and TCE using zero valent iron as the reactive media (74). Heavy metals have also been
successfully removed from groundwater by precipitation in the reactive zone. If a
suitable catalyst could be immobilized on a porous medium, this technology could
possibly be applied to the degradation or adsorption of MTBE in situ.

CONCLUSION

~
A comparison of treatment methods for water and air (off-gas) contaminated with

MTBE is presented in Tables 2 and 3, respectively. MTBE can be removed from water



streams using air stripping, adsorption (GAC and resins), AOP, and possibly membrane
separation and BAC.

Air stripping is simple, easy to operate, and less expensive for VOCs having high
Henry’s law constants and low solubilities. It is less effective for semivolatile or highly
soluble VOCs such as MTBE, where high air-to-water ratios and low loading rates are
required. Removal efficiencies can be increased by elevating the water temperature with
a heat exchanger, hot air or steam. Air stripping off-gas may need further treatment,
incurring additional costs. Air stripping is most effective as a pretreatment to remove the
bulk of the contaminant prior to polishing.

GAC adsorption is generally effective for removing organic contaminants in
groundwater. However, MTBE is poorly adsorbed on GAC, requiring frequent
regeneration of the carbon. While it is marginally economical for removal of MTBE
from water, GAC may be more effective for gas-phase MTBE adsorption. Further study
of GAC at low to moderate gas-phase concentrations (~2,000 ppbv) of MTBE is needed.

AOPs generate hydroxyl radicals from various reactions between water and O3,
UV, H2O2, and ultrasound with or without catalysts. AOPs are useful for the removal of
low concentrations of organic contaminants in water, though each type has different
advantages and limitations.

Biological treatment of MTBE may be feasible for groundwater treatment in light
of recent work. Gas-phase biological treatments such as biofiltration may be effective.

Based upon this review, it was determined that the following technologies should
be evaluated at the field scale: MTBE specific polymeric resins; AOP (using ozone, H2O2,
Peroxone, UV-ozonation and W-Peroxone); RO membranes; BAC (aqueous phase); Air
stripper off-gas treatment with GAC and BAC; and combinations of these technologies.
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Table 1. Chemical and Physical Properties of MTBE

Property Value Unit

Structural formula CH3OC(CH3) 3 ----

Molecular weight 88.15 G/mol

Melting point -109 ºC

Boiling point 53.6-55.2 ºC

Specific gravity (20/4 ºC) 0.744 ----

Density (20ºC) 0.74 G/mL

Aqueous solubility (20ºC) 42,000-54,300 Mg/L

Vapor pressure (25ºC) 251 Mm Hg

Solubility in gasoline Miscible ----

Log Kow 1.05 ----

Log Koo 0.94 ----

Henry’s law constant (25ºC) 0.0184 ----

Henry’s law constant (5ºC) 0.0197 ----

Conversion factor (in air) 1ppm=
3.658 mg/m3

----

Flash point -30 ºC

Odor in air Terpene-like ----

Odor detection threshold in air 5-53 ----

Taste detection threshold in
water

10-100 ppb



Table 2. Comparison of Water Treatment Alternatives

Process

Air
Stripping

Advantages

-High Removal efficiency at
elevated temperatures

-Not sensitive to toxic substances
-Good pre-treatment process
combined with other treatment
alternatives

Disadvantages

-High air/water ratio and low
loading rate for highly soluble and
semivolatile compounds

-Temperature sensitive
-Off-gas treatment required
-Cleaning required
-Carbonate scaling and metal
precipitation

In Situ Air -Emissions below regulatory -High air/water ratio and low
Stripping standards possible loading rate for highly soluble and

-High removal efficiency with svocs
elevated temperature -Carbonate scaling and metal

-Not sensitive to toxic substances precipitation
-Good pre-treatment process -Biofouling/channeling/clogging
combined with other treatment -Off-gas treatment required
alternatives -Temperature sensitive

GAC -Stable operation available -Low adsorbability on GAC
-Good product quality control -Adsorption capacity for MTBE is

low
-Frequent GAC regeneration
required

AOPs -Stable operation
-Good removal in dilute organic
concentration

-Toxic oxidation by-products
-Observed pH decrease
-TiO2 expensive
-Long retention times for
destruction

-High UV light/energy
requirement

Membrane -Good TDS removal in -No experimental data available
Separation groundwater

Resin -Good TDS removal in -Requirement of another unit
Adsorption groundwater process for regeneration recovery

-Good product quality control -Lack of MTBE data for water
-Product recovery possible treatment

-Greater capital cost than carbon

Biological
Treatment

-Least expensive -Competitive inhibition from other
chemicals in groundwater

-Not applicable to low organic
concentration

-High residence time required due
to low biodegradability



Table 3. Comparison of Vapor Phase Treatment Alternatives

Process Advantages

GAC -Good VOC removal
-System requires little supervision

Disadvantages

-Cost prohibitive at high
concentrations

AOPs -Good removal in dilute organic.
concentration

-Toxic oxidation by-products

Resin -Good product quality control -Lack of MTBE data for water
Adsorption -Product recovery possible treatment

Biological -Least expensive
Treatment -Treats large volumes of low-

concentration VOCs

Catalytic -Low Temperature
Oxidation -Low fuel costs

Thermal -Reduced air handling volumes
Oxidation -High conversion efficiency

-Low capital cost

-Instability to shock loading
-Little MTBE data available
-Large unit required

-Large size due to dilution air
requirement

-Low conversion efficiency

-Flame operated
-High fuel costs at low VOC
concentrations
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ABSTRACT

The objective of the present work was to develop a control system for the
improvement of bioventing, an in situ soil bioremediation technique.  The control
system uses air flow rate as the manipulated variable and oxygen concentration in the
gas phase as the controlled variable.  System identification experiments were performed
on two soil columns packed with sand, used to simulate the bioventing process.  Results
from the transient tests revealed that process dynamics are well represented by a first-
order plus time delay transfer function.  The model parameters are then used to obtain
the tuning constants of a proportional-integral controller.  The controller allows for a
robust dynamic performance in closed-loop.  Set points of oxygen concentration in the
gas phase ranging from 13 to 16,5 % were reached within the prescribed response times.
The benefits of implementing the control strategy include reduction of off-gas treatment
due to lesser volatilization of hydrocarbons, better monitoring and prediction of cleanup
time, and a decrease in electrical energy consumption.



INTRODUCTION

In situ remediation techniques are often used to remediate soils and usually site
clean up is realized in three stages.  First, light non aqueous phase liquids (LNAPL) are
recovered through pumping and then treated above ground.  Secondly, treatment of the
vadose zone is applied.  Finally, the groundwater is treated (if applicable) by a pump-
and-treat remediation technique.

Soil venting methods, used for remediation of the vadose zone, induce air flow
in the subsurface using an above-ground vacuum blower/pump system.  Off-gas usually
requires treatment.  Soil venting techniques include soil vapor extraction (SVE) and
bioventing, which have two very different objectives.  The primary goal of SVE is to
volatilize hydrocarbon constituents in situ to the gas phase.  The principal objective of
bioventing is to allow for sufficient oxygen transfer to stimulate aerobic biodegradation
of petroleum hydrocarbons by the indigenous microorganisms.  However both processes
occur due to air circulation in the vadose zone.

Several studies of SVE report that contaminants rapidly reach equilibrium in the
gas phase (1-4) and consequently the removal rate of petroleum hydrocarbons becomes
proportional to the air flow rate.  However, Hayden et al. (4), showed in laboratory
column venting experiments that equilibrium conditions were valid as long as
constituent mole fractions in the LNAPL were high, while mass transfer limited
behavior was evident at low constituent mole fractions.  Johnson et al. (5), considered
that below soil contamination levels of 500 mg/kg, sorption and dissolution phenomena
begin to affect the soil residual – vapor equilibrium.  Nonetheless, relatively high air
flow rates typically ranging from 1 to 15 pore volumes per day are common in SVE
operation (6).

Guidelines for establishing bioventing design air flow rates are normally
established based on gas phase oxygen concentration (7).  The minimal gas phase
oxygen concentration recommended to sustain aerobic biodegradation in the
contaminated soil area range from 2% (6), 5% (7), and 10% (8).  Guidelines based on air
flow rate typically range from 0.1 to 0.5 pore volumes per day (6) or 0.25 to 1 pore
volumes per day (9).  Therefore, lower air flow rates increase the percentage of
hydrocarbon removal by biodegradation and decrease the percentage of removal by
volatilization (9).

Oxygen soil gas concentrations depend mainly on oxygen utilization rates of the
indigenous microorganisms.  These rates are influenced by several factors: biomass
activity and concentration, soil moisture, pH and temperature as well as nutrient and
contaminant concentration.  These factors can vary with time and according to spatial
coordinates of the contaminated soil area.  Moreover, field scale respiration tests, first
described by Hinchee and Ong (10), show that oxygen utilization rates of the indigenous
microorganisms generally decline as bioventing treatment progresses with time (9).
Widrig and Manning (11), in a study of no. 2 diesel fuel biodegradation in soil columns,
observed a steady decline in bacterial respiration over 240 days.  The most likely
explanation for this phenomenon is that the more easily degraded constituents are
biodegraded in the first phases of treatment.



The goal of this study was to develop a control strategy where the appropriate
air flow rate is adjusted in real-time to maintain the oxygen concentration in the gas
phase at a desired set point.  Implementation of the control strategy is beneficial in three
ways.  First, the required oxygen is provided in real-time to maintain aerobic conditions
essential to the microorganisms.  Consequently, air flow rates are not unnecessarily
high, which means that volatilization of petroleum hydrocarbons and the need for off-
gas treatment is reduced.  Secondly, soil contamination levels can be estimated in real-
time using a stoechiometric oxygen mass balance and prediction of cleanup time is
evaluated more accurately.  Finally, the electrical energy consumption of the
blower/pump system decreases.

This paper presents experimental results of dynamic tests where the gas phase
oxygen concentration was studied in relation with the air flow rate.  The dynamic
behavior of this system was modeled using system identification techniques and
subsequently the appropriate process model was used for the evaluation of the controller
tuning constants.  Controller performance was then verified in closed-loop by changing
the set point value.

MATERIALS AND METHODS

For the experiments, the contaminated soil was provided by a soil treatment
center.  The soil was a sand, contaminated mostly with heating oil at an average
concentration of 11,400 mg/kg of petroleum hydrocarbons (C10-C50).

Two stainless steel (grade 316) columns of approximately 22 L (1.1 m long and
16 cm inner diameter) were used to contain the soil (fig. 1).  Stainless steel end caps
with Teflon™ o-rings were used to close up the columns at the ends.  A 16-cm layer of
glass beads (particle diameter ranging from 0.52 to 0.59 mm) was placed  at the base of
the column to insure adequate air distribution to the soil.  The contaminated soil was
packed manually in the remainder of the columns with a metal cylinder rod.  Before
entering the column, the air was humidified by passing through a 2 L Erlenmeyer flask
containing water.

Air flow rates were regulated with mass flow controllers (model 1179a, MKS
instruments, Nepean, Ontario).  Gas phase oxygen concentration was measured at the
outlet of the columns with an electrochemical sensor (model 308 BWP, Nova, Hamilton,
Ontario).  Solenoid three way stainless steel valves (Asco, Brantford, Ontario) were
used to automatically direct the selected outlet air from the appropriate column towards
the oxygen sensor.  Tygon® tubing with internal Teflon™ coating was used to connect
the apparatus mentioned above with the columns inlet and outlet.  Air flow rates and gas
phase oxygen concentration values were monitored on-line using the LabVIEW
software for data acquisition.



RESULTS AND DISCUSSION

System identification techniques were used to identify an appropriate dynamic
model of the process (12).  Model identification experiments were realized for operating
conditions of gas phase oxygen concentration of about 10% to insure that aerobic
conditions were maintained throughout the column.  Calculations of the parameters of
the models were performed with a software from the MATLAB® System Identification
Toolbox.  Because experimental results from columns 1 and 2 are reproducible, only
illustrative data will be presented and discussed.  Results in open loop will be from
column 1 and in closed loop from column 2.

Studies were conducted using a pseudo-random binary sequence (PRBS) input
signal (12) with a minimal switch period of 4 h, and an air flow rate fixed between 13.3
and 17.6 mL/min for column 1, and 14 and 18.3 mL/min for column 2.

Figure 2 shows the dynamic response of the oxygen gas phase concentration to
changes in the air flow rate for the PRBS experiment with column 1 (with y,
experimental data and ym, model output).  The dynamic behavior of the gas phase
oxygen concentration was quite reproducible from day 1 to 11.  However, an unsought
drop of almost 10oC in ambient temperature occurred for a few hours around day 11,
and the oxygen uptake rate (for both columns) decreased resulting in an upwards
deviation of the gas phase oxygen concentration.  Consequently, only the experimental
data from days 1 to 11 were used to model the process dynamics.  An auto-regressive
model with exogenous input (ARX) adequately represented the process dynamics for
both columns and the model parameters for the continuous transfer function, which are
of first order with a time delay, were (for columns 1 and 2 respectively):

• steady state gain (%O2g/mL.min) of 1.086 and 1.019
• dominant time constant (hours) of 11.71 and 12.93
• time delay (hours) of 1.00 and 0.00

The results from the PRBS test indicated that process dynamics are well
represented by a first order plus time delay transfer function.  A proportional-integral
control algorithm is therefore appropriate and usually gives good results in closed-loop
(13-14).  The controller parameters were evaluated with the direct synthesis method (14)
with a closed-loop time constant of half the dominant time constant to insure robust
dynamic performance.

Using the model found for column 2 from the PRBS test, a controller gain of
1.96 (mL/min / %O2g), and an integral time constant of 12.93 (h) were determined.
Results presented in closed-loop were obtained 4 months after initial testing began.  As
expected, a decrease in bacterial respiration was observed with time.  It should be noted
that the controller performance had to be evaluated for air flow rates that were within
the mass flow controller specifications.  Consequently, operating conditions were
different from the identification experiments, and the corresponding gas phase oxygen
concentrations became higher than 10%.

Figure 3 shows the dynamic response of oxygen concentration in the gas phase
and air flow rate for step changes on the set point (ysp) ranging from 13 to 15% (fig. 3a)



and 16.5 to 13% (fig. 3b).  It can be seen that the set point is attained within a
satisfactory response time, considering that the dominant time constant in open loop was
evaluated as 12.93 hours.  In fact, the response time in closed loop is evaluated as the
time needed to reach 63% of the final value.  That response time must range between 1
to 3 times the dominant time constant of the system in open loop.  Comparing data in
figures 3a and 3b shows that the response time in closed-loop was slower when asking
for lower set points in oxygen concentration, because of the corresponding lower air
flow rates forced to reach the set point.  As an example, the response time in closed loop
was 9.4 hours when asking for 15% of oxygen concentration in gaseous phase compared
to 16.8 hours when asking for 13%.  Since the residence time of oxygen is inversely
proportional to air flow rate, it seems reasonable to think that the time of response will
be slower for lower air flow rates.

CONCLUSION

In order to develop a control system for the bioventing process, a dynamic
model, relating oxygen concentration in the gas phase with air flow rate was identified
through system identification experiments in columns packed with soil material.
Results from the transient-state tests revealed that process dynamics are well represented
by a first-order plus time delay transfer function.  Tuning constants of a proportional-
integral controller were determined from the parameters of the transfer function.  The
controller allowed for a robust dynamic performance in closed-loop.  Set points ranging
from 13 to 16,5 % were reached within prescribed response times.

Having established the feasibility of this control system at a laboratory scale, the
next step is to evaluate the economic advantages of automating the bioventing process.
A study will be performed to determine the economic benefits related to: off-gas
treatment due to a reduction of volatilization of petroleum hydrocarbons, better
monitoring of the process, and decreased electrical energy consumption by the
blower/pump system.
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Figure 1.  Experimental column set-up.
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Figure 2.  Dynamic behavior of oxygen concentration in the gas phase during the pseudo-
random binary sequence (PRBS) on air flow rate.

Figure 3.  Step changes on set point: (a) first change; (b) second change.
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ABSTRACT

Cone Penetrometer Tests (CPT) with ultra violet induced fluorescence (UVIF) are invasive techniques
used to evaluate the subsurface geologic and engineering properties of soils and identify the presence of
hydrocarbon constituents in soil and groundwater, respectively.  Traditionally CPT technology has been used
to evaluate soil engineering and geologic properties generally by measuring the ratio of the tip resistance to the
sleeve friction.  UVIF is typically used to identify the presence of hydrocarbons by directing high energy
ultraviolet light through a sapphire window which causes fluorescence of hydrocarbons contained in the
subsurface.  The emitted fluorescence is analyzed for both amplitude and wavelength spectrum using a light
spectrometer.  CPT and UVIF borings successfully identified the horizontal and vertical extent of two
subsurface hydrocarbon plumes approximately 13.5 and 3 acres in area to depths of approximately 30 feet in
unconsolidated sediments.  A limited number of modified Geoprobe borings, hollow stem auger soil borings,
and monitoring wells confirmed the extent of hydrocarbons.  The use of CPT and UVIF technologies decreased
the time required to investigate the hydrocarbon plumes, decreased the site investigation costs, and provided
an extensive database that was subsequently used to evaluate remedial alternatives.



INTRODUCTION

Cone Penetrometer Tests (CPT) and ultraviolet-induced fluorescence (UVIF) are invasive techniques
used to evaluate the subsurface geologic and engineering properties of soils and identify the presence of
hydrocarbon constituents in soil and groundwater, respectively.  CPT is a common technology used in site
investigations to characterize the ground in terms of soil type, soil permeability, soil strength, and phreatic
surface.  On the other hand, UVIF is not as commonly used for environmental site investigations, although it
has been used in oil field exploration since the middle 1900s.  Minute showings of oil were detected in drilling
fluids, cores, and cuttings when viewed under ultraviolet rays (1). 

UVIF is available for rapid, cost-effective delineation of hydrocarbons in the subsurface.  Publications
on the use of laser-induced fluorescence of hydrocarbons have been published with respect to oil field closures,
sludge impoundment delineation, and creosote-based dense nonaqueous phase liquids (2 and 3).   This paper
discusses how high energy ultraviolet light was used to induce hydrocarbon fluorescence and successfully
delineate the vertical and horizontal extent of two hydrocarbon plumes.

To evaluate the presence of hydrocarbons, a high energy ultraviolet light source fluoresces hydrocarbon
constituents in soil and groundwater.  The UVIF module directs high energy ultra violet light through a sapphire
window into the soil and groundwater being penetrated.  The ultraviolet light causes fluorescence of
contaminants contained within the soil and groundwater.  The fluorescence is returned to the surface in a fibre
optic cable and is analyzed both for amplitude and wavelength spectrum using a light spectrometer.  As the
UVIF module collects information on contaminant characteristics, the information is available on the computer
monitor and can be printed with the CPT boring. 

SITE BACKGROUND

The site that is the subject of this paper was under litigation for potential releases of hydrocarbon
constituents to soil and groundwater.  Sources potentially associated with the release included tank batteries,
oil wells, abandoned pits, pipelines, gathering lines, as well as other possible sources.  Previous work conducted
at the site resulted in the installation of monitoring wells and several shallow borings.  The objective of our
investigation was to verify the extent of hydrocarbons in the subsurface and use this information to evaluate
remedial alternatives for the site.

The site geology generally consists of unconsolidated sand, silt, clay with minor amounts of gravel.
 Iron oxide and iron-manganese nodules are common in zones of weathering and the upper section is locally
calcareous with some concretions of calcium carbonate (4).  This unit generally yields less than 50 gallons per
minute (gpm) to more than 500 gpm of water.  The total dissolved solids (TDS) typically ranges between less
than 1,000 milligrams per liter (mg/L) to 3,000 mg/L (5).  Alluvium in the site vicinity varies considerably in
thickness.  Alluvium deposits generally consist of clay, silt, sand, and gravel with organic material abundant
locally (4).



DELINEATION OF SUBSURFACE HYDROCARBONS

Subsurface hydrocarbons were delineated at the site using CPT, UVIF, monitoring wells, and modified
Geoprobe borings.  Analytical testing of selected soil samples was conducted to verify the presence of
hydrocarbon constituents in soil and groundwater.

Cone Penetrometer Testing

To conduct the CPT and UVIF borings at the site, the probe’s electric cable was threaded through the
necessary push rods and the probe and data collection system were connected according to the manufacturer’s
specifications.  CPT borings were performed in accordance with ASTM Standard D 3441 to identify site
stratigraphy (6).  During the test, a penetration rate between 2 and 4 feet per minute ±25 percent was maintained
when obtaining resistance data and UVIF data.  Cone resistance and friction resistance were recorded
continuously with depth.  Concurrently with the resistance measurements, the UVIF module continuously
monitored for the presence of hydrocarbon constituents in the subsurface.  These results were available on a
computer monitor during penetration.  A hard copy of the data was printed on a laser printer upon completion
of the boring.  A soil classification chart, provided as Figure 1, based on a ratio of the tip resistance to sleeve
friction, was used to classify the soil based on behavior type (7). 

Modified Geoprobe Borings

Soil sampling was conducted to verify the extent of hydrocarbon constituents in soil.  Sampling was
conducted using a modified Geoprobe method that uses a split-barrel sampler to collect undisturbed soil samples
below a cased boring.  Each modified Geoprobe soil boring was drilled to a depth sufficient to penetrate the
total depth of soils containing hydrocarbon constituents.  Soil samples were collected continuously for the total
depth of each boring and described by field personnel using ASTM Standard D 2488 (8). 

A reconnaissance headspace evaluation was conducted on selected soil samples to field screen for the
presence of petroleum hydrocarbons.  For every 2 feet drilled, a representative portion of soil was placed in a
Ziploc bag and sealed.  These results are included on the boring log.

Soil Sampling and Analysis

Based on the headspace measurements, the CPT logs, and observations made by the field personnel,
soil samples from each boring were sent to the laboratory for analysis.  Each soil sample was placed in a labeled,
laboratory-supplied container with a secure lid and sealed by placing custody tape around the circumference
of the jar lid.  Sample jars were immediately placed in a Ziploc bag and subsequently placed on ice in a cooler
for preservation.  Chain-of-custody procedures were maintained from the field through the reporting of the
laboratory results.  Soil samples were analyzed for several organic constituents in accordance with the
guidelines of EPA SW-846; however, only total petroleum hydrocarbons (TPH) concentrations using Method
418.1 are discussed in this paper.

Plugging and Abandoning Borings

Subsequent to drilling each boring, the hole was backfilled with a cement-bentonite grout.  The grout
consisted of approximately 95 percent Portland II cement mixed with 5 percent sodium bentonite.  The grout



was emplaced using a tremie pipe consisting of PVC pipe that was lowered to the bottom of the hole. 
Backfilling each CPT boring began from the bottom of the hole and continued toward the ground surface.  Each
boring was filled to the ground surface.

DISCUSSION OF DATA

Two different areas at the site were evaluated using information obtained from the CPT, UVIF,
monitoring wells, and modified Geoprobe borings.  The locations were approximately 300 yards apart and are
simply referred to as Location 1 and Location 2.

Location 1 Results

Data collected from 32 CPT and UVIF borings, 16 modified geoprobe borings, and 10 monitoring
wells were used to delineate a hydrocarbon plume over an area of approximately 16 acres (Location 1).  Nine
of the monitoring wells were installed inside the plume prior to this investigation. 

Results of the CPT data were used to identify the site geology.  An example of a CPT/UVIF printout
obtained from the field is provided as Figure 2.  These soil types were compared to the lithologic descriptions
obtained from the modified Geoprobe boring drilled adjacent to this location (Figure 3).  The overall correlation
between the two descriptions was acceptable.  Generally, the CPT classification characterizes certain units as
a silt or sand, whereas, the ASTM field classification classifies the same units as a silty clay or sandy clay.

A review of the fluorescence values at Location 1 indicates that they typically ranged from background
readings of approximately 0.2 volts to soils saturated with hydrocarbons of greater than 10 volts.  The UVIF
data exhibit elevated voltage with depth within the contaminated soils and a decrease in the fluorescence toward
the base of the borings in nonimpacted soils.  Results from soil samples collected from the modified geoprobe
borings confirmed the vertical and horizontal extent of hydrocarbons.  In addition, phase-separated
hydrocarbons (PSH) were measured to be over 10-feet thick within the plume area in site monitoring wells.
 Based on the results of the UVIF data, the hydrocarbon thickness at Location 1 in subsurface soils was
measured to be over 20-feet thick (Figure 4).  Based on the results of the modified Geoprobe borings, the TPH
concentrations from confirmation soil samples verify that the UVIF data represent hydrocarbons in the
subsurface (Figure 5). 

Based on the UVIF data, approximately 260,000 in-situ, cubic yards of soil were impacted with
hydrocarbons.  The abundant amount of data allowed for detailed, defensible evaluation of remedial
alternatives.

Location 2 Results

Data collected from 23 CPT and UVIF borings, 10 modified geoprobe borings, and 1 monitoring well
were used to delineate a hydrocarbon plume over an area of approximately 3 acres (Location 2). 

Results of the CPT data were used to identify the site geology.  An example of a CPT/UVIF printout
obtained from the field is provided as Figure 6.  These soil types were compared to the lithologic descriptions
obtained from the modified Geoprobe boring drilled adjacent to this location (Figure 7).  The overall correlation
between the two descriptions was acceptable.  As indicated in the Location 1 discussion, the CPT classification
characterizes certain units as a silt or sand, whereas, the ASTM field classification classifies the same units as
a silty clay or sandy clay.



A review of the fluorescence values at Location 2 indicates that they typically ranged from background
readings of approximately 0.2 volts to soils saturated with hydrocarbons of 8 volts.  The UVIF data exhibit
elevated voltage with depth within the hydrocarbon impacted soils and groundwater.  The fluorescence
decreased toward the base of the borings in nonimpacted soils.  Results from soil samples collected from the
modified geoprobe borings confirmed the vertical and horizontal extent of hydrocarbons.  In addition, PSH was
measured to be over 3-feet thick within the plume area.  Based on the results of the UVIF data, the hydrocarbon
thickness at Location 2 in subsurface soils was measured to be over 10 feet thick (Figure 8).  Based on the
results of the modified Geoprobe borings, the TPH concentrations from confirmation soil samples verify that
the UVIF data represent hydrocarbons in the subsurface. (Figure 9). 

Based on the UVIF data, approximately 25,000 in-situ, cubic yards of soil were impacted with
hydrocarbons.  The abundant amount of data allowed for detailed, defensible evaluation of remedial
alternatives.

Comparison of TPH to UVIF

A comparison of the estimated fluorescence values obtained from the UVIF volts to the TPH
concentration is provided on Figure 10 and summarized on Table 1.  These two data points were typically
collected from two discrete borings generally less than 5 feet apart.  The lowest UVIF of 0.1 to 1.0 volts
generally represents background TPH concentrations which was defined for both locations at less than 100
mg/Kg.  Elevated UVIF values of 10 volts correlate to TPH concentrations of greater than approximately 20,000
mg/Kg. 

In general, higher UVIF volts correspond to higher TPH concentrations with two exceptions.  At
Location 1, a TPH concentration of 207 mg/Kg correlates to a value of 10 volts.  TPH concentrations from
samples collected above and below this value confirm the elevated TPH concentrations in this boring location.
 The second exception is from Location 2 data where TPH concentrations of 34 and 38 mg/Kg correspond to
UVIF values of 2.5 and 3 volts, respectively.  The low TPH concentrations are believed to be the result of field
protocol or laboratory error.  Although specific TPH concentrations in soils or groundwater cannot be measured
using the UVIF system, the presence and continuity of hydrocarbons in the soil can be defined.

CONCLUSIONS

The use of CPT and UVIF proved to be a reliable tool in identifying the presence of hydrocarbons in
the subsurface.  The technologies provide real-time results that allow decisions on appropriate sample locations
and boring distributions.  The use of CPT and UVIF technologies decreased the time required to investigate the
hydrocarbon plumes, decreased the site investigation costs, and provided an extensive database that was
subsequently used to evaluate remedial alternatives.



REFERENCES

1. Levorson, A.I., Geology of Petroleum, 2nd Edition, San Francisco, W.H. Freeman and Company, (1954).

2. Taer, A.D., Farrell, R.F., and Ford, B., “Use of the Cone Penetrometer and Laser-Induced Fluorescence in an
Oil Field Site Characterization,” in proceedings of the Petroleum Hydrocarbons for Organic Chemical in
Ground Water, Houston, Texas, National Groundwater Association (1996).

3. Chubb, H.R., Robinson, R.E., Keasy, D.R., “In-situ Sludge Characterization Using Laser-induced Fluorescence
in a Refinery Storm Water Impoundment,” in proceedings of the Petroleum Hydrocarbons for Organic Chemical
in Ground Water, Houston, Texas, National Groundwater Association (1996).

4. Groat, C.G., “Geologic Atlas of Texas,” Corpus Christi Sheet, Scale: 1:250,00.  Bureau of Economic Geology,
Austin, Texas (1975).

5. Shafter, G.H., “Ground-Water Resources of Nueces and San Patricio Counties, Texas,” Texas Water
Development Board Report 73 (May 1968).

6. American Society of Testing and Materials, Standard Test Method for Deep, Quasi-Static, Cone and Friction-
Cone Penetration Tests of Soil,” Standard D 3441 (1993).

7. Robertson, P.K. and Campanella, R.G. “Guidelines for the Use, Interpretation, and Application of the CPT and
CPTU,” Soil Mechanics Series No. 105, Vancouver, British Columbia, University of British Columbia (1986).

8. American Society of Testing and Materials, “Standard Practice for Description and Identification of Soils
(Visual-Manual Procedure),” Standard D 2488 (1993).





Figure 1.  Cone Penetrometer Test Classification Chart (Robertson and Campanella, 1990).



Figure 2.  Cone Penetrometer Test and Ultra Violet-Induced Light Soil Boring Log at Location 1.



Figure 3.  Modified Geoprobe Boring Log at Location 1 Using ASTM Standard D 2488 Classification.



Figure 4.  Hydrocarbon Isopach Map Location 1.



Figure 5.  Hydrocarbon Distribution Map Location 1.



Figure 6.  Cone Penetrometer Test and Ultra Violet-Induced Light Soil Boring Log at Location 2.



Figure 7.  Modified Geoprobe Boring Log at Location 2 Using ASTM Standard D 2488 Classification.



Figure 8.  Hydrocarbon Isopach Map Location 2.



Figure 9.  Hydrocarbon Distribution Map Location 2.



Figure 10.  Total Petroleum Hydrocarbon Concentrations (Using EPA Method 418.1) versus Ultra-Violet Induced
Fluorescence.
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ABSTRACT

Two 200-L pilot scale biofilters using granular peat moss were developed for the
treatment of BTEX-contaminated groundwater : a percolating bed and a saturated bed
with up flow circulation.  These biofilters allow the biodegradation of light hydrocarbons
in the aqueous phase and the biodegradation of volatile organic compounds (VOCs)
volatilized during the process.

The granular peat moss was selected as groundwater filtering medium because of
its very high hydraulic conductivity (k=8x10-1 cm/s), high porosity (90,2 % (v/v)), and
good liquid retention (46 % (v/v)).  Moreover, microbial characterization in aerobic
conditions at 10°C showed a rapid toluene mineralization by indigenous microorganisms,
particularly in presence of real contaminated groundwater.

Hydrodynamic tests have been conducted at hydraulic loading rates from 3 to
12,3 m³/m².d.  Residence time distributions for both biofilters configuration exhibited a
near plug flow behavior at all flow rates and with four liquid flow distribution system
tested in the percolation mode.



INTRODUCTION

Groundwater contamination by petroleum hydrocarbons leaking from
underground storage tanks and other spills is now a well known problem.  Because of
their low adsorption coefficients, BTEX (benzene, toluene, ethyl benzene and xylenes a
volatile aromatic compound group found is gasoline) are easily washed from soil by
gravitary water and transferred to groundwater.  Moreover, because of the groundwater's
natural flow and of dispersion phenomena, light hydrocarbon leaks often result in a large
contaminated plume (1).  In order to limit the contaminant spreading it is important to
confine and treat this water.

Usually, contaminated groundwater is treated by the pump-and-treat method,
which consists in extracting water from the polluted aquifer with many pumping wells
and treating it on surface.  This method has many limitations that have been extensively
discussed in literature (2, 3, 4, 5, 6).  The most important limitations are the aquifer
recontamination after the end of the system operation (4) and the high costs due to
pumping, operation, and maintenance of the surface treatment process when operated
over long periods (3).  Although the effectiveness of pump-and-treat systems has been
questioned, after two decades of use this approach remains a necessary component of
most groundwater remediation efforts and is appropriate for both subsurface restoration
and plume containment (7).

Among the novel approaches to remediate and confine contaminated
groundwater, the use of bio-barriers or in situ filters are promising.  For example, Barker
et al. (8) developed the funnel-and-gate system, in which the contaminated plume is
confined by underground cutoff walls and sent to in situ reactors in the aquifer (3, 8, 9,
10).  An other emerging technology is the permeable oxygen releasing compounds
(ORC®) barriers, that increases the dissolved oxygen levels of aquifer to enhance the
intrinsic aerobic bioremediation of dissolved phase contaminants (11, 12, 13).

The design of an in situ treatment system is not a simple task : to be viable, an in
situ groundwater filtration system must meet many requirements (table 1).

In order to meet these requirements a new biofilter using granular peat moss as
filtering media was developed.  Two biofilters design were tested : a percolation bed and
a saturated up flow bed.  The aim of this work is to present the design and optimization
that has been done for each requirement.

MATERIAL AND METHODS

Biofilters Development

Two pilot scale biofilters were designed and optimized : a percolating bed in
which a distribution system feeds the affluent over the bed section and a saturated bed
with up flow circulation.  Schematic illustrations of the designs are presented in figure 1.



The biofiltration units were made of 200-L HDPE barrels (56-60 cm internal
diameter (ID) and 85 cm height).  Each unit was filled with 20 L of gravel (0-1,9 cm) in
the bottom to allow drainage and 155 L of granular peat moss.  For every unit, a 2-L
VOC-biofilter was attached to the lid.  These small biofilters were made from 10 cm ID
ABS cylinders with one end open to the headspace and the other end open to
atmosphere.

In the percolation design, water was fed from the top of the unit via a flow
distribution system.  Four distribution systems were tested.  For the first three, a
perforated Plexiglas plate was placed over the filtering media and coupled to different
feeding systems.  In the first system, water was fed at one point in the center of the plate.
In the second system, a H-like liquid distributor made of 1,3 cm ID tubing was used.
Fifteen 0,3 cm holes provided a more even distribution of the flow over the plate section.
The third system was the same as the second but a geotextile membrane was added over
the plate.  The fourth system was made of 0,3-cm ID Teflon tubing pierced with a needle
to obtain a fine dispersion of the flow over the entire surface of the bed.  At the bottom
of the biofilter, the water exited via a pierced tube placed in the gravel.  A piezometer
was also installed on the side of the unit in order to verify that no water accumulated
within the biofilter.

In the saturated up flow design, water entered the unit by the bottom, in the
gravel, and left via an overflow connected to an evacuation system.  The evacuation
system consisted in a U line connected to the drain.  This ensured that no VOC left the
biofiltration unit by the water line, and that all gaseous emanations passed through the
VOC-biofilter before leaving the unit.

Filtering Media Characteristics

The filtering medium selected to treat groundwater was granular peat moss
“ 0011 < 1” (14-25) ”provided by Premier Tech (Rivière-du-Loup, Canada).  Granules
were cubical with widths ranging from 1 to 2,5 cm.  Porosity, density and hydraulic
conductivity of the filtering medium were measured with a constant head permeameter
(ASTM D-2434 rev 1974).

The mixed organic filtering medium selected to treat off-gases consisted of
60 % (v/v) of regular cleaned peat moss; 15 % (v/v) of composted chicken manure;
15 % (v/v) of wood chips; 10 % (v/v) of diesel contaminated soil provided by AES
(Laterrière, Qc, Canada) and 2 % (v/v) lime.  This medium has already proven its
efficiency in the treatment of VOCs (14).

Bench Scale Hydrostatic Study

A hydrostatic study in submerged mode was conducted in triplicate.  First, a
known mass of granulated peat moss (Mdry) was put into a graduated 2-L beaker up to the
2 L line (Vreactor).  Then, water was added to saturate the peat bed (Vwater).  Finally, the
volume of drained water was noted (Vdrained).  From these measurements, static liquid
retention (εsL) (also called “ Specific Retention ” (15)) and dynamic liquid retention (εdL)
(or “ Specific Yield ” (15)) can be determined (equations 1 and 2).
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It must be noted that in submerged mode, the dynamic liquid retention is equal to
the gaseous retention (εg) of the bed.  Because εsL and εdL constitute the total water
volume in a saturated material, their sum is equal to the porosity (15).  Finally, knowing
that the sum of retentions is unity, the solid retention (εs) can be deduced.  The solid
density of the material (Gs) can also be determined by equation 3 :
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Intrinsic Biological Activity in Granular Peat Moss

Mineralization of UL-ring-14C-toluene in granular peat moss was studied in
120-ml serologic bottles under aerobic conditions at 10°C.  Two grams of filtering
medium was introduced in each bottle with 80 ml of buffered water (pH 7 with a
phosphate buffer).  100 000 dpm of radio labeled toluene was then injected in all bottles.
Unlabeled toluene was also added to reach a final toluene concentration of 4,4 mg/L of
water.  To trap the 14C-CO2, a 4-mL glass tube containing 1 ml of 1N KOH was placed in
each bottle.  The bottles were sealed with Teflon-lined valves (type Mininert™, Supelco
inc., Bellefonte, PA) and placed in the dark on a rotary shaker at 100 RPM (10°C).  Each
experiment was carried out in triplicate with abiotic controls containing 0,02 % (w/v)
NaN3.  At intervals of approximately 48 hours, KOH was removed for analysis and
replaced by fresh alkali.  KOH samples were counted for trapped 14CO2 with a liquid
scintillation counter (Wallac model 1409, Turku, Finland).

Three series of microcosms were studied.  For each series, granular peat moss
was put in contact with synthetic groundwater (18), tap water, or real BTEX-
contaminated groundwater (Trois-Rivières, Canada).  Contaminated groundwater used in
the third microcosm series was characterized.  Results from the chemical analysis are
presented in table 2.

Hydrodynamic Study

Figure 2 shows a schematic illustration of the experimental setup.  During the
tests, two water lines and a peristaltic pump (Masterflex model 7520-25, Cole-Parmer
Instrument Co., Barrington, IL) with standard pump heads (Masterflex model 7018-20,
Cole-Parmer Instrument Co., Barrington, IL), were used to feed water to the biofilters.
Water was pumped from a 4-L reservoir continually fed by tap water.

The flow pattern of water in the two types of biofilters was evaluated by
determining the residence time distribution (RTD) of a non-reactive tracer (tritium,
3H2O).  For different liquid flow distributors and for hydraulic loading rates ranging from



3 to 12 m³/m².d, a spike of tracer was induced at the entrance of the biofilter.  The water
leaving the unit was sampled at regular interval, between 2 and 10 minutes depending on
the residence time, and counted for tritium isotope with a liquid scintillation counter
(Wallac model 1409, Turku, Finland).

For each experiment, the outlet tracer concentration, C, can be plotted as a
function of time, which is called the C curve.  The RTD curve (or E curve), as defined by
Levenspiel (16), is given by normalizing the C curve in such a way that the area under it
is unity.

In order to characterize the distributions, the mean and variance (or the first and
second moments) are calculated.  In our case, because the distribution curve was only
known at a number of discrete time value ti, equation 4 and 5 were used to determine the
mean residence time (τ) of water in the biofilters and the variance (σ²) or spreading of
the curves.
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where Ci is the concentration of tracer (cpm/mL) measured at the discrete time ti,
and ∆ti is the time interval between two measurements.

Finally, in order to characterize the non-ideality of the flow within the biofilters,
the dispersed plug flow model was used and Peclet numbers were calculated assuming
closed-closed boundary conditions (16, 17).

Chemicals

[UL-ring-14C]toluene (specific activity 9,7 mCi/mmol, purity > 98 %) was
obtained from Sigma Chemical Co. (St-Louis, MO) and used in all microcosm studies.
Regular toluene (purity >99,9 %) obtained from Anachemia Chemicals (Montreal,
Canada), was also used.

Tritium (3H2O) (specific activity 1 mCi/g) was obtained from Sigma Chemical
Co. (St-Louis, MO).

Synthetic groundwater as defined by Ross et al. (18) was used for one of the
microcosms series.  Concentrated H2SO4 was used to adjust the pH value between 6 and
8.

A buffer solution was also used to maintain a stable pH within the microcosms
throughout the experiments.  The composition of the 1M phosphate buffer (pH 7) was
the following (for 100 ml solution) : 39,2 ml of 1M NaH2PO4 and 60,8 ml of 1M
K2HPO4.



RESULTS AND DISCUSSION

Biofilters Design

To treat contaminated groundwater in situ, a biofilter should meet many
requirements (table 1).  In order to develop the best biofiltration unit possible, two
different units were designed because both seemed to have interesting advantages
(relatively to the requirements).  Nevertheless, both configurations also have some
limitations, and the optimization work is to determine which one will be the most
advantageous design.  Advantages and limitations for both designs are summarized in
table 3.

In the percolating design, the water trickles freely through the filtering medium.
Because of the flow type, the surface area available for air/water exchanges is increased,
resulting in a higher dissolved oxygen concentration.  This is an important factor since
the aerobic biodegradation of BTEX is much faster than anaerobic pathways (19).
However, the trickling mode also favors the volatilization of contaminants, which is not
desirable since the destruction of the contaminant in the liquid phase is preferred.
Finally, in order to get an efficient percolating biofilter, a good liquid flow distribution is
needed, which is relatively difficult to obtain at low flow rates (20).  Moreover, the flow
distributor could clog in field conditions and may involve regular maintenance.

In the saturated up flow design, no liquid distribution system is needed, which
means that maintenance could be avoided.  Furthermore, because the filtering medium is
completely flooded, the contact between peat and contaminated groundwater is
increased.  It may be postulated that the biodegradation effectiveness would also be
enhanced (21).  On the other hand, the saturation of the filtering media will not help to
increase the dissolved oxygen concentration in water.

Considering the pros and cons of both designs, the two biofiltration
configurations were tested for their hydrodynamic proprieties, but initially, a complete
characterization of the filtering medium was performed to assess its mechanical and
microbiological properties.

Physical Proprieties of the Granular Peat Moss

After the study of different media, granular peat moss was chosen as filtering
medium (22).  Hydraulic conductivity essays on granular peat moss showed a dry bulk
density ranging from 0,14 to 0,15 g/cm³ and a porosity of 90,2 % (v/v), which is
characteristic of peat moss porosity of 92 % (15).  When completely saturated, the water
content of granular peat moss was 595 % (w/w) and the hydraulic conductivity was
8,1 x 10-1 cm/s, which is comparable to sand or gravel.

In order to characterize a granular peat moss bed, a bench-scale hydrostatic study
was performed.  Solid, static liquid and dynamic liquid retention of 13 ± 1 %, 46 ± 9 %
and 41 ± 6 % (v/v) were found respectively.  With those results, a solid density of
0,81 ± 0,03 g/cm³ and a porosity of 90 ± 10 % (v/v) were calculated, strengthening the
porosity result from the hydrodynamic study.



Thus, it appears that granular peat moss is an extremely porous medium that can
absorb about six times its mass in water.  Hence, a bed of granular peat moss will contain
only 13 % (v/v) of solid, which means an important void space.  It may be concluded that
these properties are ideal for a biofiltration medium since high flow rates may be
imposed to the bed without reaching the drowning point (superficial velocity higher than
the medium hydraulic conductivity).  Moreover, a high porosity means a high peat-water
contact area, which should increase mass transfer between the filter bed and the
contaminant and improve the biodegradation rates.

Intrinsic Biological Activity in Granular Peat Moss

Figure 3 presents the evolution of 14C-toluene mineralization by granular peat
moss microorganisms with different waters at 10 °C.  Standard deviations were
calculated from triplicates.

First, it can be seen that for each experimental series, radio labeled toluene was
mineralized.  Thus, indigenous microorganisms in granular peat moss possess the genetic
capability to degrade toluene.  For the first two series (synthetic groundwater and tap
water), 74 ± 4 % mineralization was obtained.  The plateau was reached after
approximately 20 days with 3 to 5 days of lag phase, which compares very well to the
results obtained by Forget et al. (22).  The third series with contaminated groundwater
was quite different.  No lag phase was observed and the plateau was reached after only 7
days.  Moreover, 78 % mineralization was obtained in 14 days.  The presence of
nutrients and acclimated indigenous micro-organisms in the contaminated groundwater
could explain the accelerated biodegradation observed in the third series, but the
groundwater alone could not be responsible for the mineralization observed since a
groundwater control (with no peat moss) showed no activity.

Even if toluene is the only BTEX compound discussed in the present paper, our
laboratory have also demonstrated the capability of granular peat moss to biodegrade in
aerobic conditions the other compounds (B, E, o-, m- and p-xylenes).

Hydrodynamic Study

The hydrodynamic study was performed in order to estimate the effect of :
1)  biofilter configuration (saturated up flow versus percolation);
2)  hydraulic loading rate (3, 10 or 12,3 m³/m².d);
3)  liquid flow distribution (LFD) in the percolation unit

A. Perforated plate with one feeding line
B. Perforated plate with an H-like distributor
C. Same as B, but with a geotextile on plate
D. Teflon distributor

on the RTD within the biofilters.

Effects of the hydraulic loading rate (HLR) on the RTD for percolation and
saturated up flow modes are presented in figures 4 and 5.  For both designs, it can be
concluded that in the range tested, the HLR does not have an important effect on the
RTD.  Moreover, all responses showed “ early ” peaks, indicating the presence of



channeling of fluid or stagnant regions within the filter bed (16).  The presence of a
strong tailing, as seen in figures 4 and 5, is often observed when a Dirac function is
applied to the system (23,24).  The high porosity of granular peat moss could also
explain the asymmetry of the curves since « wettable » media affect the RTD (25).  This
phenomenon is associated to tracer diffusion in the internal liquid present in the pores of
the catalytic material (the granular peat moss in this case), especially when the diffusion
time is similar to the mean residence time in the reactor.

Results from the pulse tracer experiments performed at a fixed hydraulic loading
rate of 10 m³/m².d for both configurations and for all LFD tested are presented in
figure 6. These results show that all percolation RTDs are similar with slight variations
between the LFD tested.  From this observation, it is concluded that the different liquid
flow distributors tested have a limited effect on the flow type at this HLR.  Knowing that
the system is not extremely sensitive to the LFD, it will be possible to choose the most
robust distributor for eventual field experiments.

The effect of the biofilter design on the RTD can also be observed at figure 6.  In
the percolating mode, the axial dispersion seems larger than observed with the up flow
mode.  The complexity of the flow distribution at low flow rates (20) and the important
diameter/height ratio of the biofilter could explain the poor distribution (26) and the end
effects (27) that would potentially induce more dispersion.

As a general observation, it could be said that for all essays, the residence time
distribution was of the plug flow type with intermediary to large amounts of dispersion
(16).  The Peclet numbers (table 4) agree with this observation.  However, a more
complete comparison of the Peclet numbers would be difficult to make since the
dispersion model does not have an analytical solution for the closed vessel boundary
conditions so that the fitting of the model with experimental data is not possible in the
time domain (16).

From these experiments, it could be concluded that a modification in the HLR
fed to the biofilters will not change dramatically the flow type through the filtering
medium.  Considering the first order kinetic biodegradation rate of 43 min-1 obtained for
toluene at 10°C (22), the residence times found (table 4) appear long enough for the
aerobic biodegradation of BTEX.  However, after long time operation, the biomass
growth and the clogging associated to metal precipitation or suspended solids
accumulation is expected to modify the residence time distribution.

SUMMARY AND CONCLUSIONS

Two 200-L pilot scale biofilters, one operating in percolation and the other in
saturated up flow mode, have been designed and tested for their capacity to meet the
basic requirements for an in situ groundwater filtration system.  Physical
characterization, hydrostatic and hydrodynamic studies have shown that granular peat
moss has a very high porosity, thus is extremely permeable and that both biofilter
configurations exhibits a near plug flow behavior at all flow rates and with the four
liquid flow distribution system tested.  Microbial characterization in aerobic conditions
at 10 °C showed a rapid toluene mineralization by indigenous microorganisms,
particularly in presence of real contaminated groundwater.  Finally, these pilot scale



biofilters are currently tested on an important petroleum company site for their capability
to treat contaminated groundwater at low dissolved oxygen concentrations.  The long-
term stability of the filtering media and the off gas treatment in a 2-L VOC-biofilter are
also tested.
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Table 1.  Basic requirements for an In Situ groundwater filtration system.
Physical requirements for the filtering medium

 important permeability
no compaction
 stable over long periods

Hydrodynamic requirements
low channeling and dead zones
 operate in plug flow mode

Treatment requirements
 support important mineralization activity
 able to operate at 10°C
 able to operate at low dissolved oxygen concentrations
 prevent VOCs volatilization

Table 2.  Media composition for the microcosm experiment.
Parameter (mg/L)
Total BTEX 5,0

Benzene 1,8
Toluene 0,75
Ethyl benzene <0,015
Xylenes 2,4

Total C10-C50 1,1
N-NH4 2
Total iron 37
Sulfate 290
Chlorine 100
Calcium 120
Suspended solids 50

Table 3.  Advantages and limitations of the two biofilter designs.
Advantage (+) /Limitation(-)

Percolation Increased air/water exchanges
+ increases dissolved oxygen concentration
- promotes volatilization of contaminants

Liquid flow distribution needed
- difficult to obtain at low flow rates
- could involve maintenance

Saturated/up flow + no liquid distribution needed
+ better contact between water and granular

peat moss
- less dissolved oxygen available



Table 4.  Peclet numbers (Pe) and moments (τ and σ²) obtained for all RTD.
Design + LFD HLR

(m³/m².d)
Pe ττ

(min)
σσ²

(min²)
Saturation, up flow 3 2.68 146.9 10 515.2
Saturation, up flow 10 4.24 48.6 854.4
Percolation, perforated plate with one feed
point

10 3.65 43.6 763.7

Percolation, perforated plate with H-like
distributor

10 6.49 2.2 464.0

Percolation, perforated plate with H-like
distributor and geotextile

10 2.80 33.7 539.5

Percolation, Teflon tubing distributor 10 4.38 47.1 785.1
Percolation, perforated plate with one feed
point

12,3 3.61 39.5 854.4
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Figure 1.  Schematic illustration of biofilter designs tested : a) percolation mode b) saturated up
flow mode.
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Figure 2.  Schematic illustration of the experimental setup for hydrodynamic study.
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Figure 3.  Mineralization of 14C-toluene at 10°C in aerobic conditions.
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Figure 5. Effect of the hydraulic loading rate on the RTD in the saturated up flow mode.  θ is the
dimensionless residence time (t/τ) and Eθ is the dimensionless RTD function (E*τ).
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ABSTRACT

A laboratory microcosms experiment was conducted using a granulated peat
media to evaluate the biodegradation of radio-labeled benzene, toluene, ethylbenzene and
m-, o-, p-xylene (BTEX) by the indigenous microorganisms.  This organic media was
selected because it offered good hydrodynamic and biological characteristics.  Results
showed that the peat indigenous bacteria were able to mineralize quickly all the BTEX at
a level reaching up to 90% in aerobic conditions at ambient temperature (22°C).  At
10°C, mineralization of all BTEX was observed but with an increase in the lag time, a
reduction of the rate of mineralization and the maximum percentage of mineralization.
Interactions between each BTEX and the other gasoline components demonstrated that
the addition of gasoline had a major impact on the extent of degradation.  Experiments
under denitrification, sulfate-reduction and iron reducing conditions showed that the lag
time was considerably increased. Toluene biodegradation in continuous flow using
500 mL flow-through reactor showed a kinetic constant of 0,41 min-1 at 10°C.  The
reactor was operated for more than five months and the removal of toluene exceeded
97% when the residence time was lower than 8 minutes. It was concluded that this
organic granulated media possesses the microbiological and mechanical characteristics
required for an utilization as a filtering media in a biofilter for the treatment of BTEX
impacted groundwater.



INTRODUCTION

Contamination of groundwater by benzene, toluene, ethylbenzene and m-, o-, p-
xylene (BTEX) is often due to leakage of underground storage tank or accidental spills.
When a gasoline spill occur, BTEX tend to migrate rapidly to the groundwater due to
their moderate adsorption coefficient onto soil.

In the objective of developing a passive in situ treatment, consisting of a
biofilter, for the treatment of BTEX contained in groundwater, an organic granular peat
media was investigated (1).  This study showed that the organic granulated media
demonstrated good mechanical properties such as hydraulic conductivity and porosity.
Laboratory microcosms and column experiments, conducted under aerobic conditions at
10°C, showed that the indigenous microbiota of the organic granulated media
mineralized toluene after a short acclimation period and without any addition of
nutrients.

As for the degradation of BTEX under anaerobic conditions, many studies have
shown that toluene, ethylbenzene and the three xylene's isomers (meta, ortho and para)
were easily degraded under denitrifying conditions (2).  However, a majority of authors
have observed that benzene is not degraded under these conditions (3, 4, 5, 6, 7, 8).  In
fact, sulfate is the only electron acceptor, naturally present in the environment, for which
anaerobic biodegradation of benzene was demonstrated (9, 10, 11, 12, 13, 14).  For the
biodegradation of benzene using ferric hydroxide (Fe(OH)3) as the electron acceptor,
degradation has been observed only when chelators (ex.  EDTA, NTA) were added (11,
15, 16).

Therefore, the goal of this study was to investigate the use of an organic
granulated media as a filtering media to be used in a biofilter developed for the treatment
of BTEX contaminated groundwater.  This study focused on four objectives:

1) To determine if the organic granulated media possesses indigenous
microorganisms able to degrade all BTEX aerobically at 10°C and 22°C.

2) To study the influence of the other constituents of gasoline on the kinetic of
degradation of BTEX.

3) To determine which electron acceptor between nitrate, sulfate and ferrous
hydroxide is the most favorable for the biodegradation of BTEX under anaerobic
conditions.

4)  To determine the kinetic of toluene aerobic biodegradation in a continuous
flow bioreactor.



MATERIALS AND METHODS

Organic granulated peat media

The organic granulated peat media used for the experiments was composed of
peat moss aggregated with a polymer into 2 cm pellets with a patented process by
Premier Tech (Rivière du Loup, Québec, Canada).

Chemicals

The radio-labeled chemical used were: [UL-14C]benzene : 58,2 mCi/mmol, ≥98%
purity ; [UL-ring-14C]toluene : 60 mCi/mmol, >98% purity ; [UL-ring-14C]m-xylene :
0,06 mCi/mmol, >96% purity ; [UL-ring-14C]o-xylene : 1,8 mCi/mmol, ≥96% purity ;
[UL-ring-14C]p-xylene : 0,15 mCi/mmol, ≥96% purity from Sigma Chemical, St-Louis,
MO and [U-ring-14C]ethylbenzene : 2 mCi/mmol, 99,47% purity from Wizard
Laboratories, Inc., West Sacramento, CA.

In the microcosms experiments, two different liquid media were used: a mineral
salts medium (MSM) (17) and a synthetic groundwater representative of Montreal’s
groundwater (18).  A phosphate buffer was added to the liquid media in order to maintain
the pH at 7 ((in g/L) : NaH2PO4·H2O : 3,25 ; K2HPO4 : 6,35).

The electron acceptors added to the microcosms under anaerobic conditions
were: for denitrification: sodium nitrate (2,3 g of NaNO3/L); for sulfate reduction:
sodium sulfate (2,7 g of Na2SO4/L); for iron reducing conditions: ferrous hydroxide (III)
(11,9 g of Fe(OH)3/L) prepared according to Lovley and Philips (19).

The anaerobic conditions in the media were maintained using an anaerobic
solution of Cysteine-Na2S (1,25%) (L-Cysteine, 98%, Sigma Chemical, St-Louis, MO). A
concentration of 100 mL of Cysteine-Na2S/L of synthetic groundwater solution was
added to each microcosms.

Microcosms preparation

Experiments conducted under both aerobic and anaerobic conditions were
performed using 120 mL serological bottles (microcosms).  Each microcosm contained
2 g of organic granulated peat media, 80 mL liquid media, either the MSM or the
synthetic groundwater solution, 0,4 µL of the radio-labeled selected BTEX, a tube
containing 1 mL KOH (1 N) solution used to collect 14CO2 produced by the
mineralization of the BTEX.  To prevent the loss of contaminant by volatilization the
microcosms were sealed by a MininertTM valve (Supelco, Bellefonte, PA).

For the aerobic microcosms, 0,016 g of sodium azide (NaN3) (Anachemia,
Montréal, Qc) was added in the abiotic controls to kill the microbial population.  The
solution was bubbled with air for an hour prior to the addition of BTEX to insure aerobic
conditions.



The anaerobic microcosms were prepared with one of the three electron acceptor
(nitrate, sulfate, ferrous hydroxide), the anaerobic solution and a dry anaerobic indicator
strip (Becton Dickinson, Cockeysville, MD).  This indicator was used  to make sure that
anaerobic conditions were maintained.  The indicator was blue when oxygen was present
and turned to white in the absence of oxygen, at an oxido-reduction potential of about
-200 mV.  The abiotic controls contained 0,08 g of mercuric chloride (HgCl2)
(Anachemia, Montréal , Qc) to kill the anaerobic microbial population.  The solution was
bubbled with nitrogen HP+ (Air Liquid) for an hour prior to the addition of BTEX.

Microcosms were incubated in the dark.  The 14CO2 contained in the KOH
solution of each microcosms was analyzed with a liquid scintillation counter
(Wallac 1409, Turko, Finland).

Aerobic BTEX biodegradation potential

To determine if the organic granulated media contained the indigenous
microorganisms able to degrade BTEX under aerobic conditions, a mineralization test
was carried out at ambient temperature (22°C).  Each of the six BTEX was tested
individually with three replicates and two abiotic controls.  MSM solution was used to
make sure that there were no nutrient limitations.  A total of 30 microcosms were
conducted and followed.

Since the experiment at 22°C and no nutrient limitations demonstrated that the
organic granulated peat media possessed the indigenous microorganisms capable of
degrading BTEX, an experiment at 10°C using synthetic groundwater was performed.
This temperature was chosen because it is representative of groundwater in Canada.
Each of the six BTEX was tested individually with three replicates and one abiotic
control.  Microcosms (total of 24) were incubated in the dark at 10°C.

Interaction with gasoline

The effect of other contaminants contained in gasoline on the degradation of
each of the BTEX, was also assessed. As with the other experiments, each of the six
BTEX was tested individually in triplicates with and without gasoline.   Abiotic controls
were also conducted.  For the microcosms containing gasoline, 28 µL of unleaded
gasoline was added to synthetic groundwater (18) corresponding to a concentration of 24
mg/L of total BTEX per microcosm.  A total of 48 microcosms were incubated in the
dark at 10°C.

BTEX biodegradation under anaerobic conditions

In this experiment, each of the six BTEX was tested individually in presence of
each of the three electron acceptor separately (nitrate, sulfate and ferrous hydroxide)
added to synthetic groundwater.  Triplicates and one abiotic control were performed.
The 96 microcosms were incubated in the dark at 10°C.



Toluene degradation in continuous flow bioreactor

The degradation of toluene in continuous flow, was studied in a 500 ml column
using the organic granulated peat media as the filtering media.  The experimental set-up
is shown in figure 1.  The column was 44 cm high with an internal diameter of 39 mm
and was equipped with sampling ports at the inlet and at the exit of the column.  To avoid
the adsorption of toluene on surfaces, the apparatus was made with glass, stainless steel
and Teflon tubing.  The synthetic groundwater used (18) was stored at 10°C, in a tank
continuously bubbled with air.  This allowed to maintain a dissolved oxygen
concentration of about 11,7 mg/L.  Toluene was introduced in the reactor with a syringe
pump upstream of a static mixer.  Dissolved oxygen concentration was measured on line
at the column outlet with a dissolved oxygen polargraphic meter (Cole Palmer, Vernon
Hills, IL).  The reactor was operated for residence times ranging from 2,1 minute to 2,4
hours.  Concentration in toluene was measured routinely at the inlet and outlet of the
column using a GC-MS (Varian 3400, Saturn II, Walnut Creek, CA).

RESULTS AND DISCUSSION

Aerobic BTEX biodegradation potential

Results indicated that the indigenous microorganisms present in the organic
granulated peat media were able to mineralize all BTEX under aerobic conditions.
Mineralization reached 60 to 90% after a period of 30 days (figure 2). The maximum
mineralization was 93% for benzene, 82% for toluene, 72% for ethylbenzene, 62% for m-
xylene, 68% for o-xylene and 73% for p-xylene.  The lag time for each of the BTEX
varied from one to two days.  Abiotic controls showing volatilization of the contaminants
were subtracted from the replicates average in all curves in order to facilitate
interpretation of the results.  In all cases, volatilization varied from 0 to 5 %.  The
capacity of the peat indigenous microbial population to degrade all the BTEX could be
attributed to their chemical analogy with the lignin molecules (20).

The experiment conducted at 10°C with synthetic groundwater showed a much
slower kinetic.  In general, the lag time was longer, the mineralization rate was reduced
and the maximum percentage of degradation was less important than at 22°C with MSM
(figure 3).  For benzene, the lag time increased from 1 to 3 days and the maximum
percentage of degradation showed a plateau at 65% instead of 93% in 30 days.  For
toluene, the lag time also increased from 1 to 3 days and the maximum percentage of
degradation was reduced from 82% in 30 days to 65% in 60 days.  For ethylbenzene, the
lag time increased from 2 to 5 days but the maximum percentage of degradation stayed
approximately the same but was reached in 55 days compared to 30 days  at 22°C.  For
m-xylene, the lag time was quite long and passed from 2 to 20 days.  For o-xylene, the lag
time stayed about the same as well as the maximum percentage of degradation.  Finally,
for p-xylene, the lag time also encountered a large increase from 3 to 15 days.  In the
literature, aerobic degradation of p-xylene alone was also found to exhibit very long lag
time of 3 weeks (21).



Interaction with gasoline

This experiment demonstrated that the addition of gasoline resulted in a negative
effect on the degradation of BTEX.  It was observed that the lag time increased,  the
mineralization rate decreased and the maximum percentage of degradation was lowered
(figure 4).  After 60 days of incubation, no significant degradation was observed for
benzene and m-, o- and p-xylene.  It was reported that p-xylene produced a negative
effect on the rate of degradation of benzene (21).  As for o-xylene, it was reported that
this compound was one of the most recalcitrant of BTX (22, 23).  This experiment also
showed that 60% of the o-xylene, when taken alone, was mineralized, meaning that the
other compounds of the gasoline produced a strong inhibitory effect.  For toluene, the lag
time increased from 3 to 10 days and the maximum percentage of degradation remained
the same.  For ethylbenzene, the lag time was pretty much the same but the maximum
percentage of degradation went from 60 to 20%.  An explanation for the inhibitory effect
of gasoline, could be attributed to the fact that the microorganisms needed an adaptation
period to the multitude of contaminants.  Some of these compounds could be toxic for the
microorganisms.  Moreover a certain level of preferential utilization of a parent
compound could not be ruled-out.

BTEX biodegradation under anaerobic conditions

After 60 days of incubation, no degradation of toluene was recorded for the microcosms
using ferrous iron and sulfate as the electron acceptor (figure 5) (data are presented only
for toluene because it was observed that benzene, ethylbenzene and xylenes were not
degraded with any of the electron acceptors).  Under denitrifying conditions, 10%  of the
toluene was mineralized after a 30 day lag phase period.  However, a large variation
between the replicates was observed.  Since the experiment was still underway at the
time of writing, it is too early to draw any definite conclusions.  Other studies conducted
under anaerobic conditions showed lag time for toluene, o-xylene and benzene of 22, 37
and 184 days respectively and that, for a soil already containing microorganisms exposed
to the contaminant (24).  Other authors showed that the lag time of benzene could vary
from 60 to 400 days under sulfate-reducing conditions, 50 to 100 days under iron
reducing conditions and that no degradation occurred under denitrifying conditions (13).

Toluene degradation in continuous flow bioreactor

Different residence time were tested in the continuous flow bioreactor ranging
from 2,1 minutes to 2,4 hours.  The toluene concentration for the different residence
times is shown in table 1.

When operated at residence time below 8,1 minutes, the residual toluene concentration
was under 50 µg/L.  A first order kinetic constant was found to be 0,41 min-1 with the
hypothesis that the reactor was of piston type and was operating under permanent regime
when samples were taken.  Jones (25) has reported a kinetic constant of 0,43 min-1 for the
aerobic biodegradation of toluene in batch with activated sludge and Chiang (26) has



measured a kinetic constant of 6,9*10-6 in a sandy aquifer with low dissolved oxygen
content.  No data concerning kinetics of toluene degradation within peat moss has been
found in literature.  Furthermore, the filtering media did not show any signs of clogging
after more than 6 months of operation at 10°C.

CONCLUSION

An organic granulated peat media was tested for its ability to biodegrade BTEX.
Under aerobic conditions at 22°C and with MSM, the experiments were conclusive and
mineralization of BTEX reached 60 to 90% in 30 days.  At 10°C and using synthetic
groundwater, the lag time increased and the maximum percentage of degradation was
lowered but all BTEX were mineralized.  When gasoline was added to the microcosms,
the effect on the biodegradation of the BTEX resulted in an increase in the lag time and a
reduction of the maximum percentage of degradation.  An investigation of the most
favorable electron acceptor was also undertaken which have not shown any conclusive
results yet.  The organic granulated media was tested for toluene degradation in a
bioreactor operated in continuous flow under aerobic conditions at 10°C.  An excellent
kinetic constant of 0,41 min-1 was obtained.  In conclusion, this organic granulated media
possesses the microbial and mechanical characteristics required for a filtering media for
the biodegradation of BTEX impacted groundwater.
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 Table 1 Effect of residence time on the final toluene concentration in the column
experiment

Residence time Ci Cf Efficiency
(µg/L) (µg/L)

2,4 hours 800 3.3 99,6%
10,6 min 920 16 98,3%
8,1 min 2000 39 98,0%
4,2 min 1300 360 72,3%
2,1 min 1100 380 64,5%
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Figure 1 Experimental set-up for the continuous flow column experiment
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Figure 2 Aerobic biodegradation of BTEX in microcosms at 22°C
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Figure 3 Aerobic biodegradation of BTEX in microcosms at 10°C
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Figure 4 Aerobic biodegradation of BTEX with and without gasoline at 10°C
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ABSTRACT

Organophosphorus compounds (OPCs) are significant major environmental pollutants due to
their intensive use as pesticides. A tri-enzyme screen-printed potentiometric electrode was developed
for OPCs determination. The electrode consists of a thick carbon film screen-printed upon the
ceramic support. Three enzymes peroxidase, choline oxidase, and choline esterase are co-
immobilized on the surface of the carbon layer. The determination of choline esterase activity is based
on a sequence of enzymatic reactions: (i) butyryl choline hydrolysis catalyzed by  choline esterase; (ii)
choline oxidation catalyzed by  choline oxidase; and (iii) hydrogen peroxide electroreduction 
catalyzed by peroxidase. The OPC detection is based on choline esterase inhibition by analyte. The
technique employs low cost disposable sensing elements. The assay allows determination of OPC in
sub-micromolar concentration ranges with an overall assay time of 20 minutes. Reproducibility of the
enzyme sensor technology and the lifetime of the disposable sensing elements are evaluated.
Applicability of the assay is illustrated by detection of comon of organophosphorus pesticides.



INTRODUCTION

Organophosphorus compounds (OPCs) are significant major environmental and food chain
pollutants [1] due to their intensive use as pesticides in agriculture. Other important sources of such
pollutants are manufacturing sites, spills during their transportation, and inappropriate use and
storage. Chemicals of this group are also the basis for several different chemical weapons, a potential
source of serious environmental problems due to deliberate use, accidents or improper disposal. The
destruction of OPC-based chemical weapons mandated by international agreements or as part of
routine operations also leads to problems in environment control and protection, as well as stringent
monitoring requirements in the OPC production plants. Pollutants of this type are found to be present
in many sampled soils, streams, ground and waste waters. One of the most important preventive
measures in this case is to rapidly determine the source of the pollutant and magnitude of the threat
using on-site measurements.

The most general approach to determination of the organophosphorus compounds is based
on their inhibitor properties on the activity of choline esterase enzymes. Choline esterases are
hydrolases catalyzing the reaction of hydrolysis of a particular choline ester (butyryl-choline, acetyl-
choline, etc) to the corresponding carboxylic acid with release of choline:

              Choline Esterase

R-choline + H2O ------------------------> R-COOH + choline (1)

The presence of low concentrations of inhibitors strongly and specifically affects enzyme
activity. Therefore, by measuring the enzyme activity the concentration of the organophosphorus
compounds can be assayed.

The popular method of determination of choline esterase activity is based on coupling
choline esterase enzyme with choline electrode. This coupling consists in two consecutive enzyme
reactions: first catalyzed by choline esterase, and second, catalyzed by choline oxidase.

Systems using this method as an amperometric choline sensitive electrode have been
described [2-7]. The choline electrode usually consists of an amperometric transducer and
immobilized choline oxidase. The most frequently used electrochemical transducers are hydrogen
peroxide electrodes. The amperometric signal in this case is due to electrooxidation of hydrogen
peroxide, which is the co-product of the enzymatic choline oxidation:

                     Choline Oxidase

choline + O2-----------------------> betaine + H2O2 (2)

Choline electrodes coupled with acetyl-choline esterase have been described as sensor for
several  acetyl-choline esterase inhibitors: NaF, butoxycarboxime, trichlorfon, dimethoate [8],
malathion [9] paraoxon, aldicarb [10, 11]. All these studies used model toxic compounds and
consisted of preliminary laboratory investigations aimed at environmental pesticide control. The assay
time involves the stage of incubation of choline esterase with OPC containing solution (usually the
longest stage of the assay). Longer incubation time results in lower assay detection limit. Therefore,
rapidness of the assay is in the tradeoff with the assay detection limit. The detection limits for
different OPCs are different because of different ability to inhibit choline esterase ranging from 10-6 to
10-9 M. The detection limits for different OPCs can differ in 3 orders of magnitude [12]. In general,
more toxic OPC inhibit choline esterase stronger than less toxic one, and detection limit for more
toxic OPC is lower comparing to that for less toxic OPC.

A potentiometric electrode based on direct mediatorless bio-electrocatalysis for
determination of choline and butyril-choline is under development [13]. The electrode consists of a



carbon based material and enzymes: peroxidase and choline oxidase co-immobilized on the electrode
surface. Choline oxidase catalyzes the reaction of choline oxidation accompanied with hydrogen
peroxide formation. Hydrogen peroxide acts as a substrate of the enzyme peroxidase. In this system
peroxidase catalyzes the reaction of hydrogen peroxide electro-reduction. The mechanism of this
reaction is ‘mediatorless’, based on direct electron transfer from electrode to substrate molecule via
the enzyme active center [14]:

                                   Horseradish Peroxidase on Electrode

H2O2 + 2e- +2H+ ------------------------------------------> 2H2O (3)

Therefore, the enzyme peroxidase acts as an electrocatalyst (bio-electrocatalyst) eliminating
the over-voltage for hydrogen peroxide reduction at the electrode. As result a significant increase of
the electrode potential (_E) - anodic shift towards the equilibrium potential of the redox couple
H2O2/H2O occurs. The rate of this increase (_E/_t) is proportional to the hydrogen peroxide
production rate. Using the two enzymes peroxidase and choline oxidase in a coupled system allows
determination of choline concentration as a result of the consecutive reactions. Choline concentration
assay is based on the measurement of the rate of electrode potential increase (_E/_t).

EXPERIMENTAL

Reagents and Electrodes Preparation

The biosensor employs a multi-enzyme system arranged in the form of a disposable
miniature electrode (Fig. 1). The prototype electrode is manufactured by screen-printing technology
allowing mass fabrication of the sensing element with good reproducibility. The three enzymes:
peroxidase, choline oxidase and choline esterase are coimmobilized on the screen printed carbon
electrode surface. This tri-enzyme system provides a mean for determination of choline esterase
activity as a result of the consecutive enzyme reactions (1-3).

Horseradish peroxidase, choline oxidase, butyryl choline esterase (from Arthrobacter
globiformis), choline, butyryl choline, trichlorfon ([2,2,2,-thrichloro -1-hydroxyethyl) phosphonic
acid), dichlorvos and glutaraldehyde were used. The screen printed carbon electrode was doped by 50
µl of a solution containig peroxidase, choline oxidase and butyryl choline esterase (3 mg/ml each) in
PBS. The electrode was then soaked for 2 hours in 12.5 % v/v solution of glutaraldehyde in PBS at
room temperature and stored overnight at 4 °C. This resulted in the preparation of a tri-enzyme
electrode with the three enzymes co-immobilized on the electrode surface by glutaraldehyde cross-
linking. The electrodes were stored dry at 4 °C.

Measurements Procedure

Measurements were performed in a cell containing 1 ml of PBS. The reaction was started by
the addition of an aliquot amount of substrate (butyryl choline) into the cell. Potential changes were
measured by means of a high impedance voltmeter (DM 2010, Keithley Instruments, Inc., Cleveland,
OH). As a reference, an Ag/AgCl electrode was used. The potentiometric output (electrode response)
was obtained as the rate of potential change (mV/min) and registered on a X(t)-Y recorder
(Omnigraphic-2000, Houston Instruments Inc, TX). The electrode response for a particular substrate
concentration characterizes the electrode activity.

Electrodes were tested in a miniature electrochemical cell using a standard Ag/AgCl
reference electrode. A conventional high impedance voltmeter was used for signal registration.
Trichlorfon (a low-toxic laboratory model OPC) was used as a model analyte for the optimization of
the inhibitor assay procedure. The procedure consists of three steps: incubation stage: precalibration



of the sensing element by obtaining its response to a standard concentration of butyryl choline as
∂E/∂t |in at certain pH level and temperature (procedure optimization parameters); inhibition stage:
incubation of the sensing element in a solution containing inhibitor at certain pH level and
temperature (procedure optimization parameters);  detection stage: obtaining of the resulting sensor
response after inhibition as ∂E/∂t |res and normalizing it to the initial response to obtain the sensor
response (SR) which is a function of the inhibitor concentration (Cinh) as:

SR (Cinh)   =  {(∂E/∂t |in) -  (∂E/∂t |res)} / (∂E/∂t |in) (4)

After measurement electrode was washed by distilled water, immersed into the measuring
cell containing fresh PBS and depolarized during 30 seconds by forced polarization in order to return
the electrode potential to the background value. The potential of depolarization of    0.0 mV vs
Ag/AgCl reference electrode was used. A potentiostat (CV-1B, Bioanalytical Systems, Inc., West
Lafayette, IN) was used for electrode depolarization. After depolarization the electrode was ready to
perform next measurement.

RESULTS AND DISCUSSION

Reproducibility of the Inhibitor Assay

Fig. 2 presents typical protocols of the consecutive measurements of ∂E/∂t |in and ∂E/∂t |res as
described in the inhibitor assay procedure. The assay allows determination of OPC in sub-micromolar
concentration ranges. The overall assay time including all aoperation stages is 20 minutes.

Technology for electrode fabrication was evaluated in terms of its reproducibility. Series of
sensors (manufacturing batches) were fabricated while varying the number of the electrode in the
series (from 3 to 15) and the number of electrodes which undergo simultaneously the electrochemical
treatment. The limitations of the manufacturing process were assessed demonstrating the advantages
of larger batch production. The overall reproducibility of the sensors analytical characteristics was in
the acceptable level of 15 % deviation from the expected sensitivity within a batch. Batch-to-batch
reproducibility vas found to be within 25 % of the expected value.

Electrodes were incubated in solutions during the incubation stage and during the inhibition
satge at different pH and the sensor response was tested. Maximum inhibition is observed for pH 10.
Investigation of the dependence of pH of the inhibitor containing solution on the inhibition effect of
trichlorfon allowed to select pH 10 for the OPC assay optimization at different temperatures.

An increase in temperature of the inhibitor containing the solution enhance the inhibition
effect. However, a high temperature above (45 °C) leads to thermal inactivation of the enzymes.
Electrodes were incubated at different temperatures (in thermostated cell) during the incubation stage
and during the inhibition satge and the sensor response was tested at pH 10. It was found that the
change in temperature during the incubation stage from ambient (23 °C) to elevated (43 °C) does not
effect significantly the sensor response. The sensor response decreases with the increase in the
temperature from 23 °C to 37 °C and demonstrates a local maximum at 40 °C. It should be noted
from the practical point of view that the temperature dependence is expressed as a plateau of high
sensor response from 32 °C to 40 °C which provides an advantage or relative insensitivy of the assay
performance to temperature variations. When incubating the sensor at 40 °C for 10 min., a detection
limit of 5 nM (1.3 ppb) concentration of trichlorfon was achieved.



Disposable Sensor Shelf Life Time

Sensors life time has been investigated in a series of experiments. Batches with standard
made sensors were kept in defined conditions (in refrigerator at 4 °C, at room temperature at 20 °C
and in an incubating box at 40 °C). At particular time intervals sensors from those batches were tested
with a model OPC (trichlorfon) to determine the sensitivity of the sensor response to the inhibitor.
Having in mind that the sensors are disposable, shelf-life time of the electrodes made by this
technology was determined as the period of time within which the sensor sensitivity obtained in the
test does not fell outside the deviation range of the in-batch reproducibility (15 %). Dropping the
sensitivity bellow 15 % was considered as a manifestation of the decline in the sensor performance.
Sensors life-times when stored at elevated temperature were shorter then two days. During the first
measurement the sensors showed lower signal than the level of expectation. While stored in ambient
temperature the sensors demonstrated a shelf-life time of one week (see Fig. 3).  sensitivity of the
sensors remained practically constant for more that 25 days when kept refrigerated (see Fig. 4).
Experiments with the sensor batch stored at  4 °C are steel in progress. This results can be considered
acceptable from the practical point if view as pertinent to a system where no spacial packaging was
used for sensor preservation. Introducing packaging technologies as a part of the development of this
assay system could significantly improve shelf life time of the sensors.

Organophosphate Pesticides Assay

Fig. 5 demonstrates the calibration curve for an actual pesticide dichlorvos determination
obtained under optimized conditions. The lowest concentration of dichlorvos assayed with 10 min of
incubation of the electrode in inhibitor containing solution was 50 ppb. This resulted in approximately
80 % of  relative signal decrease. The detection limits for different OPCs are different because of
different ability of OPCs (closely related to their toxicity) to inhibit choline esterase. The detection
limits for different OPCs can differ in 3 orders of magnitude. In general, more toxic OPC inhibit
choline esterase stronger than less toxic ones, and detection limit for more toxic OPCs is lower
comparing to that for less toxic OPCs. Having in mind that the detection limit of our sensor for
trichlorfon (less toxic OPC) is close to 1 ppb one can expect similar or better performance with
respect to dichlorvos to be achieved. Reported in the literature detection limits for dichlorvos are 60
ppb (obtained with solubilized choline esterase) and 1.7 ppm (with immobilized enzyme).

Fig. 5 predicts much better performance of our system compared with the literature data.
The overall assay time includes the incubation in the analyte solution and the duration of
measurements of electrode activity before and after the incubation step. The duration of the
measurements of electrode activity does not exceed 5 min for each assay, therefore, the overall assay
time is about 20 min.  Further development of electrode manufacturing in order to improve the
reproducibility of electrode performances within one manufacturing set of electrodes will avoid the
need for measurement of initial activity of each electrode. In this case, one electrode from the set can
be used for determination of the initial activity of the whole set. This will result in only one
measurement of electrode activity for inhibitor assay and will lead to decrease of the assay time.

CONCLUSION

This work demonstrates the potential for application of potentiometric enzyme electrodes
based on mediatorless enzyme electrocatalysis for fast and sensitive assay of organophosphorus
pesticides. The sensing element based on screen-printed carbon material permits mass fabrication of
the sensing elements at low cost which is essential for the disposable sensor concept. The electrode
does not require any low-molecular weight mediator and can be arranged as an ‘all-solid-state’ sensor.
Such electrodes, being based on a potentiometric principle, are suitable for miniaturization and
arrangement in multi-sensor array for simultaneous determination of several analytes in real samples



This work demonstrates the optimization of the assay parameters: it establishes the optimal pH and
temperature rang for maximal electrode response. The assay allows determination of OPC in sub-
micromolar concentration ranges with an overall assay time of 20 minutes. Reproducibility of the
enzyme sensor technology and the lifetime of the disposable sensing elements are evaluated.
Applicability of the assay is illustrated by detection of comon of organophosphorus pesticides.
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Figure 1. View of the biosensor for OPC assay:
Screen-printed carbon electrode with immobilized enzymes (1), Ag/AgC1 reference electrode (2),

electrical contact areas (3) and ceramic chip (4).

Figure 2. Measurements before (a) and after (b) inhibition.
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Figure 3. Evaluation of the sensor shelf life time at room temperature.

Figure 4. Evaluation of the sensor shelf life time under refrigeration.

DICHLORVOS CONCENTRATION, ppm

Figure 5. Calibration curve for dichlorvos.
Conditions: pH 10, incubation temperature 40 ºC, incubation time 10 min.
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The “Free Product” Dilemma:  Is Free-Product

Removal Required to Achieve Site Closure?

Amanda L. Spencer, R.G., Ann M. Holbrow, Tom Graf, P.E.
Geomatrix Consultants, Inc.

Free product removal is often mandated by regulatory agencies based on per-
ceived legal requirements. However, requirements of Federal and many state laws are
frequently not specific and, simply require protection of human health and the environ-
ment, and maintenance of the beneficial uses of waters of the state. Specific actions, such
as complete removal of free product, are generally not codified. Regulatory agencies
have discretion to consider whether removal of free product provides a net benefit in re-
ducing risk posed by the site. As presented in this case study, site closure can be
achieved by demonstrating that human health and the environment are not significantly
impacted by the presence of the product and by developing a long-term management
strategy for managing the free product left in place.



INTRODUCTION

Historically, free product removal has been mandated at many sites affected by
petroleum hydrocarbons as a condition of site closure. The rationale for removal is based
on perceived legal and regulatory requirements and is typically considered outside the
context of the potential risk related to the presence of free product in the subsurface. Re-
moval of free-phase petroleum1 has routinely been initiated without evaluating the need
for or net benefit of removal. Free-phase petroleum removal has been required at sites
where groundwater has not been significantly impacted and the presence of free product
poses no significant risk to human health or the environment. Often this removal is very
expensive, time consuming, and ultimately does not have a material impact on the pro-
tection of groundwater, surface water, human health, or the environment.

This paper presents a case study for site closure without removal of free product.
The case study site is located in California, one of the more highly regulated states, and a
state in which free product removal is generally a requirement for site closure. The first
step for obtaining closure at this site was a review of applicable California and federal
laws to (1) demonstrate to the regulators that free product removal was not a requirement
of the law (as was perceived); (2) identify the actual requirements of the law; and (3)
identify the areas of the law that allow regulators the discretion for determining the most
appropriate actions to uphold the law. The second step was to assess conditions at the
site to demonstrate that the law was upheld while allowing free product to remain in
place.

CASE STUDY

The following case study provides a specific example of conditions at a site that
did not warrant further removal of free-phase petroleum to meet the requirements of
California or federal law. As an introduction, historical information for the site is pro-
vided. An overview of the applicable federal and California laws illustrates the actual
requirements of the laws. This is followed by a description of the assessment conducted
for the case study site to demonstrate that all the requirements of the laws had been met
and closure was appropriate with free product remaining in place.

                                                          
1 Free-phase petroleum is not specifically defined in the law, regulations, or policies reviewed as

part of preparation of this document; however, it is defined herein as a petroleum product that
exists in a mobile phase in the subsurface such that it could flow to a recovery well or trench and
collects in measurable thickness (>0.01 foot) in a well.  The terms free product and separate-
phase product are commonly used in the literature and are used interchangeably with free-phase
petroleum throughout this document.



Site History

The location for this case study is a former trucking facility operated from 1944
to 1986. The site was formerly part of the tideland and marsh area of the San Francisco
Bay, which was filled gradually until 1969. The site consists of approximately 17 acres
and is bounded by a Creek to the south, a highway to the west, and streets to the east and
north (Figure 1). The Creek discharges to San Francisco Bay, which is located approxi-
mately 0.1 mile west of the site. Approximately 13 northern acres of the site were devel-
oped as a commercial center and the remaining 4 southern acres were undeveloped and
unpaved, but planned for development as a hotel.

While occupied by the trucking company, eight underground storage tanks were
installed and operated at the site until they were removed in 1986. A release or releases
from one or more of eight underground fuel storage (USTs) at the site resulted in the
presence of free product on the water table. Operation of a groundwater/product extrac-
tion system over 15 months removed 800 gallons of free-phase petroleum and treated 1.3
million gallons of groundwater; operation was discontinued in 1990. Small but measur-
able thicknesses of free-phase petroleum (less than 0.1 feet) were still present in some of
the wells in 1997.

Soil and groundwater samples at the site were analyzed for total petroleum hy-
drocarbons as gasoline (TPHg) and as diesel (TPHd) as well as common constituents of
petroleum hydrocarbons, including benzene, toluene, ethylbenzene and xylenes (BTEX),
and polycyclic aromatic hydrocarbons (PAHs). Gasoline and diesel represent variable
mixtures of chemicals that do not have descriptive health criteria. As is the practice in
California (Cal-EPA, 1994), potential health risks associated with these materials are
generally evaluated by considering the aggregate toxicity of key individual constituents
of the mixture. At this site, BTEX and PAHs detected in the dissolved-phase in ground-
water or in the separate-phase material were considered chemicals of potential concern
(COPCs).

Regulatory Overview - Federal Laws

Federal environmental laws are codified in the United States Code (USC). Par-
ticular sections applicable to free product removal include:

• Title 42 of the USC, Section 6991b Release, Detection, Prevention, and Cor-
rection; and

• Title 3 of the USC Section 1251 Federal Water Pollution Control Act (as
amended by the Clean Water Act of 1977).

These laws do not expressly require the removal of free product; rather the ob-
jectives of corrective action must be to protect human health and the environment.

Regulations developed under the USC that address petroleum hydrocarbon
releases include:

• Title 40 of the Code of Federal Regulations (CFR) Part 112 (Aboveground
Storage Tank Regulatory Program);



• Title 40 of the Code of Federal Regulations (CFR) Parts 112.3 and 112.7
(Spill Prevention Control and Countermeasures or SPCC); and

• Title 40 of the Code of Federal Regulations (CFR) Part 280 (Underground
Storage Tank Regulation).

Parts 112, 112.3, and 112.7 of Title 40 of the CFR do not expressly require free
product removal from the subsurface. Free product removal is addressed in Part 280 of
Title 40.  Section 280.64 Part 280 states that an owner or operator that has caused the
release of petroleum hydrocarbons to the subsurface must “…remove free product to the
extent practicable as determined by the implementing agency…” [emphasis added]. This
demonstrates that, under federal regulations, regulatory agencies have discretion in
determining the appropriate measures to be taken to address free product in the subsur-
face.  This discretion is supported by the United States Environmental Protection Agency
(US EPA). The US EPA developed an EPA directive (Streamlined Implementation for
UST Corrective Action or EPA 510-F-93-011) in March 1993 which “provides guidance
and examples of how agencies (primarily state and UST programs) have used and can
use the flexibility in the federal regulations to improve the efficiency and effectiveness
of their programs and make cleanups faster, cheaper, and more effective.” In this
directive, the US EPA provides risk assessment as a possible approach for documenting
that site-specific conditions do not warrant further cleanup.

Regulatory Overview −− California Laws

In California, laws governing the cleanup and abatement of sites that have expe-
rienced releases of hazardous substances, including petroleum release cases, are provided
in Division 7 (Water Quality) of the Water Code and Chapter 6.75 (Petroleum Under-
ground Storage Cleanup) of the Health and Safety Code (H&SC).

The Water Code

Sections 13140 (Adoption of Policy by State Board), 13240 (Adoption of Plans
for Areas in Region), 13304 (Cleanup and Abatement Order . . .), and Section 13307
(Oversight Responsibility) of Division 7 of the Water Code provide the fundamental law
for maintaining quality of state waters (surface and groundwater) and the authority to
establish policies and procedures to implement the law. There is no specific mention of
free-phase petroleum removal in the Water Code.

Section 13140 of the Water Code provides that the “state board shall formulate
and adopt state policy for water quality control.”  Section 13240 of the Water Code calls
for adoption of a water quality control plan by each region in California (i.e., the
“regional boards”) and states that “such plans shall conform to the policies set forth in
Chapter 1 (commencing with Section 13000) of this division and any state policy for
water quality control.”

Section 13304 provides the cleanup and abatement principles that must be met
by the state policy developed under Section 13140, and the water quality control plan
developed by each region under Section 13240. These principals are:



 “Any person who has discharged or discharges waste into the waters of
this state . . . shall upon order of the regional board, clean up the waste
or abate the effects of the waste . . .”

Section 13307 requires that the regional boards, concurrent with the policies of
the State Water Resources Control Board (SWRCB) and the Department of Toxic Sub-
stances Control (DTSC), shall provide oversight of responsible parties. This includes
“identifying and utilizing the most cost-effective methods for detecting contamination or
pollution and cleaning up or abating the effects of contamination or pollution.”

Policy Developed Under the Water Code

In accordance with the Water Code (Section 13140), the State Board developed
policies and procedures for investigation, cleanup, and abatement of all types of dis-
charges under Section 13304 (Resolution 92-49). Section III G of this policy allows for
alternative cleanup levels to be implemented at sites, as long as these cleanup levels will:

1. Be consistent with maximum benefit to the people of the state;

2. Not unreasonably affect present and anticipated beneficial use of such water;
and

3. Not result in water quality less than that prescribed in the Water Quality
Control Plans and Policies adopted by the State and Regional Water Boards.

Free-phase petroleum removal is not expressly required unless an operator or
owner is attempting to meet the conditions of a containment zone2 (Section H.2.b, Reso-
lution 92-49). Section H.2.b states that free-phase petroleum must be “removed to the
extent practicable.”  However, proposed revisions to the Containment Zone Policy rec-
ommended by the Containment Zone Review Committee3 (1) suggest adopting a risk-
based approach for determining corrective action at all sites, which does not exclude
sites where free-phase petroleum may be present. The Committee suggests that the “risk-
based approach should explicitly incorporate current and reasonably foreseeable future
risks to public health, ecological receptors, and beneficial uses of water.”

The Health and Safety Code

Chapter 6.75 of the H&SC further defines what is meant by “abate the effects of
the waste” as presented in Section 13304 of the Water Code and states that “(a)ny cor-
rective action conducted pursuant to this section shall ensure protection of human health,
safety, and the environment”  (Section 25299.37). The H&SC does not explicitly address
free-phase petroleum removal.

                                                          
2 A containment zone is defined by the SWRCB as a designated area where “clean up and

abatement of pollution to levels that comply with water quality objectives (WQOs) is
technologically and economically infeasible.”

3 The Committee consisted of representatives from the nine Regional Water Quality Control
Boards (RWQCBs), the SWRCB, the Department of Toxic Substances Control (DTSC), and the
Office of Environmental Health Hazard Assessment (OEHHA).



“Corrective action” is defined as “evaluation and investigation of an unauthor-
ized release, initial corrective action measures, as specified in the federal act, and any
actions necessary to investigate and remedy any residual effects remaining after the ini-
tial corrective action” (Section 25299.14 of the H&SC). As described earlier, the
“federal act” does not require free-phase petroleum removal as a part of corrective
action, it simply requires that corrective action be performed where needed to “protect
human health and the environment.”

Regulations Developed Under the H&SC

Section 25299.77 (“Adoption of implementing regulations”) of Chapter 6.75 of
the H&SC provides that the SWRCB will adopt regulations that implement the laws pre-
sented in Chapter 6.75. Chapter 16 (Articles 5 and 11) of Title 23 of the California Code
of Regulations (CCR), the underground storage tank regulations, are the regulations
adopted by the State Board to implement Chapter 6.75. Free-phase petroleum removal is
discussed in these regulations.

Section 2655 (Article 5, Chapter 16, Title 23 CCR) states that when free-phase
petroleum is encountered, the site owner or operator “shall remove free product to the
maximum extent practicable, as determined by the local agency . . .” (Section 2655.a)
[emphasis added]. This section also provides guidelines for mechanisms and procedures
to be used in free-phase petroleum removal such that:

1. the product is removed in a manner that minimizes the spread of contamina-
tion (Section 2655.b);

2. the main objective of the selected free-phase petroleum removal system is to
abate free-phase petroleum migration (Section 2655.c); and

3. flammable products are handled in a safe manner consistent with state and
local requirements (Section 2655.d).

Article 11 states that free-phase petroleum removal can be performed as a part of
the interim remedy of a corrective action program to abate or correct the actual or poten-
tial effects of an unauthorized release and defines a corrective action as:

“any activity necessary to investigate and analyze the effects of an un-
authorized release; propose a cost-effective plan to adequately protect
human health, safety, and the environment and to restore or protect cur-
rent and potential beneficial uses of water; and implement and evaluate
the effectiveness of the activity(ies).”

Summary of Regulatory Overview and Application to Case Study

As described herein, federal law regarding petroleum hydrocarbon releases is
provided in the USC; California law regarding the cleanup and abatement of waste is
provided in the Water Code and Health & Safety Code. The USC, the Water Code, and
the Health & Safety Code do not expressly require removal of free-phase petroleum.
Rather the laws require cleanup or abatement of discharges of waste to waters of the
State (Water Code) and protection of human health, safety and the environment (Health



& Safety Code and USC). The most specific language relevant to removal of free-phase
petroleum is in the State regulations developed to implement the requirements of the
Health & Safety Code and the federal regulations implementing the USC. These regula-
tions require free-phase petroleum removal to the extent practicable, as determined by
the local or implementing agency. However, “the extent practicable” is not defined,
allowing the local or state regulatory agency discretion in determining the most
appropriate steps required to uphold the law. Additionally, the regulations require that
plans to protect human health, safety, and the environment must be cost effective.

Therefore, it was demonstrated that the requirements of the laws, regulations,
and policy were:

• protection of human health;

• protection of the environment (including groundwater and surface water);

• provisions for safe handling;

• cost effectiveness.

It was also demonstrated that, if the site met all of these requirements without free prod-
uct removal, the regulatory agency has authority to grant site closure.

Actions Implemented to Demonstrate Applicability of Site
Closure

A risk assessment was performed to demonstrate that the site was suitable for
closure, and removal of the free product was not needed. The risk evaluation entailed
developing a site conceptual model, conducting fate and transport modeling, and per-
forming a human health and ecological risk assessment. A long-term site management
plan was prepared to provide guidelines for safely managing the free product in place.

Site Conceptual Model

To guide the evaluation, a site conceptual model (SCM; Figure 2) was developed
to describe what was currently known about chemical sources, likely migration path-
ways, exposure routes, and possible exposure scenarios (2). As shown in the SCM,
groundwater at the site has been affected by petroleum hydrocarbons with the presence
of free product in some areas. In addition to direct contact with these affected media,
chemicals in the subsurface may volatilize to air or migrate to the nearby Creek. Key
human receptors identified at the site included construction workers, maintenance work-
ers, occupants of the commercial buildings, and recreational users of the nearby Creek
should free-phase or dissolved-phase constituents migrate to the Creek. Potential effects
to non-human receptors in the Creek were also considered as part of the environmental
assessment.

Environmental Fate & Transport Modeling

Maximum concentrations of COPCs detected in groundwater and free-phase
petroleum were used as representative concentrations for these media and are presented



in Table 1. These media concentrations were used to estimate COPC concentrations in
indoor and outdoor air and in the Creek.

Estimation of chemical concentrations in indoor and outdoor air was a two-part
process:  (1) estimating chemical flux rate from groundwater or free-phase petroleum,
and (2) estimating concentrations in air based on the flux rate. Chemical flux from free-
phase petroleum was estimated based on soil gas concentration derived using the rela-
tionship between the partial pressures of components of mixtures. For COPCs dissolved
in groundwater the soil gas concentration was derived using the Henry’s Law constant
for the chemical. The Farmer model was used to estimate flux of volatile COPCs from
soil gas (based on groundwater and free-phase petroleum). A box model was used to
estimate concentrations in indoor and outdoor air based on flux estimates.

Potential concentrations of dissolved-phase COPCs in the Creek were evaluated
by (1) estimating the volume of groundwater discharged to the Creek from the site using
Darcy’s Law and (2) estimating an average concentration in the stream considering the
maximum concentrations in groundwater and dilution from flow in the stream.

Potential migration of free-phase petroleum to the Creek was evaluated although
only a minimal amount of product was measured in wells at the site in the previous year
(up to 0.61 feet in one well). The evaluation was based on the estimated amount of prod-
uct in the formation, the migration potential of the petroleum, and site-specific estimates
of biodegradation. Studies have shown that measured product thickness is often signifi-
cantly exaggerated compared to the actual thickness of free (mobile) product in the for-
mation (3). In fact, measurements of several inches up to a foot may not indicate that any
free (mobile) product is present in the formation (4). Although many methods have been
developed to estimate free product thickness from measured product thickness (5, 6, 7, 8,
9), measured product thickness conservatively was used to represent free product thick-
ness for this assessment. Based on hydraulic conductivity and porosity of the formation,
and density and kinematic viscosity of the product, a product velocity of 2 feet per year
was estimated. At this rate, it would take at least 100 years for the product to reach the
Creek, which is over 200 feet from the estimated downgradient edge of the free-phase
petroleum. In addition, biodegradation, which has been demonstrated by oxidation
reduction potential (ORP) measurements at the site, would lengthen the time required
and increase the amount of free product necessary to reach the Creek. In summary, free-
phase petroleum at the site is unlikely to be mobile, and if mobile, is not likely to reach
the Creek in measurable quantities. As such, migration of free-phase petroleum to the
Creek was not considered a complete exposure pathway.

Protection of Human Health

Potential exposure was evaluated for four human receptors:  construction work-
ers, maintenance workers, commercial building occupants, and recreational users of the
Creek. In addition to direct exposure to groundwater and free-phase product; volatiliza-
tion of chemicals from groundwater and free-phase petroleum to indoor air and outdoor
air, and recreational use of the Creek was considered. Affected soil was primarily be-
neath the water table and was not considered to be a significant separate source of expo-
sure to COPCs.



Exposure Assessment.  The exposure assessment for the construction workers,
maintenance workers, and building occupants was conducted in accordance with guide-
lines published by the California Environmental Protection Agency (Cal-EPA) and the
United States Environmental Protectection Agency (U.S. EPA) (10, 11). With the excep-
tion of two exposure pathways, exposure was evaluated quantitatively by estimating an
annual average daily dose for noncarcinogenic COPCs and a lifetime average daily dose
for carcinogenic COPCs. Potential effects from exposure by recreational receptors was
evaluated qualitatively by comparing estimated concentrations in the Creek with water
quality criteria for marine environments set by the California Regional Water Quality
Control Board, San Francisco Bay Region (RWQCB). Potential effects from direct con-
tact with the free-phase petroleum by construction or maintenance workers digging to
depths greater than six feet was also evaluated qualitatively based on subchronic toxicity
assessments for petroleum products.

Toxicity Assessment.  Quantitative toxicity assessments completed by Cal-EPA
or U.S. EPA were used in this evaluation. Slope factors (SFs) for carcinogenic COPCs
estimate the probability of a carcinogenic response per daily unit intake over a lifetime.
Reference doses (RfDs) for noncarcinogenic COPCs define an acceptable dose below
which no adverse health effects were expected to occur.

Risk Characterization.  The results of the quantitative risk evaluation are pre-
sented in Table 2.

Carcinogenic risks are defined in terms of the probability of an individual devel-
oping cancer as the result of exposure to a given chemical at a given concentration. For
carcinogens, these probabilities are summed across COPCs and exposure pathways to
result in a cumulative probability of an individual developing cancer. Using the lower
end of the range of risks generally considered acceptable by U.S. EPA (1x10-6) (12, 13),
exposure to carcinogenic COPCs at the site did not exceed levels considered protective
of public health for any receptor.

Noncarcinogenic risks are estimated based on a comparison of the exposure (an-
nual average daily dose) to the RfD for each chemical, termed the hazard quotient. A
hazard quotient less than or equal to one indicates that the exposure should not pose a
significant noncarcinogenic health risk (11). As a conservative approach, hazard quo-
tients for all chemicals can be summed to estimate potential cumulative effects from all
COPCs and exposure pathways. This value is termed a hazard index. Exposure to non-
carcinogenic COPCs at the site did not exceed levels considered protective of public
health (i.e., a hazard index less than one) for any receptor.

Estimated dissolved concentrations of COPCs in the Creek were at least 10 times
lower than National Ambient Water Quality Criteria for persons consuming fish and
drinking water from the freshwater source (14) (Table 3). Use of these criteria is highly
conservative since the Creek is not a source of drinking water. Thus, it is highly unlikely
that the concentrations of COPCs at the site pose a potential health risk.

Potential health effects resulting from direct contact with separate-phase material
by construction and maintenance workers were evaluated qualitatively based on pub-
lished health effect data for middle distillate petroleum products, such as diesel fuel. The
primary health effect associated with short-term dermal contact with middle distillate



petroleum mixtures is skin irritation; longer term exposure can lead to chronic dermatitis
due to defatting of the skin. More severe effects, such as alterations in kidney function,
have only been observed following massive and/or prolonged skin contact (e.g., use of
pure diesel fuel as a shampoo or to clean hands and arms over several weeks) (15). Given
the limited extent of residual petroleum at the sites and the relatively short period of time
that construction or maintenance activities would require intrusion to the shallow water
table, it is expected that skin irritation would be the most severe adverse health effect, if
any. Appropriate hazard communication information can be provided as part of the long-
term management strategy to minimize this potential exposure.

Protection of the Environment

A screening ecological assessment was conducted for dissolved concentrations
of COPCs estimated to migrate to the Creek. Potential migration of free-phase petroleum
was not considered a complete exposure pathway as migration to the Creek was consid-
ered highly unlikely.

Migration of dissolved constituents was estimated using the same assumptions
and methodologies applied for the human health evaluation. Concentrations estimated in
the Creek were compared with appropriate criteria: National Ambient Water Quality
Criterion (AWQC) for the protection of freshwater or marine aquatic life as available
(14). For PAHs these values were expressed in terms of total PAH concentrations. Pre-
dicted COPC concentrations estimated in the Creek were at least three orders of magni-
tude less than these criteria as shown in Table 3. These results indicate that it is highly
unlikely that dissolved COPC concentrations detected in groundwater at the sites poses a
risk to aquatic organisms in the Creek.

Long-Term Management Strategy

To address the safety criteria required in California regulations, a long-term
management strategy was developed for the site. The long-term management strategy:

• Provided health and safety guidelines for construction or maintenance work-
ers who may access subsurface soil and encounter free product or residual
petroleum,

• Presented recommendations for short-term (e.g., during construction) and
long-term management of the free product or residual petroleum, and

• Presented procedures to manage potential nuisance or explosion hazards in
subsurface utility vaults.

Based on the results of the human health risk assessment, short-term dermal
contact with free product or residual petroleum may cause skin irritation. Recommenda-
tions were made to protect future construction and maintenance workers potentially con-
tacting free product or residual petroleum (contact requires excavations greater than 6
feet below surface). Personal protective equipment (e.g., tyvek coveralls or nitrile or
similar gloves) was recommended for these workers. In addition, it was recommended to
monitor organic vapors in the event that the residual petroleum is encountered in a rela-
tively confined space (e.g., utility trench).



Recommendations for soil management procedures were also made to ensure
affected soil is not excavated and left at the surface. During excavation, affected soil
should be segregated from other excavated soil and placed on and covered by plastic
sheeting until removed from the site. If soil excavated is to be disposed off-site, it should
be profiled to identify the appropriate disposal facility (e.g., Class I, II, or III landfill or
recycling). Based on previous analytical results, disposal at a Class II landfill or transfer
to a recycling facility were considered likely options. Excavated soil could also be
returned to the excavation provided it was placed two feet above the water table and two
feet below grade. Precautions were also recommended for any water removed from the
excavations in affected areas, including preparation for temporary storage and/or prear-
ranged disposal.

Long-term management of residual petroleum at the site is based on maintaining
two feet of cover (current conditions have 6 feet) following construction on the property.
However, changes in development plans from the commercial use planned currently may
require further evaluation of potential risk of exposure to free product at the site.

To prevent a safety hazard from developing in underground utility vaults, use of
petroleum compatible sealants and periodic inspection was recommended. Visual obser-
vations should be made during the inspection and an explosion meter should be used to
evaluate potential explosion hazards. If petroleum hydrocarbons are observed in the
vault, they should be removed and the seams of the vault resealed to prevent further ac-
cumulation.

COST-BENEFIT ANALYSIS

To assist the regulatory agencies in assessing the cost effectiveness of different
remedial actions and each action’s net benefit, an informal feasibility study was
performed.  Several remediation technologies were evaluated based on cost and
effectiveness, including:

• Soil Excavation,

• Bioslurping, and

• Enhanced Bioremediation

Soil excavation was considered infeasible because it would require excavation
under 90,000 square feet of existing commercial buildings. This would entail complex
and costly logistics for demolition and reconstruction activities. Bioslurping was not con-
sidered to be highly effective because of the minimal product thickness remaining at the
site. In addition, the effectiveness of the system is dependent on lower hydraulic conduc-
tivity than is anticipated in the fill material at the site. Even if it would be effective,
bioslurping would not provide any net benefit in protecting human health or the envi-
ronment because it would require a substantial amount of time to complete; natural at-
tenuation could occur almost as rapidly at this site. Lastly, enhanced bioremediation
using bioventing or hydrogen peroxide was considered. Both approaches would require



installation of wells within the existing buildings and activities that would disrupt the
tenants.  In addition, enhanced bioremediaiton of heavy fraction hydrocarbons, such as
those at the site, is typically a slow process. Bioremediation would likely require many
years and significant cost ($1,000,000 or more) to complete free product removal at this
site. Application of either bioslurping or bioremediation would not eliminate the need for
a long-term site management plan nor increase protection of human health.  The analysis
demonstrated that possible alternative remedial solutions for the site were not more cost
effective than managing the free-product in-place and would not provide a net environ-
mental benefit.

CONCLUSION

Based on the review of applicable laws and regulations, removal of free-phase
petroleum is not required in California if it can be demonstrated that its presence does
not and will not adversely affect human health, safety or the environment. By
demonstrating these conditions were met, closure at the site presented herein was
obtained from the oversight agency, pending a final long-term agreement between the
developer and the current property owners.

The following conditions can serve as guidelines to determine whether free-
phase petroleum removal is required or necessary in California, and possibly other states.
If conditions at a site do not meet any of these criteria, legal and regulatory requirements
for free product removal may not apply.

• Does free-phase petroleum act as a continuing source that impacts the bene-
ficial use of water of the state?

• Does free-phase petroleum present unacceptable risks to human health?

• Does the migration of free-phase petroleum present a current or potential
future nuisance to a surface water body?

• Does free-phase petroleum present potential safety issues or fire hazard?

In addition to these criteria, long-term management of the liability for free prod-
uct remaining at the property should be considered. This consideration becomes more
complex if the party responsible for the free product is not the current owner or intends
to offer the property for sale. For these cases, financial mechanisms may need to be
developed to address the additional construction costs associated with managing affected
soil and groundwater in addition to the long-term management strategy.

In this case, the local regulatory agency in consultation with the regional board
used the discretion provided in the regulations to reach a determination that no further
action was required at this site. They determined that further free product removal was
not “practicable” in consideration of costs and benefits of that action.
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Table 1.  Maximum concentrations of chemicals of potential concern

Chemical

Concentration in
Dissolved-Phase
(mg/l of water)

Concentration in
Separate-Phase

(mg/kg of petroleum
hydrocarbons)

Volatile Organic Compounds

Benzene 0.098 41
Ethylbenzene 0.001 10
Toluene 0.003 12
Xylenes 0.003 ND

Polycyclic Aromatic Hydrocarbons

Acenaphthylene 0.0032 ND
Acenaphthene ND 220
Anthracene ND 990
Benzo(a)anthracene ND 20
Benzo(a)pyrene ND 30
Benzo(k)fluoranthene ND 20
Benzo(g,h,i)perylene ND 20
Chrysene ND 30
Fluorene 0.0018 610
Fluoranthene 0.002 ND
Indeno(1,2,3-cd)pyrene ND 20
2-Methylnaphthalene ND 20
Phenanthrene 0.00027 ND
Pyrene ND 90

Total PAHs 0.0073



Table 2.  Results of screening health risk assessment

Scenario
Pathway Construction Worker Maintenance Worker Building Occupant

Carcinogenic Risk

Inhalation−Volatiles from residual petroleum 6x10-10 5x10-9 2x10-9

Inhalation−Volatiles from dissolved phase 2x10-7 1x10-6 5x10-7

Dermal contact 7x10-8 6x10-8 NA

Total 3x10-7 1x10-6 5x10-7

Noncarcinogenic Hazard Index

Inhalation−Volatiles from residual product 1x10-4 8x10-5 3x10-5

Inhalation−Volatiles from dissolved phase 3x10-2 2x10-2 8x10-3

Dermal contact 3x10-2 1x10-3 NA

Total 6x10-2 2x10-2 8x10-3



Table 3.  Maximum concentrations estimated for the Creek and applicable water quality criteria

Chemical

Maximum
Concentration in

Groundwater
(µg/l)

Maximum
Concentration in

the Creek
(µg/l)

Human Health
Criterion

(µg/l) Reference1

Ecological
Criterion

(µg/l) Reference

Benzene 98 0.0034 1.2 a 5300 b

Toluene 3 0.0001 3100 a 32,000 b

Ethylbenzene 1 0.000035 6800 a 17,000 b

Xylenes (total) 3 0.0001 NA − NA −

Total PAHs2 7.3 0.00025 0.0028 a 300 c

Notes:
1  References: a. U.S. EPA National Ambient Water Quality Criteria for Consumption of Freshwater Aquatic Life and

Surface Water.
b. U.S. EPA National Ambient Water Quality Criteria for Acute Exposure of Freshwater Aquatic Life.
c. U.S. EPA National Ambient Water Quality Criteria for Acute Exposure of Marine Aquatic Life.

2  Polycyclic aromatic hydrocarbons.



Figure 1.  Site plan view showing direction of groundwater flow and approximate extent of separate-
phase product.



Figure 2.  Conceptual site model showing chemical sources, environmental fate and transport, exposure
pathways, and receptors.
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Abstract

An assessment of remediation by natural attenuation at Guadalupe Oil Field was
conducted based on the available data. Various evidence for the occurrence of natural
attenuation was found in several areas of Guadalupe Oil Field. Analyses of chemical,
geochemical, hydrological, and biological data from a few selected areas indicate that
remediation by natural attenuation will contain and eventually remove dissolved petroleum
hydrocarbons from groundwater. Further assessment of natural attenuation is recommended
for various hydrogeological conditions at Guadalupe Oil Field using additional laboratory and
field techniques,

The assessment of natural attenuation was performed using a well-established
methodology, which is based on multiple lines of evidence (ASTM 1996). An analysis of
primary lines of evidence using hydrocarbon monitoring data from in B12 Area, J8 Area, and
Diluent Tank Area shows stable or shrinking hydrocarbon plumes. Secondary lines of
evidence using geochemical indicators from Areas of A 8  B12/C12, F14, J 8  and Diluent
Tank suggest the occurrence of natural attenuation, Stable isotope analysis of sulfur in
groundwater sulfate provides additional evidence for the occurrence of natural attenuation.
The extent of sulfate reduction of 50% beneath a dissolved hydrocarbon plume in J8 Area
indicates an extensive anaerobic degradation of diluent in the groundwater Computer
modeling of hydrocarbon biodegradation in groundwater using BioScreen and BioF&T
Models predicts that the dissolved hydrocarbon plume in the J8 Area will recede back: to its
source in approximately 15 years from now.

Further assessments of natural attenuation that have been planned or initiated include
laboratory microcosm studies, laboratory and field microbial community structure analysis
using DNA fingerprints, and field biodegradation analysis using geochemical transport
indicators and fingerprinting, These assessments will not only scientifically document the
processes of natural attenuation, but also provide some predictive tools to determine the fate
of remaining petroleum hydrocarbons in Guadalupe Oil Field.

INTRODUCTION

Natural Attenuation (NA) is the use of the natural process or processes to cleanup a
contaminated site without engineered treatments or human intervention. Rernediation by
natural attenuation is also known as intrinsic remediation,

The United States EPA office of Research and Development (ORD) and Office of
Solid Waste and Emergency Response (OSWER) define natural attenuation as “The
biodegradation, dispersion, dilution, sorption, volatilization, and/or chemical or biological
stabilization of contaminants to reduce toxicity, mobility, or volume effectively to levels that
are protective to human health and ecosystem.” In other words, natural attenuation is a result
of combined effect of one or more of physical, chemical, or biological processes, which leads
to reduction and stabilization of the total mass of contaminants such that it does not create any
threat to human health and ecosystem.

The process of natural attenuation can be categorized in two categories: destructive
and non-destructive. As the name implies, destructive remediation will result in the



destruction of the contaminant. When a destructive remediation occurs, a chemical change in
the contaminant occurs, thereby destroying it. An example of this process would be
biodegradation (i.e., the biodegradation of petroleum hydrocarbons to innocuous products
such as carbon dioxide and water). Non-destructive remediation will reduce the contaminant
concentration. Examples of this process are dilution dispersion, and adsorption. For
petroleum hydrocarbons in shallow soils and groundwater, biodegradation is the primary
mechanism for the mass removal (Salanitro 1993; Buscheck, et a l  1993; Rifai, et a l  1995;
Sweeney and Li 1996). Therefore, natural attenuation is also referred to as bioattenuation or
intrinsic bioremediation,

The process of bioremediation is categorized in two distinct phases: aerobic and
anaerobic. One may distinguish between the two processes by determination of terminal
electron acceptor used in the degradation processes. The aerobic process utilizes oxygen as
the primary electron acceptor (Chiang et a l  1989), while anaerobic uses other elements as the
electron acceptor (i.e., NO3, Fe+3, SO4) (Evans et al 1991; Edwards et al 1991; Loveley and
Lonergan 1990; Wilson et a l  1996). The preference of electron acceptors shifts from aerobic
oxidation to anaerobic denitrification, iron reduction, or desulfurization based on availability
of electron acceptors as indicated by the redox potential of the reaction.

In reality, the degradation process alters the geochemical characteristics of the
environment leading to biogeochemical zonation (Claypool and Kaplan 1974; Ririe and
Sweeney 1995). Both aerobic as well as various anaerobic regions coexist in different zones
as shown in the Figure below.

APPROACHES

Currently several well publicized approaches all include multiple lines of evidence to
demonstrate the occurrence of natural attenuation for petroleum hydrocarbons (NRC 1993;
Wiedeimeier et al 1995; Mobil 1995; Buscheck and O'Reilly 1995; ASTM 1996). The lines
of evidence can be divided into three categories: primary, secondary, and optional evidence
(ASTM 1996).

Primary line of evidence includes historical contaminant concentration data that can
document the loss of contaminants at the field scale. The comprehensive process of collecting
site data and the analysis of that data will result in the determination of the applicability of the
site for natural attenuation. In order to document the loss of contaminants, historical
concentration data are required from multiple locations up-gradient, within the contaminant
plume, and down-gradient along the flow-line of groundwater, at the minimum (Buscheck et
a l  1995; McAllister and Chiang 1994). It is often necessary to collect from additional
locations to map the contaminant plume in two dimensions to determine whether the plume is
stable or shrinking (Li and Howe 1996).

Secondary lines of evidence include various soluble ions (nitrate, ferrous iron, sulfate,
etc.), dissolved gases (oxygen, methane, carbon dioxide, hydrogen, etc.) and redox potential,



which indicate the mechanisms of intrinsic bioremediation that are operating at the site.
Assuming uniform background levels in soil and groundwater, changes in concentrations of
various electron acceptors (dissolved oxygen, nitrate, sulfate, etc.) and metabolic byproducts
(carbon dioxide, ferrous iron, methane, etc.) are widely used as evidence for natural
attenuation (McAllister and Chiang 1994; Wiedemeier et a l  1995; Buscheck and O'Reilly
1995).

Optional lines of evidence include groundwater modeling and laboratory microcosm
study, which can determine the rate of biodegradation for petroleum hydrocarbons in
groundwater (Rifai et a l  1988; Wilson et al 1986). Several mathematical models are currently
available with analytical or numerical solutions (Domenico and Robbins 1985; Borden and
Bedient 1986; Rifai et a l  1987). A simple one dimensional model such as the Domenico
Solution (1987) can be used for quick screening. Two and three dimensional computer models
are also available to model the contaminant plume. These models will help one to determine
the potential fate and transport of the contaminant. Models specifically designed to predict the
effectiveness of natural attenuation are: BioScreen and BioPlume I I I .  One of numerical fate
and transport models that is available is BioF&T, which is a finite element model. Our
modeling effort will focus on BioScreen and BioF&T models.

BioScreen is the newest and simplest in a series of natural attenuation models to gain
EPA approval also based on Domenico solution. BioScreen uses the levels of concentration
of electron acceptors in the ground water to create an analytical model. This model can
determine the effectiveness and duration of the biodegradation due to natural attenuation.
BioScreen makes use of two separate biodegradation methods: First-Order Decay and
Instantaneous Degradation. A third option is no biodegradation, which represents transport
only. The latter model is most appropriate for modeling the movement of non-degrading
solutes. BioScreen is capable of simulating advection, dispersion, adsorption, aerobic decay,
and anaerobic reactions.

BioF&T is based on the general transport equation as expressed by van Genuchten and
Wierenga (1976). The general transport equation is incorporated with decay losses and
contaminant loading from a hydrocarbon source, which leads to the working equations for this
model. BioF&T is capable of modeling one, two and three dimensional flow and transport in
both the saturated and unsaturated zones. Flow through the unsaturated zone can be coupled
to the solution of subsequent saturated flow and transport simulations. With BioF&T,
aqueous phase transport of up to five contaminant components is possible. Transport
processes include convection, dispersion, diffusion, adsorption, desorption and sequential
degradation of daughter products. The flow media can accommodate recharge in the form of
precipitation or injection, as well as withdrawal. Although BioF&T is able to model complex
sites, it can also be simplified as is appropriate to a given situation. In addition to BioF&T's
versatile flow and transport modeling capabilities, several biodegradation options are
available, including aerobic (oxygen limited), anaerobic, first-order, and Monod kinetics.

Both BioScreen and BioF&T models are based a series of assumptions to develop a
simplified conceptual model that can describe the site conditions. The degree to which the
actual site conditions conform with these conceptual models gives an indication of the



accuracy of the resulting numerical models. Assumptions and limitations common to both
models are listed below:

1. The aquifer and flow fields are homogeneous and isotropic.
2. The groundwater velocity is fast enough that molecular diffusion can be ignored.
3. Adsorption is reversible and can be represented by a linear isotherm.
4. As the groundwater moves through the plume, the concentration gradient between the

contaminated soil and the groundwater causes a release of diluent into the water.
5. The model should not be used where extraction/injection wells create complicated flow

patterns.
6. The model should not be applied where vertical flow gradients affect contaminant

transport.
7. The model should not be used in areas where the hydrogeologic conditions change

dramatically over tlhe simulation domain.

When biodegradation is modeled as a first-order decay process, the solute degradation
rate is proportional to the solute concentration at any given time. This approach typically
lumps uncertain parameters such as dispersion, sorption and biodegradation rates into a single
parameter (Le. the first-order decay coefficient). The first-order decay coefficient is then used
as the calibration parameter. When this is done, the decay coefficient is adjusted until the
output of the model matches historical field data. First-order decay models assume that all of
the biodegradation of the contaminant occurs in the dissolved phase downgradient of the
source. The actual biodegradation rate may be underestimated because reduction of the
source due to biodegradation in the unsaturated zone is not considered. The assumptions of
the first-order decay model are listed below:
1. Groundwater upgradient of the source contains adequate electron acceptors to support

microbial growth.
2. Biodegradation of diluent in the groundwater occurs at a uniform rate throughout the

plume.
3. All degradation parameters, including abiotic losses, are lumped into a single first-order

decay constant.
4. The groundwater moves slowly enough to prevent washout of the microbes.
5. Biodegradation occurs only in the dissolved contaminant plume.

The model described above assumes that biodegradation occurs at a uniform rate, and
is independent of the local concentrations of chemicals that affect biodegradation.
Alternatively, biodegradation can be modeled as an instantaneous reaction that depends on
the concentration of other constituents. The “instantaneous reaction” approach is a more
detailed and probably more accurate description of the biodegradation process. In such a
model, it is assumed that the rate of reaction between the electron acceptor and the dissolved
constituent is much faster than the rate of electron acceptor replenishment. This is a valid
assumption because the rate of microbial reaction is usually on the order of days, and the rate
at which an aquifer can replenish the depleted electron acceptors by flushing the plume with
fresh water is weeks to years, in most situations. The instantaneous reaction in BioScreen is
achieved through the use of a superposition method. To use this method, at each time step the
mass of hydrocarbon at any given location is reduced by 1 mg/l for each 1 mg/l of
biodegradation capacity provided by the available electron acceptors at that location. The



primary calibration parameters in this modeling method are the longitudinal and transverse
dispersivities, which control the rate of migration of replenishment of electron acceptors.
Instantaneous biodegradation model assumptions are listed below:
1.. Groundwater upgradient of the source contains electron acceptors,
2. At each location, biodegradation occurs until the available electron acceptors at that

location are depleted.
3. The amount of usable electron acceptors in the groundwater can estimated from the

difference in the upgradient concentration and the downgradient concentration. The
ferric iron electron acceptor is an exception, because it must dissolve from the soil
matrix,

4. A stoichiometric ratio known as a utilization factor is used to relate the amount of
degradation of diluent to the amount of electron acceptor consumed.

5. The rate of reaction between the electron acceptor and the diluent can be assumed to
instantaneous relative to the replacement of the electron acceptor by the incoming
groundwater. Therefore, the rate-limiting step in the overall process is the local
replenishment of electron acceptors in the groundwater.

Microcosm Study
A microcosm study is a laboratory simulation of biodegradation process in

groundwater. A microcosm study is primarily conducted to assess the biodegradation rate and
degradation pathway. The basic protocol for this study will be based on US EPA protocol
(199 1). For this study, a series of microcosms containing 20 grams of soil and 90 ml of
groundwater will be tested for decay of the target compound. To further test the activity of
sulfidogens and methanogens, sulfate will be added to half of the microcosms. The in-situ
environmental conditions are maintained throughout the duration of the study.

Isotope Analysis
Other lines of evidence using isotope analysis can also demonstrate natural attenuation

for petroleum hydrocarbons (Li and Sweeney 1996). Stable isotope analysis is a well
established geochemical technique for “fingerprinting” biological processes. Geochemical
indicators such as nitrate, sulfate, and methane have stable isotope ratio signatures that can be
used to supplement the interpretation of concentration data alone.

The stable isotope ratio (34S/32S or d34S %0) of sulfur in dissolved sulfate, for
example, can provide an additional evidence for the occurrence of intrinsic bioremediation
using sulfate as an electron acceptor (sulfate reduction). Sulfate reduction may be assimilatory
or dissimilatory in the nature. Assimilatory sulfate reduction, which occurs in plants and
animals, results in only slight isotope fractionation and the isotope ratio of residual sulfate
will only be slightly altered as sulfate is removed. In contrast, dissimilatory reduction, which
occurs in the anaerobic bacterial reduction of sulfate and oxidation of organic matter such as
petroleum hydrocarbons, results relatively large isotope fractionation (Thode 1991). As a
result, the isotope ratio of the dissolved sulfate is significantly altered as sulfate is reduced.
Based on the degree of sulfur isotopic fractionation, the extent of sulfate reduction can be
estimated from the analysis of the isotope ratio of the remaining sulfate dissolved in the water.

When nitrate is used as the electron acceptor in the oxidation of organic matter
(denitrification), then the stable isotope ratio (15N/14N or d15N %o) of the nitrate is



significantly altered as a consequence of isotope fractionation (Cline and Kaplan 1975).
Similar to sulfate, the degree of denitrification in the groundwater can be estimated from the
analysis of the isotope ratio of the remaining nitrate dissolved in the water.

Laboratory analyses include benzene, toluene, ethyl-benzene, and xylenes (BTEX)
and total petroleum hydrocarbons (TPH). Ground water dissolved oxygen was measured in
the field using a dissolved oxygen meter in a flow-through cell to avoid aeration of the ground
water sample (Wiedemeier et a l  1995). Dissolved oxygen readings were continuously
monitored during purging of the well until the readings reached a steady state. Following
well purging, ground water samples were collected for field and laboratory analysis. Field
analysis of nitrate, sulfate, and ferrous iron were made on site immediately following the
sample collection using analytical field kits. Stable isotope analysis for sulfur (d34S %o) from
sulfate and nitrogen (d15N %o) from nitrate were also performed for selected wells in J8
Area.

Measurements of Electron Acceptors:
To determine the concentration profiles of Oxygen, nitrate, ferrous ion and sulfate
concentration in the groundwater was sampled for three different plumes and the results are
described below.

Results

A large amount of ground water quality data have been collected from several hundred
ground water monitoring wells at the Guadalupe Oil Field. More data are continuously being
collected from a large number of wells.

The J8 plume is very well defmed and relatively isolated from other known diluent
plumes in the area. A network of over 10 groundwater monitoring wells is operational in the
J8 area. The J8 area study addresses concerns about biodegradation in unconfined
groundwater between as much as 100 feet from the surface.

J8 Area is located near the northeast corner of the Guadalupe Oil Field. Based on the
potentiometric surface determined on May 1995 the ground water is flowing in the west
direction. Currently 13 monitoring wells (J8-1 to J8-13) are installed in the shallow aquifer in
the J8 Area. At J8, the average depth to ground water is the range of 50-75 feet. I

The hydrocarbon plume in J8 Area is defined by 9 of the existing 13 monitoring wells
in the shallow aquifer. Separate-phase diluent product has been present in J8-1 well, which is
near the center of the hydrocarbon plume, throughout a two-year sampling period. Relative to
the plume position, J8-3 is situated upgradient, J8-1 and J8-2 are near the center, and there are
four wells downgradient of the plume. I

A general trend of decreasing concentration can be observed in the J8 Area over a
period of two years. Dissolved TPH concentration in J8-2 Well, which is near the center of
the hydrocarbon plume, dropped gradually from 10,000 ppm level to less than 5000 ppm in
the period. Dissolved TPH levels in J8-4 and J8-8, which are situated near the plume
boundary, dropped below the detection level in the same time period. The dissolved
hydrocarbon plume in the J8 Area is clearly shrinking over time even with the presence of



free phase diluent in J8-1 Well. This shrinkage provides strong evidence for the occurrence ,
of natural attenuation in the J8 Area. The TPH contours are given in Figure 1.

December 1995
J8-5

a

Figure 1: TPH contours showing shrinking of J8 Plume

Dissolved Oxygen.
Dissolved oxygen is the most favored electron acceptor for biodegradation of

organics Typically under aerobic conditions, an inverse relationship between DO
concentration and contaminant concentration can be observed. If the concentration of DO is
significantly less at the center of the plume than it is at the perimeter of the plume. Dissolved
oxygen can be measured at the field using electrodes however, the collection of accurate data
is extremely difficult due to aeration problems during the sampling. The extent of aeration
can be reduced by using low flow pumps or flow through cells, but in most case aeration
cannot be completely eliminated.
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Two sets of samples were taken for DO. The contour maps for dissolved oxygen is given in
Figure 2. The data shows strong evidence of depletion of oxygen as it enters the plume. The
upstream DO was higher than 8.5 ppm but as soon as it reaches close to pad area it drops to
close to zero. We also find another dip in oxygen concentration around J8-6 well. During
TPH analysis, TPH was detected in J8-6 area as well in the well-head pad area (J8-1, J8-2).
TPH was also detected in J8-1 1 and J8-13.. The TPH contour matches well with the DO
contour. As seen from Figure 1, all the oxygen is depleted in the well-head pad area and a
large anaerobic zone is created.

Nitrate
After dissolved oxygen has been depleted in the bacterial zone, nitrate will be used as

an alternate electron acceptor under anaerobic conditions, The nitrate concentration contours
(Figure 3) obtained shows strong signs that natural attenuation is occurring at the J8 plume
area. The nitrate contours are very similar to that of DO. We see complete depletion of
nitrate around well-pad area and significant reduction in nitrate concentration around J8-6
well. The nitrate concentration dropped from about 4 ppm to below detectable limit.

Figure 3: Nitrate concentration Contour as of June 98 (GOF, J8 Plume)

Iron
During this anaerobic biodegradation process, iron (III) can also be used as an alternate
electron acceptor. In this process, iron (III) is reduced to iron (II). In nature, almost all iron is
in oxidized Fe (III) form and is nearly insoluble in water. Therefore, without any



Figure 4: Fe2+ Concentration Contour as of June 98 (GOF, J8 Plume)

microbial activity one should not expect to see any Fe. However as soon as Fe(III) is
converted to Fe(II) during microbial metabolism, Fe(II) is soluble in water and the
concentration of iron (II) in the groundwater increases indicating anaerobic degradation of the
contaminant.
Both June 98 and August 98 data shows strong evidence of anaerobic degradation with Fe(III)
as the electron acceptor. Furthermore we see different contours in June and August, The
presence of TPH at J8-6 is periodic. Most likely, there are some oil adsorbed on soil which is
above the ground water table. During rainy season, the water table got elevated (2 feet in
1998) and came in contact with the adsorbed layer and TPH showed-up during the analysis.
The Fe(II) contour from June 98 data shows higher concentration of Fe(II) at J8-6 than that of
August 98 data. We have not received the TPH data for August yet but it it appears that the
dissolved TPH is mostly biodegraded within that period.

The collection of samples for iron analysis presents a problem because of the iron present in
suspended solids and readily precipitates during transportation in contact with atmospheric
oxygen. Thus, sometimes water samples may show less Fe(II) during analysis than actually
present.

Sulfate:
After dissolved oxygen, nitrate and iron have been depleted, sulfate may be used as an
electron acceptor in the anaerobic biodegradation process. This process is known as sulfate
reduction and results in the production of sulfide. Sulfate can be monitored



Figure 5: Sulfate Concentration Contour as of June 98 (GOF, J8-Plume)

I
using conventional sampling techniques. The water sampling during June as well as during
August shows significant use of sulfate as the electron acceptor. Figure 5 shows the contours
of sulfate concentration during this biological process. The sulfate concentration in the
upstream varies between 40 to 65 ppm. As soon as the water reaches close to well-pad area,
the sulfate concentration drops between 3 to 4 ppm indicating sulfate reduction during the
biodegradation of TPH. During laboratory microcosm study, a large number of sulfidogens
were detected and it further elucidate that sulfate reduction is a major pathway for
biodegradation of TPH in Guadalupe as seen in J8 plume.
Beside the electron acceptors, Oxidation Reduction Potentials and Alkalinity results also
shows strong evidences of natural attenuation.

Ground water models: Two computer simulation models namely, BioScreen and BioF&T
were run to predict the movement of plume. To construct a conceptual model for the J8 Area,
the groundwater in the J-8 Area is assumed to flow uniformly from the right to the left
boundary of the model domain. Hydraulic heads of 36.8 ft and 28.6 ft are assigned to the right
and left domain boundaries, respectively. The bottom of the aquifer is considered flat, at an
elevation of 24.7 ft above sea level. The aquifer is approximately 1 1.7 ft thick and
unconfined.

A soil organic content value (Foc) of 0.0004 was chosen for the sandy soil environment
in the J8 Area. A plume length of approximately 820 A was estimated from the monitoring
well data. The source width of 150 ft was estimated based on soil boring data. Using the
simplified interpolations of hydraulic heads, a hydraulic gradient of 0.005 was obtained. An
alternative hydraulic gradient of 0.003 was also used. Dispersivity values were calculated
using the estimated plume length discussed above and an equation for longitudinal
dispersivity developed by Xu and Eckstein (1995). A relationship between transverse and



longitudinal dispersivity developed by Gelhar et al, (1992) was also used,

Numerical models must be calibrated against measured data before being used. as
predictive tools. This process is described below for each of the two BioScreen simulations.
The first-order decay constant was progressively adjusted down from an initial estimate of 6.9
day-1 in increments of 50% of the previous value. In other words, if the first-order value was
currently set at 6.9 day-1, the next trial would use 3.45 day-1. It was necessary to check the
observed concentrations against the predicted values at different points in the aquifer over
time. It should be noted at this point that the historical data for the site is somewhat limited,
making it difficult to get a detailed description of the change in concentration with time within
the plume. After making adjustments to the first-order decay constant to get the predicted
output to roughly match the historical data, other uncertain parameters were adjusted to see
the effect each change had on the predicted concentrations over time. The parameters adjusted
included Foc,, dispersivity, and hydraulic gradient. This is a slight departure from the
calibration method suggested in the BioScreen manual, which states that the first-order decay
coefficient is the parameter to use for calibration. We found that a better fit to historical data
could be achieved if the other parameters mentioned were also adjusted within a reasonable
range of values. After the first-order model had been calibration, the only parameters that
required further adjustment for the instantaneous model were the dispersivities.

BioScreen Model
During the calibration process it became apparent that some of the calibration

parameters had very predictable effects on the concentrations over time.
Varying Foc (which directly affects the retardation factor) had an effect on the

predictions of models employing either type of reaction.. When the retardation factor was
increased, the effect on the first-order model was to increase the time to reach a steady-state
plume extent, and to decrease the predicted concentrations at all distances. The effect on the
output of the instantaneous reaction model when the retardation factor was increased was to
increase the concentration at all distances, except at the source. When the retardation factor
was decreased, the effect on the first-order reaction output was to increase the concentration at
all distances, and to decrease the time it would take to reach a steady-state plume extent. The
effect of decreasing the retardation factor on the instantaneous reaction predictions was to
decrease the concentration at all distances, except at the source.

Varying the source concentration had the predictable effect of changing the plume
concentrations, either up for an increase or down for a decrease in source concentration, for
both the first-order and instantaneous outputs. Changing the source concentration had no
affect on the time necessary to achieve steady-state conditions.

Varying the biodegradation factor in the first-order decay model changed the
concentration at all distances. An increased concentration was predicted as the
biodegradation factor was decreased, and a decreased concentration was predicted as the
biodegradation factor was increased, The time until steady-state conditions occurred was not
affected.

The results of the first-order decay model show that regardless of the combination of
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retardation factor, biodegradation factor and hydraulic gradient, the J8 Area plume will reach
a stable plume extent. The combination of parameters does have a significant effect on the
time required to reach steady-state, and the resulting concentrations and plume length. Using
the best possible combination of parameters for the site, the model showed that a steady-state
condition can be achieved in approximately 10 years after initial release, with the plume
reaching a maximum distance of approximately 1000 ft from the source. With the
conservative assumptions used in this model, the plume source is predicted to persist for over
200 years.

For the instantaneous reaction model, the plume concentrations are predicted to
decrease more rapidly, reaching an overall plume concentration of zero in approximately 50
years. As with the first-order decay model, the plume source region will not be depleted for
over 200 years.
The conclusions drawn from this modeling effort are as follows:
l The source region of the contaminant plume will probably persist for many years.
l The dissolved diluent plume will remain in the vicinity of the J-S Area and will not

migrate off-site.

BioF&T Model
This model was calibrated as well as possible, given the limited data available for this

project. The values used for the distribution coefficient, longitudinal and transverse
dispersivities, and hydraulic conductivity were estimated from reasonable literature values
and were not based on laboratory or field measurements obtained specifically for this site.
Also, there is virtually no data available regarding the volume of TPH spilled at the site or the
time period of the release. Given these constraints, the predictive power of the model is
limited to establishing a trend in the movement of the plume and the fate of the source.

The calibrated model indicates that the J8 Area plume will recede due to the affects of
biodegradation in the saturated zone until it is essentially confined to the source. This process
is estimated to take 15 years. Because the model assumes no volatilization and degradation in
the unsaturated zone, TPH mass is removed from the source only through dissolution of
diluent. The source is predicted to lose about 460 lb/yr by dissolution. Assuming a current
diluent mass of 220,000 lb in soil, the diluent is predicted to remain in the soil for over 475
years, unless additional loss processes, such as volatilization and degradation in unsaturated
soil, are considered.

Based on this BioF&T model, the affect of rainfall on the fate of the plume appears to
be negligible. For values up to 10 in/yr of rainfall, the plume will persist for 14 to 15 years.
For rainfall values of 20 to 40 in/yr, the plume will persist for 15 to 16 years.

This preliminary modeling effort indicates the following conclusions:
l The plume will probably recede to its source in next 15 to 20 years.
l The source mass will persist for a significantly longer time period, unless volatilization

and degradation occur in the unsaturated soil. Although these additional loss processes
are likely, they were not considered in the scope of the current modeling effort. In future
studies, aerobic degradation in the unsaturated soil will be considered.
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Test Area North (TAN) at the Idaho National Engineering and Environmental Laboratory
(INEEL) is the site of a large trichloroethene (TCE) plume resulting from the historical injection
of wastewater into the Snake River Plain Aquifer. The TAN Record of Decision (ROD) selected
pump and treat as the final remedy and included a contingency for post-ROD treatability studies
of alternative technologies.  The technologies still under consideration are in situ bioremediation,
in situ chemical oxidation, and natural attenuation.  Both anaerobic and aerobic laboratory
microcosm studies indicate the presence of microorganisms capable of chloroethene degradation.
Field data indicate that TCE concentrations decrease relative to tritium and tetrachloroethene
indicating an as yet unknown process is contributing to natural attenuation of TCE.  Several
methods for analyzing the field data have been evaluated and important limitations identified.
Early results from the continued evaluation of the three alternative technologies suggest the
combined approach of active remediation of the source area (in situ bioremediation and/or
chemical oxidation replacing or augmenting pump and treat) and natural attenuation within the
dissolved phase plume may be more cost and schedule effective than the base case pump and
treat.



INTRODUCTION

Natural attenuation of TCE is being evaluated as a component of remediation for a
nearly 2-mile long plume in a basalt aquifer at the Idaho National Engineering and
Environmental Laboratory.  The record of decision identified natural attenuation and four other
innovative technologies for evaluation of their potential to replace or augment pump and treat.
During the study of natural attenuation, the significance of intrinsic anaerobic reductive
dechlorination at the site was investigated.  While it is occurring to a limited extent, the
anaerobic process does not seem to account for a major portion of the attenuation apparent in the
field data.  Several different methods for analyzing field data were evaluated in an attempt to
understand the transport processes affecting TCE in the large, aerobic portion of the plume.  The
applications and limitations of three different first-order methods are discussed in this paper.
Perhaps most important at this site, the presence of the co-contaminants, tritium and PCE, has
facilitated the evaluation of attenuation under aerobic conditions through the method of
Wiedemeier et al. (1996).  Although a mechanism has not been identified, this analysis suggests
TCE degradation is occurring in the aerobic portion of the plume and provides a preliminary rate
estimate indicating that the degradation may be significant relative to the restoration time frame
of 100 years specified in the Record of Decision for the site.  A more complete presentation of
the work discussed in this paper can be found in Sorenson et al. (1999).

SITE BACKGROUND

The Idaho National Engineering and Environmental Laboratory (INEEL), a facility
operated by the United States Department of Energy, is located near the northern edge of the
Eastern Snake River Plain in Idaho.  Groundwater contamination in the Snake River Plain
Aquifer (SRPA) resulting from operations at Test Area North (TAN) was first detected in 1987
during routine monitoring of the drinking water supply wells.  Subsequent sampling of aquifer
monitoring wells confirmed the presence of tetrachloroethene (PCE), trichloroethene (TCE),
1,2-dichloroethene (DCE), tritium, strontium-90, cesium-137, and uranium-234 above risk-based
concentrations.

The TSF-05 injection well (Figure 1) has been identified as the source of groundwater
contamination.  Liquid waste was disposed in the well directly to the SRPA between the mid-
1950s and 1972.  The wastes included organic, inorganic, and low-level radioactive wastes added
to industrial wastewater and sanitary sewage.  Characterization of sludge that remained in the
well in 1990 revealed that the sludge was comprised of greater than 2% TCE and contained high
levels of radionuclides (Kaminsky et al., 1994).  Groundwater monitoring determined that the
TCE plume emanating from the injection well extends approximately 2740 m (9000 ft) to the
southeast.  Vertically, the contamination appears to be isolated between the water table at  64 m
(210 ft)  below ground surface and a continuous, areally extensive sedimentary interbed located
about 125 m (410 ft) below ground surface at well TSF-05.

The SRPA is composed of a complex layering of fractured basalt flows intercalated with
sedimentary interbeds deposited during prolonged periods of volcanic quiescence.  Depth to
water in the vicinity of TAN is approximately 64 m (210 ft).  Groundwater flow is controlled
primarily by the distribution of interflow zones consisting of highly vesicular, fractured basalt
formed when the base of a new lava flow cooled rapidly as it was deposited on an existing,



weathered basalt surface (Mundorff et al., 1964; Garabedian, 1986; Whitehead, 1992).  On a
small scale this can result in highly preferential groundwater flow, but beyond the scale of a
single basalt flow (i.e., a few hundred to thousands of meters), groundwater flow can generally
be predicted adequately with equivalent porous medium models because fractures within basalt
flows and intersections with other basalt flows provide significant hydraulic communication
among the interflow zones (Garabedian, 1987; Whitehead, 1992).  The average groundwater
velocity at TAN appears to be in the range of 0.11 to 0.15 m/day (0.35 to 0.50 ft/day) (Sorenson
et al., 1999).

FIELD DATA ANALYSIS

The highest concentrations of chlorinated ethenes (and radionuclides) are still present at
the former injection well (TSF-05) some 25 years after disposal in the well has ceased.  This
indicates that a continuing, fixed source of TCE is present in the area immediately around the
former injection well.  In the absence of a secondary source, the most contaminated water would
have migrated downgradient following the regional groundwater flow.  One of the first
indications that some form of natural attenuation might be important at TAN is the fact that TCE
concentrations measured over time at wells along the plume axis downgradient of Well TSF-05
are not increasing (Figure 2), despite the fact that a residual source of TCE near the former
injection well has maintained high groundwater concentrations in that area.  Given the presence
of the 125-m (410-ft) interbed and a continuous residual source of TCE, conservation of mass
requires that the TCE plume grow in aerial extent unless some process is occurring which
removes mass from the plume at least at the rate mass is added at the source.  However, as shown
in Figure 2, concentrations in the upgradient portion of the plume have not been observed to
increase, nor has the plume width or extent been observed to increase since monitoring of the
plume began in 1990.  This suggests that one or more natural attenuation processes may be
removing mass from the plume.

The natural attenuation mechanisms that have been evaluated at TAN include anaerobic
reductive dechlorination, aerobic degradation through an as yet undetermined process, and
dispersion.  Sorption was considered only briefly as laboratory testing has shown that TCE has
very little affinity for basalt (Ingram et al., 1998).  This is primarily due to the absence of organic
material.  Dispersion describes the extent to which TCE-contaminated groundwater mixes with,
and is therefore diluted by, surrounding clean groundwater.  Dispersion does not actually remove
mass from the plume, but at the fringes of the plume it dilutes the contaminated groundwater so
that TCE concentrations fall below detection limits or other levels of concern.

Anaerobic Reductive Dechlorination

 The data collected at TAN to date strongly suggest that anaerobic reductive
dechlorination is in fact occurring.  The conditions in the aquifer near TSF-05 are appropriate for
anaerobic reductive dechlorination.  Dissolved oxygen (DO) data were collected in 1996 from
several wells in the upgradient portion of the plume.  It was found that the DO was below 1 mg/L
as far as 150 m (500 ft) downgradient of well TSF-05 indicating that anaerobic conditions exist.
Degradation of the sanitary sewage with TCE has probably depleted the oxygen around TSF-05.
The sewage and other organic compounds co-disposed with TCE may be providing substrate for
microbes which are responsible for the reductive dechlorination of TCE; however,
characterization data suggest that these compounds are present only within about 23 m (75 ft)



from well TSF-05.  Finally laboratory studies have confirmed that microbes present in the
vicinity of well TSF-05 are capable of TCE degradation under anaerobic conditions.

Further evidence for dechlorination at TAN is seen in the relative concentrations of
chlorinated hydrocarbons at wells in the upgradient portion of the plume (Figure 3).  TCE is the
primary contaminant in all of the wells; however, the relative concentrations of contaminants are
not constant and may provide information regarding the fate of TCE.  The fact that DCE, the
second most prevalent chlorinated hydrocarbon at well TSF-05, is found primarily around the
source and downgradient of the source, and that the isomer cis-1,2-DCE exhibits concentrations
greater than trans-1,2-DCE and 1,1-DCE in every well at TAN where they have been detected
suggests that the primary source of DCE is the reductive dechlorination of TCE.  Figure 3 shows
that DCE is relatively constant as a percentage of total contamination within 15 m (50 ft) of well
TSF-05, and then decreases downgradient.  It appears DCE is primarily generated near wells
TSF-05, TAN-25, and TAN-26 where electron donors (substrate) are readily available.  Finally,
other possible products of reductive dechlorination including vinyl chloride and ethene have
been detected.  Vinyl chloride has been detected consistently in the off-gas of an air stripper
treating groundwater from wells TSF-05 and TAN-25.  Ethene has been detected in low
concentrations in the groundwater in wells TSF-05 and TAN-27.  These data indicate that it may
be possible to achieve complete dechlorination of TCE at TAN.

While reductive dechlorination is occurring, it appears to be limited to the immediate
vicinity of Well TSF-05 due to the lack of dissolved organic carbon (based on the distribution of
DCE and the increasing dissolved oxygen concentrations downgradient).  Intrinsic reductive
dechlorination, therefore, is apparently not sufficient to restore the groundwater at TAN in a
reasonable time frame.  The fact that it is occurring and is probably carbon-limited, however,
indicates that enhanced in situ bioremediation through reductive dechlorination may be a cost-
effective technology for remediating the source area.  A 1-year field evaluation of this
technology is being conducted in the area between Wells TSF-05 and TAN-29 from November
1998 to November 1999.

Aerobic Attenuation

After evaluating anaerobic reductive dechlorination of TCE, the possibility was
considered of an aerobic degradation mechanism as a potential means to reconcile the apparent
stability of the plume (Figure 2) with the relatively small reductive zone.  In order to investigate
this possibility at TAN, evidence for degradation was sought in that portion of the TCE plume
downgradient from the reductive zone, which was assumed to extend from the former injection
well to Well TAN-28. The remainder of this paper focuses on the use of three methods presented
in the literature to evaluate and estimate TCE degradation at TAN based on groundwater
concentrations measured at monitoring wells and illustrates some important limitations.  All
three methods rely on the assumption that first-order kinetics can be used to model degradation.
This is a common assumption (Rifai et al., 1995) that has been found to be appropriate at many
sites (e.g., Rifai et al., 1995; Weaver et al., 1996; Ellis, 1996; Wilson et al., 1996; Wiedemeier et
al., 1996; Aronson and Howard, 1997).  It has been noted that first-order kinetics do not account
for the limitation of contaminant degradation rates by the presence of some compound other than
the contaminant (Rifai, 1994).

Graphical Extraction. First-order decay of any compound is described by the equation
C C eo

kt= − (1)



where C [M/L3]is the concentration of the compound after elapsed time, t [T], Co is the initial
concentration, and k [T-1]is the first-order decay constant.  The first method for estimating
degradation of a groundwater contaminant simply takes advantage of this equation which implies
that when the natural logarithm of the ratio of the downgradient contaminant concentration to the
concentration at an upgradient reference point is plotted as a function of the travel time between
points, the slope of the resulting line is equal to the first-order decay constant, k.  This has been
called the graphical extraction method by Ellis (1996). Of course a groundwater velocity is
required to plot the travel time between observation points.  A constant value of 0.11 m/day (0.35
ft/day) is assumed here.  The minimum value presented earlier is used so that the calculated
travel time will be a maximum and the first order degradation rate estimate will be a conservative
minimum.  It is important to note, however, that the first-order “decay” constant estimated by this
method includes the effects of all processes that cause contaminant concentrations to decrease
along a flow path (e.g., dispersion, matrix diffusion, sorption, volatilization, and degradation).
Thus, the estimate may or may not indicate the significance of degradation.  Nevertheless, the
method as applied at TAN is included as a point of comparison.

In Figure 4, 1997 groundwater monitoring data from 15 wells near the plume axis are
plotted as described above.  When wells were sampled more than once during the year, the
average of the values observed was used.  The reference point in the plot is Well TAN-28
because it is assumed to mark the downgradient extent of the reductive zone.  The total first-
order “decay” rate estimated from the plot is 2.3X10-4 per day, which is equivalent to an 8.3-year
half-life.  The R2 value of 0.98 seems to support the use of a first-order representation of TCE
attenuation at TAN.  Again, it is emphasized that this estimate includes the effects of all
processes that cause concentrations to decrease during downgradient transport.  One implication
of this fact is that the decay constant calculated by this method will never be zero unless
contaminant concentrations are constant along a flow line which could only occur in a one-
dimensional aquifer with no dispersion.

Buscheck and Alcantar Method.  The second method for estimating contaminant degradation
from groundwater concentration measurements was presented by Buscheck and Alcantar (1995).
This method is slightly more sophisticated than graphical extraction because it incorporates
information about dispersion and sorption with the intent of distinguishing these processes from
degradation.  The method makes use of a plot similar to Figure 4 except that the abscissa
represents distance rather than travel time.  The slope of the line, then, is equal to the decay
constant divided by the groundwater velocity, k/vx, because the travel time is the distance divided
the groundwater velocity.  As with graphical extraction, this method inherently assumes a
constant groundwater velocity.  Buscheck and Alcantar rearranged the solution of the one-
dimensional transport equation including first-order decay presented by Bear (1979) to obtain the
following equation for the first-order degradation rate, λ [Τ−1]:

( ) ( )[ ]( )λ α α= + −v k vc x x x4 1 2 1
2

(2)

where vc [L/T] is the contaminant velocity, αx [L] is the longitudinal dispersivity, k is the gross
first-order degradation rate (as would be calculated from graphical extraction), and vx [L/T] is the
groundwater velocity.

Of course this approach assumes that reasonable estimates of longitudinal dispersivity
and sorption (contaminant retardation) are available.  The method development assumes
volatilization is negligible.  This is generally reasonable except in very shallow aquifers.  Given
these parameters and k/vx obtained from the appropriate plot, a decay constant can be calculated



that is presumably due to contaminant degradation.  Figure 5 illustrates the application of the
method using the TAN 1997 groundwater monitoring data.  Of course the first-order fit is good
again because this is the same data as in Figure 4 plotted slightly differently.  Using k/vx from the
figure, a groundwater velocity of 0.11 m/day (0.35 ft/day), a dispersivity of 20 m (66 ft) based on
inverse numerical modeling of the tritium plume at the site, and a retardation factor of 1 (no
sorption, vc = vx), the first-order degradation constant, λ,  was estimated to be 2.4X10-4 per day,
equivalent to a half-life of 8.0 years.

While the graphical extraction and Buscheck and Alcantar (1995) methods are useful for
screening purposes, they require assumptions that may not be satisfied in many cases.  The first
assumption is that the plume is stable.  Plume stability is established when the rate of
contaminant mass removal by all natural attenuation processes is equal to the rate of contaminant
addition at the source so that contaminant concentrations at individual monitoring points remain
approximately constant.  A second important assumption that applies to the Buscheck and
Alcantar method is that transverse dispersivity is insignificant.  Transverse dispersivity is
essentially the parameter used to quantify the spreading of a plume.  Of course the spreading of a
plume contributes to the decrease in contaminant concentrations along the axis of the plume.
So, while transverse dispersivity is usually less than longitudinal dispersivity, it generally is not
insignificant as far as its effect on contaminant concentrations along a flow path.  One
manifestation of this issue in the Buscheck and Alcantar method is that the decay constant will
never be zero unless the slope of Figure 5 is zero.  As discussed in the graphical extraction
method, this will almost never be true in a real aquifer regardless of whether degradation is
occurring, largely because of the two- or even three-dimensional effect of transverse dispersivity.
While it can be argued that if a plume is stable, the degradation rate must be non-zero, neglecting
transverse dispersivity may result in significantly overestimating the rate.

Another difficulty with the use of longitudinal dispersivity in this approach is that its
effect on the solution of equation 2 may be counter-intuitive.  The rate estimate obtained from a
given data set will actually increase with increased dispersivity because of the one-dimensional,
steady-state assumptions.  This is because under one-dimensional, steady-state conditions,
increasing the longitudinal dispersivity will tend to spread higher concentrations further
downgradient from the source, thereby increasing the contaminant concentration at a given
observation point.  That is, dispersivity in the Buscheck and Alcantar (1995) approach does not
act as a natural attenuation mechanism that causes dilution in the plume, but instead increases the
degradation rate, λ, required to reproduce the observed concentration decline.  In a case with zero
sorption, an infinitesimal dispersivity will result in the same degradation rate estimate as would
be obtained for k from graphical extraction.  Increasing the value of dispersivity will increase the
rate estimate relative to graphical extraction as shown with the TAN data.  In the end, if sorption
is not significant, graphical extraction provides a more conservative rate estimate for degradation
in the sense that it will not overestimate degradation as much.  In cases where sorption is
significant, the Buscheck and Alcantar approach will be more conservative than graphical
extraction unless a high value for dispersivity is used.

Wiedemeier et al. Method. The third method used to estimate TCE degradation at TAN
eliminates some of the concerns discussed for the other two methods through normalization of
TCE concentrations by concentrations of a recalcitrant compound that is subject to the same
multi-dimensional transport mechanisms.  The method, described in Wiedemeier et al. (1996),
estimates the degradation rate of a compound between two points on a groundwater flow path by



calculating a normalized (or corrected) concentration of the compound at the downgradient point
through the equation:

( )C C C CB corr B T A T B, , ,= (3)

where CB,corr is the corrected concentration of the compound at downgradient point B, CB is the
observed concentration of the compound, CT,A is the observed concentration of an internal tracer
at upgradient observation point A, and CT,B is the observed concentration of the internal tracer at
point B.  The corrected downgradient concentration of the contaminant, CB,corr, and the observed
upgradient concentration, CA,  can then be used in equation 1 to estimate a first-order decay
constant that is independent of dispersion and dilution from recharge.  The estimated constant
will be independent of sorption and volatilization if the appropriate partitioning coefficients of
the tracer are similar to those of the contaminant, or if these processes are insignificant.

The essence of the correction in equation 3 is that if the contaminant is not attenuated
relative to the tracer between points A and B (i.e., the ratio of the contaminants is constant from
point A to downgradient point B) then CB,corr will equal CA and the decay constant from
equation 1 will be zero.  If the ratio of the contaminant to the tracer decreases from point A to
point B, then CB,corr will be less than CA, and a degradation rate can be estimated.  The role of this
ratio can be illustrated clearly through a slight modification of the approach presented by
Wiedemeier et al. (1996).  Letting the ratio of the contaminant concentration at a point, x, to the
tracer concentration at point x be noted by C*x and the concentration at the upgradient reference
point by denoted by C*A, then one can obtain the following equation (Sorenson et al., 1999):

( ) ( ) ( )ln * ln *C k v x Cx A= + (4)
This equation reveals that when the natural logarithm of the ratio of contaminant concentration to
tracer concentration is plotted against distance along a flow path, the slope of the line is equal to
the first-order degradation rate divided by the groundwater velocity.  Note that if travel time is
plotted as the abscissa, the slope is simply equal to the degradation rate.  Now it is clear that the
method presented by Wiedemeier et al. (1996) can be applied in a manner analogous to graphical
extraction except that the contaminant concentrations plotted are normalized by tracer
concentrations.

The fact that this method can discriminate contaminants for which concentration
decreases are due only to dispersion and dilution from those that actually degrade is a major
advantage over the other two methods.  Of course, an appropriate tracer must be available in the
plume.  A tracer must meet three requirements to be useful for this method: 1) it must originate
from the same source as the contaminant of interest (with the source terms being proportional),
2) it must be recalcitrant to degradation relative to the contaminant of interest, and 3) the
differences in partitioning coefficients between the tracer and the contaminant must be
understood and accounted for if necessary.

Two compounds at TAN, tritium and PCE, were used as tracers for evaluating the
possibility of aerobic TCE degradation.  Both compounds would be expected to be recalcitrant to
aerobic degradation satisfying the second requirement.  Tritium has a radioactive half-life of 12.3
years, but this can be easily accounted for using equation 2 with the estimated travel time
between observation points.  Tritium would not be subject to sorption or volatilization while
TCE might be in some environments.  The advantage of PCE as a second tracer is that it would
sorb more readily to organic material in the aquifer than TCE and it is also volatile.  The aquifer
at TAN has almost no organic carbon and a depth to water of over 60 m (200 ft) so sorption and



volatilization of TCE would be expected to be insignificant.  The use of both tritium and PCE as
tracers allows this hypothesis to be tested and satisfies the third requirement.

As for the first requirement for internal tracers, both compounds were co-disposed with
TCE and the residual source at Well TSF-05 was not disturbed between 1972 and 1990.  Given
this, it can be reasonably assumed that the relative magnitudes of the residual sources for the
three contaminants remained the same during this period.  The highest concentrations of all three
contaminants in groundwater at TAN were located at TSF-05 in 1990 when the sludge removal
occurred (Kaminsky et al., 1994).  The possibility must be considered, however, that source
characterization and remediation activities since 1990 have impacted the residual sources of the
three compounds differently.  Given an average groundwater velocity of 0.11 m/day (0.35
ft/day), contaminants from the source would have been expected to travel about 271 m (890 ft)
from 1990 to 1997, so only data further downgradient than this were considered in the analysis.
It should also be noted that the most downgradient data point for tritium appears anomalously
high and was removed from further analysis.  If the point were included it would result in a large
decrease in the TCE to tritium ratio that would give an artificially high apparent degradation rate.

As implied by equation 4 and the subsequent discussion, attenuation of one compound
relative to another can be evaluated simply by plotting the ratios of the two compounds at
observation wells as a function of distance downgradient.  Figure 6 illustrates the ratios of TCE
to PCE and TCE to tritium (corrected for its half-life) at observation wells near the axis of the
TAN plume.  In this figure, 1997 groundwater monitoring data from the axial wells including and
downgradient of TAN-39 were used.  Again, a single value of 0.11 m/d (0.35 ft/day) was used for
the groundwater velocity for correcting tritium concentrations as above.  Data from 1994, 1996,
and 1998 were included where available in addition to the 1997 data to demonstrate that the
analysis is temporally, as well as spatially, consistent.  It is quite clear from the figure that TCE
is being attenuated relative to both of the other compounds.  While a fair amount of scatter is
apparent in the data (as would be expected in this setting), the first-order fits appear to be
reasonable.  Multiplying the slopes of the plots by the average groundwater velocity, the first-
order degradation rate of TCE relative to PCE is estimated to be 8.5X10-5 per day, while the rate
relative to tritium is estimated to be 1.2X10-4 per day.   These correspond to half-lives of about
22 and 16 years, respectively.

The fact that TCE is attenuated more than PCE effectively rules out sorption as the
primary attenuation mechanism for TCE as expected.  Perhaps a more likely hypothesis is that an
oxidative degradation mechanism is affecting TCE in the aerobic portion of the plume.  While
TCE is somewhat susceptible to oxidation, PCE is very resistant to oxidation under typical in situ
conditions (Vogel et al., 1987; McCarty, 1996).

The above analysis indicated that TCE may be undergoing a 16 to 22-year half-life under
aerobic conditions at TAN.  Assuming a 20-year half-life, TCE concentrations would undergo a
96.9% decrease in addition to dispersive effects during the specified remedial time frame at TAN
of 100 years (assuming the source were isolated or removed).  Thus, intrinsic aerobic degradation
of TCE appears to be occurring to a measurable and significant extent.



DISCUSSION

The evaluation of natural attenuation mechanisms at TAN has revealed that while
reductive dechlorination of TCE is occurring, it is very limited in areal extent and it does not
appear to be the dominant attenuation mechanism at the site.  Somewhat surprisingly, TCE
degradation in the large, aerobic portion of the plume appears to be a major contributor to the
near-stability of the plume.  Based on the attenuation of TCE relative to two other compounds,
PCE and tritium, the degradation half-life for TCE in this part of the plume is conservatively
estimated to be about 20 years.  Using a higher, and probably more realistic, average ground
water velocity would yield shorter half-life estimates (Sorenson et al., 1999).  The total effective
half-life for TCE due to all attenuation processes including dispersion was estimated to be about
8.3 years using graphical extraction.

In order to predict the long-term fate of an attenuating contaminant, one must incorporate
both dispersion and degradation, so it may seem logical that the attenuation rate obtained from
graphical extraction is appropriate to use for this purpose.  Examination of the role of dispersion
over time, however, reveals that the use of this rate will overpredict natural attenuation of a
contaminant plume whose source is either removed or decreases with time.  A numerical model
was used to estimate the contribution of dispersion to attenuation at TAN.  The aquifer transport
properties were calibrated using the tritium disposal history and plume data (Sorenson et al.,
1999).  The TCE plume was then simulated for a 100-year period beginning with the TCE
distribution in 1996 without degradation and assuming the residual source was removed to
estimate the effect of dispersion alone on TCE concentrations.

Figure 7 illustrates the predicted maximum TCE concentration decline in basalt
throughout the 100 years.  The logarithm of the maximum concentration in a given year divided
by the initial (1996) concentration is plotted in order to compare dispersion to a first-order
process.  If dispersion had a first-order effect over time, the slope of the decline in Figure 7
would be constant.  It is clear, however, that the slope flattens out with time indicating that the
concentration decrease due to dispersion slows with time.  In this simulation, dispersion gives an
apparent half-life for TCE of about 5 years during the first 22 years of transport, but then the
equivalent half-life for the next 77 years of transport is about 34 years.  Examination of the three-
dimensional transport equation with first-order decay below reveals the reason for this behavior:
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where Dx is the longitudinal dispersion coefficient [L2/T], Dy is the horizontal transverse
dispersion coefficient, Dz is the vertical transverse dispersion coefficient, and y [L] and z [L] are
the horizontal and vertical transverse distances, respectively.

It is apparent from equation 5 that the change in a contaminant’s concentration over time
due to dispersion depends on concentration gradients.  Intuitively it seems clear that in a
contaminant plume whose source has been removed, the concentration gradients will decrease as
the plume moves downgradient and spreads due to dispersion.  The rate of concentration
decrease due to dispersion should be at a maximum at the initial time when the concentration
gradients are at a maximum, and then the rate should decrease.  While dispersion may play a
significant role during the first several years of transport, it becomes less significant as time goes
on and other processes may become much more important.  The total attenuation rate will
approach the degradation rate as the significance of dispersion decreases.  Thus, distinguishing



between dispersion and degradation when predicting long-term natural attenuation of
groundwater contaminants will be very important.

CONCLUSIONS

Aerobic degradation of TCE that is slow relative to anaerobic reductive dechlorination,
but that may be significant for remedial time frames, has been documented through analysis of
field data in a basalt aquifer at the INEEL.  The mechanism has not been determined, but the data
collected to date appear to be consistent with biologically mediated oxidation.  In addition to the
overall oxidative geochemical conditions, the relatively conservative behavior of PCE and the
lack of less chlorinated daughter products seem to rule out a reductive mechanism.  Another
potential mechanism for the observed degradation is hydrolysis.  Although processes this slow
can be difficult to study, their potential significance indicates that much more research in this
area is warranted.

A method for normalizing contaminant concentrations based on internal tracers modified
from Wiedemeier et al. (1996) was shown to distinguish dispersion from degradation, while the
methods of graphical extraction and Buscheck and Alcantar (1995) do not.  Transverse
dispersivity is not accounted for in the other two methods and can have a significant effect on
contaminant concentrations along a flow path.  This effect is evident at TAN from the fact that
the aerobic TCE half-life for degradation independent of dispersion was estimated to be about 20
years, while the estimated half-life including three-dimensional dispersive effects was about 8
years.  The importance of distinguishing between degradation and dispersion when estimating
natural attenuation rates was illustrated through the use of a numerical model as well as
examination of the transport equation.  Dispersion does not have a constant contribution to
contaminant concentration decreases in a transient plume in which concentration gradients
decrease over time.  Thus, the contribution of dispersion to natural attenuation in a stable plume
with an ongoing residual source is probably greater than it will be at some later time when the
residual source is removed and gradients decrease.

Perhaps most important for TAN is the fact that TCE concentrations in groundwater
would be predicted to decrease by 97% in 100 years using the estimated 20-year half-life, even
without dispersion.  The effect of transverse dispersion would lower these concentrations further
and could be estimated either using the numerical model, or perhaps by using a two-dimensional
analytical solution.  Thus, if the TCE residual source is contained or actively treated, natural
attenuation may provide a viable remedial solution for a significant portion of the TAN plume,
despite the fact that it is predominantly aerobic.

REFERENCES

Aronson, D. and P.H. Howard.  1997.  Anaerobic Biodegradation of Organic Chemicals in
Groundwater: A Summary of Field and Laboratory Studies.  Draft Final Report prepared for the
American Petroleum Institute, Washington, DC, SRC TR-97-0223F.

Bear, J.  1979.  Hydraulics of Groundwater, 569 pp.  McGraw-Hill, New York, NY.



Buscheck, T.E. and C.M. Alcantar.  1995.  “Regression Techniques and Analytical Solutions to
Demonstrate Intrinsic Bioremediation.”  In: R.E. Hinchee, J.T. Wilson, and D.C. Downey (Eds.),
Intrinsic Bioremediation, pp. 109–116.  Battelle Press, Columbus, OH.

Ellis, D.E.  1996.  “Instrinsic Remediation in the Industrial Marketplace.”  In: Symposium on
Natural Attenuation of Chlorinated Organics in Ground Water, pp. 120-123.  Office of Research
and Development, U.S. Environmental Protection Agency, Washington, DC, EPA/540/R-96/509.

Garabedian, S.P.  1986.  Application of a Parameter-Estimation Technique to Modeling the
Regional Aquifer Underlying the Snake River Plain, Idaho, 60 pp.  U.S. Geological Survey
Water-Supply Paper 2278.

Garabedian, S.P.  1987.  Hydrology and Digital Simulation of the Regional Aquifer System,
Eastern Snake River Plain, Idaho, 151 pp.  U.S. Geological Survey Open-File Report 87-237.

Ingram, J. C., G. S. Groenewold, M. M. Cortez, D. L. Bates, M. O. McCurry, S. C. Ringwald,
and J. E. Pemberton.  1998.  “Surface Chemistry of Basalt and Related Minerals.”  In:
Proceedings of the 46th American Society for Mass Spectrometry Conference, May 31-June 4,
Orlando, Florida, pp. 1167.

Kaminsky, J.F., K.N. Keck, A.L Schafer-Perini, C.F. Hersley, R.P. Smith, G.J. Stormberg, and
A.H. Wylie.  1994.  Remedial Investigation Final Report with Addenda for the Test Area North
Groundwater Operable Unit 1-07B at the Idaho National Engineering Laboratory. Prepared for
the U.S. Department of Energy, EGG-ER-10643.

McCarty, P. L., 1996, “Biotic and Abiotic Transformations of Chlorinated Solvents in
Groundwater.”   In: Symposium on Natural Attenuation of Chlorinated Organics in Ground
Water, pp. 5-9.  Office of Research and Development, U.S. Environmental Protection Agency,
Washington, DC, EPA/540/R-96/509.

Mundorff, M.J., E.G. Crosthwaite, and C. Kilburn.  1964.  Ground Water for Irrigation in the
Snake River Basin in Idaho, 224 pp.  U.S. Geological Survey Water-Supply Paper 1654.

Rifai, H.S.  1994.  “Mathematical Modeling of Intrinsic Bioremediation at Field Sites.”  In:
Proceedings of the EPA Symposium on Intrinsic Bioremediation of Ground Water, U.S.
Environmental Protection Agency, Washington, DC, EPA/540/R-94/515.

Rifai, H.S., R.C. Borden, J.T. Wilson, and C.H. Ward.  1995.  “Intrinsic Bioattenuation for
Subsurface Restoration.”  In:  R.E. Hinchee, J.T. Wilson, and D.C. Downey (Eds.), Intrinsic
Bioremediation, pp. 1-29.  Battelle Press, Columbus, OH.

Sorenson, K.S., P. Martian, L.N. Peterson, R.L. Ely, R.E. Hinchee.  1999.  “An Evaluation of
Anaerobic and Aerobic Natural Attenuation of Trichloroethene.”  Bioremediation Journal,
submitted.

Vogel, T.M., C.S. Criddle, and P.L. McCarty.  1987.  “Transformations of Halogenated Aliphatic
Compounds.”  Environmental Science and Technology.  21(8):722-736.

Weaver, J.W., J.T. Wilson, and D.H. Kampbell.  1996.  “Extraction of Degradation Rate
Constants from the St. Joseph, Michigan, Trichloroethene Site.”  In: Symposium on Natural



Attenuation of Chlorinated Organics in Ground Water, pp. 69-73.  Office of Research and
Development, U.S. Environmental Protection Agency, Washington, DC, EPA/540/R-96/509.

Whitehead, R.L.  1992.  Geohydrologic Framework of the Snake River Plain Regional Aquifer
System, Idaho and Eastern Oregon, 32 pp.  U.S. Geological Survey Professional Paper 1408-B.

Wiedemeier, T.H., M.A. Swanson, J.T. Wilson, D.H. Kampbell, R.N. Miller, and J.E. Hansen.
1996.  “Approximation of Biodegradation Rate Constants for Monoaromatic Hydrocarbons
(BTEX) in Ground Water.” Ground Water Monitoring and Remediation.  16(3):186-194.

Wilson, J.T., D.H. Kampbell, and J.W. Weaver.  1996.  “Environmental Chemistry and the
Kinetics of Biotransformation of Chlorinated Organic Compounds in Ground Water.”  In:
Symposium on Natural Attenuation of Chlorinated Organics in Ground Water, pp. 124-127.
Office of Research and Development, U.S. Environmental Protection Agency, Washington, DC,
EPA/540/R-96/509.



Date

0

500

1000

1500

2000

2500

3000

Aug-87 Dec-88 May-90 Sep-91 Jan-93 Jun-94 Oct-95 Mar-97

USGS-24

TAN-D1

TAN-29

TAN-28

T
C

E
 C

on
ce

nt
ra

tio
n 

(
g/

L)
µ

Figure 2.  History of TCE concentrations at wells in the upgradient portion of the TAN plume.
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Figure 4.  Graphical extraction of gross first-order TCE attenuation rate.
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Figure 5.  Buscheck and Alcantar (1995) method for estimating first-order TCE degradation rate.
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Figure 6.  First-order degradation rate estimation using tracer-corrected TCE concentrations.
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The Use of Natural Attenuation with Long Term

Monitoring for Restoration of Hydrocarbon

 Contaminated Groundwater
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ABSTRACT

Naturally occurring attenuation mechanisms, such as biodegradation (aerobic and
anaerobic) can reduce the total mass of hydrocarbon contaminants in soils and
groundwater.  Monitoring objectives are used to evaluate the effectiveness of in-situ
biodegradation and natural attenuation processes in soil and groundwater.  This approach
is less costly than currently available remedial technologies such as pump and treat.

Investigations at Wright-Patterson Air Force Base (WPAFB), Ohio in 1992
delineated a dissolved petroleum hydrocarbon plume dominated by BTEX compounds.
In 1997 sampling was conducted to gather data to evaluate the effectiveness of natural
attenuation processes.  Groundwater samples were analyzed for BTEX, nitrate, sulfate,
ferrous iron, and dissolved oxygen.  Soil gas samples were analyzed for methane and
carbon dioxide.

Results of the sampling indicate that in-situ biodegradation and natural
attenuation processes are effectively degrading the hydrocarbon contamination. Therefore
WPAFB was able to sign a Record of Decision with the regulatory agencies for a natural
attenuation remedy for this plume.



INTRODUCTION

Naturally occurring attenuation mechanisms such as biodegradation (aerobic and
anaerobic) can reduce the total mass of hydrocarbon contaminants in soils and
groundwater.  Wright-Patterson Air Force Base (WPAFB) set out to demonstrate that
natural attenuation mechanisms would effectively reduce the levels of petroleum
contaminants in the groundwater and soils at Spill Sites 2, 3, & 10 to concentrations
protective of human health and the environment, in a timeframe comparable to that which
could be achieved through active restoration.

Under appropriate conditions, the regulated benzene, toluene, ethyl benzene, and
xylene (BTEX) naturally degrade through microbial activity and ultimately produce non-
toxic end products (e.g., carbon dioxide and water).  Following degradation of a
dissolved BTEX plume, a residue consisting of heavier petroleum hydrocarbons of
relatively low solubility and volatility will typically be left behind in the original source
(spill) area.  However, because the heavier petroleum hydrocarbons will not be dissolved
in groundwater these heavier hydrocarbons do not pose a risk.

Site Description

WPAFB is located in southwestern Ohio, northeast of the city of Dayton (Figure
1).  The Base is comprised of two parts, Patterson Field (Areas A & C) and Wright Field
(Area B).  Area B is comprised of 2,800 acres and Areas A & C are comprised of 5,711
acres.  Area C is used for Base flying activities and also contains offices, dormitories,
storage facilities, and flight line facilities.  Spill Sites 2, 3, and 10 are located in Area C.

WPAFB overlies a buried bedrock valley.  The bedrock consists of interbedded
shale and limestone.  The bedrock valley is filled with unconsolidated glacial outwash,
glacial till, and modern alluvial deposits.  These deposits are predominantly sands and
gravels with local discontinuous silt and clay layers.

The bedrock is not a significant source of groundwater.  The principal water-
bearing zones in the valley aquifer are the highly transmissive outwash sediments that are
up to 250 feet thick.  This buried valley forms part of the Miami Buried Valley Aquifer
system that was designated as a sole source aquifer in 1988.  Depth to the water table is
typically 5-25 feet below ground surface.  The buried valley aquifer is the source of water
for on-base water supply wells, the City of Dayton Wellfield (downgradient) and the City
of Fairborn Wellfield (upgradient).

Regionally, the ground water flows southwest, following the trend of the buried
valley aquifer.  Locally, ground water flows toward the Mad River.  However, in the flat
flood plain area of Areas A & C of WPAFB, the ground water initially flows in a
northerly direction before flowing towards the Mad River.



BACKGROUND

The spill at Spill Site 2 occurred in April 1976 and involved the release of
approximately 8,300 gallons of JP-4.  Three recovery wells were installed and
approximately 4,800 gallons of spilled jet fuel was recovered.  Spill Site 3 occurred in
March 1981 and involved the release of 1,200 to 2,500 gallons of No.2 Oil.  A recovery
trench was dug adjacent to the spill area but no fuel was recovered.  Spill Site 10
occurred in October 1989 and involved 150 gallons of JP-4 jet fuel.

A removal action was undertaken in March 1991.  This removal action consisted
of installing a skimmer pump in monitoring well 04-518-M (Figure 2).  Approximately
1,600 gallons of petroleum product were recovered through April 1995 as a result of this
removal action.

In May 1993, a Free Product Recovery System was put into operation in the area
of Spill Sites 2 and 3.  One recovery well, 30 inches in diameter and 35 feet in depth was
installed.  A dual-pump system was used, one pump to depress the water table and a
skimmer pump to recover free product.  The estimated radius of influence was 600 feet in
the upgradient direction and 150 feet in the downgradient direction.

Through March of 1995 only about 82 gallons of free product had been
recovered.  This treatment system was destroyed by fire in November 1995.  Because
results of the Remedial Investigation (RI) indicated no more appreciable amounts of free
product were recoverable and only minimal amounts were collected during the 18 months
of operation, this system was not rebuilt.

A third system began operation in September 1993 when a PetroTrap® passive
recovery system was installed in monitoring well MW21-3S.  The PetroTrap® is a
skimmer system that collects floating product from the well and retains it internally until
it is emptied manually.  Approximately 5.3 gallons of free product was removed with this
system.

In December 1996 belt-type skimmers were installed in wells 04-518-M and
MW21-3S.  These belt-type skimmers use urethane belts that are hydrophobic allowing
only oil to be brought to the surface.  At the surface the belt is mechanically swabbed to
recover the product and direct it to a tank for storage and disposal.  From December 1996
to January 1998 a total of approximately 80 gallons of product/water mixture was
removed (1).  These belt skimmers are still in operation.

RESULTS AND DISCUSSION

Monitored natural attenuation, the use of naturally occurring contaminant
degrading and dispersing processes combined with environmental monitoring to
remediate contaminated groundwater, has emerged in recent years as a remedial strategy.
Experience has shown that the efficiency of natural attenuation depends on particular
hydrologic and geochemical characteristics of the groundwater system into which
contaminants are introduced.  The goal of this site characterization effort is to understand
the fate and transport of the contaminants of concern over time in order to assess any



current or potential threat to human health and the environment.  Biodegradation
processes are of high importance to natural attenuation because they can transform toxic
contaminants to nontoxic byproducts. Because of this, the technical aspects of natural
attenuation discussed in the paper focuses on intrinsic bioremediation.

Three lines of evidence are used to support intrinsic bioremediation (2).  The first
line of evidence used is the observed reduction of contaminant concentration
downgradient from the source area.  The second line of evidence involves the use of
geochemical analytical data to show that decreases in contaminant and electron acceptor
concentrations can be correlated to increases in metabolic byproduct concentrations.  The
third line, microbiological evidence, can be used to show indegenous biota are capable of
degrading site contaminants.  This line was not pursued during the evaluation.

In May 1997, WPAFB initiated a monitoring program to evaluate the
effectiveness of intrinsic biodegradation processes in soil and groundwater within the fuel
spill areas. Baseline sampling provided a current distribution of petroleum hydrocarbons
that was compared to past sampling events.  The natural attenuation parameters,
dissolved oxygen (DO), oxidation-reduction potential, nitrate, sulfate, ferrous iron, and
methane were also monitored.  WPAFB used this information to convince the regulatory
agencies that the BTEX concentrations had decreased without an active remediation
system in place.

The baseline evaluation consisted of collecting soil gas samples from 15 soil gas
probes, groundwater samples from 25 monitoring wells, and soil samples from two
borings.  The soil gas probes are screened one to three feet above the groundwater table
measured in the surrounding wells.  These were sampled and analyzed for BTEX, TPH,
methane, oxygen, and carbon dioxide.  Results are shown in Table 1.  Concentrations of
BTEX compounds in these samples are low.  The highest concentrations were found at
OU2-SV10 (568 µg/L) and OU2-SV06 (93.9 µg/L).  No benzene was detected in any of
the samples.

TPH concentrations have a similar plume distribution as the BTEX
concentrations with the highest concentration occurring at OU2-SV10 (12,500µg/L).

Geochemical data showed methane in 7 of 15 soil gas probes and carbon dioxide
in 4 of 15.  In the 4 probes that showed carbon dioxide the DO levels were also decreased
significantly as compared to the other probes.

 Groundwater samples were analyzed at an offsite laboratory for BTEX, TPH as
Gasoline Range Organics (GRO) and Diesel Range Organics (DRO), nitrate, and sulfate.
Results are shown in Table 2.  Field analyses were conducted for dissolved oxygen and
ferrous iron as well as the parameters of pH, temperature, conductivity, turbidity, and
oxidation-reduction potential.

BTEX concentrations range from non-detect to 478.6 µg/L (well 04-518-M).
The TPH as GRO concentrations have a similar distribution as BTEX.  The highest GRO
is 5,500µg/L.  Distributions of DRO are similar to GRO although it is not as extensive
and the concentrations are slightly higher.  The highest concentration of DRO was at well
04-518-M (8.8 mg/L).



Looking at the geochemical data to support intrinsic bioremediation we can see
the DO levels are decreased in the wells located in the center of the plume.  Nitrate and
sulfate levels are also lower in the plume area than in background wells.  Ferrous iron
concentrations increase above background in the plume area.

Soil samples were collected from the boreholes of the soil gas sampling points
OU2-SV03 and OU2-SV06.  These were analyzed for BTEX and TPH as GRO and
DRO.  No TPH was detected above the detection limit of 52.7mg/kg.  The only BTEX
concentration above the detection limit of 2.1µg/kg was xylene found at OU2-SV06 at a
concentration of 5.3µg/kg.

CONCLUSIONS

The main indicator of natural attenuation is the decrease in BTEX concentrations
over time.  The BTEX concentrations for two wells within the plume area are shown in
Figures 3 and 4.  These data show a significant decrease in BTEX concentrations from
1992 to 1997.

The comparison of BTEX to electron acceptors shows a good correlation
between elevated BTEX levels and depleted electron acceptors.  This indicates an
electron acceptor demand during metabolism of BTEX has resulted in depletion of
soluble electron acceptors.  This is a strong indicator of intrinsic bioremediation.  The
increase in ferrous iron also shows anaerobic iron reduction is occurring.

The BTEX concentration decrease along with the strong evidence of intrinsic
bioremediation shown by the geochemical parameters indicates that natural attenuation is
a viable remediation for this site.  With this evidence we were able to sign a Record of
Decision (ROD) with the regulatory agencies for a monitored natural attenuation remedy
for Spill Sites 2,3, and 10.
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Sample 
Location

Date 
Analyzed

Benzene 
(ug/L)

Toluene 
(ug/L)

Ethylbenzene 
(ug/L)

Xylenes 
(Total) 
(ug/L)

Total 
BTEX 
(ug/L)

TPH        
(ug/L)

Methane 
(%)

Oxygen 
(%)

Carbon 
Dioxide 

(%)

OU2-SV01 5/7/97 ND ND ND ND ND 172 ND 25.1 ND
OU2-SV02 5/7/97 ND ND ND ND ND ND 2.1 24.1 ND
OU2-SV03 5/7/97 ND ND ND 3.58 3.58 630 11.1 15.8 ND
OU2-SV04 5/7/97 ND ND ND 5.51 5.51 453 ND 22.6 ND
OU2-SV05 5/7/97 ND ND ND 8.49 8.49 4420 5.08 10.7 12.6
OU2-SV06 5/7/97 ND ND ND 93.9 93.9 9480 4.66 3.8 38.9
OU2-SV07 5/7/97 ND ND ND ND ND 119 2.06 22.2 ND
OU2-SV08 5/8/97 ND ND ND ND ND 22.2 ND 25.1 ND
OU2-SV09 5/7/97 ND ND ND ND ND ND ND 26.5 ND
OU2-SV10 5/7/97 ND 424 9.2 135 568.2 12500 8.5 5.78 24.2
OU2-SV11 5/8/97 ND ND ND ND ND ND ND 25.3 ND
OU2-SV12 5/8/97 ND ND ND ND ND ND ND 26.2 ND
OU2-SV13 5/7/97 ND ND ND ND ND 1090 ND 24.7 ND
OU2-SV14 5/7/97 ND ND 9.26 11.3 20.56 8700 10.3 8.78 8.28
OU2-SV15 5/7/97 ND ND ND ND ND ND ND 25.6 ND

Table 1.  Baseline Evaluation Soil Gas Sampling Results, WPAFB

ND - Non-detect



WELL NUMBER
BTEX            
(ug/L)

TPH as 
GRO      
(ug/L)

TPH as 
DRO     

(mg/L)
NITRATE 

(mg/L)
SULFATE 

(mg/L)
METHANE 

(ppm)
ORP      
(mv)

DO     
(mg/L)

FERROUS 
IRON 
(mg/L)

04-016-M 8.8 2300 0.85 ND ND 19.4 -196 1.73 7.92
04-517-M ND ND ND 0.8 18.7 0.001U 44 4.50 0.02
04-518-M 478.6 5300 8.6 ND ND 7.67 -95 1.87 2.36

OW-1 431.3 5500 1.3 ND ND 11.7 -136 1.00 5.10
OW-2 ND 1800 1.6 0.5 1 24.9 -145 2.68 5.10
OW-3 2.2 3000 1.1 ND ND 12.1 -118 2.61 3.08
OW-4 ND 930 ND ND 3 19.5 -93 1.78 9.58
OW-6 ND ND ND ND 23 0.291 61 5.72 0.17
P11-1 ND 73 ND 0.6 48 0.001U 187 4.60 5.10
P11-2 ND 75 ND 1.1 47 0.001U 141 2.93 0.03
P16-1 ND 1900 3.2 ND 1.5 12 -83 3.07 4.46
P18-1 5.5 3900 1.7 0.5 10 11.5 -50 2.12 5.10
P18-2 173 3700 4.9 ND 1.7 16.9 -85 1.96 5.10

NEA-MW17-4S ND 160 ND ND 72 0.001U 164 5.43 0.02
NEA-MW20-2S 51.7 2800 1.9 ND ND 21.3 -71 3.17 1.10
NEA-MW22-3S ND ND ND ND 48 0.049 8 3.37 0.51
NEA-MW23-2S ND 76 ND 0.7 17 0.017 18 2.74 0.08
NEA-MW24-2S ND ND ND 2 66.5 0.001U 71 4.19 0.01

Table 2.  Baseline Groundwater Monitoring Results, WPAFB
Page 1 of 2

ND - Non-detect



Figure 1. Wright-Patterson Air Force Base Location Map.

Figure 2. Well Locations at Spill Sites 2, 3 and 10 and May 1997 BTEX Results.

Figure 3. BTEX Concentration Graph for Well NEA-MW28-5S.

Figure 4. BTEX Concentration Graph for Well NEA-MW20-2S.
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INTRODUCTION

Closing sites is the goal of most remedial investigation and remediation
programs. Usually the hydrogeologic, engineering, and risk assessment aspects of
these programs are well understood and follow sets of commonly applied
practices, allowing budgets and time schedules to be reasonably predicted.
However, the effort required to obtain political and regulatory closure of these
sites are less predictable and can become the most challenging aspects of the
programs. Because delay in obtaining closure can be costly to the responsible
parties, closure efforts need very focused, practical attention in order to closely
follow the completed investigations and cleanup activities.

In early 1990, Geomatrix Consultants, Inc. (Geomatrix), at the request of
one of its clients, began reviewing the regulatory and site cleanup history of a
manufacturing facility in the San Francisco Bay Area. By that time, the client had
spent several million dollars on soil investigations and cleanup, groundwater
investigations, and the implementation of two separate groundwater cleanup
measures; two separate enhanced in-situ groundwater remediation systems were
still active at the site. During the various investigation and cleanup phases, the
site was redeveloped from a manufacturing facility into a retail shopping mall.
The operation of the in-situ groundwater treatment systems and related
monitoring program were continuing with no end in sight. What was needed was
site closure.

SITE HISTORY

This former railroad site was converted into a heavy equipment
manufacturing facility in the mid-l 950’s and operated as such until 1983. From
1983 to 1994, the Site was primarily utilized as warehouse and storage space. In



1994, the Site was converted to a retail shopping mall. Several consulting firms
provided services to the predominant owners of the site from the mid-1980s until
Geomatrix obtained complete environmental site closure in 1997. These
consulting services resulted in the investigation and cleanup of soil containing
petroleum and non-petroleum hydrocarbons. The site investigations also revealed
that groundwater beneath the Site was impacted by petroleum hydrocarbons
emanating from two primary areas, which are referred to as Area 1 and Area 2
(Figure 1). Area 1 is associated with a former 20,000 gallon underground storage
tank (UST), used on the Site from the mid-1950’s to the mid-1980’s; the UST
reportedly dispensed approximately 1,000 gallons per month of gasoline. Area 2
is associated with a former 2,000 gallon UST, used during the same period, which
reportedly dispensed approximately 7,500 gallons per month of gasoline. There
were no non-petroleum related groundwater impacts associated with the Site.

SITE HYDROGEOLOGY

The Site lies within the Coast Range geomorphic province of California,
which consists of northwest-trending ridges and mountains separated by valleys
and lowlands. The Site is located in the South San Francisco Bay lowland area
near the southern margin of the bay. Much of the area of South San Francisco
Bay is an alluvial basin that formed between the Diablo Range to the east and the
Santa Cruz Mountains to the west.

The Site is located on relatively flat terrain that gently slopes toward San
Francisco Bay, which is approximately five miles to the northwest. Ground
elevations vary from approximately 45 feet above mean sea level (msl) in the
southeastern portion of the Site, to approximately 25 feet above msl in the
northwestern comer of the Site.

The Site is underlain by a complex sequence of heterogeneous and
laterally discontinuous deposits of clay, silt, sand, and gravel to at least 50 feet
below ground surface (bgs). The sediments underlying the Site are
predominantly fine-grained. This fine-grained matrix contains numerous
discontinuous layers of coarse-grained sands and gravel. The coarse-grained
layers are typically thin (less than 5 feet thick); however, locally, some borings
have encountered up to 15 feet of sand at depths below 25 feet bgs. Historically,
the terms “A-level aquifer” and “B-level aquifer” have been used to describe the
upper 25-foot interval, and the lower 25- to 50-foot interval of the stratigraphic
column, respectively. This terminology is used to denote the approximate level
where the monitoring wells are screened and should not be interpreted to
represent two distinct and laterally continuous water-bearing zones. In this paper,
we refer to the monitoring wells screened above 25 feet bgs as A-level wells and
monitoring wells screened from 25 feet to approximately 50 feet bgs as B-level
wells.



For the period 1982 to 1991, preliminary investigations resulted in the
installation of 71 A-level and 7 B-level groundwater monitoring wells at the Site.
Additionally, approximately 180 monitoring wells were installed in 1992 and
1993 in a secondary investigation phase and as part of the installation and
operation of an enhanced bioremediation system. The site-wide groundwater
monitoring program of 3 1 wells incorporated 18 of these wells until the program
was terminated as part of the closure action completed by Geomatrix in 1997.

Water levels in site wells ranged from approximately 7 to 12 feet bgs. The
horizontal gradient is directed toward the north to northwest at 0.005 foot per foot
in the vicinity of Area 1, and it is directed toward the northwest at 0.0016 foot per
foot in the vicinity of Area 2. A groundwater extraction system immediately
upgradient of the Site, and the presence of a slurry wall with an associated
inactive extraction trench located in the downgradient portion of the Site may
have affected groundwater flow locally.

A hydrogeologic cross section for the site oriented approximately parallel
to groundwater flow is presented in Figure 2. The cross section typifies the
stratigraphy observed throughout the Site. Aquifer tests yielded horizontal
conductivity estimates of 20 feet per day in A-level wells, and 26 feet per day in
B-level wells. The aquifer tests also demonstrated that there is not a significant
hydraulic barrier between wells screened in the A-level and wells screened in the
B-level. In addition, water levels measured in A- and B-level wells have
generally been similar, indicating an insignificant vertical gradient between the
two levels. Estimates of groundwater pore-velocities were approximately 0.3 to
0.5 foot/day for both A-level and B-level wells.

REGULATORY HISTORY

The Site investigation, cleanup, and monitoring requirements were set
forth in a Cleanup and Abatement Order (CAO) adopted in 1990 by the San
Francisco Bay Area regional office of the California Regional Water Quality
Control Board (RWQCB). The CAO contained tasks for completion of site
characterization and preparation and implementation of final remedial actions.
The CAO found that these tasks were necessary to alleviate the threat to the
environment posed by migration of the chemicals in soil and groundwater, and to
provide a substantive technical basis for designing and evaluating the
effectiveness of cleanup actions. The CAO implemented the revised San
Francisco Bay Water Quality Control Plan (Basin Plan) mandated by the Federal
Clean Water Act. According to the CAO, potential beneficial uses of the
groundwater beneath the Site included municipal water supply, domestic water
supply, agricultural water supply, and industrial and process water supply.



The CAO required fmal cleanup levels for groundwater to be background,
or up to drinking water action levels set by the California Department of Health
Services. This approach implemented State Water Resources Control Board
(SWRCB) Resolution No. 68-16, “Statement of Policy with Respect to
Maintaining High Quality of Waters in California”, adopted some 30 years ago,
and referred to as the “non-degradation” policy. The CAO also stated that final
groundwater cleanup levels “shall be approved” by the RWQCB. Other Policies
and Guidelines that impacted actions taken by the regulatory agency and the
responsible party included:

l Regional Board Resolution No.89-39, “Sources of Drinking Water” -
Adopted in 1989 to implement the 1988 SWRCB Resolution No.88-63
(Sources of Drinking Water), defines potential sources of drinking water
to include all groundwater in the region, with limited exceptions for areas
of high total dissolved solids, low yield, or naturally high contaminant
levels. Groundwater underlying and adjacent to the Site is considered a
potential source of drinking water by the RWQCB.

l State Board Resolution No. 92-49, “Policies and Procedures for
Investigation and Cleanup and Abatement of Discharges Under Water
Code 13304” - Adopted in 1992, it contains the basis for RWQCB site
characterization and cleanup requirements. This Policy allows for
groundwater to have contaminant levels higher than drinking water
standards, where approved by the RWQCB under a “Containment Zone”
approach. This approach, however, does not result in full site closure. It
requires ongoing monitoring and requires a mitigation project while
investigation and cleanup activities remain “on hold” for the indefinite
future.

l The Executive Director of the SWRCB issued a letter dated December 8,
1995 to all RWQCBs and local oversight program agencies, concerning
results of a California UST study conducted by the Lawrence Livermore
National Laboratory entitled “Recommendations to Improve the Cleanup
Process for California’s Leaking Underground Storage Tanks” (LLNL
Report). The letter stated, “For cases affecting low risk groundwater (for
instance, shallow groundwater with a maximum depth to groundwater less
than 50 feet and no drinking water wells screened in the shallow zone
within 250 feet of the leak) we recommend that active remediation be
replaced with monitoring to determine if the fuel leak is stable.”

l The San Francisco Bay Region further discussed fue l  cleanup guidance in
a letter to all UST oversight agencies dated January 5, 1996 entitled,
“Supplemental Instructions to State Water Board December 8, 1995,
Interim Guidance on Required Cleanup at Low Risk Fuel Sites”. This
guidance identified six criteria that must be satisfied in order to obtain
“low risk groundwater case” site closure.



SOIL INVESTIGATION AND REMEDIATION
ACTIVITIES

Cleanup objectives for soil were determined in 1993 by the use of risk
assessment techniques, and were approved by the RWQCB staff. Potential
exposure to chemicals in soil, including non-petroleum constituents, was
evaluated assuming a residential or commercial industrial scenario and a scenario
involving protection of groundwater quality. The lowest of these values was
selected as a cleanup objective. Soil cleanup objectives were derived for the
following:

Acetone - 760 milligrams per kilogram (mg/kg)
Benzene - 0.70 mg/kg
Ethylbenzene - 900 mg/kg
Ethylene chloride - 7 mg/kg
2-methyl-naphthalene - 120 mg/kg
Naphthalene - 45 mg/kg
Toluene - 1600 mg/kg
Xylenes - 2400 mg/kg

A Soil Investigation Summary Report and a Soil Remediation Summary
Report were prepared as part of the site closure package prepared by Geomatrix.
Affected soil at the Site was excavated and either removed from the Site or
remediated to concentrations below the cleanup objectives.

GROUNDWATER INVESTIGATION AND
REMEDIAL ACTIVITIES

Investigations performed at the Site indicated that total petroleum
hydrocarbons characterized as gasoline (TPHg) and benzene, toluene,
ethylbenzene, and xylenes (BTEX), were present in the A-level groundwater near
Area 1 and Area 2. The lateral and vertical distribution of petroleum
hydrocarbons in A-level groundwater was defined within the Site boundaries
(Figures 3 and 4). The lateral extent is approximately defined by A-level
monitoring wells located at or beyond the perimeter of affected groundwater. The
vertical extent is defined by the absence of TPHg and BTEX concentrations in B-
level wells within Area 1 and Area 2 and monitored from 1991 to 1996. A
Groundwater Quality Investigation Report was also prepared by Geomatrix as
part of the site closure package.



As a primary remedial action, a groundwater extraction and treatment
system was installed in 1989 with the intent of preventing off-site migration of
petroleum hydrocarbon-affected groundwater in the A-level that emanated from
both Area 1 and Area 2. The extraction trench concept was adopted as a
remedial measure due to the low conductivity of the sediments underlying the Site
in the A-level. A low-permeability slurry wall of similar depth was located about
20 feet downgradient from the trench. The purpose of the slurry wall was to
enhance the extraction system by further preventing flow of groundwater past the
trench and to prevent the flow of potentially unaffected groundwater into the
extraction and treatment system. After extraction, the groundwater was treated by
an air-stripper and discharged under a National Pollutant Discharge Elimination
System Permit.

Groundwater extraction began on 3 1 October 1989 and continued until
April 1994. During the five years of extraction trench operation, significant
quantities of petroleum hydrocarbon constituents did not reach the extraction
trench. This lack of hydrocarbon movement strongly suggested that in-situ
chemical degradation and attenuation at the downgradient edges of the TPHg and
BTEX-affected areas was occurring at rates that stabilized the hydrocarbons in
soil and groundwater and limited their lateral migration. The groundwater
extraction and treatment system was deactivated upon installation of a second
phase cleanup system in 1994.

A second phase remedial action was installed in 1994 that consisted of an
enhanced in-situ remediation system in an attempt to increase the rate of natural
biodegradation of petroleum hydrocarbons in groundwater in both Area 1 and
Area 2. This second phase was implemented because results of groundwater
monitoring found concentrations of BTEX that were above the drinking water
action levels. Prior to installation of the system, a treatability study was
performed to evaluate the presence of TPH-degrading microbes and appropriate
environmental conditions and soluble nutrients for intrinsic bioremediation to
occur at the Site. Results of this study confirmed that TPH-degrading microbes
were present and active at the Site; sufficient nutrients were available in situ at the
Site for microbial activity; and in situ environmental conditions were appropriate
to support microbial growth. Thus, natural bioremediation appeared to be
occurring in the groundwater at the Site.

The enhanced in situ bioremediation system consisted of an air sparging
system and an air extraction system at Area 1 and an air sparging system at Area
2. The air extraction system was installed in Area 1 to reduce the threat of orders
in the overlying retail complex. The enhanced bioremediation system at Area 1
and Area 2 began operation in October and July 1994 respectively. Until 1995,
the extracted vapors at Area 1 were passed through granular activated carbon for
treatment and discharged to the atmosphere under permit from the Bay Area Air
Quality Management District. However, the permit requirement for treatment by
activated carbon was rescinded because low concentrations of benzene (less than



0.00011 pound per hour) were being discharged to the atmosphere. A subsequent
check for benzene in September 1996 confirmed the low levels of benzene (less
than 0.020 parts per million by volume) were being discharged from the air
extraction system.

CHEMICAL FATE AND TRANSPORT

The chemical properties of TPH and BTEX greatly affect their persistence
and movement in the environment. THP is a non-specific (aggregate)
measurement of a number of individual petroleum constituents falling into several
broad categories of widely varying physical, chemical, and toxicological
properties; these categories include alkanes and aromatics. TPH is usually
characterized by boiling point range. Examples of different TPH fractions
include: low-boiling-point mixtures such as diesel fuel, which contain abundant
alkanes and fewer aromatics; and high-boiling-point mixtures such as lubricating
oils and motor oils, which contain mostly large alkanes and large aromatics. The
low-boiling-point petroleum hydrocarbons are the relatively volatile and water-
soluble fraction and, therefore, are considered somewhat mobile if released into
the environment.

When petroleum hydrocarbons are released into the environment, they
weather by three major processes: (1) evaporation (volatilization), (2) water
solubilization, and (3) oxidation (chemical and biological). Evaporation is the
loss of the volatile constituents; the smaller molecular weight, low-boiling-point
constituents are lost first and the higher-boiling-point constituents are lost more
slowly, Evaporative weathering results in a shift in aggregate composition of the
petroleum towards larger, less mobile molecules. Water solubilization causes the
loss of small molecular weight alkanes and certain aromatics (BTEX and small
PNAs) .

Oxidation of hydrocarbon constituents is accomplished via chemical and
biological transformation; biodegradation of petroleum constituents is a
predominant process for oxidation. In general, the smaller, more water-soluble
constituents or constituents with simpler molecular structures undergo
biodegradation first. As a result of these weathering processes, residual
petroleum constituents in the environment become, over time, increasingly less
volatile, less mobile, and composed of higher-boiling-point, longer-chain complex
molecules. Therefore, the original composition of the released petroleum
hydrocarbons and the degree of weathering control the mobility of petroleum
hydrocarbons in the environment.

The laboratory using EPA Method 8015 for analysis typically quantities
TPH. TPH analyses are subject to a number of positive interferences, most
commonly the incorporation of non-petroleum hydrocarbons such as oxidized



biodegradation products (e.g., alcohol) or biogenic materials (e.g., lipids) into the
analytical result. Biodegradation products may be incorporated into water
samples when wells are screened within or downgradient from petroleum-affected
soil that is undergoing intrinsic biodegradation. Numerous aliphatic and aromatic
organic acids have been identified as degradation metabolic intermediates of
gasoline in groundwater by gas chromatography/mass spectrometry. Collection
of such polar materials is unavoidable because of their relatively high solubility,
and as EPA Method 8015 does not include a means of removing these
compounds, the “TPH” result will often include these non-petroleum constituents.
Indeed, laboratory reports for groundwater samples collected within the areas
currently undergoing enhanced biodegradation at a site typically report that
cbromatogram patterns do not match the gasoline calibration standard.

For these reasons, TPH data obtained by EPA Method 8015 are not a
reliable measurement of dissolved petroleum constituents in groundwater
samples, and, therefore, TPHg results are not a sufficiently precise measurement
for use in trend analysis. Consequently, the review of the subject Site’s
groundwater analytical data focused primarily on BTEX as indicator constituents
of dissolved petroleum.

Based on a review of historical groundwater analytical data at Area 1 of
the Site, concentrations of TPHg in A-level groundwater have generally remained
constant through time since they were first detected in 1982. Figure 3 shows the
lateral extent of TPHg in groundwater in Area 1. TPHg generally has not been
detected in perimeter wells, and, as mentioned previously, the vertical extent of
TPHg has been identified as restricted to the A-level. The stability of TPHg
concentrations over time within the affected area and the absence of TPHg in the
downgradient perimeter wells (MW-24, MW-25, and MW-60) and B-level wells
(MW-19 and MW-22) indicate that (1) there is no active source of TPHg at the
Site; (2) biodegradation is active; (3) the TPHg in groundwater in Area 1 is not
migrating; and (4) concentrations are likely to continue to be stable or to decrease.

Based on a review of historical groundwater analytical data at Area 2,
TPHg concentrations have steadily decreased in A-level groundwater since 1982.
Figure 3 shows the lateral extent of TPHg in groundwater in Area 2. The
reduction in TPHg concentrations over time within the affected area and the
general absence of TPHg detected in the downgradient perimeter monitoring
wells (AX-O. 1, AX-O. 15, BX-1, CX-1) since 1994 strongly suggests that (1) there
is no active source of TPHg at the Site; (2) biodegradation is active; (3) the TPHg
in groundwater at Area 2 is not migrating; and (4) concentrations are likely to
continue to decrease.

Aromatic VOCs such as benzene, toluene, and xylenes are monoaromatics
representing a group of single-ring hydrocarbon constituents that are common
components of low-boiling-point and medium-boiling-point petroleum
hydrocarbon products. The chemical and physical characteristics of BTEX (high



vapor pressure, moderate water solubility, and low octanol-water partition
coefficient [K-ow] indicate that these chemicals are relatively water-soluble and
volatile, and therefore, relatively mobile once released to the environment.
However, they are also highly susceptible to biodegradation and are not
considered persistent in the environment. In contrast to TPH, BTEX is typically
quantified by EPA Method 8020, and is not usually subject to positive
interference, rendering it a more accurate indicator of dissolved petroleum
hydrocarbons in groundwater than TPH by EPA Method 8015.

Based on a review of historical groundwater analytical data at the Site,
concentrations of BTEX in A-level groundwater have decreased through time.
Figures 5 and 6 display these trends in benzene concentrations for wells within
the respective affected areas.  To statistically evaluate these trends, the Mann-
Kendall test was applied to benzene concentrations in groundwater from wells in
the final monitoring network with more than one detection of benzene since 1995.
The results of the Mann-Kendall test indicated that all six monitoring wells in
Area 1 (Figure 5) have at least a 90 percent probability of a decreasing trend in
benzene concentrations. Other aromatic compounds (toluene, ethylbenzene, and
xylenes) also have been detected, at concentrations generally less than 10
micrograms per liter. Figure 4 shows the lateral extent of benzene in groundwater
at Area 1; BTEX compounds generally have not been detected in perimeter wells.
As mentioned previously, the vertical extent of BTEX has been identified as
restricted to the A-level.

The reduction of BTEX concentrations over time within Area 1 (Figure 5)
and the general absence of BTEX compounds in the downgradient perimeter
wells (MW-24, MW-25, MW-60) and B-level wells (MW-19 and MW-22) since
1985 strongly suggest that (1) there is no active source for BTEX at the site; (2)
biodegradation is active; (3) BTEX in groundwater at Area 1 is not migrating; and
(4) concentrations are expected to continue to decrease.

Based on a review of historical groundwater analytical data for Area 2,
concentrations of BTEX in A-level groundwater have decreased through time
(e.g., CX-7). Figure 6 displays these trends in benzene concentrations for wells
within the affected area. To statistically evaluate these trends, the Mann-Kendall
test indicated that 7 out of 9 monitoring wells have at least a 90 percent
probability of a decreasing trend in benzene concentrations. One well has at least
70 percent probability of a decreasing trend in benzene concentrations (AP-6); the
other well (AX-l) appears to have no trend in benzene concentrations (e.g.,
concentrations are relatively stable). Other aromatic compounds (toluene,
ethylbenzene and xylenes) also have been detected in Area 2 at concentrations
similar to those of benzene. Figure 4 shows the lateral extent of benzene in
groundwater at Area 2; BTEX generally have not been detected in perimeter
wells. As mentioned previously, the vertical extent of BTEX at Area 2 has been
identified as restricted to the A-level since 1991.



The reduction of BTEX concentrations over time within Area 2 and the
general absence of BTEX compounds in the downgradient perimeter wells (AX-
0.1, BX-1, and CX-1) and B-level wells (MW-33 and MW-53) since 1991
strongly suggests that (1) there is no active source for BTEX at the Site; (2)
biodegradation is active; (3) BTEX in groundwater at Area 2 is not migrating; and
(4) concentrations are expected to continue to decrease.

HUMAN HEALTH AND ECOLOGICAL RISK
EVALUATION

Human health and ecological risk play a significant role in determining
appropriate actions and developing recommendations regarding the management
of petroleum hydrocarbon sites. This section describes findings regarding human
health and ecological risk associated with soil and groundwater at the Site.

As discussed earlier, health-based cleanup objectives for soil at the Site
were developed in coordination with the lead regulatory agency. These objectives
were used to guide soil remediation activities at areas of the Site where previous
investigations had identified the presence of chemicals in soil at concentrations
greater than cleanup objectives. As also previously discussed in this paper,
affected soil at the Site was excavated and either removed from the Site or
remediated to concentrations below the cleanup objectives. Therefore, it was
concluded that soil remaining at the Site does not pose an unacceptable risk to
human health.

Groundwater at the Site was extensively monitored for the presence of
BTEX compounds, which are believed to be associated with releases of gasoline
at Areas 1 and 2. Exposure to chemicals in groundwater could occur by direct
contact with groundwater via ingestion and skin contact or by indirect contact
with the groundwater via inhalation. However, shallow groundwater from the A
and B levels at the Site is currently not and will not be used for domestic,
industrial, or agricultural purposes in the foreseeable future. Therefore, potential
human health exposure to these chemicals in groundwater is limited to inhalation
of vapors in ambient (Area 2) or indoor (Area 1) air.

The potential risks associated with exposure to BTEX in groundwater via
inhalation of vapors in ambient or indoor air can be evaluated qualitatively by
comparing measured concentrations at the Site to Tier I risk-based screening
levels (RBSLs) contained in the American Society for Testing and Materials
(ASTM) “Standard Guide for Risk-Based Corrective Action Applied at Petroleum
Release Sites (1995)“. Tier I RBSLs represent chemical concentrations in soil or
groundwater based on a carcinogenic risk ranging from one excess event in a
million to one in ten thousand, a hazard index of 1 for non-carcinogens, and a
series of conservative default assumptions regarding the migration and transport



of petroleum hydrocarbons in the environment and the extent of human exposure
under residential or commercial/industrial scenarios. For the purposes of this
evaluation, Tier 1 RBSLs based on a carcinogenic risk of one in one hundred
thousand and a hazard index of 1 for a commercial/industrial scenario were used
because the Site will be used for commercial/industrial purposes for the
foreseeable future. In addition, it is the current RWQCB guidance that the Tier 1
RBSLs for benzene be adjusted by a factor of 0.29 to account for the difference
between the California EPA’s and the US. EPA’s toxicity values for benzene.

The maximum detected concentrations of BTEX in groundwater from the
sampling event of June 1996 and the Tier 1 RBSLs for inhalation of vapors from
groundwater to ambient and indoor air are shown in the following table. The
groundwater data from June 1996 are considered appropriate for this comparison
because chemical concentrations in groundwater generally have been decreasing
over time.

Tier 1 RBSL
Tier 1 RBSL Commercial/Indu

Max.Conc.Pump Commercial/Indu Max. Conc. strial
Chemical No. 1 Area strial Executive Area Groundwater to

June 1996 (mg/l) Groundwater to June 1996 (mg/l) Ambient Air
Indoor Air (mg/l)

Benzene 0.13 0.214 0.490 (z?
Ethylbenzene 0.012 >S’ 0.11 >s

Toluene 0.0024 85 0.50 >s
Xylenes 0 . 0 3 0 x3 0.86 >s

‘Calculated RBSL exceeds component solubility in water.

Based on these comparisons, all of the maximum concentrations are
substantially less than the Tier 1 RBSLs. Therefore, groundwater at the Site does
not pose an unacceptable risk to human health.

Ecological health risks were also evaluated as part of the closure package
submitted to the regulatory agency. The Site is currently occupied by a large
indoor shopping mall, and is completely covered by the mall structure, concrete
and asphalt, and landscaping. As a result, the Site provides no viable habitat to
support an urban animal population, As discussed previously, affected
groundwater has not migrated beyond the Site’s boundaries and the groundwater
plumes are considered stable. In addition, chemical concentrations in
groundwater generally are decreasing. Therefore, the Site was found to not
present unacceptable risk to biota in the environment.

REGULATORY CLOSURE CRITERIA

The State of California’s fuel site regulatory program can also be referred
to as the “state of confusion” regulatory program, in that cases can be managed by



many different agencies at many levels of government. These include State
agencies (i.e., one of the nine Regional Water Quality Control Boards -
RWQCBs); county agencies (usually health departments, but sometimes the
public works department); city agencies (e.g., fire departments, health
departments, or public works departments); and quasi-public agencies such as
water districts. In addition, the bases of authority to regulate fuel releases from
underground storage tanks resides in several different legal frameworks including
the California Water Code, the California Health and Safety Code, and within
local police power authority. Additional complications in program administration
arise out of the use of federal funding from the U.S. EPA (from the Resources
Recovery Conservation Act program) granted to the State Water Resources
Control Board (SWRCB), the parent agency of the nine RWQCBs. And lastly,
the program is complicated further by SWRCB “contracts” and grants to several,
but not all, agencies at county, city, and water agency levels. These inter-
relationships could be the subject of a separate paper.

As previously discussed within this paper, the San Francisco Bay
RWQCB was the lead agency for regulating site investigation and cleanup
actions, and a Cleanup and Abatement Order (CAO) was initially issued for the
case in 1990. Thus, significant clarity of regulation existed for this California fuel
matter. The CAO required the responsible party to define the lateral and vertical
extent of soil and groundwater pollution, and to propose and implement final
cleanup objectives and actions.

The fuel cleanup reforms of 1995 and 1996 at both the SWRCB and the
San Francisco Bay RWQCB greatly influenced the termination of response
actions for groundwater remediation at this site. These reforms were partly based
on the Lawrence Livermore National Laboratory (LLNL) report
“Recommendations to Improve the Cleanup Process for California’s leaking
Underground Fuel Tanks”. In response to this report’s findings, agency
experience, and a directive from the Executive Director of the SWRCB to identify
and close low risk cases, the RWQCB identified six criteria that must be satisfied
in order to obtain “low risk groundwater case” site closure. A discussion of each
criterion as it pertains to the Site is presented below.

Criterion 1: “The leak has been stopped and ongoing sources, including
free product, removed or remediated”

RWQCB guidelines state that “Free product or soil which contains sufficient
mobile constituents (leachate, vapors, or gravity flow) to degrade groundwater
quality above water quality objectives or result in a significant threat to human
health or the environment should be considered a source.” As discussed earlier,
the source areas for the two identified petroleum hydrocarbon plumes are located
in Area 1 and Area 2. The related area fuel tanks and lines tanks were removed
in 1984 and soil remediated in these areas to below health based cleanup levels.
These levels were also protective of the groundwater. Furthermore, the



documented stable and/or decreasing TPHg and BTEX concentrations in
groundwater since the tanks were removed and the soil remediated confirm that
there is no longer an active source(s) at the Site. In addition, free product was
never found in substantial quantities at this Site.

Criterion 2: "The site has been adequately characterized "

Site investigations have adequately characterized the lateral and vertical extent of
petroleum hydrocarbons in soil at the Site. Based on these data, soil was actively
remediated. In addition, the lateral and vertical extent ofpetroleum hydrocarbons
in groundwater at the Site has been defined and groundwater quality was
monitored from1985 to 1997. Groundwater characterization results have shown
that petroleum-affected groundwater is confined to the A-level and does not
extend offsite. An enhanced in-situ bioremediation system (air sparging) was
active at the Site from 1994 to 1997.

Criterion 3: “The dissolved hydrocarbon plume is not migrating”

As summarized earlier, TPHg and BTEX was monitored in site groundwater from
1985 to 1997. Concentrations of these constituents in perimeter wells are non-
detect, and a statistical trend analysis performed on the benzene data confirm that
concentrations are decreasing with time, indicating that dissolved petroleum is not
migrating. The lack of significant detection in the groundwater extraction trench
is another strong line of evidence that dissolved petroleum constituents are not
migrating laterally and are stable. B-level wells at the Site appear free of TPHg
and BTEX, which indicates that vertical migration is not occurring.

Criterion 4: "No water wells, deeper drinking water aquifers, surface
water, or other sensitive receptors are likely to be
impacted”

Groundwater affected by petroleum hydrocarbons does not extend off site or
deeper than the A-level. In addition, the affected groundwater is not migrating
and did not migrate under down-gradient site pumping conditions (extraction
trench). There are no drinking water wells located within 0.25 miles of the Site,
and the Site is zoned for central commercial uses. Municipal water is supplied by
the city water company. The closest confirmed municipal supply is located
approximately 0.5 miles southwest of the Site and is screened across deeper
aquifers. Likewise, there is no mechanism available for affected Site groundwater
to impact surface water (San Francisco Bay), which is five miles away.
Additionally, there have been no sensitive receptors identified in the site vicinity.

Criterion 5: “The site presents no significant risk to human health”

As discussed earlier, soil remaining at the Site does not pose a significant risk to
human health because soil at the Site was excavated and removed or remediated



to concentrations below health-based cleanup objectives. As also previously
discussed, shallow groundwater at the Site does not pose a significant risk to
human health assuming exposure is limited to inhalation of vapors in ambient or
indoor air. Consistent with San Francisco Bay RWQCB guidance, a groundwater
ingestion pathway was not evaluated because groundwater is not currently used as
a source of drinking water, nor is it projected to be used in the foreseeable future.

Criterion 6: "The site presents no significant risk to the environment”

The current site use for a large, enclosed retail facility with a floor area in excess
of two million square feet that occupies some 20 percent of the Site; the
remainder of the site is paved or landscaped, effectively providing no viable
habitat to support an urban animal population. In addition, data have
demonstrated that petroleum hydrocarbons in groundwater have not migrated
beyond the Site boundaries and have stabilized. Therefore, there are no exposure
pathways for ecological receptors at the Site and the site presents no significant
risk to the environment.

SUMMARY

The Site conforms to the six criteria defining a “low risk groundwater
case” at the San Francisco Bay Regional Water Quality Control Board, in
California. The management strategy for such a site as described in RWQCB
guidance documents is: (1) “passive bioremediation should be the preferred
remedial alternative unless there is a compelling reason to do otherwise,” and (2)
“monitor the site to determine plume stability and the effectiveness of the
remedial strategy”. Based on this agency recommended management strategy,
the enhanced-bioremediation system was turned off in mid-1997, with intrinsic
bioremediation allowed to continue. Further groundwater monitoring at the Site
was also terminated in mid-1997, because many years of data available and a
statistical analysis performed on benzene data confirmed that Site conditions are
stable and benzene levels should continue to decrease. The Site was ultimately
closed as a “low risk groundwater case” by the RWQCB by the issuance of a Site
Closure Order. The Order recognized the completion of investigation, monitoring
and cleanup at the Site, the low risk nature of the residual affected shallow
groundwater, and the existence of a Risk Management Plan for continued site
operations.
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INTRODUCTION

Allocation of resources to remediation of petroleum affected soil and
groundwater has become more efficient where the American Society for Testing and
Materials’ (ASTM) risk based corrective action (RBCA) standard (1) has been applied to
address human health concerns.  This increased efficiency is in part attributable to the
ease with which technically defensible risk-based corrective action levels can be
established and tailored in light of site-specific considerations.  Alternatively, the
development of an efficient means to establish corrective action levels that are protective
of ecological receptors has been more slow to evolve.  Several recent attempts in the San
Francisco Bay area have relied heavily upon performance of bioassays to develop effects-
based ecological corrective action levels for total petroleum hydrocarbons (TPH) at sites
where petroleum hydrocarbons have been released to upland soil and groundwater (2).  In
our opinion, these attempts have not resulted in the same efficient allocation of resources
because of: 1) technical complications associated with the use of TPH-measurement-
based criteria in toxicological evaluations; 2) failure to incorporate current and potential
ecological value of the affected habitat in the determination of corrective action goals; 3)
lack of consideration given to mass flux in the derivation of corrective action goals; and
4) uncertain ecological value of corrective action efforts required to achieve corrective
action goals.  The limitations inherent to establishing effects-based levels may be
circumvented by encouraging mitigation at the watershed level in lieu of traditional
remedial efforts focussed on small sites within a watershed.   Resources that might
otherwise be expended with limited ecological benefit may thereby be redirected to
achieve greater pollutant mass reduction or more relevant habitat protection or
restoration.  Such an approach will require several changes in the current regulatory
framework so that mitigation alternatives may be considered along with more traditional
remedial technologies.



LIMITATIONS IN ESTABLISHING
ECOLOGICAL EFFECTS-BASED

CORRECTIVE ACTION LEVELS FOR
PETROLEUM HYDROCARBONS

Technical Defensibility of TPH Measurement-based Criteria in Toxicological
Evaluations

Aggregate measurements such as TPH should not be used to evaluate risk to
ecological or human receptors because of the general consensus that TPH measurements
cannot accurately predict toxicity (3).  This is especially true for petroleum hydrocarbons
because, even for a single class of mixtures (e.g., gasoline), the composition of the
mixture can vary considerably based on the refining process, and once released to the
environment, the variability between mixtures increases further as a result of site-specific
weathering and other fate and transport considerations.  It has been well documented that
analytical measurements of petroleum hydrocarbon mixtures using “TPH” cannot reflect
this complexity or weathering and can be confounded by the presence of biogenic
material (4).  Accordingly, what comprises the “TPH” in a given sample is unknown and
can vary considerably between samples, even from the same site.  Because of these
limitations, any assessment of potential ecological risks posed by petroleum
hydrocarbons in soil or groundwater should be based on high-quality laboratory analyses
and well-documented toxicity information for the individual chemical constituents within
the mixture rather than on the mixture as a whole.

For assessing the potential risk to aquatic receptors, these significant constituents
include only the relatively soluble chemicals in petroleum such as benzene, toluene, ethyl
benzene, and xylene (BTEX), relatively small polynuclear aromatic hydrocarbons
(PNAs) such as naphthalene, and additives such as methyl tertiary butyl ether (MTBE).
Reliable, albeit limited, aquatic toxicity information exists for most of these chemicals.
For example, sediment screening levels (Effects Range Median [5]) have been developed
for several of the PNAs and are of particular pertinence in evaluating the potential
ecological effects of dissolved petroleum plumes.  In addition, the U.S. Environmental
Protection Agency has published receiving water objectives (Ambient Water Quality
Criteria) for BTEX.   Based on recent regulatory guidance, adverse ecological effects do
not appear likely at MTBE concentrations encountered in receiving waters at most sites
(6).

These criteria should only be applied in the context of a site’s potential to affect
an ecologically relevant portion of a watershed over the long term; not on a data point by
data point basis.  Instead, site remediation should be required only where discharges
cause toxicity criteria to be exceeded over an appreciable area (or volume) of valuable
aquatic habitat.



Current and Potential Ecological Value of Affected Habitat

By considering both industrial and residential exposure levels, the ASTM RBCA
process provides for remedial goals that are suitably protective of human health in
consideration of future site use.  TPH-effects-based corrective action levels for ecological
receptors have generally been based on data for the most sensitive species evaluated and
an implicit assumption has been made that all aquatic habitat is equally sensitive,
valuable, and restorable.  Practically, this is not the case.  In many cases where dissolved
petroleum plumes are potentially affecting surface waters, the locale is relatively
urbanized and other non-point sources of pollution present much greater annual mass
loads of pertinent chemicals than those posed by daylighting petroleum plumes.  The
ability of remedial efforts to reduce risk to ecological receptors or restore valuable habitat
at these sites is frequently severely limited due to impaired ambient conditions.

In our opinion, if ecological restoration is deemed to be a regulatory necessity in
these cases, natural attenuation should be the preferred remedy and resources that might
otherwise be expended on remediation and result in little measurable ecological
restoration should be diverted to more cost-effective environmental restoration efforts to
protect more sensitive habitats.  Particularly for urbanized areas, where multiple pollutant
inputs and already impaired habitat values limit the cost-effectiveness of habitat
restoration, mitigation should be preferred over engineered remedial efforts.  Although
potentially responsible parties may be resistant to “fixing someone else’s problem” via
mitigation, in many cases, valuable ecological restoration could be realized at significant
cost savings in comparison to remediation of an individual site.  Because of the high cost
associated with engineered remedial systems, projected remedial costs can be reduced
significantly to arrive at a mitigation budget, and still result in a environmentally
favorable “mitigation ratio” in comparison to the impact of most dissolved petroleum
plumes.

Mass Flux in the Derivation of Corrective Action Goals

One of the distinguishing factors between human health and ecological risk-
based corrective action goals is a general consensus that human health effects are to be
evaluated with respect to the individual, and ecological effects are generally evaluated
with respect to populations.  For petroleum hydrocarbons, exceedance of ecological
effects-based corrective action goals (based on a comparison to the results of any
analytical method) is an insufficient basis to establish that negative population-level
effects are associated with a release to soil and/or groundwater because such comparisons
do not consider the mass flux of chemicals into aquatic habitats or the aerial extent of the
potentially affected habitat.  For chemicals that may be bioaccumulative and/or persistent
in the environment such as certain metals and chlorinated organic compounds, this
limitation may not apply.

Evaluation of pollutant mass loading on the watershed level is an important
prelude to the proper allocation of resources for protection of aquatic populations.  This is
particularly true when considering chemicals common in urban non-point source
pollution such as the important constituents in petroleum hydrocarbons.  To efficiently
restore and/or protect aquatic habitat, the mass loading and overall environmental
relevance of the various pollutant sources within a watershed must be weighed in relation
to the efficacy of pollution control measures.  If it is determined that the mass of



pollutants migrating into aquatic habitats from diffuse groundwater plumes is
significantly less than that resulting from other non-point sources, then it can be
concluded that resources that might otherwise be devoted to soil and/or groundwater
remediation would be better spent on abatement of other non-point sources of pollution
that are more economically and efficaciously abated.

For example, the annual mass load of chemicals into the Napa River from a large
diffuse plume of petroleum-affected groundwater is not significant in comparison to other
urban sources such as boat motors and storm water discharges.  Using reasonable worst
case assumptions, no more than approximately 1 kilogram per year of dissolved
petroleum likely migrates into the River as a result of this plume.  In comparison, one
poorly maintained vehicle or motor boat can emit this amount of petroleum (along with
metals accompanying waste oil releases) in less than a week.

The projected cost to remediate the petroleum plume is on the order of
$1,500,000.  The poorly maintained vehicle or motor boat could be repaired or replaced
for less than $10,000.  The cost to protect habitat (via a conservation easement in
perpetuity) equivalent to the area likely affected by the plume is on the order of $70,000.
In either case, the mass load reduction or habitat protection/restoration afforded by the
mitigation alternatives (at a fraction of the remedial cost) is significantly greater than that
likely to result from excavation and disposal of a portion of the Napa River bank.
Moreover, mitigation efforts can be focussed near the headwaters of the River, rather
than near the river’s terminus, thereby positively affecting conditions along the entire
length of river.

Uncertain Ecological Value of Corrective Action Efforts

Because it is often cost prohibitive and/or technically impracticable to remediate
groundwater pollution to concentrations that pose no ecological risk (7), it is imperative
that decisions to remediate petroleum plumes impinging surface waters be made in the
context of the potential to improve or degrade the quality of water and habitat in the
overall watershed.  Available information indicates that sediment discharges, loss of
riparian habitat, and urban and agricultural runoff are among the most ecologically
significant impacts to aquatic receptors.  With some exceptions (i.e., seeping of separate
phase hydrocarbons), petroleum plumes have not been demonstrated to result in
significant degradation of aquatic habitat.

In determining the potential costs and benefits of remediation of dissolved
plumes, the potential adverse ecological side-effects of remediation should also be
evaluated prior to determining that a site should be remediated solely for ecological
reasons.  Among the potential negative side-effects of remediation are sediment
discharges, disturbance of riparian vegetation, noise, and air emissions (i.e. fugitive dust
and exhaust resulting from heavy equipment operations.)  Habitat protection or pollution
prevention measures that have no notable negative ecological side-effects (i.e.,
conservation easements, public education or mobile source reduction), become
particularly attractive alternatives to engineered solutions when one considers the
potential negative side-effects of remediation.



IMPLEMENTATION OF A WATERSHED
RESTORATION APPROACH

The possibly unresolvable technical complications and poorly directed allocation
of resources associated with ecological effects-based corrective action goals can be
circumvented if mitigation is included in the list of potential alternatives to address
petroleum release sites.  Because economic and technical feasibility generally limits the
extent to which any individual source or type of pollutant can be mitigated, some types of
pollution control are necessarily more cost-effective than others, especially when
compared on a mass reduction basis.  For cost-efficient restoration of a watershed, it may
be necessary to encourage parties with responsibility for certain types of non-point
sources of pollution to mitigate their impact by allocating resources to other non-point
sources of pollution that are orphaned or where significant water quality improvements
are more economically and technically feasible.  Mitigation banking and similar concepts
have long been employed with reasonable success to offset environmental concerns.  As
examples, air discharges have been mitigated by pollution trading or pollution credits and
filling of wetland habitat has routinely been permitted in return for wetland construction
or restoration at different locations.  To date, there are few examples of water pollution
trading or mitigation for petroleum releases to soil or groundwater.

Many millions of dollars have been expended to date in the San Francisco Bay
area on groundwater remediation.  Much of this remediation has been required by
regulatory agencies to abate perceived risks to ecological receptors and several instances
exist where potentially responsible parties have been required to remediate sites for
ecological reasons where no complete ecological pathways have been identified.  In
many other instances, where groundwater plumes adjacent to surface water bodies have
been remediated to meet human health-based goals, it will be necessary to expend
significant additional resources for cleanup to proposed ecologically-based corrective
action goals.  Often these corrective action mandates are made by regulators who believe
that “you have to do something” to atone for releasing chemicals into the environment.
In these instances, more effective habitat restoration and ecological protection could be
afforded by diverting these resources from very costly groundwater cleanup activities
toward other non-point sources of pollution such as sediment discharges, loss of riparian
habitat, urban runoff, and agricultural runoff.

CHANGES TO THE REGULATORY
FRAMEWORK

Implementation of a watershed restoration approach differs significantly from the
currently accepted regulatory framework for petroleum release sites.  In order to
effectively implement such an approach, at least four significant steps must be made by
regulatory agencies in conjunction with potentially responsible parties and other
stakeholders.  These steps are:

1. Develop a method to prioritize watershed impacts and to identify the pollutants and
pollutant sources that are primarily responsible for the impacts.  The prioritization
scheme should consider mass loading, pollutant effects on habitat and receptors,



persistence of the pollutants and the potential effects, and the likely efficacy of
pollution control measures.

2. Develop a method to allocate mitigation credit for various remedial actions, resulting
in an “exchange rate” for various pollutants in the watershed.  As an example, a party
might not be required to remediate a diffuse petroleum plume that discharged 2
grams per day of pollutants into the watershed in return for abating a discharge of 20
grams per day of those pollutants from another source or in return for abating 200
grams per day of a different pollutant from other sources.  Mitigation credit systems
should consider both the potential water quality improvements and the economic
factors associated with abatement of differing types of pollutants and ecological
impacts.

3. Establish verification monitoring requirements to evaluate the effectiveness of the
mitigation efforts.  These monitoring requirements should evaluate the effectiveness
of individual mitigation efforts and should document the ongoing water quality
improvements that will likely result from more efficient resource allocation and
watershed enhancement.

4. Develop an implementation plan that identifies opportunities for mitigation banking
alternatives and describes the means for implementation of verification monitoring
and project tracking.

By implementing the resulting mitigation implementation plan, both the environment
and potentially responsible parties will benefit.  “Regulatory closure” of such petroleum
release sites could be expedited and significant cost savings could be realized in
comparison to traditional engineered remedial approaches.  Redevelopment of these sites
would likely be facilitated in the process.  Perhaps most importantly, such a scheme
would be more likely to result in measurable and observable ecological benefits in return
for the resources expended in association with these sites.

CONCLUSIONS

Currently, no widely accepted methodology exists to evaluate the potential ecological
risks associated with releases of petroleum hydrocarbons to upland soil and groundwater.
Recent efforts to establish such a method have relied upon bioassays using petroleum
hydrocarbons mixtures to establish ecological effects-based corrective action goals for
TPH.  These recent efforts have encountered serious technical limitations that bring the
validity and applicability of these corrective action goals into question.

Changing the existing regulatory framework for petroleum release sites to encourage
consideration of mitigation along with traditional remedial approaches as remedies for
potential adverse ecological effects at these sites will result in more efficient resource
allocation and tangible environmental benefits.  By allowing mitigation as an alternative,
regulatory agencies can promote more focussed, efficacious, and timely ecological
restoration/habitat protection and potentially responsible parties can realize cost savings,
expedited resolution of environmental concerns, and facilitated property redevelopment
at these sites.
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ABSTRACT

This paper introduces the use of risk-based corrective action (RBCA) in developing a
management tool for a “portfolio” of sites.  RBCA methodologies are increasingly utilized in
establishing and justifying mitigation standards other than those mandated by governing
agencies.  However, these approaches are typically used on a site by site basis.  By applying the
RBCA methods to the dynamic management of multiple sites, increased efficiencies in
expenditures can be realized, total liabilities can be reduced, and strategic divestment
opportunities can be identified.

The risk-based prioritization (RBP) consists of a multi-relational database that incorporates
pertinent site-specific data.  At a minimum, these data include mass, concentration, and phase of
contaminant, toxicological criteria, nature and volume of impacted media, presence of sensitive
receptors, and current and future land use classifications.  Intangibles such as internal priorities,
public relations, and regulatory relations can also be incorporated to adjust for changing internal
and external perceptions.  This management approach is inherently flexible and can be updated to
incorporate additional sites and new information, strategies, regulations, and resources.

A series of algorithms extract the pertinent data from the data fields to provide a numerical
scoring criteria for each site and an overall prioritization of the sites within the entire portfolio.
Because the process can be coupled with remediation, mitigation, or administrative controls,
RBP is ideally suited to optimize closure and property redevelopment associated with the most
economically feasible land use alternative.  The RBP strategy has been adopted by select Alton
Geoscience clients in the management of over 300 sites in Southern California and has proven to
be a valuable tool in targeting liability reduction, reducing compliance costs, and providing
regulatory closure of impacted properties.



INTRODUCTION

In the environmental industry, the site management process relies on obtaining and interpreting
data.  This data is essential in evaluating management alternatives and developing sensible
solutions.  Access and timely retrieval of pertinent data are integral to efficient, cost effective
management.  If data are not in a format that is readily accessible or easily interpreted, key
management decisions may be delayed or not made at all.

When multiple sites are managed, the problem becomes compounded.  Often only those sites that
present the most urgent issues receive immediate attention and resources.  The “tyranny of the
urgent” as it’s called, reflects a reactive rather than a proactive management of environmental
liabilities.  As a result, direct and indirect resources may be expended without a measurable
reduction in overall liability.  The end result is that resources may be squandered and financial
planning becomes chaotic.

The use of risk-based corrective action (RBCA) offers a solution in developing a management
tool for a “portfolio” of sites.  Risked-base prioritization (RBP) applies the RBCA methods to the
dynamic management of multiple sites.  Increased efficiencies in expenditures can be realized,
total liabilities can be reduced and strategic divestment opportunities can be identified.  Figure 1
shows the simplified RBP concept.

KEYS TO PROGRAM MANAGEMENT

Successful management in any discipline involves the use of many common techniques and
concepts. These initial components, as shown in Figure 2 below, are key for the development of a
multi-site management approach using risk-based prioritization.

Three different types of data are typically tracked for a site or group of sites.  These data are
classified as administrative, technical, and financial.  The data may be used by a number of
different entities within an organization.  Data obtained during investigation and feasibility
evaluation process are an example of technical data.  Administrative data include strategic
information regarding the future disposition of the site, contractual obligations, and other real
estate or land use considerations.  Financial information includes annual and cumulative budget
estimates, estimated property value, and actual expenditures to date.

In addition to the environmental personnel, professionals related to real estate, accounting, legal
and compliance departments, may possess information vital to the future disposition of a
property.  Integrating this key information is needed to ensure that the project progression meets
the strategic and contractual requirements of the company.  Information access and retrieval is
facilitated when key technical, financial, and administrative data are available in a centralized
format.



It is not difficult to envision an instance where too much data can pose as daunting a dilemma as
too little data.  Changes to the data set and incompatibilities in data management programs also
present obstacles that must be overcome.  Many times, data has become decentralized during the
course of a project.  In these instances, data may only exist in hard copy format or may exist in an
incompatible file format.  These limitations must be addressed at some point in order for
effective program management to occur.

RISK-BASED PRIORITIZATION

A risk based approach is particularly well suited for prioritization schemes because it provides a
systematic and scientifically defensible mechanism for society to evaluate risks due to potential
environmental exposures and evaluate them on a comparative basis.  Federal agencies such as the
US Environmental Protection Agency (EPA), US Food and Drug Administration (FDA), US
Department of Defense (DOD), and US Department of Energy (DOE) routinely use risk
assessment in reaching decisions in toxic waste cleanup, pesticide registration and labeling,
setting air pollutant standards, and facility permitting.  In fact, several Federal laws (e.g,
CERCLA, RCRA, FIFRA, CAA, TSCA, etc.) either require or facilitate the application of risk
assessment or risk-based methods.

In the private sector, risk assessments have primarily been used at individual sites to determine
media-specific cleanup levels, identify potentially significant exposure pathways, evaluate
remedial, administrative or mitigation alternatives, or to provide justification for a no action
alternative.  In a general sense, the public sector has traditionally applied risk based mechanisms
to identify significant hazards (e.g, Superfund Hazard Ranking System) and risk reduction
opportunities on a broader scale (e.g, National Emission Standards for Hazardous Air Pollutants).
This type of public sector application has been used to balance risk reduction relative to available
resources and to balance risk against risk.

In recent years, the increased availability of generic risk assessment and risk-based corrective
action models has garnered support at federal, state, and in some instances, local levels.
Invariably, these risk-based approaches have focused on evaluating risks and implementing
solutions on a site-by-site basis.  This approach certainly represents an improvement from the
broad-based application of numerical standards that do not address site-specific conditions.
However, it has not been widely used as an internal tool in prioritizing and allocating resources.
It is through a programmatic application of risk-based mechanisms that the greatest opportunities
to efficiently manage and reduce risk exist.
RBP is distinguished from sole RBCA methodologies in that RBP provides a broader
management tool.  If the RBP were to be applied to only one property, it would simply be a site-
specific evaluation of risks.  However, since it is best applied at the program level, it facilitates
the interplay of human health risk and other financial and business management intangibles.  In
essence, the RBP process integrates the information from individual sites and establishes a
relative scoring for each site within a portfolio of sites.  It is worth noting that a portfolio may
incorporate a series of qualifying factors.  These qualifying factors may include, for example,
sites classified by region, land use, land title, existing or former operation, or class of
contaminants.  Therefore, the approach provides sufficient flexibility to create sub-prioritization



schemes at various levels.  Figure 3 below shows a typical summary of prioritization scoring for
a portfolio of sites.

RBP provides a means to integrate these various factors and to allocate program resources, to
reduce reserve allocation, and to manage program liability by more accurately defining short and
long term liabilities.  It also provides a logical, defensible framework to obtain site and program
objectives and represents a means to self-direct the regulatory process.  For example, sites may
be ranked and prioritized prior to establishing an annual budget for environmental expenditures.
With “buy in” from the lead regulatory agencies involved in the investigation and/or remediation
of a group of sites, the customized site management approach can be utilized by both parties.  In
this way, the regulatory agency may derive ancillary benefits resulting from resource allocation.
At the same time, the primary regulatory objectives of risk reduction and protection of public
health are identified.  Once regulatory approval of the prioritization scheme and the associated
activities and expenditures is secured, the annual budget allocations can be established with
confidence.  Ultimately, this type of synergy can alleviate distractions resulting from the tyranny
of the urgent.

RBP AND DATA MANAGEMENT

As was previously discussed, the availability of dependable data is essential in developing a RBP
management program.  The cornerstone of RBP is a multi-relational database.  The database is a
functional tool used to store, query, and retrieve data from several different sources.  Data from
the responsible party, consultant, regulatory agency, and third parties, as necessary, are
centralized into one working multi-level data base.  The database management function is
evolving and dynamic, and can be a real-time tool in the management of multiple sites.

Technical data generated by the responsible party (RP) and consultant such as site specific
lithology, nature and distribution of contaminant, media affected and the presence of sensitive
receptors are the foundation of the RBCA evaluation, and thus the RBP.  A series of algorithms
are utilized to extract the data from the technical database and obtain a prioritization score.
Prioritization scores can also be combined and queried based on user-defined criteria to obtain
order ranking or cumulative prioritization scores within a portfolio.  In some instances, even
limited data, in conjunction with complimentary tools (e.g, Monte Carlo techniques), can be
incorporated into the evaluations.  Because this concept hinges on the establishment of a central
database of information, the prioritization and rankings will change as new information becomes
available.  Figure 4 shows a typical technical data summary spreadsheet used in the RBP process.

In addition to the more obvious benefits, such as the relative ranking of sites within the portfolio
and subsequent allocation of resources, RBP develops a database that can be used to evaluate
company-wide programs and as a planning (budgeting and scheduling) and predictive tool (i.e.,
new and similar sites, trend analysis, etc.).



USERS AND USES OF RBP

Who will benefit from the RBP approach to portfolio management?  Primarily, the RP will use
the RBP and the multi-relational database developed.  The RP will have a logical, viable tool to
allocate resources, to construct closure pathways, and to reduce their overall environmental
liability.  Trend analysis and program technical and operational changes may be made as
necessary to obtain overall goals.  A key distinction is that the approach provides the mechanism
to set and evaluate progress and goal attainment.  Figure 5 shows cumulative prioritization scores
for a typical portfolio of sites on a yearly basis.  Changes in the cumulative scores may be
affected by several factors.

Conceptually, potential property buyers may be allowed limited access to the RBP database,
much like a multiple listing service.  Similarly, the RP may use the RBP as a means to divest
distressed single or “package” properties.  With local-area-network, wide-area-network
(LAN/WAN) or internet access, remote company offices as well as consultants, clients, realtors
and agencies could be granted limited, password controlled access to site information.

SUMMARY

RBP centralizes data from multiple sources and it provides a consistent, scientifically defensible
method to rank multiple sites.  It provides a means to manage program resources and reduce
liabilities.  It develops an adaptable, multi-use data base that can be used as a planning and
predictive tool.  RBP provides an internal tool as well as an external public relations tool.
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FIGURE 5: CUMULATIVE RBP SCORES FOR A PORTFOLIO BY YEAR
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INTRODUCTION

Petroleum pipeline operators must contend with several unique issues
when investigating and remediating releases:  1) the operator often does not own
the property along the pipeline route, 2) the pipeline likely traverses through
several regulatory agency jurisdictions because of its linear nature, and 3)
although the pipeline releases would be chemically similar (e.g., crude oil and/or
specific combinations of refined products), the releases may fall within different
regulatory programs within the same agency jurisdiction.  These issues can create
significant regulatory complexity.  For operators with a national pipeline network,
the most obvious component of regulatory complexity is that states approach
cleanup of petroleum in many different ways, especially in their use of aggregate
total petroleum hydrocarbon (TPH) measurements.  It has been well documented
that, because of its non-specificity, the TPH measurement is a poor indicator of
potential risk to human health and groundwater quality posed by residual
petroleum.  Use of the TPH measurement continues to be a critically important
factor in perpetuating significant regulatory variability concerning petroleum
releases.  The advent of ASTM’s RBCA process, which relies solely on individual
petroleum constituents, provides a mechanism to address this variability;
however, according to a recent national survey, only 12 states had a RBCA
program for petroleum releases that did not use the aggregate TPH measurement
in decision-making.  Even with RBCA programs, none of these 12 states have
adopted the same criteria.  As a result, an operator with a pipeline traversing
through, for example, six states will likely have (at least) six distinct remedial
requirements for what would be technically considered equivalent releases.



Some states, such as California, contain the equivalent regulatory
variability within its own boundaries because a state-wide petroleum policy
program has not been adopted.  Pipeline operators in California are faced with
multiple regulatory agency jurisdictions potentially overseeing petroleum
releases, including nine Regional Water Quality Control Boards, five Department
of Toxic Substances Control Offices, 58 County Health Departments, various
Water Districts, and various city Fire Departments.  None of these agencies,
except for DTSC, has an internally consistent policy or program for addressing
petroleum releases; accordingly, even individual case workers within a given
agency can add to the overwhelming regulatory variability facing pipeline
operators.  As a result, at each release site, the operator may be faced with “re-
inventing the wheel” with regulators and may face protracted negotiations with
landowners or property developers because of their discomfort with the regulatory
uncertainty associated with the investigation and cleanup.

This paper discusses a case study in which a pipeline-specific system or
approach was developed to streamline the assessment and regulatory decision-
making for a series of release sites in the Central Valley of California.

BACKGROUND

This case study focuses on a former pipeline system in which multiple historical
releases at various locations along the pipeline were being addressed in a typical site-by-
site manner.  Residual petroleum was present in shallow soil, including soil in direct
contact with shallow groundwater.  Soil remediation was generally required due to
presumed risk to groundwater quality because of elevated TPH concentrations.  Based on
our evaluation, these elevated TPH concentrations did not pose a risk to human health or
groundwater quality due to the weathered nature of the residual petroleum.  Accordingly,
a risk-based closure became the goal, leaving affected soil in place regardless of TPH
concentrations. At the first site where closure was being requested based on this rationale,
it took two years to reach closure under the oversight of two state agencies.  The main
reason for the lengthy process was the lack of a consistent policy for petroleum releases
adopted by the lead agency (the Central Valley Regional Water Quality Control Board
[RWQCB]).  This was manifested by: 1) changing investigation criteria due to
caseworker turnover during the project, and 2) changing closure criteria regarding TPH
concentrations in groundwater upon agency internal senior review.  To achieve closure, a
number of conference calls and agency meetings were required, and focused on elements
as fundamental as the utility of the TPH measurement, identification of required water
quality objectives for shallow (<20 feet) groundwater (primary vs. secondary), and the
role of natural attenuation. This was a trying experience for all parties involved, and it
was clear that more sites with similar attributes would be coming up in the near future
because of rapid property development along the former pipeline.  Although the County
Health Department was not directly involved in the closure decision, they were interested
in the outcome because they are tasked with implementing RWQCB policy in certain
cases.  We suggested that we take the lessons learned from the first site closure and
develop a “consistent approach” for other sites along this pipeline within this RWQCB
jurisdiction to streamline future site assessment and decision-making.



ELEMENTS OF THE CONSISTENT
APPROACH

In effect, the “consistent approach” was to serve as a surrogate RBCA program
for this pipeline.  The agencies were interested in participating in this process because: 1)
the pipeline was no longer in operation and the releases were old, 2) it was reasonable to
expect that the releases were at “steady-state” environmental conditions due to their age,
3) we had significant understanding of the product (crude oil and Bunker C fuel) and its
fate, transport, and toxicological properties, 4) the releases would have occurred in
similar hydrogeologic settings, 5) property development was very active and business
decisions would benefit from a streamlined (quicker) process, and 6) this approach would
save everyone time and resources while still achieving the goal of protecting groundwater
quality and human health.  Accordingly, the purpose of the consistent approach was to
provide for technically consistent site characterization methods, risk-based evaluation,
clear closure/remediation criteria, and streamlined decision-making.

The site investigation component of the consistent approach focuses on the
definition of the “lateral and vertical extent” of residual petroleum in soil and
groundwater; describes acceptable field methods for data gathering; identifies the
required analytical suite for soil and groundwater samples, including analytes, methods
and reporting limits; and describes implementation of a four-quarter groundwater
monitoring program (if necessary).

The “risk-based” evaluation component clarifies the criteria against which data
from the site will be compared.  Groundwater analytical results will be compared to
RWQCB’s water quality objectives (WQOs), which include primary constituent-specific
drinking water standards (MCLs) and secondary TPH taste and odor thresholds.  This
comparison is the basis for defining impact to the beneficial use of shallow groundwater,
which is a “potential” drinking water source.  The use of the TPH measurement for
groundwater and taste and odor thresholds in general are required by RWQCB because
groundwater is defined by the RWQCB as a receptor.  This policy precludes the
consistent approach from being risk-based in the strict sense.  Soil data will be compared
to human health criteria for DTSC-approved specific petroleum constituents (not TPH);
this comparison can range from screening (look-up) tables to site-specific risk
calculations.

The closure criteria are the restoration of the beneficial use of groundwater and
no unacceptable risk to human health.  In practical application, site groundwater must be
equal to or below WQOs, or it must be shown that the beneficial use will be restored
within a reasonable timeframe.  For soil, most sites are evaluated for residential and
construction worker receptors so that deed restrictions can be avoided.

To further streamline regulatory interactions, the consistent approach dictates that
if a site is shown to be “soil only” (no groundwater impacts), then oversight will be
through the County.  Conversely, if a site is a “groundwater case”, then RWQCB will
oversee the project.  In either case, the DTSC or their designee will review the human
health risk assessment.



Approval of Consistent Approach

The consistent approach was a written document developed by the pipeline
owner and Geomatrix for approval by the RWQCB, with input to the RWQCB from the
various counties through which the pipeline traversed.  The DTSC was involved to the
extent that the document incorporated DTSC’s guidelines on target analytes for human
health risk assessment for petroleum releases.  To create a robust approach, we asked
RWQCB to have all pertinent individuals within their organization review the drafts and
provide comments.  After a series of drafts and conference calls, the consistent approach
was approved by the RWQCB SLIC Program supervisor and copies sent from the
RWQCB to the appropriate counties.

Although the original goal of regulatory approval of the consistent approach was
to have it serve as the final word on these projects, in practice it has been necessary to
explain and defend the approach to each individual case worker as turnover occurs.
While this is not the optimum mechanism for implementation, the approach provides a
strong basis for these interactions and precedent of its use on other sites assist in the case
worker’s acceptance.

SOIL MANAGEMENT PLAN

Although not part of the original consistent approach because it is a post-
closure issue, an important practical component of this overall program is the
development of a soil management plan to address residual petroleum in soil that
may be excavated during site development.  In this case, the pipeline owner
provides the plan and contact personnel to the County, RWQCB, and site owner
or developer.  The purpose of the plan is to avoid contractor downtime and
provide for a streamlined response to “coming across” affected soil during site
development.  Results of the site investigation and the human health risk
assessment and documentation of site closure are included in the plan.  Also
included are the county’s expectations for notification, and suggestions for on-site
reuse of the affected soil or for stockpiling and off-site disposal.

RESULTS AND CONCLUSIONS

As stated earlier, the first site in this series of sites took two years to close
under the guidance of two regulatory agencies and a total of four case workers.
The consistent approach has successfully created a “system” to address regulatory
variability for this pipeline owner.  The demonstrated similarity of the technical
issues among these sites adds to the regulator’s comfort level in participating
within this “system”.  Additionally, the proactive and cooperative position of the
pipeline owner (pre- and post-closure) has been an important component to the
overall success.
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ABSTRACT

The Waste Isolation Pilot Plant (WIPP) is the U. S. Department of Energy’s (DOE) mined geologic
repository in southeastern New Mexico, USA. This site is designed for the permanent burial of
transuranic radioactive waste generated by defense related activities.  The waste produces gases when
exposed to brine. This gas generation may result in increased pressures over time.  Therefore, a future
driller that unknowingly penetrates through the site may experience a blowout.  This paper describes
the methodology used to predict the resultant volumes of contaminated brine released to the surface.
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INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is the U. S. Department of Energy’s (DOE) mined
geologic repository located 42 km (26 miles) east of Carlsbad, in southeastern New Mexico, USA.
Constructed in bedded salt deposits 655 m (2150 feet) below the ground, this site is designed for the
permanent burial of transuranic radioactive waste generated by defense related activities.  WIPP
destined waste consists primarily of 208 L (55 gal) drums containing radioactive contaminated tools,
rags and other materials.

The DOE submitted an application (October 1996) to the U. S. Environmental Protection
Agency (EPA) for certification that the WIPP repository complies with strict environmental
regulations designed to safeguard humans and the environment for the next 10,000 years even if future
generations cease to maintain control over the site.  WIPP is located in an active drilling area in the
Delaware Basin; and therefore, the EPA’s regulations (U. S. Code of Federal Regulations: 40 CFR
194(1)) require that the consequences of future inadvertent drilling penetrations into the WIPP
repository be quantified.

The waste contains, in part, steel, cellulosics, plastics, and rubbers which produce gases
(mainly hydrogen from corrosion and carbon dioxide or methane from biodegradation) when exposed
to brine. This gas generation may result in increased pressures over time.  Therefore, a future driller
that unknowingly penetrates through the site may experience a blowout.  The methodology used to
predict the resultant volumes of contaminated brine released to the surface includes the Poettmann-
Carpenter multiphase flow correlation to describe wellbore flow in combination with other models that
define blowout wellbore conditions and future brine and gas saturations in the repository.

PETROLEUM DEVELOPMENT NEAR WIPP

The WIPP repository is located within a U. S. government owned sixteen-square-mile land
area in southern New Mexico, USA (Figure 1).   Natural gas was discovered near the WIPP in the
deep Wolfcamp, Strawn, Atoka and Morrow formations in the 1950s, and sporadic drilling continued
into the 1980s.  Extensive drilling for oil did not occur until the 1990s when oil was discovered in the
Delaware Mountain group (shallower Bell Canyon, Cherry Canyon, Brushy Canyon and Bone Spring
formations).  By 1996, over 500 wells were drilled in the 324-square-mile area surrounding the WIPP
site.

Approximately 90% of the wells have been drilled to oil horizons that are located in several
fields adjacent to WIPP.  A typical completion diagram for a well located on the east side of the WIPP
boundary in the Livingston Ridge Field is shown in Figure 2.

DIRECT BRINE RELEASE MODELING

Multidisciplinary Approach to Intrusion Problem

A multidisciplinary team addressed various aspects of the intrusion problem. Berglund(2) et al.
and Wilson(3) et al. described how solids removed during the drilling processs were determined.
Hansen(4)  et al. provided a more realistic conceptual model for the release of solids.  Stockman(5) et al.
addressed gas generation and radionuclide transport in the waste panels (series of excavated rooms
that will contain the drums of waste).  Helton(6) et al. converted the volume of solids and contaminated
brine released at the surface into the EPA-approved Complementary Cumulative Distribution Function



(CCDF) format to determine compliance. The calculation of brine releases brought to the surface (in
cubic meters) during drilling are addressed specifically within this paper.

Conditions for Direct Brine Release

Certain conditions must exist within the waste in order for contaminated brine to flow directly
to the surface during a drilling intrusion:

• Pressure in the waste must be greater than that exerted by the dynamic column of drilling
fluid that penetrates a waste panel (8 MPa).  This is the minimum pressure needed to
overcome the hydrostatic and frictional forces associated with fluid flow up the annular space
between the drill string and open hole (the assumed flow path for direct releases) as shown in
Figure 3.

• There must be mobile brine present in the waste panels to flow to the surface.  Corrosion and
biodegradation processes consume brine and release gases as by-products, and it is possible
for the brine volume in the waste pores to drop below its “mobile” (residual) saturation.  Gas-
only blowouts are also possible but result in no liquid releases and are therefore not included
in this model.

Model Description

A “repository scale” model was set up as a two-dimensional finite difference mesh of 39 X 39
grid blocks to be solved using the Sandia National Laboratories developed brine and gas flow code
with acronym BRAGFLO(7) (hereafter the direct brine release version will be called DBR_BRAGFLO
-- see Figure 4). The mesh compares to a regional 10,000 year model (hereafter called BRAGFLO) in
the following ways:

• The DBR_BRAGFLO mesh is oriented in the areal plane, with the z-dimension (height) one
element thick.  BRAGFLO is oriented as a cross-section, with multiple layers in height and
the thickness (y-dimension) one element thick.

• DBR_BRAGFLO models flow only in the waste area.  The BRAGFLO model includes the
surrounding geology as well as the entire WIPP excavation (including operations,
experimental and shaft regions).

• Local scale heterogeneities are included in the DBR_BRAGFLO model, including the salt
pillars, rooms, panel seals, and passageways which contain waste.  These are not fully
represented in the BRAGFLO mesh.

• The DBR_BRAGFLO mesh uses constant thickness, while BRAGFLO radially flares the
element thickness to account for 3-dimensional volumes in 2-D space.

• The disturbed rock zone (DRZ) is included in both models, but exists above and below the
excavated regions in the BRAGFLO model, whereas the DRZ surrounds the waste rooms on
the sides for the DBR_BRAGFLO model.  The DRZ is a region of rock adjacent to the
excavated areas containing microfractures caused by the excavating process and therefore has
enhanced permeability compared to the undisturbed rock.

• Both models include one-degree formation dip through the excavated regions.

Principal Parameters Defined by Model

The pressure and saturation time-histories for each realization from the 10,000-year
BRAGFLO calculations provided the basic input needed for the direct brine releases.  The pressure
and saturation at specified times for each consequence furnished the initial and boundary conditions
needed for the DBR_BRAGFLO model to determine the volume of direct brine releases to the
surface.  The model assumes no-flow boundary conditions beyond the footprint of the waste region



for the (several days) flow period of direct releases, i.e. there is no connection to the surrounding
geology.  All relevant flow parameters (permeability, porosity, characteristic curves, etc.), both
sampled (stochastic) and unsampled (deterministic), are the same as those used for the 10,000-year
BRAGFLO model.

Coupling DBR_BRAGFLO with BRAGFLO

The DBR_BRAGFLO mesh was coupled to BRAGFLO by subdividing the waste area in
BRAGFLO into four regions.  Region one represented the farthest up-dip repository grid blocks in
BRAGFLO that contained waste.  This corresponded roughly to the up-dip quarter of the
DBR_BRAGFLO mesh.  Region four represented the farthest down-dip section of waste in
BRAGFLO, which was the “panel” region.  This corresponded to the farthest down-dip quarter of the
DBR_BRAGFLO mesh.  Similar subdivisions were made for the middle two sections of each grid
(Figure 5).  Pore-volume averaged brine saturation and pressure within each region of the BRAGFLO
model were used to initialize similar regions in the DBR_BRAGFLO mesh at each intrusion time.

FLOWING BOTTOM-HOLE PRESSURE

Transient and Steady-State Flow Duration During Blowout

Work conducted by Santos(8) concerning diverter systems for offshore platforms provides
insights into differences between the transient and steady-state flowing conditions during a blowout.
Figure 6 shows an illustration of the transient spike during a blowout on a shallow gas well (∼ 100 m
deep) versus the steady-state period.  As shown in the right side of Figure 6, the transient spike lasts
for only 20 seconds.  If this is scaled up to the WIPP configuration well of 655 m (Figure 3), this
implies that the transient spike will last only minutes.  Therefore, steady-state flowing conditions
during the blowout were assumed.

Theory

The driving force behind expulsion of brine and gas from the WIPP repository to the surface
via a wellbore during an uncontrolled blowout is determined by the static panel pressure and flowing
bottom-hole pressure at the time of intrusion.  The flowing bottom-hole pressure, defined as the
dynamic pressure at the inlet to the wellbore adjacent to the point of entry into the repository, is less
than the static pressure due to elevation, friction and acceleration effects.  The ability of the well to
produce brine and gas is governed by the drop in panel pressure and the productivity index (assuming
steady-state flow) by the following well deliverability equation(9):

q p = Jp pe − pwf( ) [Equation 1]

where:
qp = well flow rate of the produced phase (brine or gas)
Jp = phase productivity index
pe = phase pressure at the outer boundary of the well drainage area (panel pressure)
pwf = flowing bottom-hole pressure

In a radial drainage area where saturation is uniform over the drainage region (which is valid
throughout the assumed blowout period), the productivity index, Jp can be determined from Darcy’s
law(10,11):



Jp =
kkrph

µ p ln re

rw

 
 
  

 
 + s + c

 

  
 

  

[Equation 2]

where:
k = absolute permeability (assumed to be constant through time at 1.7E-13 m2)
krp = relative permeability to phase
h = crushed panel height (calculated from porosity surface), h = hi(1 - φi)/(1 - φ)

hi = initial uncrushed panel height
φi = initial uncrushed porosity
φ = volume-averaged porosity of the waste at intrusion time

µp = viscosity of fluid phase (assumed to be constant through time for brine, µbrine = 1.8E-03 Pa-
sec, and for gas µgas = 8.92E-06 Pa-sec)(12)

re = external drainage radius which for rectangular gridblock dimensions, re is taken as the
equivalent areal radius, i.e. for gridblock dimensions of 10 m by 32.7 m (these are the
dimensions of the DBR_BRAGFLO gridblock which contains the intrusion well location):

re =
(10)(32.7)

π
= 10.2023 m

rw = wellbore radius (assumed to be constant through time at 0.1556 m)(13)

c = -0.50 for pseudosteady-state flow
s = skin factor, incorporating well stimulation caused by solids released

The solids removal model can be coupled through the skin factor according to the petroleum
engineering well testing relationship(14):
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where:
s = skin factor
k = absolute permeability
kskin = permeability of an open channel as a result of solids removal releases (assumed to be infinite)
rw = wellbore radius
rskin = effective radius of the wellbore with the solids volume removed

The effective radius of the wellbore can be determined using the total area removed from the solids
removal model (AreaTotal) by assuming a radius (rskin) such that:

AreaTotal = πrskin
2 [Equation 4]

Rearranging Equation 4 to solve for rskin gives:

rskin = 
AreaTotal

π
[Equation 5]

Substituting Equation 5 into Equation 3 and assigning infinity to kskin gives the desired relationship
between skin (s) and total area removed according to the solids removal model (AreaTotal):
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[Equation 6]

The relative permeability to a phase (krp) using the modified Brooks-Corey(7) model shown in
Equation 2 is defined using the following expressions for brine (br) and gas (g) respectively:

Calculate an effective saturation (Se) for each phase as follows:

Sebr =
Sw − Swr

1− Swr

( )552.00 ≤≤ wrS [Equation 7]

Seg =
Sw − Swr

1− Sgr − Swr

( )0 0 15≤ ≤Sgr . [Equation 8]

where:
Sw = brine saturation in panel at time of intrusion
Swr = residual brine saturation (sampled parameter, from 0% to 55.2%)
Sgr = critical gas saturation (sampled parameter, from 0% to 15%)

Calculate the relative permeability for each phase as follows:

krw = Sebr

2+3λ
λ [Equation 9]

krg = 1− Seg( )2
1 − Seg

2+ λ
λ

 
 

 
 [Equation 10]

where:
krw = relative permeability to brine
krg = relative permeability to gas
λ = pore size distribution parameter

Parameter values in combination with Equations 6, 9 and 10 when used in Equation 2, yield
the productivity index for brine and gas.  These values are available with the panel pressure at the
time of intrusion.  The only variable unknown is the flowing bottom-hole pressure which when used
in the well deliverability equation (Equation 1) gives the expelled brine and gas flow rates.

Flowing Bottom-Hole Pressure using Poettmann-Carpenter

To determine the flowing bottom-hole pressure (FBHP), an iterative procedure is used based
upon a petroleum engineering industry multiphase flow correlation developed by Poettmann and
Carpenter(15) (for a discussion of the Poettmann and Carpenter correlation, refer to Appendix). Flow up
the intrusion borehole during drilling is governed by complex physics dependent on frictional effects
and two-phase fluid properties.

This behavior is much studied in petroleum engineering, and many correlations have been
developed to predict flow rates and pressures in vertical two-phase pipe flow.  The Poettmann-
Carpenter approach was chosen to calculate the necessary flowing bottom hole pressures to be used in
the DBR_BRAGFLO model. The Poettmann-Carpenter model (P-C model) was chosen because it
accounts for multi-phase frictional effects based on empirical (field) data from flowing wells, is one of



the few correlations that includes flow between the drill pipe and open hole (annulus) in its
development and is easy to implement.

The wellbore is descritized into finite delta lengths of 7.62 m (25 feet), each being described
by the diameters of the open hole, drill pipe, drill collars, and casing(s).  Note that for the
DBR_BRAGFLO model, brine was assumed to flow to the surface through the annular area only.
This is consistent with gas well blowout behavior since the inside of the drill pipe is filled with drilling
fluid.  Figure 3 shows the wellbore configuration used.

To calculate the flowing bottom-hole pressures, the flow rates used in the P-C model have to
match those predicted by the DBR_BRAGFLO well model.  Since the fluid saturations and panel
pressures are known for each realization at each intrusion time, it is possible to calculate the FBHP
iteratively.  A starting FBHP is assumed, and the gas and brine flow rates are calculated from the
DBR_BRAGFLO well deliverability equation.  These flow rates are then used in the P-C model to
determine finite pressure drops up the wellbore to the surface.  If the resulting surface flowing
pressure does not equal atmospheric, a new FBHP is assumed and the process repeated until the
surface pressure is calculated to within 5% tolerance of atmospheric. A 5% tolerance amounts to a 0.7
psi (4827 Pa, or ~0.005 MPa) allowance for convergence of the Poettmann-Carpenter method to
achieve atmospheric pressure.  Figure 7 shows a flowchart of this process.

The method begins by assuming an initial flowing bottom-hole pressure slightly less than the
panel pressure.  With the productivity index computed from Equation 2, flow rates for brine and gas
(100% hydrogen assumed) are computed using Equation 1.  Using the Poettmann and Carpenter
method which takes into account elevation, friction and acceleration impacts on the flowing pressure
gradient, a surface pressure is computed.  If the surface pressure is equal to atmospheric pressure, the
iteration ceases using the last flowing bottom-hole pressure used.  If the surface pressure is not equal
to atmospheric pressure, another flowing bottom-hole pressure is assumed and the process of
computing the brine and gas flow rates and subsequent surface pressure is repeated until the surface
pressure is at atmospheric pressure.  This iterative procedure is illustrated in Figure 8.

Application of theory

Flowing bottom-hole pressures were generated using this method to represent expected ranges
of panel pressures, brine saturation, critical gas saturation, panel permeability, crushed panel height
and skin factor due to solid releases.  These results were then developed into correlations based upon
relationships between FBHP versus panel pressure and log of well productivity index (as shown in
Figure 9), and FBHP versus panel pressure and log (krg/krw) (as shown in Figures 10 and 11 for brine
dominated and gas dominated flow, respectively). The continuous fit equations (shown in Figures 9-
11) are used as “look-up” functions in DBR_BRAGFLO to determine FBHP.

CONCLUSIONS

This wellbore flow treatment method has helped in estimating the amount of radionuclide
releases to the surface due to inadvertent drilling into the repository area. The method is part of a new
analysis tool that uses various techniques to quantify release rates according to government regulations
for underground nuclear waste repositories. The method also demonstrates how petroleum engineering
methods were applied in a multidisciplinary team to solve a complex environmental problem.
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SI Metric Conversion Factors

inch X 2.54* E + 00 = cm gal X 3.785 E + 00 = L
ft X 3.048* E - 01 = m bbl X 1.589873 E - 01 = m3

mile X 1.609344* E + 00 = km md X 9.869233 E - 16 = m2

inch3 X 1.6387 E + 02 = cm3 bbl/MMscf X 5.614583 E - 06 = m3/ m3

lb/ft3 X 1.602 E - 02 = g/cm3 °F (°F - 32)/1.8* = °C
psi X 6.894757 E + 00 = kPa °C + 2.7316 E + 02 = K

* Conversion factor is exact
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APPENDIX - POETTMANN AND
CARPENTER EQUATIONS

For vertical flow, the general pressure gradient equation can be written as:
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The total pressure drop is the sum of the pressure drops due to elevation, friction and acceleration, respectively.
The pressure drop caused by elevation change depends on the density of the mixture.  The pressure drop caused
by friction losses requires evaluation of a friction factor. The empirical correlations differ in the manner used to
calculate the three components of the total pressure gradient. To calculate the flowing bottom-hole pressure
using the method of Poettmann and Carpenter, the following information is required:
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where:

dP

dh
= pressure gradient (psia/ft)

D = annular diameter [using “hydraulic radius” concept] (ft)
D5 = (di + do)2(di - do)3                                                                                                                                                                                                                                                          

Vm = 5.615Bw + PbTaz

PTb

Rp − Rs( )+ Vw

Vm = volume of mixed gas and brine at pressure P per barrel of stock-tank liquid, based on the ratio of fluids
flowing into and out of the flow string (ft3/stbl)

Rp = producing gas-liquid ratio (scf/stb)
Bw = formation volume factor of brine = 1 (rbl/stb)
Pb = base pressure at which gas is measured (101.32 Pa)
Ta = average temperature of flow (300.1 °K)
Tb = base temperature at which gas is measured (300.1 °K)
z = compressibility factor of gas in the annulus at temperature Ta (300.1 °K) and pressure P
Rs = solution gas-liquid ratio at pressure P (scf/stb) [assumed to be 0]
Vw = cubic feet water produced (scf/stb) [assumed to be 0]
Q = bbl of stock-tank liquid produced per day (bbl/day)
M = (5.615)(62.4)(Gsto) + 0.0764(Gg)(Rp) + 62.4(Gb)(Vw), M will remain constant in annulus and represents

the total mass of gas and brine, lb, associated with 1 bbl stock-tank liquid flowing into and out of flow
string

Gsto = specific gravity of stock-tank oil = 0
Gg = separator gas gravity (air = 1.0) [function of the gas composition, determined with SUPERTRAPP

program developed by NIST(16)]
Gb = specific gravity of produced water = 1.23

ρ =
M

Vm

(lb / ft 3) which is the flowing density

f’ = friction factor determined from Poettmann and Carpenter as a function of M, Q & D
dP

dh
is determined from the original expression above so that the new pressure is obtained by:

For delta h increments up the wellbore, P2 = P1 +  
dP

dh
(delta h)



Figure 1.  Location of the Waste Isolation Pilot Plant in Southeastern New Mexico, USA(7)



Figure 2.  Typical Livingston Ridge Completion(7)



Figure 3.  Borehole Representation(7)
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Figure 4.  Direct Brine Release (DBR_BRAGFLO) Mesh(7)



Figure 5.  Representation of coupling between the two grids to obtain initial conditions for the
DBR_BRAGFLO mesh at each intrusion time(7)

Figure 6.  Transient and Steady-State Comparisons during Shallow Gas Well Blowout (∼ 100 m)(8)



Figure 7.  Flowchart of Iterative Process used to Estimate FBHP(7)



Figure 8.  Poettmann-Carpenter Method, Trial and Error Procedure for FBHP(7)



Figure 9.  FBHP as a Function of Brine Well Index and Panel Pressure (brine only)(7)

Figure 10.  FBHP as a Function of Relative Permeabilities and Panel Pressure (brine dominated)(7)



Figure 11.  FBHP as a Function of Relative Permeabilities and Panel Pressure (gas dominated)(7)



Risk-Based Corrective Action Facilitates Cost-Effective

Redevelopment of an Industrial Site in

Washington State into Tidelands and a Park
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ABSTRACT

An industrial site on the Duwamish Waterway in Seattle, Washington is being
redeveloped to create a city park and restore intertidal habitat for Chinook salmon.  The initial
estimate of soil impacted by petroleum and other hazardous chemicals was over 26,000 cubic
yards, if state generic cleanup levels were used.  The cost of treatment or disposal would be in
excess of 3 million dollars.  By applying risk-based corrective action, the volume of soil that
requires treatment or disposal was reduced by 50 percent to approximately 13,000 cubic
yards.  As a result, the remedial costs will be reduced by approximately 40%, while providing
protection of human health and ecological resources.  Risk-based site-specific alternative
cleanup levels (ACLs) were established by assigning surrogate toxicity values to aromatic and
aliphatic petroleum fractions, in addition to evaluating indicator chemicals (BTEX and
PAHs).  Ecological risks to aquatic organisms were also evaluated and found to be
insignificant.



INTRODUCTION

A former industrial site (lumber mill) in the highly industrialized Duwamish
corridor of Seattle, Washington is being converted to a passive use city park.  The
property was created by placement of dredge and fill material in the Duwamish
Waterway delta.  The City recently purchased 18 acres of the property, including 12 acres
within the Duwamish Waterway and 6 acres of uplands.

A key element of the planned conversion of this former industrial site (lumber
mill) to a passive use city park is the restoration of aquatic intertidal habitat within the
current uplands. The site is currently paved or covered by several concrete pads
(foundations of historic buildings), blacktop, and gravel.  Vegetation on the site is sparse
and consists of a few grass clumps and weedy species.  The site is generally flat with a
slight gradient toward the Duwamish Waterway.  The restoration plan includes:

< Removing all structures and most pavement;

< Stabilizing the current shoreline with medium-sized rounded cobbles and
riprap;

< Dredging a majority of the current uplands to below mean lower low water
(MLLW) and refilling the area to approximately 4 feet above MLLW with
substrate suitable to target species (e.g., Chinook salmon).

< Connecting the created tidelands with the Duwamish Waterway via a small
dredged channel through the current site shoreline; and

< Landscaping the remaining uplands (about 2 acres) with plants native to the
region, as well as providing a parking lot and walkways and minor structures
for public use.

Based on this restoration plan, a considerable amount of soil removal and
redistribution will be required.  This is complicated by the widespread presence of
petroleum contamination and limited presence of other types of contamination in site
soils. Extensive cleanup would be required to achieve state generic cleanup standards.
This cleanup might have been cost-prohibitive.

Therefore, a risk-based approach to cleanup was proposed.  Through a risk-based
approach, it was possible to protect human health and the environment without incurring
cleanup costs that might have put the restoration project in jeopardy.  By utilizing a risk-
based cleanup approach to this site, the volume of soil that requires cleanup was reduced
by approximately 50 percent.  As a result, the cost for remediating the site was reduced
40 percent, which will save the client approximately $1.2 million.

This paper describes the approach to and results of the risk assessment for
this Washington site.  This case study illustrates the role risk-based approaches can
play in facilitating cost-effective redevelopment of industrial sites.



RISK ASSESSMENT OBJECTIVE

Petroleum hydrocarbons, pentachlorophenol, polycyclic aromatic hydrocarbons
(PAHs), and several metals were detected in site soils at concentrations above state
generic cleanup levels at several locations.  Because of this, portions of the site
potentially require cleanup under the state’s Model Toxics Control Act (MTCA).
Cleanup is to occur in conjunction with the construction phase of the restoration project.

The extent of the non-petroleum contamination is very limited.  Therefore, the
risk assessment did not evaluate risks from non-petroleum compounds, (e.g.,
pentachlorophenol and metals).  Rather, generic state cleanup levels or naturally
occurring regional metal concentrations will be used as cleanup levels for these
compounds.

A petroleum risk assessment was conducted to determine whether petroleum
compounds (aliphatic and aromatic hydrocarbons and PAHs) at the site are a potential
threat to human health or the environment under conditions projected to exist following
habitat-restoration and to develop alternative cleanup levels (ACLs) for petroleum.  The
ACLs will be used to direct the cleanup of petroleum contaminated soils during the
habitat restoration construction process.

Soil with concentrations of petroleum or its constituents that exceed alternative
cleanup levels established through the risk assessment or soil with non-petroleum
concentrations that exceed generic state cleanup levels will be properly treated or
disposed of off-site.  Any other suitable material that is excavated (e.g., to create the
intertidal area) will be redistributed elsewhere on-site as needed for the habitat restoration
project.  Additional off-site fill will be placed up to two feet deep on the post-restoration
uplands to the degree needed to provide a soil cover suitable for planting of native
species.

RISK ASSESSMENT APPROACH IN
WASHINGTON

In the Spring of 1997, the Washington State Department of Ecology (Ecology)
adopted an Interim Interpretive and Policy Statement, Cleanup of Total Petroleum
Hydrocarbons (Interim Policy) that allows risk-based alternative cleanup levels to be
established for petroleum sites in Washington under MTCA. Two methods are commonly
used for petroleum risk assessment: an indicator chemical approach and a surrogate
approach.  In Washington both methods are required.  Indicator chemicals are individual
toxic constituents of fuels such as benzene, toluene, ethylbenzene, and xylenes (BTEX)
and PAHs that are thought to be representative indicators of the toxicity of a complex
fuel mixture.  Surrogate compounds are chemicals of known toxicity and/or mobility that
are used to assess the non-carcinogenic threat from a wide range of petroleum
constituents of unknown toxicity (e.g., aliphatic and aromatic fractions with distinct
carbon ranges).



Analytical requirements typically include BTEX, PAHs, and sometimes
additional chemicals like fuel additives, as well as petroleum fractions.  Washington has
developed it own analytical method for petroleum fractions referred to as volatile
petroleum hydrocarbons (VPH) and extractable petroleum hydrocarbons (EPH).  This
analytical method reports concentrations of 6 aliphatic and 5 aromatic fractions in
“equivalent carbon” (EC) ranges, including:

Aliphatics Aromatics

EC5-EC6 >EC8-EC10
>EC6-EC8 >EC10-EC12
>EC8-EC10 >EC12-EC16
>EC10-EC12 >EC16-EC21
>EC12-EC16 >EC21-EC35
>EC16

These fractions are useful when soil leaching or other fate and transport modeling
is necessary.  However, data of different carbon ranges are combined into total aliphatic
and total aromatic fractions to evaluate toxicity.  Hexane is used as a surrogate for the
toxicity of the aliphatic fraction, and pyrene is used as a surrogate for the toxicity of the
aromatic fraction.

SITE-SPECIFIC RISK ASSESSMENT
APPROACH

Under MTCA, there is limited site-specific flexibility.  However, MTCA does
allow for site-specific identification of exposure pathways for humans and for evaluation
of ecological risks.  A risk assessment approach was established for the site and discussed
with the Department of Ecology.  A conceptual site model was a key tool in defining the
approach.

A conceptual site model (CSM) defines the exposure pathways for a site.  A
complete exposure pathway must exist before any risk to human or ecological receptors
is possible.  The components of an exposure pathway include:

< Primary contaminant source(s) and release mechanism(s);
< Secondary sources;
< Mechanisms of contaminant retention in, or transport to, exposure media;
< Receptors that may contact contaminants in exposure media; and
< Routes of intake of contaminated media by receptors.

If any one of these elements is missing, a given exposure pathway is incomplete.
Figure 1 graphically shows the CSM for this site.



Primary Sources, Release Mechanisms, and Secondary Sources

The following former primary sources at the site may have released chemicals to
the environment.  The types of chemicals likely to be associated with each type of release
are presented in parentheses:

< Former anti-fungal spray booth/planer room (pentachlorophenol and mercury
associated with wood preservatives);

< Former oil service pit  and nearby storm drain (used automotive motor oil);

< Old oil house (miscellaneous lubricating oil storage);

< Former 500-gallon gasoline underground storage tank (UST) (gasoline
storage);

< Former 8,000-gallon diesel UST (diesel storage); and

< The former Alaska Freight building area (petroleum [gasoline, diesel, or
motor oil], metals, and PAHs associated with shipbuilding, freight handling,
and metal fabricating).

The release mechanisms from each of these sources include spills and leaks.
Surface and/or subsurface soils adjacent to each of the source areas have been impacted
by the release of contaminants from the primary sources (e.g., leaks from USTs).  Results
of analytical laboratory testing have shown that site soils contain measurable
concentrations of potentially site-related chemicals.

Mechanisms of Retention in or Transport to Exposure Media

 Soil is a retention medium at this site and the potential secondary source from
which chemicals may migrate to other media.

Due to the frequent rainfall in the site vicinity, particulate emissions to outdoor
air are expected to be minimal.  The soil-particulate-to-air pathway is rarely significant
relative to the soil ingestion pathway.  Also, the area of exposed soil will likely be low in
the future because of the planned planting of native vegetation on the limited remaining
uplands.  Therefore, this pathway is considered insignificant under current and likely
future conditions.

If volatile chemicals are present in petroleum-impacted soils, they may migrate to
air.  At the site, the only volatile chemicals detected were confined to a very small portion
of the site.  Sampling indicates the absence of any widespread source of volatile
chemicals.  In addition, future site plans do not include development of occupied
structures.  Therefore, air is not expected to contain significant concentrations of site-
related volatile chemicals.



Contaminants in site soils are likely to migrate to groundwater because of its
shallow depth ranging from 2 to 6.5 feet below ground surface.  Groundwater samples
collected from some areas of the site contain detectable concentrations of diesel- and
motor oil-range hydrocarbons and PAHs.

The flow of groundwater across the site is generally toward the adjacent
Duwamish Waterway.  Thus, once chemicals reach groundwater, they may be
subsequently transported via groundwater flow to downgradient subsurface soil and to
surface water in the Duwamish Waterway.

If chemicals in groundwater reach surface water, they may also partition into
sediment from surface water or adsorb to sediment as the groundwater flows through the
sediments to surface water.  However, based on the absence of PAHs in sediment
samples collected adjacent to the site in 1996, the water-to-sediment pathway was not
evaluated.

Surface runoff is minimal (due to the flat nature of the site) except during major
rainfall events.  After creation of the tidelands, numerous small drainage features will be
present, radiating out from the new intertidal area.  These drainages will be covered with
up to two feet of off-site soil, and most of the uplands will be planted with vegetation
native to the area.  The distribution of runoff to numerous small drainages, the soil cover,
and the vegetation will minimize the potential transport of site-related chemicals to
surface water.  Surface runoff is not considered to be a significant transport pathway for
site contaminants.

Chemical uptake by plants is currently minimal given the very limited presence
of vegetation at the site.  The planned placement of up to two feet of soil cover over
much of the post-restoration upland portion of the site will limit future potential uptake
for shallow rooting plant species.  However, the planting of natural vegetation may result
in chemical uptake for deeper rooting plants such as blackberries (which are not planned)
or trees (which are planned, but are not expected to be a significant exposure medium).
Uptake by plants is possible, but is expected to be minimal over most of the uplands
remaining after tideland creation.  Significant food chain transfer to upper trophic levels
of terrestrial or aquatic organisms is unlikely because petroleum constituents do not tend
to biomagnify; the upland area remaining will be small; and few upper trophic level
species inhabit the site or the surrounding industrial area.

Receptors and Exposure Routes

Potential human receptors identified for the site include site visitors, trespassers,
and future recreational receptors.  However, a more conservative, hypothetical residential
receptor was evaluated to reduce the likeliness that deed restrictions may be required
under MTCA and to facilitate easier site closure.  Protection of a hypothetical resident
should ensure protection of the identified receptors.

The following exposure routes were determined to be complete and potentially
significant:

< Incidental ingestion of soil, and
< Dermal contact with soil.



However, in accordance with MTCA, dermal contact was not evaluated.

The following exposure routes are potentially complete, but were considered
insignificant and thus were not evaluated:

< Inhalation of particulates in air.

< Incidental ingestion of, and dermal contact with, surface water and sediment.
Because of the infrequent, limited, intermittent nature of such exposure and the
dilution that will occur to any chemical in groundwater that reaches the surface
water, this route is considered to be insignificant.

< Ingestion of fish.  Because of the limited time a given edible fish would spend in
the immediate site vicinity, the reduction in concentrations due to mixing that
will occur in the Duwamish, and the low bioaccumulation potential of PAHs (the
main chemicals detected in groundwater) in vertebrates, this pathway is
considered insignificant.

< Ingestion of berries.  Based on current plans, five to ten percent of the upland
area will be planted with edible fruit-bearing species (e.g. huckleberry and
salmonberry).  This represents approximately two-tenths of an acre, severely
limiting the number of harvestable berries available at the site.  Thus, the level of
exposure through berry ingestion is not expected to be significant.

The following exposure routes are considered to be incomplete and unlikely to
become complete:

< Ingestion of groundwater and inhalation of volatile chemicals released during
household water use.  This route is considered to be incomplete for the
following reasons:

— The site is adjacent to the brackish Duwamish Waterway, and much of
the site groundwater is tidally influenced.  Therefore, it is likely that
the groundwater is already brackish or would become brackish under
pumping conditions.

— Site groundwater is not currently used as a source of drinking water.
— City water is available.
— The general water quality in the Duwamish industrial area is low.

Groundwater in the Duwamish industrial area is generally not
considered potable.

< Inhalation of volatile chemicals released from soil to outdoor or indoor air.

< Ingestion of agricultural products.  Because of the industrial nature of the region
and the planned development of this site as a passive use park, gardening or
raising of livestock is not expected.

The potential for exposure of terrestrial ecological receptors is minimal because
up to 2 feet of soil will be placed over most or all uplands remaining at the site after
creation of the wetland, and only approximately 2 acres of upland acreage will remain.  If



feasible, plantings of deep-rooted species away from areas of known soil contamination
would reduce the potential for plant uptake of chemicals.  The placement of the soil cover
also will reduce the likelihood of burrowing animals reaching the original site soils.  The
industrial setting of the general area also reduces the number and types of terrestrial
ecological receptors that may be present at the site.  These factors greatly reduce the
possibility of significant terrestrial wildlife exposure via plant uptake and subsequent
food chain mobilization.  Therefore, terrestrial receptors were not assessed.

No ecological receptors are expected to be exposed directly to groundwater at the
site.  Therefore, a complete ecological exposure pathway does not exist for this medium.
However, groundwater serves as a potential transport medium to surface water.  Exposure
of ecological receptors inhabiting the Duwamish adjacent to the site is a potentially
complete pathway.  This pathway was evaluated because PAHs have been detected in
groundwater samples collected from near the Duwamish Waterway and because aquatic
receptors are sensitive to PAHs.  Benthic invertebrate exposure to contaminants in
sediment was not evaluated.

Methodologies

Recent and historical site data was evaluated to determine if it was suitable for
the risk assessment.  Then, chemicals of potential concern (COPCs) were identified from
this risk assessment data set.  The human health risk assessment included an exposure
assessment, toxicity assessment, and risk characterization.  Exposure and risk for the soil
ingestion pathway (the pathway identified for evaluation in the CSM) were evaluated in
accordance with MTCA and the Interim Policy.  Ecological exposure to aquatic
organisms in the adjacent Duwamish was evaluated through comparison of site
groundwater concentrations with readily available chemical-specific aquatic water quality
criteria.

SITE INVESTIGATION AND DATA
EVALUATION

Two site investigations were conducted before the decision was made to use a
risk-based approach.  Surface and subsurface soil, sediment, and groundwater samples
were collected from various suspected source areas for analytical testing.  Samples were
analyzed for petroleum, PAHs, metals, pentachlorophenol, semivolatile organic
compounds (SVOCs), and polychlorinated biphenyls (PCBs).  Results of analytical
testing showed that sediment quality was generally within state sediment quality
standards.  Petroleum, metals, and PAHs were detected in site soils at concentrations
exceeding generic state cleanup levels.  The extent of non-petroleum chemicals present at
concentrations exceeding state generic cleanup levels was limited.  Therefore, it was
decided to use generic state cleanup levels for these chemicals and to established risk-
based alternative cleanup levels only for petroleum chemicals.

To conduct the petroleum risk assessment, data from special analytical methods
are required.  Therefore, in 1998, additional soil samples were collected from identified
source areas.  Sampling locations (see Figure 2) and depths were selected within each



source area to correspond to the highest detections of TPH and PAHs detected during
historical sampling investigations.  Two groundwater samples were collected from
existing monitoring wells. Specifically, twelve soil samples and two groundwater
samples were collected and analyzed for VPH/EPH, BTEX, and PAHs by selective ion
monitoring (SIM).  Five of the soil samples and one of the groundwater samples were
also analyzed for WTPH diesel extended (WTPH-Dx) and WTPH hydrocarbon
identification (HCID).

Because data from fractionation analysis (needed for risk assessment) are only
available from the 1998 sampling event, sample locations in 1998 were selected to
correspond to the areas of maximum contamination in 1996 and 1997, and site
concentrations have decreased over time due to biodegradation and other processes, the
historical soil and groundwater data were not used quantitatively in the risk assessment.
However, historical data for non-petroleum constituents were used for the comparison to
generic state cleanup levels.  In addition, in the limited areas where more recent
VPH/EPH data were not available, historical data for total petroleum was compared with
adjusted risk-based cleanup levels.  The risk assessment calculations were based on data
collected in 1998.

The WTPH-Dx data for all soil and groundwater samples collected in 1998 were
used indirectly, and the VPH, EPH, BTEX, and cPAH data were used directly in the
human health risk evaluation.  Noncarcinogenic PAH (nPAH) data were not used in the
human health risk evaluation because these chemicals are already included in the
aromatic fraction of EPH.  Because VPH and EPH data were not used in the ecological
risk evaluation due to the absence of readily available ecological criteria, data from
BTEX and all PAHs were evaluated separately for ecological receptors.  All laboratory-
qualified data were used.

IDENTIFICATION OF CHEMICALS OF
POTENTIAL CONCERN

All petroleum chemicals detected by VPH, EPH, BTEX, or PAH-SIM analysis
were identified as COPCs for the risk assessment.  VPH and BTEX were never detected,
but EPH and PAHs were selected as COPCs.  Specifically, the COPCs carried through
the risk assessment include: EPH (aliphatics and aromatics), carcinogenic PAHs (cPAHs)
(benzo[a] anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene,
chrysene, and indeno[1,2,3-cd]pyrene), and nPAHs (acenapthene, acenaphthylene,
anthracene, benzo(g,h,i)perylene, fluoranthene, fluorene, 2-methyl-naphthalene,
naphthalene, and phenanthrene).  However, nPAHs were not included as COPCs in the
human health risk assessment because these chemicals are already included in the
aromatic fraction of EPH.  EPH was not included in the ecological risk assessment.  Non-
petroleum chemicals detected above generic state cleanup levels were not included in the
risk assessment.



HUMAN HEALTH RISK ASSESSMENT

Exposure Assessment

Based on the CSM, ingestion of soil under a hypothetical future residential
scenario is the only human exposure pathway that is being quantified.  Exposure point
concentrations (EPCs) for soil and exposure parameters are used in intake equations to
develop quantitative estimates of exposure.  Intake equations used were those provided in
MTCA (Ecology, 1996a).  Rather than calculate statistically-based EPCs, the maximum
EPH and cPAH concentrations were conservatively used in the intake equations.  The
EPC for the aromatic fraction of EPH (181 mg/kg) was calculated by multiplying the
maximum EPH concentration (670 mg/kg) by the average percentage (27%) of aromatics
detected in the 1998 samples.  Similarly, the EPC for the aliphatic fraction of EPH (489
mg/kg) was calculated by multiplying the maximum concentration of EPH (670 mg/kg)
by 73% (1 – the average percentage of aromatics [27%]).  The EPCs for the cPAHs
included: 6, 6, 7.9, 4.6, 7.4, and 0.046 mg/kg for benzo(a)anthracene, benzo(a)pyrene,
benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, and indeno(1,2,3-cd)pyrene,
respectively.

Default exposure parameters from MTCA for a residential setting were used (1)
in order to decrease the likelihood of deed restrictions.  These parameters include a soil
ingestion rate of 200 mg/day, an exposure duration of 6 years, a gastrointestinal
absorption factor of 1, a frequency of contact of 1, a lifetime of 75 years (applies to
carcinogens only), and a body weight of 16 kg.

Toxicity Assessment

A toxicity assessment defines the link between exposure and adverse effects.
Quantitative estimates of toxic response developed by the USEPA (2) were used to
evaluate potential carcinogenicity and noncancer toxicity for the COPCs identified for
this site.  Cancer risks are calculated using toxicity factors known as slope factors (SFs),
while reference doses (RfDs) are used in noncancer risk calculations.  Slope factors are
estimates of the incremental probability of cancer per unit of dose and are expressed in
units of (mg/kg/day)-1.  The chronic RfD is an estimate of lifetime daily exposure for
humans (including sensitive subpopulations) that is likely to be without risk of adverse
effect.  RfDs are expressed in units of mg/kg/day.  Estimated intakes of COPCs from
environmental media (e.g., soil) are multiplied by the SF to estimate incremental cancer
risk and divided by the RfD to estimate a hazard quotient.  A hazard quotient above one
indicates a possible noncancer threat.

For petroleum constituents, a combined indicator/surrogate approach was used to
assess toxicity in accordance with Ecology's Interim Policy (3).  For purposes of this risk
assessment, indicator chemicals are the individual carcinogenic compounds within the
chemical mixture.  Indicator chemicals used for petroleum under the Interim Policy
include benzene and seven cPAHs.  No benzene was detected; therefore, only cPAHs
were used as indicator compounds.  The oral SF of 7.3 (mg/kg/day)-1 for benzo(a)pyrene
was used for each of the cPAHs.  Although many agencies recommend a relative toxicity
approach for other cPAHs, Ecology considers all cPAHs to be equally toxic.



"Surrogate" compounds are chemicals of known toxicity that are used to assess
the noncarcinogenic threat from a wide range of petroleum constituents of unknown
toxicity.  Petroleum mixtures are separated into distinct carbon ranges and into aliphatic
and aromatic fractions, and "surrogate" compounds are used to represent the toxicity of
each petroleum fraction.  Under the Interim Policy (3), available toxicity information is
considered insufficient to allow different surrogates to be used for various equivalent
carbon ranges.  Therefore, one surrogate (hexane) is used for the aliphatic fraction, and
one surrogate (pyrene) is used for the aromatic fraction (including alkenes).  The oral
RfD for hexane is 0.03 mg/kg/day, and the oral RfD for pyrene is 0.06 mg/kg/day.

Risk Characterization

The risk characterization integrates the results of the exposure and toxicity
assessments to estimate the potential for adverse effects for each receptor under
evaluation.  The potential for noncarcinogenic effects is evaluated by comparing an
exposure level over a specified period of time with an RfD derived for a similar (e.g.,
chronic) exposure duration.  The ratio of exposure to toxicity is the hazard quotient (HQ).
Hazard indexes (HIs) are the sum of HQs across multiple chemicals or pathways.  The HI
for aliphatic and aromatic fractions is shown in the equation below:

An HI less than one indicates that adverse effects should not occur.

Carcinogenic risk for each COPC and exposure pathway is calculated using the
following formula:

The total cancer risk from the only route evaluated was calculated by adding
risks across all COPCs for a given receptor.  Based on MTCA (1), excess cancer risks of
1x10-6 for each COPC and 1x10-5 across all COPCs are considered to be acceptable.  An
HI less than one is considered acceptable under MTCA.

Carcinogenic risks and noncancer impacts are not currently posed by the site
because there are currently no complete exposure pathways.  Under a hypothetical future
residential scenario, the chemical-specific cancer risks calculated using the maximum
concentration of each cPAH ranged from 3.4x10-5 to 5.8x10-5, except for indeno(1,2,3-
cd)pyrene for which the risk was only 3.4x10-7.  The total risk across cPAHs was
estimated to be 2.3x10-4.  The samples containing the maximum concentrations of cPAHs
were collected in one sampling location for five of the cPAHs and at another sampling
location for indeno(1,2,3-cd)pyrene.  Carcinogenic risks for each chemical were below
levels of concern (less than 1x10-6) at all but two sampling locations, and at the level of
concern at a third location.  Total cancer risks exceed 1x10-5 at only one location.
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The noncancer risk was calculated using the maximum EPH concentrations of
670 mg/kg.  The EPC for the aromatic fraction was 181 mg/kg (calculated by multiplying
the maximum EPH concentration by the average percentage [27% aromatics]) and 489
mg/kg for the aliphatic fraction (calculated by multiplying the maximum EPH
concentration by 73% [1 – 27%]).  The HQ was estimated to be 0.07 for aromatic
hydrocarbons and 0.1 for aliphatic hydrocarbons, with a total HI of 0.18.  Thus,
noncarcinogenic risks were below levels of concern (HI less than 1) at all locations
sampled in 1998.

ECOLOGICAL RISK ASSESSMENT

Exposure of aquatic receptors that will use the newly created intertidal wetlands
and waters adjacent to the site and may be exposed to site related contaminants via
groundwater discharge to surface water is the only ecological pathway identified for
evaluation.  This screening level ecological risk assessment was limited to the
comparison of PAH concentrations in groundwater on-site to water quality benchmarks.
PAHs were detected in groundwater and are being used as indicator compounds for
petroleum contamination.  EPH fraction data are not being used because regulator-
approved, readily available surface water benchmarks do not yet exist.

The ecological receptors of concern are the aquatic organisms (e.g., fish fry/
fingerlings) that may inhabit the intertidal wetlands and nearshore waters of the
Duwamish Waterway.  Therefore, the assessment endpoint for the site is the health and
welfare of populations of aquatic species, particularly fish fry/fingerlings that may
congregate in nearshore intertidal waters of the site.  The measurement endpoints are the
concentrations of PAHs in groundwater and the aquatic risk-based toxicity benchmarks
for surface water.  Comparing these two measures provide the means for quantifying
potential impact on the assessment endpoint (aquatic organisms) at the site.  The question
to be answered by this assessment is whether there is the potential for adverse effects to
aquatic organisms in waters of the newly created intertidal area and Duwamish Waterway
as a result of migration of a petroleum hydrocarbon (PAHs) from site groundwater to
surface water.

The risk-based screening involved selecting aquatic risk-based benchmarks and
then comparing these benchmarks with maximum detected concentrations of indicator
chemicals (PAHs) in groundwater.  Aquatic risk-based benchmarks were located for eight
of the nine detected PAHs.  The PAH chyrsene lacks a benchmark.

Aquatic risk-based benchmarks including Ambient Water Quality Criteria
(AWQC) or other effects-based toxicity values were selected from literature (4, 5).
Benchmarks were chosen for PAHs only, because benchmarks are not readily available
for other petroleum hydrocarbons.  Except for BTEX, which was not detected, PAHs
were the only indicator chemicals analyzed during the site assessment.

AWQC final chronic values were the preferred risk-based benchmarks.  These
are based on the most statistically sensitive response parameter of tested aquatic flora and
fauna and are designed to be protective of most aquatic species (including fish, aquatic
vegetation, and other aquatic organisms) most of the time.  The AWQC are separated into



acute and chronic freshwater and marine categories.  Since the site is estuarine (mixed
salt and freshwater), the lowest chronic AWQC were selected regardless of whether they
were freshwater or marine.

The secondary benchmarks include concentrations developed by Suter and Tsao
(5) using the Proposed Water Quality Guidance for the Great Lakes System (6) and are
expected to provide a level of protection similar to or higher than AWQC 80 percent of
the time.  They represent the lowest concentrations of contaminants that are likely to
result in deleterious effects to aquatic organisms.

The maximum concentrations of PAHs in groundwater were compared to the
risk-based benchmarks to calculate a HQ using the following equation:

HQ   =    PAH Concentration (microgram per liter [µg/L])
Risk-based Benchmark (µg/L)

Generally, if a HQ is less than one, there is no potential for ecological risks.  If
the HQ is greater than one, it indicates some potential for ecological effects.  The
comparison of concentrations of PAHs in groundwater with aquatic criteria is presented
in Table 1.  The HQ for benzo(a)anthracene was 14; this was the only detected PAH for
which the HQ exceeded 1.

The use of maximum groundwater concentrations to represent concentrations in
marine water is a highly conservative approach.  Groundwater contaminant
concentrations on site are likely to be higher than site-related concentrations in the
surface waters of the adjacent Duwamish Waterway, but were used as a highly
conservative (easily measurable) estimate of potential surface water concentrations.  This
conservative approach likely resulted in overestimation of the potential for ecological
effects.  Detected concentrations are very likely to be lower at the point of
groundwater/surface water interference, and much lower in the tidally-influenced surface
water adjacent to the site.  Therefore, ecological risks were deemed insignificant.

CLEANUP LEVELS

Cancer risks from cPAHs were predicted, so risk-based alternative cleanup levels
were calculated for cPAHs.  Although non-cancer risks were not predicted, risk-based
alternative cleanup levels were calculated for petroleum (VPH+EPH) to allow
comparison with data for confirmation samples or for new samples should any additional
petroleum-impacted areas be discovered during construction.

 Chemical-specific alternative cleanup levels for carcinogens were calculated
using the results of the risk assessment.

The calculated alternative cleanup level for each cPAH is 0.14 mg/kg.  When
multiple chemicals are evaluated, the risk-based cleanup levels must be adjusted to
ensure that additive cancer risks across chemicals will not exceed 1x10-5 (Ecology,
1996a).  Only six carcinogens were detected.  Because less than ten carcinogenic COPCs
exist, no adjustment was needed to ensure that additivity does not lead to an unacceptable



total cancer risk.  Thus, the preliminary and final risk-based alternative cleanup level for
each cPAH is the same (0.14 mg/kg).

For EPH (noncarcinogens) the risk-based ACL was calculated using the results
of the risk assessment.

The acceptable target HI across chemicals under MTCA is 1 (1).  Therefore, the
EPC for EPH (aliphatic and aromatic TPH) (670 mg/kg) was divided by the HI across
both aliphatic and aromatic chemicals (0.18), resulting in a final risk-based ACL for EPH
of 3,780 mg/kg.

The method used is valid for a 27:73 apportionment of aromatics to aliphatics
within the exposure area.  This cleanup level will be protective as long as the area-wide
exposure is to EPH that is comprised of 27 percent aromatics or less.

Because historical site data was analyzed by WTPH-Dx and because any
confirmation sampling is likely to use Method WTPH-Dx, a WTPH-Dx-equivalent ACL
was calculated.  The WTPH equivalent ACL of 6,426 mg/kg was calculated by
multiplying the EPH based ACL (3,780 mg/kg) by the average ratio of WPTH
concentrations to EPH concentrations (1.7) detected in the 1998 data set.  This WTPH
equivalent ACL was calculated for use in evaluating and future WTPH-Dx sampling
results.  In addition, historical TPH data was compared with this value for site areas that
were not sampled in 1998.

CONCLUSION

The results of the human health risk assessment indicate the potential for risks
due to the presence of cPAHs.  Based solely on 1998 soil sampling results,
noncarcinogenic impacts on human health would not occur.  However, an ACL for EPH
and then a WTPH-Dx-equivalent ACL were estimated to compare with historical soil
data in areas where more recent data are unavailable, with confirmation sampling data,
and perhaps with future data should unknown but similar petroleum-impacted areas be
discovered during excavation.  Significant ecological risks are unlikely at the site, so no
ecological ACLs were developed.

Petroleum related site concentrations from previous and recent sampling events
were compared to ACLs.  Concentrations of non-petroleum chemicals were compared to
generic state cleanup levels.

Petroleum-Related Chemicals

Based on current and historical measured results, ACLs for cPAHs and WTPH-
Dx-equivalent were exceeded in two source areas, the former Alaska Freight Building
area and the former oil service pit area.  Although no VPH/EPH/BTEX/PAH data are
available for the 8,000-gallon diesel UST area, TPH results from previous investigations
are below the WTPH-Dx-equivalent ACL   Table 2 presents a summary of sample
concentrations (and associated sample locations) which exceed ACLs in each of these
two source areas.



Individual cPAH concentrations at several soil sampling locations were above the
calculated ACL (0.14 mg/kg) for individual cPAHs but below the generic state cleanup
level of 1 mg/kg for total cPAHs.  Table 3 presents sample locations that exceed both
generic state cleanup levels for total cPAHs and the ACL for individual cPAHs.

Non-Petroleum Related Chemicals

Historical analytical soil data were examined to determine which source areas
contained non-petroleum contaminants at concentrations exceeding state generic cleanup
criteria.  These chemicals include pentachlorophenol and metals (arsenic, cadmium,
chromium, lead, and mercury).  Table 4 presents these data.

According to the phase III investigation report, concentrations of nonpetroleum
chemicals in groundwater were generally below state generic cleanup levels.

RESULTS

Based on the above comparisons, soils in the southeastern portion of the former
Alaska freight building source area require proper off site disposal or treatment due to the
presence of cPAHs (see Figure 2) and additional testing for cPAHs should be conducted
in the remainder of this source area.  Some soil removal in the vicinity of the Oil Service
Pit near TP-2 and TP-3 is needed because of the presence of high levels of total
petroleum.  The non-petroleum contaminants present at concentrations in excess of state
generic cleanup levels include pentachlorophenol and metals (arsenic, cadmium,
chromium, lead, and mercury). This soil should be excavated during site development,
segregated, tested, and disposed of off-site at a landfill, recycling facility, or treated as
appropriate.

ACLs for petroleum and state generic cleanup levels for both total cPAHs and for
non-petroleum chemicals will be used to direct the removal of contaminated soils during
the habitat restoration process.

The initial estimate of soil impacted by petroleum and other hazardous chemicals
was over 26,000 cubic yards, if state generic cleanup levels were used for petroleum.
The cost of treatment or disposal would be in excess of 3 million dollars.  By applying
risk-based corrective action for petroleum, the volume of soil that requires treatment or
disposal was reduced by 50 percent to approximately 13,000 cubic yards.  As a result, the
remedial costs will be reduced by approximately 40%.  The approximately $1.2 million
in savings that would have been spent conducting remediation that is not needed to
protect human health or ecological resources provides necessary funds for restoring
salmon habitat and developing a city park.



UNUSUAL ATTRIBUTES OF THIS
PROJECT

This project was unusual in several ways:

< The site is in a highly industrialized corridor, yet the redevelopment plan consists
of salmon habitat creation and park development.

< The risk assessment focussed on conditions projected to exist after
redevelopment (based on the preliminary design plans).

< Planned redevelopment involves substantial redistribution of large volumes of
petroleum-impacted soil.

< Remediation to risk-based cleanup levels is to occur concurrent with the
construction phase of the project.

< Soils with petroleum above state generic cleanup levels, but below risk-based
levels, can be redistributed anywhere on site as needed to accommodate the
construction plans.

< By avoiding unnecessary remediation, funds were available for constructive uses
such as salmon habitat restoration and development of park amenities such as
interpretive signs and native vegetation.

< A combined indicator/surrogate approach to petroleum risk assessment was used
(required in Washington, Alaska, Massachusetts, and certain other states, but not
used in many states), and both human and ecological risks were considered.

APPLICATION TO OTHER SITES

An understanding of the threat to human health and to ecological resources posed
by a petroleum-contaminated site is often essential in developing an appropriate, cost-
effective remedial program.  Such risk-based approaches are needed to allow affordable
redevelopment of highly industrialized areas without putting humans or ecological
resources in jeopardy.  The use of a risk-based approach can result in a significantly
smaller and less expensive remediation program.  By not wasting money on unnecessary
remediation, more funds are available for the redevelopment project itself.  Thus, risk-
based approaches can make redevelopment of industrialized areas more attractive to
potential developers without adversely impacting human health or the environment.

Risk-based approaches may not be cost-effective for petroleum sites under
certain conditions such as if:

< Groundwater is contaminated and is a potential on-site drinking water source.



< The volume of contaminated soil is very small and accessible, such that the cost
of removal and disposal or remediation would be less than the cost of sampling,
analysis, and risk assessment.

< Certain volatile constituents are present at high concentrations in soil beneath an
inhabited building.

< Substantial levels of carcinogenic PAHs are present and widespread (especially
in Washington state).

However, in most cases a risk-based approach to cleanup of petroleum sites will
result in substantial reductions in remedial costs while still protecting human health and
the environment.  The degree of savings will vary, but is likely to be greater if one or
more of the following conditions exist:

< If the current and future site use is non-residential.  However, significant savings
can be realized even at residential sites.

< If deed restrictions are acceptable to the owner
< If the petroleum is weathered.

< If volatile chemicals are absent or present only at low concentrations.

< If limited complete exposure pathways exist.

< If the volume of impacted soil is large.

< If excavation or standard remediation techniques are difficult or infeasible under
site conditions.

< If the site is located in a region where groundwater is considered unusable.

< If the site is located near the marine environment, especially if there are no other
down-gradient properties.

< If on-site groundwater is uncontaminated or is not a potential on-site drinking
water source.

< If a substantial distance exists between the petroleum-impacted soil and the point
of compliance.

< If the soil has high organic content.

< If the annual rainfall amount is low.

< If the depth between source soil and groundwater is substantial.



< If the site is paved or covered with structures and likely to remain so for some
time.

< If substantial habitat for terrestrial ecological receptors is not present on site.

In some states (other than Washington), even more savings can be realized
because:

< Typically less conservative toxicity factors for petroleum fractions and for most
carcinogenic PAHs are used.

< Greater flexibility in use of site-specific exposure parameters is accepted.  For
example, had recreational exposure parameters been used, the cleanup level
would have been even higher and the volume of soil remediation required would
have been even lower.

< An anti-degradation policy is not in effect in the particular state.
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Table 1.  Ecological Risk-Based Screening for 1998 Groundwater Samples

Analyte
Number of
Detections

Minimum
Detected

Concentration
(Detection

Limit) (µg/L)

Maximum
Detected

Concentration
(Detection Limit)

(µg/L)

Risk-Based
Screening

Concentration(a)

(µg/L)
Hazard

Quotient (b)

Risk-Based
Screening

Concentration
Source

Acenapthene 1 / 2 ND (0.05) 3.6 23(a) 0.5 AWQC, (USEPA,
1996)

Acenaphthylene 0 / 2 ND (0.05) ND (0.05) NDA
Anthracene 1 / 2 ND (0.05) 0.49 0.73 0.67 Secondary Chronic

Value
(Suter and Tsao,
1996)

Benzo(a)anthracene 1 / 2 ND (0.05) 0.38 0.027 14.07 Secondary Chronic
Value
(Suter and Tsao,
1996)

Benzo(a)pyrene 0 / 2 ND (0.05) ND (0.05) .014 NE Tier 2 Value
(Suter and Tsao,
1996)

Benzo(b)fluoranthe
ne

0 / 2 ND (0.05) ND (0.05) NDA NE

Benzo(g,h,i)perylen
e

0 / 2 ND (0.05) ND (0.05) NDA NE

Benzo(k)fluoranthe
ne

0 / 2 ND (0.05) ND (0.05) NDA NE

Chrysene 1 / 2 ND (0.05) 0.35 NDA NE
Dibenzo(a,h)anthra
cene

0 / 2 ND (0.05) ND (0.05) NDA NE

Fluoranthene 1 / 2 ND (0.05) 1.4 6.2 0.22 AWQC, ,
(USEPA, 1996)

Fluorene 1 / 2 ND (0.05) 1.7 3.9 0.44 Secondary Chronic
Value
 (USEPA, 1996)

Indeno(1,2,3-
cd)pyrene

0 / 2 ND (0.05) ND (0.05) NDA NE

2-
Methylnaphthalene

1 / 2 ND (0.05) 1.9 2.1 0.90 Secondary Chronic
Value for 1-
methylnaphthalene
(Suter and Tsao,
1996)

Naphthalene 1 / 2 ND (0.05) 2.7 12 0.22 Secondary Chronic
Value
(Suter and Tsao,
1996)

Phenanthrene 1 / 2 ND (0.05) 1.9 6.3(a) 0.30 AWQC, ,
(USEPA, 1996)

Notes:
a When ambient water quality criteria (AWQC) were available, the lower value of the freshwater or

marine water quality criteria was used.
b The hazard quotient is the ratio of the maximum concentration to the Risk-based Screening

Concentration.
Shaded areas indicate contaminant concentrations that exceed benchmarks.
µg/L = micrograms per liter.
ND = Not detected.
NDA = No data available.
NE = Not evaluated.
USEPA = U.S. Environmental Protection Agency



Table 2.  Petroleum-Related Site Concentrations Exceeding MTCA Risk-Based ACLs

Source Area Analyte

Historical Site
Concentration

(mg/kg)

Current Site
Concentration

(mg/kg)
ACL

(mg/kg)
Former Alaska
Freight Building

cPAHs

benzo(a)anthracene
benzo(a)pyrene

benzo(b)fluoranthene

benzo(k)fluoranthene

benzo(g,h,i)perylene
chrysene

indeno(1,2,3-cd)pyrene

1.75 (TP-10) 1

30 (SB-16)
0.53 (SB-17)
1.5 (SB-20)

0.74 (SB-21)
0.23 (TP-10)
0.28 (TP-10)

-
0.32 (TP-10)

-
0.29 (TP-10)

-
0.18 (TP-10)
0.46 (TP-10)

-
0.17 (TP-10)

1.11 (SS-7) 1
-

31.9 (TP-9) 1

-
-

6 (TP-9)
0.27 (SS-7)

6 (TP-9)
0.3 (SS-7)
7.9 (TP-9)
0.21 (SS-7)
4.6 (TP-9)

-
0.19 (SS-7)
7.4 (TP-9)

-

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

Former Oil
Service Pit

TPH

Benzo(a)pyrene
Benzo(b)fluoranthene
Chrysene

Indeno(1,2,3-cd)pyrene

29,000 (TP-2) 3

7,000 (TP-3) 3

0.27 J (SB-4)
-

0.37 (SB-4)
0.29 J (SB-7)
0.30 J (SB-8)
0.36 (SB-4)

0.29 (TP-1) 1

0.19 (TP-3) 4

0.15 (TP-3) 4

-
-

6426 5

6426 5

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

0.14/12

Notes:
1 Concentrations of one or more individual cPAHs, as well as the sum of all cPAHs exceeded

the ACL
2 ACL for individual cPAHs/cumulative ACL across seven cPAHs (provided no individual

cPAH exceeds the ACL for individual cPAHs)
3 EPA Method 418.1
4 Barely exceeds ACL; CR 1.5x10-6 (1x10-6 with one significant figure)
5 NW-TPH-Dx-equivalent ACL (also applied to data analyzed for TPH by 418.1) = 3780 * 1.7

= 6426 mg/kg (see Section 4.5)
cPAHs = carcinogenic polynuclear aromatic hydrocarbons.
CR = cancer risk.
EPA = U.S. Environmental Protection Agency.
J = estimated value.
mg/kg = milligrams per kilogram.
NW-TPH-Dx = Northwest-total petroleum hydrocarbons as diesel extended.
ACL = alternative cleanup level.
TPH = total petroleum hydrocarbons.



Table 3.  Sample Locations That Exceed Both ACLs for Individual CPAHs and Generic
State Cleanup Levels for Total CPAHs

Source Area Analyte

Historical Site
Concentration1

(mg/kg)

Current Site
Concentration1

(mg/kg)
MTCA A Cleanup

Level (mg/kg)
ACL2

(mg/kg)

Former Alaska
Freight Building

cPAHs 1.75 (TP-10)
30 (SB-16)
1.5 (SB-20)

1.11 (SS-7)
31.9 (TP-9)

1.0 0.14

Notes:
1. Total cPAH Concentration
2. ACL for individual cPAHs.
cPAH = carcinogenic polynuclear aromatic hydrocarbons.
mg/kg = milligrams per kilogram.
MTCA = Washington State Model Toxics Control Act.
ACL = alternative cleanup level.

Table 4.  Non-Petroleum Related Site Concentrations in Soil Exceeding State Generic
Cleanup Levels

Source Area
Non-Petroleum
Contaminant1

Soil
Concentrations
Exceeding State
GenericCleanup
Levels (mg/kg)

Depth of
Sample
(ft bgs)

State Generic Cleanup
Level (mg/kg)

Evergreen Trails UST None -- -- --

Old Oil House None -- -- --

Pentachlorophenol 370 0 – 1 NAAnti-fungal Spray Booth

Mercury 1.02 – 219 0 – 4 1

Arsenic 40 – 54 2.5 – 6.5 20

Lead 283 - 1,210 1 – 12 250

Cadmium 2 – 3 2.5 – 9 2

Chromium 116 2.5 – 4 100

Alaska Freight Bldg.

Mercury 1.45 5 – 6.5 1

Former Oil Service Pit Arsenic 27 2.5 – 4.5 20

Notes:
1. Detected chemicals with concentrations below MTCA Method A are not included.
bgs = below ground surface
mg/kg = milligrams per kilogram
MTCA = Washington Model Toxics Control Act
NA = Not available
UST = underground storage tank



Figure 1.  Conceptual Site Model



Figure 2.  Site Map
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ABSTRACT

This paper reviews the successful application of natural attenuation and/or the development of site-
specific, risk-based cleanup goals to obtain site closure agreements at two petroleum terminal facilities
located on Air Force bases in Texas and South Dakota.  Abbreviated case studies are presented which
illustrate how natural attenuation processes, cost-effective source reduction technologies, and risk-based
clean up objectives have significantly reduced the timeframe and cost associated with site closures.
Contaminants of concern include benzene, chlorobenzenes and polyaromatic hydrocarbons (PAHs).
Development of site-specific cleanup goals for a variety of exposure pathways are described including:
direct soil and groundwater contact, soil vapor inhalation, and surface water ecological impacts.  This
paper provides an overview of the successful regulatory partnering strategies employed at these sites.



BACKGROUND

The Air Force is responsible for thousands of sites throughout the United States and abroad that are
contaminated with petroleum hydrocarbons such as jet fuel, diesel fuel, gasoline, and heating oil.
Despite significant improvements in fuels management over the past 20 years, equipment failures and
human error will continue to create new spills which may require remediation.  During the past five
years, positive regulatory changes have taken place as the United States Environmental Protection
Agency (USEPA) and a majority of state regulatory agencies have adopted more flexible, risk-based
regulations for petroleum release sites.  In addition, many states now recognize natural attenuation as a
viable treatment alternative for petroleum-contaminated groundwater.

The remediation approach described in this paper is “risk-based” because it focuses on reducing
unacceptable risks at contaminated sites. The Air Force Center for Environmental Excellence (AFCEE)
has sponsored several risk-based site remediation demonstrations to illustrate how various combinations
of land use control, site-specific risk analysis, natural attenuation, and focused source reduction
technologies have been used to obtain risk-based site closures agreements at Air Force sites across the
United States.   In an effort to reduce the cost and time of cleaning up fuel-contaminated sites, AFCEE
has developed a streamlined remediation approach that is comprised of five key elements or “tools”.
These tools include:

• Maximum Use of Land Use Controls To Eliminate Potential Exposure

• Promotion of Chemical-Specific Cleanup Standards

• Improved Site Characterization Methods

• Scientific Documentation of Natural Attenuation, and

• Cost-Effective Technologies for Contaminant Source Reduction

The coordinated use of these tools will result in more achievable cleanup goals and the maximum use
of natural attenuation, bioventing, and other cost-effective cleanup techniques.  There are several benefits
associated with the use of a risk-based remediation approach:

• A focus on only those contaminants that pose a potential risk to human or ecological receptors.
The premise of risk-based remediation is that the decision to remediate any petroleum release site
should be based on the actual or potential risk posed by site-specific contaminants to human and
ecological receptors.  This is an intentional move away from the use of cleanup standards for total
petroleum hydrocarbons (TPH), which is not the true “risk driver” at petroleum release sites.

• More flexible and realistic cleanup standards based on actual land use (which on most bases is
commercial or industrial) rather than conservative “residential” scenarios.  Flexibility is available
to choose between a more rapid and costly remediation, which will allow more immediate,
unrestricted land use, and a less expensive natural attenuation option, which requires some long-
term restrictions on land and groundwater use.

• A streamlined process.  The Air Force risk-based remediation process is designed to integrate the
site investigation, risk analysis, and feasibility study into a single effort, rather than conducting



each of these in separate phases.  Several risk-based site demonstrations, including two large
petroleum, oil, and lubricant (POL) tank farm facilities, have progressed from site investigation to
an approved site closure agreements in a period of less than 3 years.

• Significant cost and time savings have been demonstrated at Air Force sites which have entered
into risk-based site closure agreements.  Cost savings of 40 to 60 percent have been realized when
compared to the more traditional Installation Restoration Program process of site investigation,
risk assessment, feasibility study, remedial design and remedial action.  Typical timeframes for
completing the standard IRP process have ranged from 5 to 7 years at a cost of $500,000-$700,000
for a typical Air Force gasoline station or JP-4 pumphouse to obtain a site closure agreement.
Using the risk-based approach, costs of $200,000 to $300,000 have been consistently demonstrated
in project timeframes of less than 3 years.

 CASE STUDIES

 Parsons Engineering Science, Inc. (Parsons ES) was retained by the United States Air Force Center
for Environmental Excellence (AFCEE) to prepare a remedial action plans (RAP) in support of a risk-
based remediation decision for soil and groundwater contaminated with fuel hydrocarbons at twelve
contaminated sites located in eight states.  A brief summary of the selected risk-based remedies for two
sites, Area D Bulk Fuel Storage Facility (Area D) at Ellsworth Air Force Base (AFB), South Dakota and
the Bulk Fuel Facility (Site ST14) at Carswell AFB, Texas, are presented  to illustrate the types of site
closure actions that have been accepted by state regulators in two Western states.

 FUEL TANK FARM (AREA D) ELLSWORTH AFB, SOUTH DAKOTA

 Operational History

 Area D is a petroleum, oil, and lubricant (POL) tank farm which serves as the primary fuel storage and
distribution center for aircraft fueling operations at the Base.  Area D consists of two aboveground fuel
storage tanks (ASTs) with a combined capacity of 90,000 barrels (bbl), two 25,000-gallon underground
storage tanks (USTs), a 1,500-gallon UST, two JP-4 jet fuel dispensers, and a railroad spur with fuel
unloading headers.  Currently the ASTs contain JP-8 jet fuel, the large USTs contain gasoline and diesel
fuel, and the smaller tank is used as a holdover fuel tank.

 On September 11, 1990, after a failed system pressure test at Area D, the South Dakota Department of
Environment and Natural Resources (SDDENR) was notified of a possible release.  At the time of the
possible release, the ASTs and fuel transfer lines at Area D contained JP-4 jet fuel. During two phases of
site investigation, volatile hydrocarbon contamination was found in soil and groundwater within and
downgradient from Area D.

 A multi-well leak detection system was installed at Area D in 1995 to monitor for any additional
releases of fuel to the subsurface.  During installation of this system it was discovered that a small, 1,000-
gallon UST used to store off-specification fuel was also leaking.  This tank was subsequently taken out of
service and removed in late 1995.

 Previous Investigations

 Area D has been characterized under a two-phase fuel spill contamination survey in 1992 and as part
of the bioventing pilot test program sponsored by AFCEE.  Analytical results on the soil samples
collected during the 1992 fuel spill survey indicated that detected concentrations of volatile compounds



were limited to the JP-4 jet fuel distribution pipelines and UST area.  Based on the 1992 soil analytical
data, an area approximately 360 feet in length and 150 feet in width may be impacted by fuel
contamination. Limited soil data was available for the site.  Soil samples were collected at the site in
August 1993 at three locations near the bioventing pilot test system to establish baseline volatile
compound concentrations for the year-long pilot test.

 Each of the volatile benzene, toluene, ethylbenzene, and xylenes (BTEX) compounds were detected in
groundwater during the 1992 fuel spill survey.  However, benzene was the only compound measured at
concentrations above the SDDENR groundwater quality standard of 5 micrograms per liter (µg/L).  The
maximum lateral extent of detected dissolved BTEX compounds was estimated during this investigation
to be about 350 feet. Variable levels of LNAPL have been measured in only one well since early 1992.
No product was measured in any of the recently-installed leak detection wells in 1995.

 Regulatory Framework

 The SDDENR adopted a tiered, risk-based approach toward the remediation of petroleum
hydrocarbon contaminated soils in December 1995.  In 1995, the SDDENR’s approach to groundwater
contamination was not risk-based and defaulted to the federal maximum contaminant levels (MCLs) for
drinking water.  A provision is included in both the old and new regulations to grant “inactive status” to
sites where soils have been remediated to the maximum extent possible and groundwater contaminant
concentrations have stabilized and are decreasing.  It is possible to obtain inactive status with
groundwater contamination above MCLs remaining on a site, provided that contaminants are not
migrating and concentrations are decreasing.  An inactive site classification was the immediate goal of
the risk-based approach to remediation at Area D.

 Defining Site Characterization Requirements

 In order to develop a RBCA approach, an adequate amount of suitable site characterization data must
be collected.  Sufficient data must be collected to conduct a quantitative fate and transport analysis,
perform an exposure pathway analysis, and evaluate the potential treatability of contaminated media
using low-cost remedial technologies and approaches.  At Area D, emphasis was placed on filling data
gaps identified during previous remedial investigations and on collecting data relevant to documenting
the in situ biodegradation of fuel hydrocarbons in soil and groundwater.

 After a review of previously collected site data, data gaps and target analytes were identified.  Data
gaps were determined by identifying potential contaminant migration pathways that had not previously
been adequately quantified.  Target analytes were identified based on the chemical constituents of the
suspected contaminant source, JP-4 jet fuel, and the results of previous sampling activities at the site.  It
was determined that additional soil gas, soil gas flux, subsurface soil, and groundwater samples were
required to adequately quantify potential contaminant migration pathways and associated risk at Area D.
Source removal technology pilot testing, present and future land use, and groundwater use data also were
required for the site to facilitate risk-based Tier 1 screening, Tier 2 and Tier 3 analysis, and final
remedial design.

 Based on the chemical composition of JP-4 jet fuel, BTEX and the polynuclear aromatic
hydrocarbons (PNAs) were identified at the target analytes for all media at Area D.  Finally, it also was
determined that electron acceptor and other groundwater geochemical data would be required to facilitate
an evaluation of the natural attenuation potential of dissolved hydrocarbon contamination at Area D.



 Site Investigation

 Field investigations were conducted by Parsons ES at Area D in August through October 1994 and
October 1995.  The following sampling and testing activities were performed :

 Soil and Soil Gas - The purpose of soil gas sampling was to determine the potential for lateral and upward
diffusion of contaminated soil gas at the site.  Soil gas samples were collected at 10 locations from approximately 3 to
4 feet below ground surface (bgs) using hand-driven temporary sampling probes.  All soil gas samples were screened
for fuel hydrocarbons, oxygen, and carbon dioxide using hand-held field instruments.  Soil gas samples also were
collected from the four most contaminated sampling locations and analyzed using the fixed-base analytical USEPA
Method TO-3 for specific volatile contaminants (i.e., the BTEX compounds) and total volatile hydrocarbons (TVH).

 Soil Gas Flux Sampling - Four soil gas flux tests were performed at Area D to determine if soil contamination
could potentially release volatile organic compounds (VOCs) into the atmosphere or nearby buildings and impact
ambient air quality.  Samples were collected in a flux chamber and transferred to 1-liter SUMMA canisters for
laboratory BTEX and TVH analyses using USEPA Method TO-3.

 Subsurface Soil Sampling - Subsurface soil samples were collected at Area D to further delineate the nature and
extent of saturated and unsaturated soil contamination at the site. Thirteen of the 19 new soil boreholes were completed
as permanent 2-inch-diameter groundwater monitoring wells, and five were completed as 4-inch-diameter bioventing
air injection wells.

 Groundwater Investigations - Analytical groundwater samples were collected from new wells and previously
installed wells to define the nature and extent of groundwater contamination at and downgradient from the source area.
Geochemical samples relevant to documenting the potential for biodegradation of dissolved hydrocarbon
contamination also were collected.

 Source Removal Technology Testing – Bioventing was evaluated as a potential source removal technology.  A 1
year long bioventing pilot test was also completed at the site to determine the ability of injected air to supply oxygen
for biological degradation of fuel residuals.  Test results indicated that bioventing would cost-effectively remediate fuel
residuals remaining in vadose zone soils at Area D.  An average total BTEX removal rate of 92 percent was measured
over the course of the 1 year pilot test.  Finally, a LNAPL baildown and recharge test was performed to quantify
potential product recovery rates.  This test indicated that product recovery into the well was very slow and active
product recovery techniques are not likely to be cost-effective.

 Present and Future Land Use Information - During the field investigation at Ellsworth AFB, current and future
land use information was collected to allow determination of what generic, land-use based, screening criteria would be
appropriate for the site.  Area D is maintained as an industrial area supporting fueling operations at Ellsworth AFB.  No
change in use is planned for the Base or the site.  Future industrial use would continue to restrict public access and no
permanent human occupancy of the site is expected.  Areas surrounding the site are proposed to be maintained for
industrial or commercial uses.

 Groundwater Use Information - The water for Base facilities is currently derived from the Rapid City domestic
water supply system.  There are no current uses of shallow groundwater on-Base.  The Rapid City domestic water
supply system has water supplies sufficient to meet at least a 10 percent increase in served population.  As a result,
there is no need (or plan) to extract groundwater from the shallow aquifer at Area D (or any area on-Base) to meet
future water supply demands.  However, shallow groundwater from the upper unconfined aquifer is occasionally used
to meet domestic and livestock water supplies off-Base.  The nearest well used to meet potable demands is more than 2
miles downgradient from Area D.

 Nature and Extent of Contaminants

 The nature and extent of the compounds identified as contaminants of potential concern (COPCs)
were evaluated using previous site investigation data and the data collected during the 1994 risk-based



site investigation.  Although BTEX compounds were detected in soil samples collected from most
sampling locations, the concentration of total BTEX in soil samples collected at sampling locations
immediately adjacent to a jet fuel pumphouse were about two orders of magnitude greater than the
concentrations measured at other sampling locations at the site.  The maximum soil contaminant
concentrations measured at the site during each of the site investigations are presented in Table 1.
Leaking underground jet fuel pipelines were suspected as the primary source of contamination.
Following leak testing the pipelines near the pumphouse were replaced. It appears that approximately 1.2
acres of unsaturated soils have been impacted by petroleum hydrocarbons at Area D.

 Soil gas samples collected at Area D during the 1994 field effort were analyzed for BTEX
compounds.  All of the measured soil gas concentrations for all of the BTEX compounds except benzene
were well below the time-weighted-average (TWA) 8-hour permissible exposure limits (PELs) defined
for air contaminants by the Occupational Safety and Health Administration (OSHA).  If future
excavation of contaminated soils proves to be necessary to support remedial or construction activities,
appropriate air monitoring, and personal protective equipment will be necessary to ensure that soil gas
concentrations do not pose a risk to workers.

 Soil gas flux samples also were collected at Area D and analyzed for the volatile BTEX compounds.
Even assuming no atmospheric dispersion, measured soil gas flux concentrations were well below the
OSHA TWA 8-hour PELs for each specific compound.  Based on these results, soil gas flux emissions do
not represent a source of risk to onsite workers or off-site Base workers and residents.  The low rates of
surface emission suggest that the volatilization pathway and ambient inhalation route are not significant
at Area D.

 Based on 1994 sampling data, dissolved groundwater contamination has migrated 530 feet
downgradient from the source area.  A comparison of  1992 sampling data to 1994 data was difficult due
to the lack of downgradient wells in the 1992 investigation.  However, BTEX data  indicates that the
leading edge of the plume may be migrating.  Maximum groundwater contaminant concentrations
detected during each site investigation performed at Area D are presented in Table 1.

 Fate and Transport Analysis of COPCs

 The fate of the COPCs identified in soils and groundwater at Area D, based on their chemical
characteristics and site-specific characteristics, was examined in detail.  Emphasis was given to
documenting the effects of natural physical, chemical, and biological processes on contaminant mass,
concentration, persistence, toxicity, and mobility.  The first step in the fate and transport analysis was an
exposure pathway analysis.  The objective of this screening assessment was to determine which, if any,
exposure pathways are complete.  Exposure pathways that were not complete or presented negligible
risks were identified and eliminated from further consideration.  The remedial requirements for Area D
were developed only to address chemical contamination that may pose an actual risk to human health
and/or the environment.

 The results of the qualitative site-specific exposure pathway screening assessment indicated that the
only exposure pathways that may be complete at this site involved on-site worker exposure to
contaminated soils and potential future off-Base receptor exposure to contaminated groundwater.  This
off-Base exposure pathway was retained based on an extremely conservative, qualitative evaluation of
contaminant transport in groundwater.  A quantitative fate and transport analysis of contaminated
groundwater was performed using monitoring data and the numerical groundwater flow and contaminant
transport model Bioplume II.  The effects of transformation processes and other contaminant
characteristics that influence contaminant concentration, mass, mobility, persistence, and toxicity were



factored into this thorough analysis.  The results of the quantitative model conservatively indicated that
the plume could migrate an additional 375 feet and stabilize in approximately 20 years.  Based on the
results of this quantitative analysis, off-Base migration was no longer considered a viable pathway and
was not retained for further analysis.

 The conclusions of the quantitative site-specific exposure pathways analysis were important for two
reasons.  First, the assessment demonstrated that, even under extremely conservative assumptions, the
concentrations of COPCs in groundwater at the site do not pose a risk to human health or the
environment because no potential exposure pathway is complete.  This is important because it shows that
active groundwater remediation is not necessary to minimize or eliminate any imminent risks.  Second,
the assessment showed that on-site groundwater contamination does not pose a threat to potential off-
Base receptors.  This type of information helped to focus the range of remedial objectives and
requirements.

 Proposed Type of Cleanup

 Given the current and planned uses, zoning, and access restrictions enforced at Area D, it was decided
to pursue implementation of remedial actions that would achieve inactive status.  It also is possible that
the remedial actions could reduce site contaminant concentrations to below SDDENR standards over
time.  Because the quantitative Tier 2/Tier 3 analysis performed for the site did not indicate any
imminent risk related to normal activities at the site, it was determined that no interim actions were
required to protect human health and/or the environment.  Additionally, it was determined that inactive
status could be obtained at Area D in an appropriate timeframe at an acceptable cost.  This made the
development and attainment of cleanup goals (i.e., chemical specific target concentrations) for Area D
unnecessary.

 Development of Remedial Alternatives

 After it was determined that the SDDENR’s inactive status would be an appropriate goal for the site,
three possible remedial alternatives were developed.  The following remedial techniques were evaluated
for inclusion in the remedial alternatives:

• Land and groundwater use controls;

• Public education;

• Intrinsic remediation of soil and groundwater contamination with long-term monitoring;

• Groundwater extraction and treatment via an interceptor trench and air stripper;

• Passive wicking for mobile LNAPL removal; and,

• Air injection bioventing for treatment of residual LNAPL in source area.

Data from the bioventing pilot test and LNAPL baildown test performed at the site were used to
quantitatively estimate the cost and effectiveness of potential active remedial technologies.  Intrinsic
remediation potential was quantified through analysis of geochemical data collected during the site
investigation at Area D.  A Bioplume II model was also created for the site during the Tier 3 analysis to
quantitatively estimate groundwater contaminant attenuation and migration at the site.



Three remedial alternative were formulated from the possible remedial techniques: 1)  Alternative 1 -
Intrinsic Remediation with Long-Term Monitoring and Land and Groundwater Use Controls; 2)
Alternative 2 - Passive LNAPL Removal and Bioventing in Source Area, Intrinsic Remediation with
Long-Term Monitoring, and Land and Groundwater Use Controls; and 3)  Alternative 3 - Passive
LNAPL Removal and Bioventing in Source Area, Groundwater Extraction via Interceptor Trench,
Treatment via Aboveground Air Stripper, Intrinsic Remediation with Long-Term Monitoring, and Land
and Groundwater Use Controls.  All three of the alternatives were evaluated in terms of effectiveness,
implementability, and cost.  A summary of this evaluation is shown in Table 2.

Recommended Remedial Alternative

Alternative 2 (Passive LNAPL Removal and Bioventing in Source Area, Intrinsic Remediation with
Long-Term Monitoring and Land and Groundwater Use Controls) was recommended based on its
effectiveness in attaining inactive status, its relative simplicity with respect to technical and
administrative implementation, and its low overall cost.

Historical decreases in contaminant concentrations and conservative fate and transport modeling
indicate that intrinsic remediation will stabilize the contaminant plume at Area D in approximately 20
years.  Given the current and projected land use of Area D and the surrounding area and the conservative
estimates of plume migration, no active remediation is required at this site to protect human health or the
natural environment.  Bioventing was selected to reduce overall contaminant mass at Area D and
eliminate potential exposure related to possible future site excavation.  Bioplume II modeling predicted
that the groundwater contaminant plume could migrate an additional 375 feet, with no chance of off-base
migration.  No buildings or structures lie within the area of projected plume migration.  Long-term
groundwater monitoring will be used to verify intrinsic remediation and to ensure that contaminants do
not migrate further than previously predicted.

Regulatory Approval

A formal presentation of the risk-based Remedial Action Plan (RAP) was given to the SDDENR in
March 1996.  The primary criteria for RAP approval by the SDDENR included: routine long-term
monitoring to ensure that the plume was stabilizing, source reduction and leak detection to prevent
additional groundwater contamination, and Air Force control over downgradient land use to ensure that
groundwater would not be pumped.  After addressing SDDENR comments,  SDDENR  approved the
RAP in May 1996.

Long-Term Monitoring

A long-term monitoring plan (LTMP) was developed for Area D to monitor the implementation and
progress of the recommended remedial action.  Bioventing and passive LNAPL removal system
operation and maintenance (O&M), groundwater monitoring, and land and groundwater use controls will
all be necessary at the site.  Proper O&M of the bioventing and LNAPL wicking systems are required to
ensure optimum system performance.  Long-term groundwater monitoring is essential for verification of
intrinsic remediation progress.  The LTMP for the site calls for annual groundwater sampling at a total of
11 sampling locations, including two sentry wells to track the horizontal motion of the plume, and three
downgradient point-of-action (POA) wells to ensure that contaminants are not moving at a rate that could
result in migration beyond the area of land and groundwater use controls.  Due to the large distance
which separates the plume from the Base boundary (approximately 1.5 miles), no point-of-compliance
wells are incorporated into the LTMP.  Annual sampling is considered appropriate given the limited
contaminant migration observed to date and the large distance to the nearest potential receptor.



The other component of the LTMP, land use verification, will be accomplished by maintaining
communication between Ellsworth AFB, SDDENR, and present and future site occupants.  The planned
risk-based remediation of Area D and attainment of inactive status is based upon an industrial land-use
scenario at the site.  If land use at the site changes unexpectedly, site conditions and associated risk must
be reevaluated accordingly.  Visual inspections of the site will also be made during annual groundwater
sampling site visits to ensure that no non-industrial type activities are occurring at the site.

BULK FUEL FARM (SITE ST-14) CARSWELL AFB, TEXAS

A remedial action plan (RAP) was prepared for the risk-based remediation of Site ST14 at Carswell
Air Force Base (AFB) in Fort Worth, Texas.  The purpose of the RAP was to develop and describe a
recommended remedial action to be implemented at Site ST14 that met the requirements of the State of
Texas Natural Resource Conservation Commission (TNRCC).  In particular, the remedial action was
performed in accordance with Title 31 of the Texas Administrative Code (TAC), Chapter 334, the
petroleum storage tank (PST) rules.

Regulatory Framework

The TNRCC has adopted a tiered, risk-based approach to the remediation of petroleum hydrocarbon
contaminated sites that is similar to the American Society for Testing and Materials (ASTM) RBCA
process and the Air Force risk-based remediation strategy.  This approach allows for the establishment of
site-specific target levels (SSTLs) based on an analysis of potential receptor exposures to chemical
contamination at or migrating from the release site.  Generic cleanup criteria (developed by the TNRCC)
and site-specific chemical fate and receptor exposure data are used to identify the most cost-effective
remedial approach.

The RAP for Site ST14 combined into a single document the documentation elements specified by
TNRCC PST for a limited site assessment, Plan A (Tier 1) and Plan B (Tier 2) comprehensive
assessments, a Plan B exposure assessment, and a proposal for implementing an appropriate remedial
action at the site.  Plan A, or Tier 1, assessments are designed to establish cleanup levels based on
specified methods, conservative assumptions regarding potential human exposure, and a limited number
of site-specific factors.  Plan A target concentrations have been defined by the TNRCC for both generic
unrestricted (i.e., residential) and generic industrial/commercial land use assumptions. The State of Texas
is a good example of where the state regulatory agency has already defined Tier 1 RBSLs, making it very
simple to perform a Tier 1 evaluation.

The generic cleanup criteria or RBSLs are used to identify which, if any, contaminants and
environmental media may warrant additional evaluation or remediation to protect human health and the
environment.  If measured site concentrations do not exceed the applicable Plan A criteria, no additional
remedial actions will be required by the TNRCC other than maintaining the land use in accordance with
the exposure assumptions used to derive the generic cleanup goals.  However, in the event that measured
concentrations exceed the applicable Plan A target concentrations, a Plan B evaluation may be necessary
to establish reasonable SSTLs.

Plan B, or Tier 2, remedial actions are based on the outcome of a limited risk assessment to evaluate
current and potential human health risks and short-term and long-term fate of the contaminants at the site.
The State of Texas allows alternate, health-protective SSTLs to be proposed as part of a Plan B
evaluation.  Although Plan B (i.e., Tier 2) evaluations usually involve more rigorous analysis and may
require use of institutional controls or engineered barriers to ensure that exposure conditions do not
change over time, they result in a more focused remediation of those contaminants that actually pose a



risk to potential receptors.  A Plan B evaluation will result in the same level of health protection as a Plan
A, because remediation is focused on those elements that pose a risk under given site conditions.

Site Overview

The petroleum tank farm sites is divided into two areas, Site ST14A and Site ST14B.  Site ST14A
consists of a fuel loading area and an area downgradient from the fuel loading area.  Site ST14B is the
tank farm portion of the site and consists of three aboveground storage tanks (ASTs).  All of Site ST14
has been an area of fuel storage during most of the Base’s operating history (i.e., from 1942 to the
present).  An abandoned gas station, Site SD13, is located immediately downgradient of Site ST14 and
was included in the RAP.

During the early 1960s, JP-4 jet fuel was discovered in soil and groundwater at and downgradient
from Site ST14.  Leaking underground fuel lines are the suspected source of subsurface contamination at
this site. The average product thickness measured in the source area from mid-1993 to mid-1994 was
0.75 inch.  A french drain system was apparently installed downgradient from the site to collect fuel
product leaking from Site ST14. The french drain system was connected to an underground oil/water
separator.  which discharges into a perennial unnamed stream and then to Farmers Branch of the Trinity
River.

Early investigations at Site ST14 suggested the presence of two distinct dissolved hydrocarbon
plumes, one originating near Site ST14A and one near ST14B.  Several VOCs were detected in the
groundwater at Site ST14 during early sampling events, including BTEX and chlorobenzene.  Of these
VOC contaminants, ethylbenzene was detected most frequently.  It is important to note that detected
BTEX concentrations have consistently decreased in all monitoring wells since monitoring began in
1986.  This trend was a good indicator that natural chemical attenuation processes may be limiting the
mobility and mass of dissolved contaminants over time.

Surface water quality data also were collected as part of the early investigations to determine
whether fuel hydrocarbon contamination in groundwater was being intercepted by the subsurface french
drain system.  Both benzene and toluene were detected in surface water samples, although concentrations
were diminishing over time.  Based on this trend, it appears that any natural groundwater discharge
entering the stream at more permeable, downgradient locations does not contribute significant
concentrations of contaminants to surface water.  The french drain system and oil/water separator was
identified as a probable source of the fuel hydrocarbons in surface water.

Site Investigation

As part of the risk-based investigation at Site ST14, emphasis was placed on filling data gaps
identified during previous investigations and on collecting data relevant to documenting the in situ
biodegradation of fuel hydrocarbons in soil and groundwater. After a review of previously collected site
data, data gaps and target analytes were identified.  Data gaps were determined by reviewing a
preliminary conceptual site model (CSM) to identify previously undefined potential contaminant
migration pathways.  It was determined that additional soil gas, soil gas flux, subsurface soil,
groundwater, and surface water samples were required to adequately quantify potential contaminant
migration pathways and associated risk at Site ST14.  Surface water stream flow velocities and hydraulic
conductivity tests were also performed at the site to quantify the velocity and transport potential of
surface water and groundwater.  Source reduction technology pilot testing, present and future land use,
and groundwater use data also were required for the site to facilitate risk-based Plan A screening, Plan B
evaluation, and final remedial design.



A bioventing test was performed at Site ST14A as part of a separate AFCEE initiative in 1993.  Pilot
test results indicated that low rate air injection is an effective method of stimulating aerobic fuel
biodegradation and BTEX reduction in Site ST14A soils.  The effective radius of oxygen influence for
air injection bioventing exceeded 45 feet from each air injection well.  For full-scale design a radius of
influence of 45 feet was recommended, and vent wells (VWs) installed during the 1994/1995 risk-based
investigation were spaced based on this radius.  A design air flow rate of 15 actual cubic feet per minute
per VW was recommended to effectively oxygenate the desired treatment area while minimizing
volatilization.

Present and Future Land Use Information

During the field investigation at the Base, current and future land use information was collected to
determine which Plan A screening criteria (or RBSLs) would be appropriate for the site.  Site ST14 has
been maintained as an active fuel servicing and storage facility for flight operations at Carswell field.
The Base was placed on the 1991 Defense Base Closure and Realignment Commission’s list for closure.
The Base was officially closed on September 30, 1993.  However, in 1993, the Commission
recommended realignment of several military reserve and guard units to Carswell, Portions of Carswell
including most of Site ST14 are required to support long-term operations associated Naval reserve units..
An EIS was prepared by the US Air Force proposed that Sites ST14A and ST14B be maintained for Base
fueling operations (military). The proposed land uses mean that Plan A industrial criteria are appropriate
for Site ST14.

Plan A Screening Evaluation

After sufficient analytical data and other relevant site information were collected, a Plan A (i.e., Tier
1) screening evaluation was performed to identify chemicals of potential concern (COPCs) that could
require further evaluation.  Only those chemicals with site concentrations that exceeded the applicable
Plan A target concentrations were considered when establishing the risk-reduction requirements for the
site.  However, pursuant to TNRCC (1994) guidance, the Plan B limited risk assessment accounted for
the cumulative effect of all measured organic chemicals, not just the COPCs.

According to the realignment land use plan for the Base, the expected future use of Site ST14 will
be industrial.  A comparison was made of the maximum analytical concentrations for every compound
measured in soil and groundwater at Sites ST14 and SD13 to the Plan A target concentrations for the
industrial/commercial land use scenario.  Based on this comparison only benzene (67 mg/kg) and
hexachlorobenzene (0.46 mg/kg) exceeded the Plan A soil screening criteria of 0.74 mg/kg and 0.36
mg/kg respectively. The maximum site benzene concentration of 110 µg/L was the only groundwater
contaminant to exceed its Plan A industrial criteria of 29 µg/L.

In addition to protection of human health, the need for environmental protection must be considered
when identifying COPCs.  Generally, protection of surface water and groundwater will be of primary
concern (TNRCC, 1994).  The target remedial objective for surface water was to prevent the discharge of
any concentration of fuel hydrocarbon into the water body.  Plan A target concentrations for surface
water are based on the Texas Surface Water Quality Standards of Title 30 TAC, Chapter 307 and 319.
Freshwater acute and freshwater chronic surface water quality criteria have been defined.  These target
concentrations for surface water are used to identify any compounds present in groundwater or surface
water at concentrations that could cause unacceptable environmental impacts if an exposure pathway
involving surface water is or could be completed at the site.  No concentrations of fuel hydrocarbon
chemicals measured in surface water exceeded Plan A environmental protection target concentrations for
surface water.



The two fuel-related COPCs, benzene and hexachlorobenzene, were considered in detail in the RAP.
Organic compounds measured at the site at concentrations that did not exceed the most stringent Plan A
target concentrations were considered cumulatively with COPCs in the Plan B limited risk assessment,
but did not receive detailed assessment as part of the nature and extent and chemical fate discussions.

Plan B Limited Risk Assessment

A Plan B limited risk assessment was prepared to quantitatively evaluate potential site risks based
on site-specific assumptions regarding potential human exposure and short- and long-term fate of
benzene and hexachlorobenzene at Site ST14 and downgradient at Site SD13.  A Plan B evaluation was
necessary to demonstrate that no imminent threat to human health or the environment exists even though
site-related COPCs are present above TNRCC-specified Plan A target concentrations.  The Plan B
limited risk assessment took into account cumulative exposure to all detected organic chemicals and the
short- and long-term fate of the COPCs, as predicted by quantitative modeling results.

The Plan B limited risk assessment concluded that existing concentrations of all measured
compounds in mixed soils and groundwater do not result in hazard quotients greater than the
noncarcinogenic threshold limit of 1 for all receptor groups considered.  The current or future intrusive
worker pathway-specific carcinogenic risk estimate did not exceed the threshold of 1 x 10-6, however, the
cumulative (all pathways) risk estimates are just slightly greater than this threshold.  This cumulative risk
level has been identified as the target risk level by TNRCC for receptor groups where actual exposure has
occurred or may occur.  The natural chemical attenuation of the COPCs expected by the year 1998 would
reduce the carcinogenic risks to the receptor groups to levels almost (but not exactly) equivalent to the 1
x 10-6 target risk level.

Establishing Plan B SSTLs - The Plan B limited risk assessment was used as the basis for developing Plan B target
concentrations (i.e., SSTLs) for COPCs in impacted media at Site ST14 and Site SD13.  The objective of the Plan B
SSTLs was to define the concentration for each COPC that can persist in onsite environmental media and not result in
an individual risk greater than 1 x 10-6 for carcinogenic chemicals (benzene and hexachlorobenzene) or an HQ of 1 for
noncarcinogenic chemicals (hexachlorobenzene) for each receptor group given the site-specific exposure assumptions
incorporated into the Plan B limited risk assessment.  The maximum concentration of benzene in the soil at Site ST14
was 67 mg/kg which exceeded the 6.3 mg/kg Plan B health-based cleanup goal for nonintrusive workers.   The
maximum concentration of hexachlorobenzene was .46 mg/kg which also exceeded the Plan B health-based cleanup
goal of .061 mg/kg.  In light of these exceedences, some form of soil remediation was desired in the source area to
protect future site workers.

Plan B target concentrations were developed to be protective of both onsite intrusive and
nonintrusive workers and underlying groundwater quality.  The maximum measured concentration of
benzene in groundwater was 110 µg/L and was well below the Plan B target concentration of 241 µg/L.
Natural chemical attenuation processes that have been documented to be operating at these sites are
expected to further reduce benzene concentrations by the year 1998 (i.e., when the sites are planned to be
transferred and used in accordance with the final land use plan).  These Plan B target concentration for
groundwater reiterate the findings of the Plan B limited risk assessment: exposure pathways involving
groundwater, given the type of exposure that is likely to occur at these sites, do not result in significant
human health threats.

Selection of  Remedial Actions

Given the current and planned land uses and access restrictions at Site ST14, it was decided to
pursue implementation of remedial actions that would achieve the Plan B target concentrations and
TNRCC cumulative risk thresholds.  Three possible remedial alternatives were developed.  All three of



the alternatives were designed to meet the Plan B and eventually the Plan A industrial cleanup criteria,
albeit within different time frames and at different costs.  Data from pilot testing of the bioventing and
biosparging technologies performed during the risk-based site investigation were used to quantitatively
estimate the costs and effectiveness of these technologies.  Natural attenuation potential was quantified
through analysis of geochemical data collected during the site investigation at the site.  The  Bioplume II
model, created for the site during limited risk assessment, was used to quantitatively estimate
groundwater contaminant attenuation and migration at the site under different remedial scenarios.

Three remedial alternative were formulated from the possible remedial techniques:

• Alternative 1 - Natural Attenuation with Long-Term Monitoring, French Drain and Oil/Water
Separator Abandonment, and Land and Groundwater Use Controls;

• Alternative 2 - Natural Attenuation with Long-Term Monitoring, French Drain and Oil/Water
Separator Abandonment, In Situ Bioventing and Biosparging at Site ST14A, and Land and
Groundwater Use Controls; and

• Alternative 3 - Natural Attenuation with Long-Term Monitoring, French Drain and Oil/Water
Separator Abandonment, In Situ Bioventing and Biosparging at Site ST14A, Groundwater
Removal/Treatment and Soil Vapor Extraction at Site SD13, and Land and Groundwater Use
Controls.

All three of the alternatives were evaluated in terms of effectiveness, implementability, and cost.
Alternative 2  was recommended for implementation based on its expected effectiveness in attaining Plan
B criteria, its relative simplicity with respect to technical and administrative implementation, and its low
overall cost.

Historical decreases in contaminant concentrations and conservative fate and transport modeling
indicate that natural attenuation with source reduction via in situ bioventing will achieve Plan B criteria
in approximately 3 years.  Bioplume II modeling predicted very limited plume migration, with no chance
of off-Base migration.  Long-term groundwater monitoring will be used to verify natural attenuation and
to ensure that contaminants do not migrate to the Base boundary.  Limitations on groundwater pumping
at this site should not impose a restriction on future airfield land use or operations.  Abandonment of the
french drain/oil/water separator was prescribed to eliminate the potential contaminant pathway from
groundwater to surface water.

As prescribed in the RAP, an in situ bioventing/biosparging system was installed at Site ST14A in
April 1996 to remediate residual soil contamination at the site.  The 14 well system is treating an
estimated area of 54,000 square feet (20,000 cubic yards).  Soil sampling completed in 1998 indicates
that the bioventing system has remediated source area soils below the specified Plan B cleanup levels and
soils are no longer a risk on onsite workers or underlying groundwater. Additionally, the french drain and
oil/water separator was removed from Site SD13 in June 1996.  This effectively eliminated the potential
that contaminated groundwater could be released to the unnamed stream and Farmers Branch and impact
surface water quality.

As part of the RAP, a long-term monitoring plan (LTMP) was developed for the site to monitor the
implementation and progress of the recommended remedial action.  The LTMP for the site calls for
annual groundwater sampling at a total of 18 sampling locations, including two sentry wells to track the
horizontal and vertical movement of the plume, and three downgradient point-of-compliance (POC) wells
to ensure that contaminants are not moving at a rate that could result in off-Base migration.



Another component of the LTMP, land use verification, will be accomplished by maintaining
communication between the Base, TNRCC, and current and future site occupants.  The risk-based
remediation of this site is based upon an industrial land-use scenario.  If land use at the site changes
unexpectedly, site conditions and associated risk must be reevaluated accordingly.  Visual inspections of
the site also will be made during annual groundwater sampling site visits to ensure that no nonindustrial
activities are occurring.

Regulatory Approval

The final RAP for the risk-based remediation of Site ST14 was issued to the TNRCC in July of
1997.  Key negotiating points included: continued industrial land use in the source area, removal of the
french drain system to ensure that surface water would not be impacted, and the installation of three
additional long-term monitoring points that would serve as “sentry” wells to protect surface water
receptors.  The TNRCC is in agreement with the remedial actions and recommendations of the RAP and
final approval has been granted.
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Table 1.  Comparison of COPC Concentrations to

Chemical-Specific Remedial Goals

Risk-Based Approach to Remediation

Area D,  Ellsworth AFB,  South Dakota

Risk-Based Remediation Goals

1994

Site-Specific Risk Based Criteria

Onsite Workers

Groundwater Impact via Leaching

From Soil

COPC (units)

Maximum

Concentration

10-6 risk

level

10-4 risk

level

HQ=1 10-6 risk

level

10-4 risk

level

HQ=1

Soil  (mg/kg)

Benzene 1.1 35 3,549 -- 0.08 8 --

Toluene 4.1 -- -- 18,043 123

Ethylbenzene 2 -- -- 13,062 53

Total xylenes 74 -- -- 294,185 1,365

Groundwater (µµg/L)

Benzene 3,400 281 28,130 -- -- -- --

Naphathalene 300 -- -- 46,616 -- -- --



Table 2.  Summary of Remedial Alternative Evaluation

Risk-Based Approach to Remediation

Area D,  Ellsworth AFB,  South Dakota

Alternative 1 Alternative 2 Alternative 3

Remedial Alternative -Additional Leak Testing

-Intrinsic Remediation

-Long-Term Monitoring

-Land and Groundwater Use

Control

-Additional Leak Testing

-Bioventing and Wicking in Source Area

(2 years)

-Intrinsic Remediation

-Long-Term Monitoring

-Land and Groundwater Use Control

-Additional Leak Testing

-Groundwater Extraction

-Bioventing and Wicking in Source

Area (2 years)

-Intrinsic Remediation

-Long-Term Monitoring

-Land and Groundwater Use Control

Effectiveness Contaminant mass, volume, and

toxicity will gradually be reduced by

intrinsic remediation alone.

SDDENR (1994) criteria for

inactive status will be met in

approximately 22 years.

Similar to Alternative 1, with the addition

of bioventing and passive wicking to

increase contaminant removal and

degradation in the source area.  SDDENR

(1994) criteria for inactive status will be

met in approximately 22 years.  Pilot

testing indicate bioventing will

significantly remove BTEX compounds

from unsaturated soils.  Wicking has not

yet been tested at Area D, but is expected

to be effective for recovering any LNAPL.

Similar to Alternative 2, with the

addition of groundwater removal and

treatment.  SDDENR (1994) criteria for

inactive status will be met in

approximately 25 years.  Groundwater

use restrictions are more limited than

Alternatives 1 and 2, but limited land

use restrictions may be necessary to

protect the interception trench.

Implementability Technically simple and easy to

implement.  Long-term groundwater

monitoring for 22 years is required.

Groundwater use restrictions need

to be implemented and would not

incur any additional land use

restriction beyond those currently in

place at Area D.  Requires public

education

Long-term groundwater monitoring for 22

years is expected.  The bioventing and

wicking systems are expected to operate

for 2 years.  This system will require

weekly monitoring.  Groundwater and land

use restrictions would be the same as

Alternative 1.  Positive public perception.

Long-term groundwater monitoring and

operation of the interception

trench/treatment system for 25 years is

expected and will require weekly

monitoring.  A discharge permit will be

required for discharge of treated

groundwater to the sanitary sewer.

Lengthy lead time required for design

and installation of groundwater

interception trench.  Positive public

perception.

Present Worth Cost

Estimate $229,130 $304,300 $1,116,300
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ABSTRACT

The use of  alkanolamines in acid gas removal operations typically generates
waste materials, including sludges, spent amine solution, and filters. Past disposal
practices for these wastes have occasionally resulted in subsurface contamination.
These wastes are primarily composed of alkanolamines, but also typically contain
additional constituents that may be toxic in nature and/or act as cosolvents for
compounds of regulatory concern such as benzene. Research has been conducted that
examines the effects of amine-related wastes on the subsurface environment,
including 1) evaluations of the biodegradability of amine-derived sludges in soils and
2) investigations of the interaction between soils, alkanolamines, and selected
additional constituents to predict the subsurface mobility of alkanolamine-related
wastes.



INTRODUCTION

Background

Alkanolamines are commonly used by the natural gas industry to remove hydrogen
sulfide, carbon dioxide, and other acid gases from the natural gas in which they occur (“sour”
gas if hydrogen sulfide is present). Sour gas makes up a significant portion of the natural gas
produced in both the United States and Canada. About 13% of the natural gas produced in
the United States is sour enough to require treatment (1). In Canada, about 40% of the annual
net production is sour. Alberta produces approximately 83% of the total Canadian gas and is
the largest producer of sour gas in North America. There are at least 394 gas-sweetening
facilities in the United States (2) that utilize amine-based acid gas removal (AGR) units and
at least 90 gas-sweetening plants in Canada that use alkanolamines (3). The use of natural gas
in general has increased significantly over the last decade, a trend that is expected to continue
well into the future. As North America’s reserves of sweet gas are depleted, the use of sour
gas will increase, which in turn will require a corresponding increase in the use of gas-
sweetening facilities.

At sour gas-processing plants, as at all plants that use alkanolamines for AGR, spills
and on-site management of wastes containing alkanolamines and associated reaction products
have commonly resulted in subsurface contamination that is presently the focus of some
environmental concern.

The overall approach of Gas Research Institute (GRI)- and U.S. Department of Energy
(DOE)-sponsored research programs described here was to use a systematic series of
laboratory-based research activities focused on the subsurface transport and fate of amine-
related wastes to determine the potential environmental hazards that those wastes may pose.
A four-pronged approach included 1) organic and inorganic waste characterization, 2)
determination of contaminant interactions with soils and water, 3) evaluation of the
biodegradability of amines and their associated wastes, and 4) determination of the toxicity
of wastes generated by gas-sweetening processes. The results of these laboratory-based
research activities will ultimately be used to develop techniques for the management and/or
remediation of wastes associated with natural gas sweetening and dehydration.

In 1994, the Energy & Environmental Research Center (EERC) initiated a three-phase
program to investigate the natural attenuation processes that control the subsurface transport
and fate of the most commonly used alkanolamine in Canada, monoethanolamine (MEA).
Funding for the MEA research program was provided by the Canadian Association of
Petroleum Producers (CAPP), Canadian Occidental Petroleum Ltd. (CanOxy), DOE, GRI,
Environment Canada, and the National Energy Board of Canada. The MEA research program
focused primarily on examining the biodegradability of MEA under a variety of
environmentally relevant conditions and evaluating the mobility of MEA in soil and
groundwater. In large part because of the successes of the MEA research project, in 1996 the
EERC, with funding provided by GRI and DOE, initiated a research program to investigate
the natural attenuation processes that control the fate of two other alkanolamines commonly



used to remove acid gases from the natural gas stream: diethanolamine (DEA) and
methyldiethanolamine (MDEA).

Objectives

The common objective of the various research activities described in this paper is to
provide the natural gas industry with data and insights regarding the chemical nature of gas-
sweetening wastes and the natural attenuation processes that control the subsurface transport
and fate of the alkanolamines and their associated wastes. Such information will enable the
natural gas industry to 1) significantly improve the assessment of subsurface alkanolamine-
related contamination at sites where it is known or suspected to occur and 2) make sound
decisions concerning the remediation of that contamination and the management of amine-
related wastes.

Chemical and Physical Properties and Characteristics of Amines

Alkanolamines, specifically MEA, DEA, MDEA, and diisopropanolamine (DIPA), are
the most commonly used primary components of natural gas-sweetening solutions. DIPA is
commonly used in combination with sulfolane, a nonalkanolamine, in the sulfinol process.
Although DIPA and sulfolane were not the primary focus of research reported here,
information and data regarding DIPA and sulfolane properties, waste compositions, sediment
interactions, and biodegradation are available in a report by P.M. Fedorak and L.M. Gieg (4)
that details work performed at the University of Alberta. The alkanolamines can be considered
as organic derivatives of ammonia and are classified as primary, secondary, or tertiary
alkanolamines. The classifications are based on the number of hydroxyl and/or organic groups
attached to the nitrogen atom.

The molecular formula for ammonia is NH3. Substitution of an organic radical, R, for
one of the hydrogen atoms gives a primary amine, represented as RNH2. Similarly, the
substitution of two and three hydrogen atoms by organic radicals results in secondary (RNHR)
and tertiary (RNRR) alkanolamines, respectively (5). Alkanolamines are considered weakly
to moderately basic–stronger than water, but weaker than hydroxide ions, alkoxide ions, and
carbanions. During the gas-sweetening process, acid gases are chemically absorbed by the
basic amine solution. Table 1 lists general physical and chemical properties of alkanolamines
commonly used by the gas industry.

Sweetening Process Thermal/Oxidative Reaction Products

During the gas-sweetening process, alkanolamines can be involved in a variety of
reactions that produce chemical species, ranging from simple breakdown products (such as
ammonia and hydrogen) to complex nitrogenous organic compounds (such as bis-
[(hydroxyethyl)]-piperazine [BHEP]) (6). These reaction products typically occur in sludges
that accumulate in the reboiler tanks and filters of amine-based AGR units. The compositions
of the AGR-related sludges vary widely and are dependent upon the type of parent amine used
in the sweetening process, the operational conditions of the AGR unit, and the composition
of the gas being processed. It can often take several months for concentrations of the reaction
products to reach significant levels. These products can be introduced into the subsurface
environment along with the amines from which they are formed and may be an integral part



of the amine contamination problems that the natural gas industry faces. Table 2 is a list of
known alkanolamine reaction products as reported by Skinner (6).

SWEETENING WASTE CHARACTERIZATION

Samples

Samples of waste material from twelve amine-based AGR units at eight gas-sweetening
facilities were obtained. The facilities were located in Texas, Louisiana, and Alberta (Canada)
and represent a broad range of gas compositions. Eight of the units used DEA, three used
MDEA, and one used a mixture of both DEA and MDEA. Samples included spent DEA and
MDEA liquid solutions from six different sweetening units and sludges from reclaimer units
and filters from three different DEA-based sweetening units. Nine of the units produced little
or no amine-related sludges, indicating that DEA- and MDEA-related sludge production and
management may be a site-specific problem rather than a universal industry problem. Table 3
provides descriptions of the twelve samples.

Initial Sample Screening via Gas Chromatography Methods

Methylene chloride extracts from the twelve samples of amine-derived waste material
were initially analyzed by gas chromatography coupled with mass spectrometry (GC–MS),
GC coupled with atomic emission detection (GC–AED), and GC coupled with flame
ionization detection (GC–FID). GC–AED allowed selective detection of individual elements
in individual organics. Elements monitored (looked for) included carbon, hydrogen, nitrogen,
sulfur (C, H, N, and S) and selected halogens. Samples included spent DEA and MDEA
liquids and sludges from reclaimer units, and filters from three different DEA-based
sweetening units. The initial characterizations were performed to categorize the overall
chromatographic behavior of the volatile and semivolatile organics from each of the amine
waste samples tested.

The results of the initial analyses of the DEA and MDEA liquids indicated that the
primary organic component of these wastes is the parent amine. Small quantities of gas
process-related thermal/oxidative (T/O) reaction products (nitrogenous organic compounds)
and other species were detected. Because all initial analyses consistently indicated the
presence of only small quantities of organics other than the parent amines, no further
characterization work was performed on the liquids.

Selected Sample Component Characterization

As expected, the chemical nature of the reclaimer and filter sludges was more complex
than that of the amine liquid samples and there was greater diversity and variability of
constituents between the sludge samples. The most significant results from a toxicological
standpoint include the presence of high concentrations of nonoxynol in four of the sludge
samples. The name “nonoxynol” refers to a mixture of polyoxyethylated alkyl phenols, with
the chemical formula shown in Figure 1. Lower nonoxynol adducts (n < 6) are soluble in oil,
and higher adducts are soluble in water. Commercial uses of nonoxynols are as surfactants



in detergents, emulsifiers, and wetting agents, and nonoxynol-9 (n = 9) is used as a
spermatocide. Problems associated with the operation of amine-based AGR units include
foaming and corrosion caused by the presence of impurities in the amine solution.
Antifoaming agents and corrosion inhibitors are sometimes added to the sweetening process.
It is likely that the nonoxynol and oleyl alcohols found in some of the AGR wastes are
primary constituents of an antifoaming agent. Every sample found to contain nonoxynol also
contained oleyl alcohol, which indicates that the two species are associated with each other.

From a regulatory point of view, the presence of high concentrations of alkyl benzenes
and polycyclic aromatic hydrocarbons (PAHs) in one of the samples is also noteworthy.
Several nitrogenous organic compounds were detected, although BHEP was the only T/O
reaction product identified and quantified. Several unidentified organosulfur compounds were
also detected in the filter sludge samples.

From the full suite of twelve samples, three were selected for more rigorous
characterization based on the results of the initial characterizations. The subset of three
included a reclaimer bottom sludge and two filter sludges that were collected from
DEA-based AGR units. For each of the three sludges, significant (either in quantity or
because of regulatory or toxicological interest) organic cocontaminants were identified using
combinations of GC–MS, GC–AED, and GC–FID. These studies also included identification
of the parent amine (DEA or MDEA) and attempts to identify major T/O reaction products.
Individual organic compounds that are of regulatory interest (e.g., BTEX [benzene, toluene,
ethylbenzene, and xylenes] and PAHs) were quantitated using GC–MS with the aid of
deuterated internal standards for each major BTEX and PAH species. The most concentrated
(and unexpected) cocontaminant, nonoxynol, was also quantitated using GC–MS and an
authentic standard.

In addition to analysis of methylene chloride sludge extracts via GC techniques, each
sludge was extracted with water and quantitatively and qualitatively characterized using ion
chromatography (IC) and capillary electrophoresis (CE) methods. The detection and
quantitation of amine T/O reaction products in sludges have historically been a significant
analytical challenge. The use of gas chromatography methods has generally met with only
limited success. However, CE methods developed as part of this characterization work were
found to be effective for both detecting and quantitating many of the T/O products commonly
associated with amine wastes. CE methods were set up to monitor for and quantitate DEA,
MDEA, and MEA, six major DEA and MDEA T/O reaction products, and four major
inorganic cations (sodium, potassium, calcium, and magnesium). IC methods were used in
conjunction with the CE methods for verification and to monitor two additional T/O reaction
products not detected by CE. Using the CE methods, five T/O reaction products and four
unknown species were detected in the sludge water extracts. IC methods were used to verify
these results and also confirmed the presence of two additional T/O reaction products. The
results of these analyses showed a significant BHEP presence, along with trace amounts of
N-(hydroxyethyl)-imidazolidone (HEI) and several other T/O reaction products. Tables 4–7
summarize results of the sludge characterization activities.

The high DEA levels in the reclaimer unit sludge and Filter Sludge No. 2 are
accompanied by basic pH values, while Filter Sludge No. 1 has an acidic pH, very little DEA,
and relatively high sulfate and chloride contents. The high total sulfur levels in the reclaimer
unit sludge and Filter Sludge No. 1 (Table 4) are unaccounted for by the organic and



inorganic sulfur data shown in Tables 5 and 6; however, the lack of a sulfur balance is likely
due to the fact that the total sulfur analyses were performed with as-received samples, whereas
the inorganic and organic sulfur (and other elemental) analyses were performed using water
and methylene chloride extracts, respectively, of as-received samples. Each of the sludge
samples had a significant solids component, which can result in inefficient extraction of
materials contained in the interior of solid particles. Calculation of sulfur and other elemental
balances was beyond the scope of the work reported here. Possibilities for sulfur disposition
include thiosulfuric acid and thiosulfates (7, 8). All three samples had high analyzed levels
of acetate and fairly high levels of formate, which is not unexpected, since, according to
Skinner and others (6), acetic and formic acid are oxidative reaction products of the
ethanolamines, and acetate and formate are likely the cations of the heat-stable salts of acetic
and formic acid, respectively.

Summary of Amine-Associated Waste Analyses

Work conducted at the EERC on analysis of DEA and MDEA wastes recovered from
AGR treatment units, filters, and a reclaimer unit indicated that sludges are significantly more
complex in composition than spent AGR liquid solutions, which contain primarily parent
amine and water. While none of the spent AGR liquids were found to contain more than small
amounts of organic cocontaminants and/or T/O reaction products, DEA sludge samples from
filters and a reclaimer unit contained up to 7% parent amine, significant amounts of T/O
product BHEP, benzene and benzene derivatives, naphthalene, several PAH compounds of
regulatory interest, up to 3.2 wt% nonoxynol, and trace amounts of other T/O products and
organic sulfur species. The DEA reclaimer sludge was found to contain about 0.2% MEA,
while the two filter sludges contained trace or undetected amounts.

Sludge-contaminated soil collected from an MEA waste disposal pit was found to
contain over 200 mg/kg MEA and over 900 mg/kg DEA, a significant amount of T/O product
HEI, naphthalenes, dibenzothiophene, and trace amounts of other organic sulfur species
tentatively identified as thiophenes. The presence of DEA is likely due to its formation from
the thermally driven reaction of MEA to form DEA and NH3.

Overall, the waste characterization results obtained show the variability in composition
of amine-associated wastes, especially sludges, and indicate the need for more
characterization and quantitation of waste components other than the amines. The presence
of significant amounts of nonoxynol, PAH compounds, benzene and its derivatives, and the
T/O products suggests that the amines themselves may not be of primary concern from a risk
management perspective. Instead, many of the compounds that are added to the solution,
either intentionally or unintentionally, and compounds generated during the sweetening
process may be of more concern from a toxicological and regulatory standpoint than the
amines.



INTERACTIONS WITH SEDIMENTS AND
MOBILITY PREDICTIONS

Background

Understanding the environmental transport and fate of a compound, in particular its
subsurface mobility, requires an understanding of its interactions with sediment and water.
Those interactions can be affected by properties associated with the compound and properties
associated with the sediment–water matrix in which the compound is contained. A key
parameter in describing the interaction of any compound with sediment and water is its
aqueous phase–sediment distribution coefficient (Kd), which quantitates the partitioning of
a compound between the aqueous and adsorbed states, thus indicating its potential for
mobility. The mathematical expression of Kd is as follows (9):

Kd = Cs/Ce

where

Cs = compound concentration adsorbed on sediment surfaces
(µg compound/µg sediment)

Ce = compound concentration in water (µg compound/mL water),

which means that the greater the extent of adsorption (i.e., Cs >> Ce), the greater the
magnitude of Kd and the lower the mobility of the compound. Kd for a compound under
specific conditions of sediment type and pH can be determined by plotting equilibrium
compound solution concentration (x-axis) versus sediment uptake (y-axis) for a set of initial-
solution compound concentrations. When the resulting plot or isotherm is linear with a Y
intercept equal to zero, the slope of the isotherm is the Kd of the compound for the sediment
and pH conditions employed for the series of measurements.

The alkanolamine properties that would most likely affect sediment interaction are
charge, size, mass, shape, and hydroxyl functionality. The amines of interest are water-soluble
and basic, and their primary property with respect to sediment interaction is charge. Because
of their pKa values (8.52, 8.97, 9.10, and 9.48 for MDEA, DEA, DIPA, and MEA,
respectively), they are protonated and exist as cations at normal ambient sediment pH values.
Because of their similar pKa values, the amines would be expected to have similar types of
charge-based interactions with sediments. Additionally, the fact that the amine pKa values are
higher than normal ambient pH values suggests the possibility of pH having a significant
effect on Kd over the pH range used for the work described here (4.5 to 8.5). A secondary
property of these amines is derived from their hydroxyl group(s), and the strength of the
hydroxyl functionality is one of the major differences between the four amines, along with
size, mass, and shape. A probable relationship between the four amines, based on increasing
hydroxyl functionality strength, is

MEA << DEA < MDEA < DIPA



Discounting all other differences between the amines, one might expect to see Kd increase
along with increasing hydroxyl functionality strength. However, size and mass are also
important to Kd because of their effect on charge-to-mass and charge-to-size ratios, both of
which decrease along with increasing hydroxyl functionality strength.

Kd Value Determinations

Uncontaminated base sediments from three gas-producing regions of North America
were collected for performance of laboratory tests to determine Kd values for DEA and
MDEA. Sediment samples were obtained from the Southwestern United States (New
Mexico), the Gulf Coast (Louisiana), and the Northern Great Plains/Northern Rocky
Mountains (Alberta, Canada). Sediments from these areas were chosen to represent sediment
types that encompass a broad range of characteristics, yet are typical of the major
gas-producing regions of North America. The sediments were air-dried, sieved to remove
cobbles and plant material, homogenized by mixing machines, and placed into 50-gallon
polyethylene drums for storage. The barrels containing the sediment were stored in a cold
room. Key parameters that affect the transport and fate of DEA and MDEA were quantitated
for the three base sediments. The parameters include pH, total organic carbon (TOC), cation
exchange capacity (CEC), texture, and mineralogy. A fourth sediment from a North Dakota
wetland was added to expand the range of sediment types and to include a sediment with high
organic content. The results of these analyses are presented in Table 8. Major and minor
mineralogy phases and the results of mineralogical characterization of the clay (<2-µm)
fraction are presented in Table 9.

Because Kd values are calculated based on concentration data obtained during
equilibrium conditions, it is necessary to determine a compound’s equilibration time in a
sediment–water mixture prior to Kd determination. A set of experiments was carried out to
determine the equilibration time required for sediment adsorption and desorption of DEA and
MDEA in sediment–water mixtures. Establishment of equilibration times enabled selection
of an appropriate time period over which to conduct the Kd determination experiments.

A thorough investigation of all factors that could affect Kd was beyond the scope of
this project, therefore pH and sediment type were the factors selected for examination. For
each sediment type, an experimental pH range was selected to represent the pH range
typically encountered in the field. For all sediment samples except the Louisiana, the
experimental pH values at which Kd testing was performed were (approximately) 6.5, 7.5, and
8.5. Because of its lower pH (5.2), Kd determination testing with the Louisiana sediment was
performed at pH values of 4.5, 5.5, 6.5, 7.5, and 8.5. For all sediment types, DEA and MDEA
initial solution concentrations were set at 10, 100, 500, and 1000 mg/L, which covers a 3-
order-of-magnitude range of field contamination. All batch experiments for Kd determination
at each concentration and pH condition were performed in duplicate. DEA and MDEA
desorption experiments were also carried out to determine reversibility and give an indication
of fixation. Experiments were carried out for each sediment at pH 6.5, 7.5, and 8.5 under
desorption conditions corresponding to those used for the 100-mg/L initial solution adsorption
experiments.



MDEA and DEA Kd Results

Figures 2–4 display isotherm plots of Cs versus Ce for MDEA at pH 7.5 with Alberta,
New Mexico, and North Dakota sediments. Each isotherm is a regression calculated from
duplicate measurements of adsorbed amine concentration at equilibrium versus solution
amine concentration at equilibrium resulting from initial MDEA solution concentrations of
10, 100, 500, and 1000 mg/L. The slope of each isotherm represents an experimentally
determined Kd value at a specific pH. Table 10 lists experimentally determined Kd values for
MDEA with the four selected sediment types.

While Kd determination tests performed for MDEA in water–sediment mixtures made
with Alberta, New Mexico, and North Dakota sediments generated data that resulted in high
correlation-coefficient linear regressions like those shown in Figures 2–4, data from Kd

determinations made with Louisiana sediment were nonlinear, as shown in Figures 5 and 6.
These figures indicate the occurrence of a concentration-dependent effect (fixation) on Kd

such that at low initial solution MDEA concentrations, the amine displays a higher affinity
for sediment adsorption (and a higher Kd) than at higher initial solution concentrations (where
Kd is lower). Because of this nonlinearity, the Kd values for MDEA in Louisiana sediment,
as shown in Table 10 at pH levels of 4.5, 5.5, 6.5, 7.5, and 8.5, are not calculated based on
a regression, but are reported as the average of the duplicate measurements from the
500-mg/L initial solution concentration experiments.

Figures 7–9 display isotherm plots for DEA at pH 7.5 for the Alberta, New Mexico,
and North Dakota sediments. Figures 10 and 11 display isotherm plots for DEA with the
Louisiana sediment at pH 5.5 and 7.5. The DEA data generated with Louisiana sediment were
also somewhat nonlinear, but not to the extent observed with MDEA, which indicates a less
prevalent fixation effect on adsorption with DEA. Table 11 lists the experimentally
determined Kd values for DEA with the four selected sediment types. In all cases, Kd values
for DEA are lower than those for MDEA, indicating that MDEA is less mobile (more prone
to adsorption on sediment) than DEA.

MDEA and DEA Desorption

The results of the desorption experiments concur with the adsorption results. For the
Alberta, New Mexico, and North Dakota sediments, the extent of desorption of both DEA and
MDEA indicates that the adsorption interactions were reversible. Desorption of DEA and
MDEA from the Louisiana sediment also showed good reversibility. The fixation effect
observed in the low initial solution concentration (10-mg/L) adsorption experiments was
minimized by performance of the desorption experiments at the adsorbed amine level
associated with the 100-mg/L initial solution concentration.

Summary and Implications of Amine Kd Work

DEA and MDEA are both adsorbed significantly on typical sediments and are
relatively immobile. Based on the data acquired and the mobility classification defined by
Dragun (9), these amines range in mobility from Class II (low mobility: Kd = 2–10) to Class
III (intermediate mobility: Kd = 0.5–2). These findings provide contrast to “unit world model”
data developed by Mackay and Paterson (10) and reported by Davis and Carpenter (11),



which predict that about 99.99% of DEA present in the environment would likely be present
in water, with essentially 0% adsorbed on soil and sediment. However, Davis and Carpenter
also report that the Mackay and Paterson data may result in underprediction for alkanolamine
soil adsorption because alkanolamines would be protonated at environmentally relevant pHs
and the unit world model data did not account for this protonation. The EERC work reported
here, which accounted for protonation, demonstrated significant alkanolamine adsorption on
sediment, primarily via cation exchange with both organic matter and clay minerals. At low
(initial solution concentrations <100 mg/L) ambient aqueous-phase concentrations, significant
(>10%) fixation can also occur.

The work described above indicates the greater effect of sediment type than pH on
mobility. Although pH (within normal groundwater ranges) appears to affect distribution
between water and sediment such that at higher pH levels the alkanolamines are somewhat
more mobile, the observed effect of pH on mobility (at tested levels of up to 8.5) was very
slight. At pH levels exceeding an amine’s pKa value, it is likely that the effect of pH on
mobility would be more significant because of amine neutrality or "nonprotonation."
Sediment properties were observed to have a more profound effect, as demonstrated by the
data showing sediment-based Kd variations of close to 1 order of magnitude for MDEA and
DEA. It is likely that the observed order-of-magnitude Kd differences are due primarily to
differences in sediment organic matter content and/or mineral matter (clay) content.
Concentration can also affect contaminant distribution between groundwater and sediment,
especially with sediments that have significant mineral matter cation exchange capacity (such
as the Louisiana soil). At low concentrations, fixation can reduce mobility to near zero, but
at higher concentrations, mobility increases with increasing concentration.

Although cocontaminant effects were not systematically evaluated in the EERC work
reported here, they have the potential to increase or decrease alkanolamine and sulfolane
mobility by forming complexes that enhance aqueous-phase solubility or sediment interaction.
Application of the reported alkanolamine mobility results to the field will require
consideration of the effects of sediment properties, pH, and cocontaminants. A large spill of
an amine-based AGR waste could result in localized elevated pH to a level above the amine
pKa, which would likely impact sediment–aqueous-phase distribution due to amine
nonprotonation. This effect could result in increased amine mobility and movement through
the subsurface to a region of lower pH, at which point mobility would decrease. Although
fixation was observed to restrict mobility in high-mineral-matter-content sediments, this effect
was demonstrated to be severely reduced at higher concentrations and would probably be
insignificant at concentrations associated with large spills.

SWEETENING WASTE BIODEGRADATION

Background

Although organic compounds in the environment are subject to a number of processes
that affect their mobility and fate, microbial metabolism is usually the most important route
for contaminant removal (12, 13). Therefore, in order to understand the fate of organic
compounds in the environment and the factors that control the microbial processes,
biodegradation studies are needed. Previous studies have shown that pure MEA, DEA, and



MDEA may be readily biodegradable under a wide variety of environmentally relevant
conditions in a variety of soil types (14–16). However, the complex and highly variable nature
of sweetening waste composition, as shown by the results of the characterization activities
described above, suggests that these materials may be more difficult to biodegrade. The
objective of the microbially based experimental efforts with gas-sweetening-related wastes
was to determine their biodegradation parameters in uncontaminated soil/sediment. To
achieve this goal, the biodegradability of DEA-related waste material was examined in soil
slurry bioreactors.

DEA-Associated Waste Biodegradability

The biodegradabilities of three DEA sludges were evaluated in aqueous slurries of soil.
The soils are from Alberta, Louisiana, and New Mexico, and are the same soils that were used
in the Kd determinations. The experiments were set up such that each soil was tested with
each sludge (a total of nine combinations). The experiments were set up using 90 g of soil in
a total volume of 300 mL (30% solids by weight) in a 1-L flask. Sludges were added at 1%
by weight. No other additions were made, so that the results would be representative of an
untreated spill on the soil. The slurries were incubated at room temperature with gyratory
shaking (100 rpm) for 70 days. The pH and ammonia concentration of the slurries were
measured at intervals during the incubation. The chemical oxygen demand (COD), total
Kjehdahl nitrogen (TKN), and ammonia concentrations were measured at the onset and again
at the end of the incubation period. The concentrations of COD, TKN, and ammonia in the
soil were measured before the addition of the sludge, allowing a correction to be made for
these amounts.

The pH of the slurries varied throughout the incubations as a function of the soil and
sludge properties as a result of microbially induced changes in the sludge. Figures 12–14
show the pH changes during the incubations. In general, the pH began in the 8.0-to-8.5 range
and decreased during the incubation period. The pH of the Louisiana slurries tended to
decrease to much lower values (about 4 to 5) than the other soils. The drop in pH may be due
to a consumption of amine compounds and the production of organic acids. The concentration
of ammonia in the slurries appeared to be a property of the sludge rather than of the soil. For
the reclaimer unit sludge, the ammonia concentration began around 10 to 50 mg/L and
generally increased to about 100 to 150 mg/L. Ammonia concentrations in Filter Sludge No. 1
were between 0 and 11 mg/L and did not show a trend throughout the incubation. Ammonia
concentrations in Filter Sludge No. 2 were similar to those found in the reclaimer unit sludge,
beginning at around 0 to 60 mg/L and tending to increase to around 100 mg/L.

The concentrations of COD, organic nitrogen (TKN minus ammonia-N), and ammonia
are shown in Table 12, along with the estimated removals. These data show that the reclaimer
unit sludge was fairly recalcitrant, as the COD removals were from 0% to 26%. COD
removals for Filter Sludge No. 2 ranged from 20% to 62%, while the COD removals for Filter
Sludge No. 1 ranged from 32% to 83%. This pattern was different with organic nitrogen, with
the highest removals noted in Filter Sludge No. 2 (18% to 66%), while the range of removal
for the reclaimer unit sludge and Filter Sludge No. 1 were more similar (5% to 32%). Based
on the soil tested, the Louisiana soil had the poorest removals (except for with Filter Sludge
No. 2), while removals in the Alberta and New Mexico soils were more similar. The good
performance of the Louisiana soil with Filter Sludge No. 2 can probably be explained by the



fact that the pH of that sludge was maintained near neutrality during the entire incubation
period. The low pH was previously shown to result in low microbial activity in this soil.

In summary, Filter Sludge No. 1 is the most biodegradable and would be likely to
cause the least environmental problems. This is evidenced by relatively high COD removals
(32% to 84%) and low organic nitrogen concentrations (29 to 192 mg/L). The biodegradation
of Filter Sludge No. 1 would probably not be a serious problem except under low-pH soil
conditions. The reclaimer unit sludge appeared to be of slightly higher strength with respect
to COD and organic nitrogen than Filter Sludge No. 2. The reclaimer unit sludge also
appeared to be somewhat toxic, evidenced by the low removals and the delay of about 20 days
before activity was initiated. Filter Sludge No. 2 was also of high strength and appeared to
contain a fairly large recalcitrant fraction; however, no inhibition of microbial activity is
evident in this sludge.

Implications of Biodegradation Studies

Contamination of soils with DEA should be rapidly mitigated in soils such as those
found in New Mexico and Alberta, provided sufficient water and oxygen are present, that
temperatures are conducive, and that the concentration of DEA is not so elevated as to be
toxic (16). However, the biodegradation of DEA-related sludges is much different from
treatment of DEA. These sludges contain a wide variety of compounds, some of which are
toxic or inhibitory and others for which microbes that have the ability to biodegrade them may
be rare. The experiments conducted thus far on the biodegradation of DEA sludges in the
three soils in aqueous slurries showed that a significant fraction of the material is
biodegradable under slurry bioreactor conditions. However, after biodegradation is stopped,
a significant amount of material remains that is recalcitrant to biodegradation. It is clear that
the biodegradation of amine sludges represents a very different problem from that of
biodegradation of the parent amine.

DEA SLUDGE TOXICITY ASSESSMENT

Background

The three DEA-related sludges (reclaimer unit sludge, Filter Sludge No. 1, and Filter
Sludge No. 2) that had undergone extensive analytical characterization and biodegradation
evaluations were also submitted for a thorough assessment of their toxicity to a variety of life
forms. Different species have different sensitivities to different compounds and conditions.
Also, to generate data that is relevant to the subsurface environment, it is important to use
species that are representative of the major trophic levels in terrestrial systems. Therefore, the
tests included a variety of techniques to measure the toxicity of the waste material to
microbes, plants, and an invertebrate species.



Methodology

Water and methanol extracts were taken from each of the waste material samples and
subjected to tests to evaluate bacterial luminescence, bacterial growth (ECHA), algal growth
inhibition (Selenastrum capricornutum), lettuce seed germination, root elongation, and
nematode survival. Vibrio fischeri bacteria are luminescent under normal conditions.
Compounds that are toxic to Vibrio fischeri will cause a reduction in light output. Thus, the
bacterial luminescence test (also known as Microtox) compares the light output of Vibrio
fischeri under controlled conditions to that of Vibrio fischeri exposed to various
concentrations of the waste material. These tests were done following the Environment
Canada Test Method (17). The methanol extracts were diluted 5% with deionized water
before testing.

The evaluation of the effects on bacterial growth was done with ECHA Biomonitors,
which are plastic strips with pads containing bacillus spores, media, and an indicator. The
strips are hydrated in the sample and incubated at room temperature for 24 hours. A blue
color means that the sample was toxic (no growth). The aqueous extracts were tested at 25%
and 100%, and the methanol extracts were diluted to 5% with deionized water (the sample
was diluted to a level known to be below that toxic to the test species).

Algae are also an important component of soil ecosystems, therefore the potential toxic
effects of the amine-related wastes to the unicellular green algal Selenastrum capricornutum
were examined. This alga was selected for the toxicity evaluation because it is widely found
in freshwater systems. The growth inhibition test was based on the Environment Canada
method with less replication (18). The tests were done in 96 well microplates, and growth
inhibition was measured after 3 days.

Another series of plant tests was performed to determine the effects of the amine waste
materials on lettuce seed germination and root lengths. Methods for these tests followed
Greene and others (19). Ten seeds were placed on a paper filter in a petri dish. The filter was
moistened with the sample (aqueous extract or the diluted methanol extract). Germination and
root lengths were measured after a 5-day incubation period in darkness.

Finally, invertebrate testing was conducted with the nematode Panagrellus redvivus
in 20-mL test containers containing 10 mL of sample. The nematodes were placed in the
sample, and survival was scored after 1 and 2 days. Results were expressed as percent
mortality.

Toxicity Results and Discussion

The aqueous extracts were toxic to all test species. The Filter Sludge 2 aqueous extract
was consistently more toxic than the reclaimer unit sludge and Filter Sludge 1 extracts
(summarized in Table 13), except with regard to the nematodes, to which the aqueous extract
of the reclaimer unit sludge was significantly more toxic than that from both filter sludges.
Algae were the most sensitive test species, followed by luminescent bacteria. Notable toxicity
was also observed in the root elongation tests, and lettuce seed germination was the least
sensitive endpoint to both aqueous and methanol extracts.



 The consistently greater toxicity associated with Filter Sludge 2 may be related to
the high concentrations of DEA and T/O reaction products (particularly BHEP) reported
above. The noticeably higher toxicity to nematodes observed in the reclaimer unit sludges
may be associated with the high concentrations of nonoxynol. The aqueous extracts all had
pH values within the physiological tolerances of the test species (between 5 and 9), but
conductance levels were very high, indicating high levels of dissolved salts. Salts could
adversely affect a number of the test species and measured responses. The methanol and water
extracts were equally toxic and demonstrated the same patterns in toxicity, which suggests
that the toxic constituents are soluble in both methanol and water. The similarities further
suggest that the same compound or class of compounds responsible for the effects are present
in each sludge extract. The tests on the methanol extracts were done below the methanol
concentration level known to affect the organisms.

ENVIRONMENTAL TRANSPORT AND
FATE IMPLICATIONS

Overall, the waste characterization results show the large degree of variability in the
composition of amine-associated wastes, especially sludges. Such variability in sludge
composition, coupled with significant differences in amine behavior between different soil
types, indicates that predicting the impact of amine-related wastes on any given subsurface
environment largely depends on site-specific conditions. In general, soil type appears to be
the primary factor that controls both the mobility and biodegradation of the alkanolamines.
This suggests that generalizations can be made regarding the subsurface transport and fate of
amine-related wastes in various soil types, which in turn may be roughly translated to
particular regions of North America. However, it is important to note that soil conditions
within a region can vary substantially, and therefore site-specific soil characterization data
(particularly pH, TOC, and CEC), along with knowledge of cocontaminants that may be
associated with the alkanolamines (i.e., presence of additives and/or T/O reaction products),
are essential to predicting the behavior of alkanolamines at any particular site.

For instance, an unplanned release of amine-related waste material into the subsurface
at an AGR facility in Louisiana will be expected to behave much differently from a similar
release in New Mexico or Alberta. From a remediation perspective, persistent contaminants
are generally more difficult, and therefore more costly, to remove. The Kd values suggest that
in a simple aqueous-based transport model, the alkanolamines may have a tendency to adsorb
to all three soil types and might be expected to move slowly through the subsurface. From a
risk management perspective, contaminants with low subsurface mobility are generally
considered to have less risk associated with them than highly mobile contaminants because
they are less likely to move off-site. However, the prediction of alkanolamine transport for
both remediation and risk management purposes is complicated by the large degree of
variability that occurs in the chemical composition of AGR-related wastes, particularly with
regard to the presence of antifoaming additives. The principles of cosolvency indicate that the
presence of miscible organic compounds may increase the solubility and decrease the sorption
of other compounds and thereby facilitate their transport beyond what might otherwise be
predicted. The presence of nonoxynol and oleyl alcohol, which are commonly associated with
antifoaming agents, is therefore highly significant because these compounds have significant



potential to act as cosolvents, thereby potentially facilitating the subsurface transport of the
amines and their related T/O reaction products.

From a toxicological and regulatory perspective, the presence of significant amounts
of nonoxynol, PAH compounds, benzene, and its derivatives suggests that the amines
themselves may not be of primary concern with regard to AGR-related wastes. Instead, many
of the compounds that are added to the sweetening solution, either intentionally as part of the
AGR process or unintentionally as a result of that process, may be of more toxicological and
regulatory concern than the amines. PAH compounds, benzene, and benzene derivatives, are
known to be more toxic than the alkanolamines. There is also evidence, based on the results
of the toxicity tests on the DEA-related waste material, that significant toxicity may be
associated with at least some of the T/O reaction products. The nonoxynol is of concern
because of its potential to act as a cosolvent for not only the amines, but also the
cocontaminants listed above. The presence and concentration of such cocontaminants are
largely determined by the composition of the natural gas stream and the operational conditions
of the sweetening plant and its AGR units and are therefore expected to vary greatly from
plant to plant, and perhaps even from unit to unit within a plant. Such variability with regard
to cocontaminants is the primary reason that evaluations of the nature, extent, and severity of
amine-related environmental issues must be performed in detail on a site-specific, rather than
an industrywide, basis.
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Figure 1. Chemical formula for nonoxynol and oleyl alcohol.

Figure 2. MDEA, pH 7.5, Alberta sediment.



Figure 3. MDEA, pH 7.5, New Mexico sediment.

Figure 4. MDEA, pH 7.5, North Dakota sediment.



Figure 5. MDEA, pH 5.5, Louisiana sediment.

Figure 6. MDEA, pH 7.5, Louisiana sediment.



Figure 7. DEA, pH 7.5, Alberta sediment.

Figure 8. DEA, pH 7.5, New Mexico sediment.



Figure 9. DEA 7.5, North Dakota sediment

Figure 10. DEA, pH 5.5, Louisiana sediment.



Figure 12. Change in pH with incubation time for three reclaimer unit sludge–
sediment combinations.

Figure 11. DEA, pH 7.5, Louisiana sediment.



Figure 13. Change in pH with incubation time for three Filter Sludge No. 1–sediment
combinations.

Figure 14. Change in pH with incubation time for three Filter Sludge No. 2–sediment
combinations.



Table 1. General physical and chemical properties for selected alkanolamines.1

MEA DEA DIPA MDEA
Boiling Point
   (�F/�C) 340/171 514/268 249/121 464/240
Freezing Point
   (�F/�C) 50/10 82/28 45/7 �6/�21.0
Flash Point
   (�F/�C) 210/94 325/163 276/136 270/132
Specific Gravity
   (@30�C) 1.02 @25�C 1.09 1.004 1.04–1.06
Vapor Pressure
   (mm Hg @ 20�C) <1 <0.01 70 <0.01
Aqueous Solubility Completely

miscible
Completely

miscible
1200 g/100 g

H2O
Completely

miscible
Color Colorless Colorless White White to pale

yellow
Odor Slight

ammoniacal
Ammoniacal Ammoniacal Ammoniacal

Chemical Formula C2H7NO C4H11NO2 C6H15O2N C5H13NO2
1 Dow Chemical USA (1993).



Table 2. Alkanolamine reaction products.1

Amine Reaction Products2 Reaction

Alkanolamines Dithiocarbamates, thioureas, thiosulfuric acid,
heat-stable salts (i.e., thiosulfate compounds)

Oxidation

MEA Ammonia

DEA, pyridine, water, hydrogen,
succinic aldehyde, diacetyl

Oxidation

Thermal,
oxidation

Formic acid, substituted amides,
high-molecular-weight polymers

Thermal

BHEED, HEED, HEP, BHEI, HEI Oxidation

OX, HEI, diethanol urea CO2

Oxazolidone-2-thione COS

DEA Ammonia CS2

Sulfite, sulfate, thiosulfate ions Thermal,
oxidation

Thiocyanate ions, thiosulfuric acid,
thiocyanic acid

Oxidation of
DEA + H2S

Chloride ions, cyanide, formic acid,
oxalic acid, acetic acid, propionic acid,
FORMYDEA(II)

Oxidation

HEO, THEED, DEP, HEP, BHEP, BHEED,
BHEAE

CO2

MEA, carboxyMEA, carboxyDEA, BHEED,
BHEP, HEI, HEO, THEED, carboxyTHEED

COS

Substituted dithiocarbamates, thiocarbamates CS2

MDEA Ammonia, formic acid, oxalic acid, acetic acid,
propionic acid

Oxidation

EO, TMA, MEG, DMAE, DMP, HMP,
TEA, BHEP

CO2

1 Skinner and others (1994).
2 See List of Acronyms after figures and tables for full chemical names.



Table 3. Amine waste sample descriptions.
Amine
Type Origin Sample Description

Quantity
Obtained

Sample
Type

DEA Alberta Bulk DEA storage tank
bottoms

100 mL Sludge

DEA Alberta Tank bottoms 200 g Sludge

DEA Alberta Bulk still bottoms 400 g Sludge

DEA Alberta Material removed from filter 400 g Sludge

MDEA Alberta AGR waste stream 250 mL Liquid

DEA Alberta Dirty filter section One chunk Filter

DEA Alberta Material removed from filter 500 g Sludge

DEA Alberta AGR waste stream 4 L Liquid

MDEA Alberta AGR waste stream 40 L Liquid

DEA/
MDEA East Texas AGR waste stream 2 L Liquid

DEA Louisiana AGR waste stream 2 L Liquid

DEA West Texas AGR waste stream 2 L Liquid

Table 4. Sludge characterization – bulk analysis results.
Analytical
Parameter

Reclaimer
Unit Sludge

Filter Sludge
No. 1

Filter Sludge
No. 2

Carbon, wt% 25.0 20.1 29.8
Hydrogen, wt% 9.1 6.8 11.6
Nitrogen, wt% 4.9 0.6 3.9
Sulfur, wt% 7.5 4.9 0.4
pH 10.1 4.9 10.3



Table 5. Sludge characterization – nitrogen-, oxygen-, and sulfur-containing
cocontaminants.

Analytical
Parameter

Reclaimer
Unit Sludge

Filter Sludge
No. 1

Filter Sludge
No. 2

DEA, wt% 5.0 0.03 7.3
BHEP, wt% 0.54 0.02 1.7
MEA, wt% 0.21 Trace Not detected

Nonoxynol, wt%1 3.2 Not detected Not detected

Oleyl Alcohol1 Detected, not quant. Not detected Not detected

Unidentified N Detected, not quant. Not detected Detected, not quant.
   Organics
Unidentified S Not detected Detected, not quant. Detected, not quant.
   Organics

1 In addition to the reclaimer unit sludge, three other samples not shown in this table
contained significant quantities (0.2–1.2 wt%) of nonoxynol, along with detectable
quantities of oleyl alcohol.

Table 6. Sludge characterization B BTEX and PAH cocontaminants.

Analytical
Parameter

Reclaimer
Unit Sludge

Filter Sludge
No. 1

Filter Sludge
No. 2

Benzene, ppm 0.05 0.05 <0.01

Toluene, ppm 9.6 28 0.1

Ethylbenzene, ppm 1.0 26 <0.01

Xylenes, ppm 21 900 0.13

C3 Benzenes, ppm 24 1030 Not detected

C4 Benzenes, ppm 28 550 Not detected

C5 Benzenes, ppm 11 120 Not detected

Naphthalene, ppb 940 12,000 Not detected

Phenanthrene, ppb 740 710 66

Pyrene, ppb 140 209 16

Chrysene, ppb 250 154 14

Benz[a]anthracene, ppb 88 28 Not detected



Table 7. Sludge characterization – summary of inorganics,1 anion,1 and
trace amine T/O products data.

Analytical
Parameter

Reclaimer
Unit Sludge

Filter Sludge
No. 1

Filter Sludge
No. 2

Sodium, mg/L 1470 420 2360

Potassium, mg/L 930 120 17

Calcium, mg/L 3.7 639 7.2

Magnesium, mg/L 0.5 118 <0.3

Iron, mg/L 4480 130 161

Aluminum, mg/L <7 <7 <7

Silicon, mg/L 43 <5 92

Chloride, mg/L 40 465 84

Sulfate, mg/L 488 2140 397

Nitrite, mg/L 68 <20 21

Nitrate, mg/L 61 <20 44

Phosphate, mg/L <10 <20 <10

Formate, mg/L2 1500 760 1100

Acetate, mg/L2 34,000 6600 41,000

Sulfite, mg/L Detected, not quant. Not detected Not detected

Amine T/O
Products3

HEI, HEM, OX,
TEHEED, BHEED

HEI, OX,
HEM, BHEED

HEI, HEM, OX,
TEHEED, BHEED

1 Data are concentrations in 1-to-1 (10 g sludge in 10 mL water) aqueous extracts.
2 Data are concentration estimates.
3 Amine T/O products detected but not quantitated; HEI = N-(hydroxyethyl)-

imidazolidone, HEM = N-(hydroxyethyl)-ethylenimine, OX = 2-oxazolidone,
TEHEED = N,N,N,N-tetra(hydroxyethyl)-ethylenediamine, BHEED = N,N-bis(2-  
hydroxyethyl)-ethylenediamine.



Table 8. Base sediment characterization.

Parameter
Alberta

Sediment
Louisiana
Sediment

New Mexico
Sediment

North Dakota
Sediment

Sand (0.074 to 2 mm), % 25 15 39 NA1

Silt (0.005 to 0.074 mm), % 33 55 35 NA

Clay (<0.005 mm), % 42 31 26 NA

Total Organic Carbon, % 2.0 0.7 0.3 5.6

Carbonate, % 4.7 0.2 1.6 0.9

Cation Exchange Capacity,
   milliequivalents/100 g

25.0 10.8 12.5 37.5

pH 7.6 5.2 7.7 7.2

1 Not available.

Table 9. Mineralogical characterization.
Sediment Phases
Alberta Quartz, plagioclase, majorite,

calcite, dolomite
Alberta Clay Fraction (<2 µm) Montmorillonite, illite, chlorite,

kaolinite
Louisiana Quartz, plagioclase, microcline,

anhydrite, potassiumBfeldspar,
goethite

Louisiana Clay Fraction (<2 µm) Chlorite, illite, kaolinite,
montmorillonite

New Mexico Quartz, plagioclase, calcite,
microcline

New Mexico Clay Fraction (<2 µm) Montmorillonite, illite, chlorite,
kaolinite

North Dakota Quartz
North Dakota Clay Fraction (<2 µm) Montmorillonite, illite,

kaolinite



Table 10. MDEA Kd values, mL/g.

Sediment pH 4.5 pH 5.5 pH 6.5 pH 7.5 pH 8.5

Alberta ND1 ND 1.83 3.42 3.54

Louisiana 4.672 8.362 10.42 14.42 10.22

New Mexico ND ND 2.15 2.73 2.35

North Dakota ND ND 6.50 7.75 8.12
1 Not determined.
2 Because of nonlinearity, reported value is based on single-point (500-mg/L initial 

solution MDEA concentration) data; see Figures 5 and 6.

Table 11. DEA Kd values, mL/g.
Sediment pH 4.5 pH 5.5 pH 6.5 PH 7.5 pH 8.5

Alberta ND1 ND 0.86 2.13 1.82

Louisiana 2.892 5.362 3.392 4.692 4.382

New Mexico ND ND 0.63 1.85 1.17

North Dakota ND ND 3.53 6.38 5.09
1 Not determined.
2 Because of nonlinearity, reported value is based on single-point (500-mg/L 

initial solution DEA concentration) data; see Figures 10 and 11.



Table 12. Results of slurry bioreactor tests on DEA-related sludges
Reclaimer Unit Sludge

COD
Ammonia
Nitrogen1

Organic
Nitrogen2

Alberta
Initial, mg/L 15,900 0.8 1241
Final, mg/L 14,100 320.6 841
% Removed 11.3 – 32.2

Louisiana
Initial, mg/L 8470 0.0 632
Final, mg/L 8470 52.8 598
% Removed 0.0 – 5.3

New Mexico
Initial, mg/L 9,230 0.0 607
Final, mg/L 6760 108.4 493
% Removed 26.8 – 18.8

Filter Sludge No. 1

COD
Ammonia
Nitrogen1

Organic
Nitrogen2

Alberta
Initial, mg/L 29,700 1.2 192
Final, mg/L 5700 72.4 142
% Removed 80.8 – 26.2

Louisiana
Initial, mg/L 3120 0.0 61
Final, mg/L 2130 14.7 51.3
% Removed 31.7 – 15.9

New Mexico
Initial, mg/L 6870 0.0 29
Final, mg/L 1130 8.8 27
% Removed 83.6 – 7.5

Continued . . . .



Table 12. (continued)
Filter Sludge No. 2

COD
Ammonia
Nitrogen1

Organic
Nitrogen2

Alberta
Initial, mg/L 10,500 2.2 1180
Final, mg/L 5800 84 968
% Removed 44.8 – 18.0

Louisiana
Initial, mg/L 7270 0.0 521
Final, mg/L 2730 365 175
% Removed 62.4 – 66.4

New Mexico
Initial, mg/L 7060 0.0 442
Final, mg/L 5663 205 230
% Removed 19.8 – 48.1

1 Nitrogen from ammonia.
2 Total Kjeldahl nitrogen minus nitrogen from ammonia.



Table 13. Summary of toxicity test results
(unless noted, all values are as a percent of the extract).

Reclaimer
Unit Sludge

Filter Sludge
No. 1

Filter Sludge
No. 2

Aqueous Extracts

Bacterial Luminescence (IC50)1 0.3 0.6 0.6

Bacterial Growth (at 25%) Toxic Toxic Toxic

Algal Growth (IC50) 0.1 0.7 0.04

Seed Germination (IC50) >10 >10 3.75

Inhibition of Root Growth (IC50) <0.6 >10 0.4

Nematode Survival (LC50)2 0.42 1.0 1.8

Methanol Extracts

Bacterial Luminescence (IC50) 0.4 0.3 0.6

Bacterial Growth (at 25%) Not toxic Not toxic Not toxic

Algal Growth (IC50) 0.1 0.4 0.01

Seed Germination (IC50) >5 >5 >5

Inhibition of Root Growth (IC50) 1 >5 1

Nematode Survival (LC50) >0.9 >0.9 >0.9
1 The concentration that inhibits growth in 50% of a test population.
2 The concentration that  is lethal to 50% of a test population.



LIST OF ACRONYMS

AGR acid gas removal
CanOxy Canadian Occidental Petroleum Ltd.
CAPP Canadian Association of Petroleum Producers
CEC cation exchange capacity
DOE U.S. Department of Energy
EERC Energy & Environmental Research Center
EPA Environmental Protection Agency
GC gas chromatography
GRI Gas Research Institute
Kd distribution coefficient
mm Hg millimeters of mercury
ppm parts per million
TKN total Kjeldahl nitrogen
T/O thermal/oxidative
TOC total organic carbon

Chemical Acronyms

BHEAE bis-(hydroxyethylaminoethyl)ether
BHEED N,N'-bis-(hydroxyethyl)ethylenediamine
BHEI N,N'-bis-(hydroxyethyl)imidazolidone
BHEP N,N'-bis-2-(hydroxyethyl) piperazine
BTEX benzene, toluene, ethylbenzene, xylenes
CO2 carbon dioxide
COS carbonyl sulfide
CS2 carbon disulfide
DEA diethanolamine
DEP diethanolpiperazine
DIPA diisopropanolamine
DMAE 2-(dimethylamino)-ethanol
DMP 1,4-dimethylpiperazine
EO ethylene oxide
FORMYDEA (II) N-formyldiethanolamine
H2S hydrogen sulfide
HEED N-(hydroxyethyl)-1,2-ethylenediamine
HEI N-(hydroxyethyl)imidazolidone
HEM N-(2-hydroxyethyl)ethylenimine
HEO N-(hydroxyethyl)oxazolidone
HEP N-(2-hydroxyethyl) piperazine
HMP N-(hydroxyethyl)methyl piperazine
MEG monoethylene glycol
MDEA methyldiethanolamine
MEA monoethanolamine
NH3 ammonia
NO2

� nitrite
NO3

� nitrate



OX 2-oxazolidinone
O2 oxygen
PAH polycyclic aromatic hydrocarbon
TEA triethanolamine
TEHEED N,N,N',N'-tetra-(hydroxyethyl)-ethylenediamine
THEED N,N,N'-tris(hydroxyethyl)-ethylenediamine
TMA trimethylamine
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ABSTRACT

In the past, the use of glycols for natural gas dehydration operations has occasionally
resulted in subsurface contamination. While glycols themselves are not of great toxicological
concern, it is still important to understand the behavior of glycols because they may act as
cosolvents, thereby increasing the mobility of other contaminants.  Research has been
conducted that examines the chemical composition and subsurface transport and fate of
glycol-related contamination, including 1) analytical characterization of wastes generated by
glycol-based dehydrators and 2) evaluations of the biodegradability of glycols and associated
wastes under environmentally relevant conditions. To increase the applicability of the results,
the effects of soil type variability were evaluated by performing the biodegradation
experimental activities on soils collected from three major gas-producing regions of North
America. The results provide insights that significantly improve the assessment of glycol-
related subsurface contamination.



INTRODUCTION

Examinations of the literature on gas industry wastes indicated that wastes associated
with glycols from gas dehydration operations may be of some environmental concern. These
reviews concluded that 1) past disposal practices have resulted in the release of glycol-related
wastes into the subsurface environment, 2) their physicochemical properties suggest that
glycols may be readily transported in the subsurface and act as cosolvents, 3) very little
research has been performed regarding the biodegradability of gas industry glycols and their
associated wastes under environmentally relevant conditions, and 4) regulatory scrutiny of
glycols has increased in recent years (1).

Generally, adequate data exist to confirm the presence of glycols and at least some
of their biodegradation products and other associated contaminants in soils, sediments, and
groundwater at the sites in question.  However, analytical and other difficulties have typically
prevented the nature and extent of glycol-related contamination from being delineated in
detail at individual sites.  At the same time, limited work has been done on the behavior of
the chemical species in question in the subsurface, and, therefore, little is known about their
subsurface transport and fate.  Air emissions from glycol-based gas dehydration units have
been regulated under the Clean Air Act for a number of years, but the U. S. Environmental
Protection Agency (EPA) has recently added ethylene glycol (EG) to its list of contaminants
to be considered for regulation under the Safe Drinking Water Act. This places the natural gas
industry in the difficult position of having to effectively address a contamination issue that
is neither well defined nor well understood.

The research described in this paper has focused on subsurface transport and fate
issues related to triethylene glycol (TEG) and EG. TEG was selected for examination because
it is used in a vast majority of gas dehydration units, and EG was chosen because it is
currently under regulatory scrutiny as a drinking water pollutant.

The intention of this research is to provide the natural gas industry with data and
insights that will enable it to 1) significantly improve the assessment of subsurface glycol-
related contamination at sites where it is known or suspected to occur and 2) make soundly
based decisions concerning the remediation of that contamination.

BACKGROUND

Water in natural gas can cause serious operational problems in both the transmission
and processing of the gas.  The natural gas industry has found that dehydration ensures
smooth operation of gas transmission lines, prevents formation of gas hydrates, and reduces
corrosion. The most common dehydration process used in the gas industry is the glycol
absorption/stripping process.  While the actual number of operating glycol units is unknown,
it is estimated that as many as 40,000 units exist in the United States and about 100,000 exist
worldwide (2); however, it is the authors’ belief that the actual number is significantly higher
than that. In the United States, 90% to 95% of the units process less than 10 million standard



cubic feet per day (mmscfd) of natural gas (2). No estimates were available on the total
number of glycol dehydration units operating in Canada, but they are very commonly used
in Canadian gas fields.  The total volume of natural gas dehydrated in North America each
year is approximately 17–18 trillion cubic feet (tcf) (3).  While no figures were available on
percentage of gas dehydrated by glycol dehydrators, a literature search and discussions with
gas industry personnel indicate that a large majority of the dehydration is done using glycol-
based units.

EG, TEG, diethylene glycol (DEG), tetraethylene glycol (TREG), and blends of these
glycol solutions have all been used in natural gas stream dehydration processes for decades.
Around 1950, TEG became the most commonly used glycol because its higher boiling point
provided better water removal without being thermally decomposed (4).  EG and TREG are
used in some specialized cases; however, TEG remains the most commonly used glycol in
natural gas dehydration processes.  It has been estimated that TEG is used in approximately
95% of glycol dehydration units (3).

Physical and Chemical Characteristics

Glycols are aliphatic organic compounds and are members of a group of chemicals
referred to as the dihydric alcohols (diols).  This group has the general formula CnH2n(OH)2

and is characterized by the presence of two hydroxyl (OH-) functional groups linked to
methylene (CH2) subunits.  Ethylene glycols have the general formula HO(C2H4O)nH, where
n can be 1 (monoethylene), 2 (diethylene), 3 (triethylene), or 4 (tetraethylene).  Table 1
provides some general physical and chemical properties of glycols commonly used by the gas
industry.

Glycols are similar to water in that they are clear, colorless, odorless liquids.
However, when compared to water, the glycols have a greater specific gravity and viscosity
at all temperatures, a higher boiling point, and a lower freezing point.  Glycols are completely
water-soluble and can also act as solvents for some organic compounds, including most
aromatic compounds (5).

Gas Dehydration Processes

The absorption/stripping dehydration process begins by scrubbing compressed, wet,
inlet gas to remove liquid and solid impurities.  This is followed by sending the scrubbed gas
countercurrently through a liquid glycol absorber.  The lean (dry) glycol absorbs the water
from the wet gas stream, and the dried gas leaves the absorber for further processing or
transport. The rich glycol exits the bottom of the absorber and on some units is sent through
a gas-driven or electric pump to a flash tank, where much of the absorbed natural gas is
separated from the glycol solution.  The glycol solution is then sent through a series of heat
exchangers and filters, after which water is either distilled or stripped from the glycol solution
in a regenerator  (3).  Rising steam in the regenerator strips the water vapor from the rich
glycol solution, and the glycol, carried by the rising vapor, is condensed in the reflux section
and washed back into the reboiler. The regenerated, lean (dry) glycol is then cooled and
returned to the absorber (6).  Fresh glycol solution that may be added to a dehydrator for



makeup or changeover operations is referred to in this paper as “raw” glycol.  As such, the
raw glycol discussed later in this paper has not been exposed to a natural gas stream.

APPROACH

The approach of this research program is to use a systematic series of laboratory-
based research activities that are focused on the subsurface transport and fate of glycol-related
wastes to determine the potential environmental hazards that those wastes may pose.  The
research activities can be grouped into two areas: 1) characterization of glycol-related
dehydration wastes for cocontaminant organics and 2) determinations of the biodegradability
of TEG under conditions that are relevant to the subsurface environment.  In order to generate
widely applicable data, the biodegradation experiments were performed on three distinctly
different soils that were obtained from three gas-producing areas of North America (New
Mexico, Louisiana, and Alberta).

The objectives of this research are to characterize the chemical nature of spent TEG
and EG from natural gas dehydration units and to directly investigate the natural attenuation
processes that control the fate of TEG.  The ultimate goal is to provide the natural gas
industry with presently unavailable data and insights that will enable glycol-related
contamination to be more effectively addressed where it is known or suspected to occur in the
subsurface.

WASTE CHARACTERIZATION

The primary objective of the characterization activities was to determine the gross
chemical characteristics, identities, and relative amounts of organic cocontaminants in spent
glycols and glycol-related dehydration wastes.  Glycols and glycol-related wastes derived
from dehydration units that use TEG and EG were characterized qualitatively and
semiquantitatively.  Particular focus was on species of high toxicological and regulatory
interest (e.g., benzene).  This information will ultimately be used to estimate the potential for
facilitated transport, to design experiments to determine the effect of cocontaminants on
glycol transport, and (more likely) to determine the effect of glycols on the transport of
organic cocontaminants.  Since the vast majority of regulated organics are in the volatile and
semivolatile range, the primary emphasis was on these compounds.

Acquisition of Dehydration/Glycol Wastes

Spent glycol solutions and other glycol-related dehydration wastes that are derived
from TEG-, DEG-, and EG-utilizing dehydration units were collected for use in experimental
activities. Approximately 29 samples of rich, lean, and raw glycol solution were collected
from 12 dehydration units from eight gas-processing facilities in different gas-producing parts
of North America (Louisiana, Texas, New Mexico, Oklahoma, and Alberta, Canada).
Samples were collected from a variety of dehydration units in order to examine the
heterogeneity between wastes that may be caused by different gas compositions, feed rates,



and/or the use of various additives. Collection of samples was conducted by EERC personnel
to ensure the consistency of sampling methods.  Gas company personnel familiar with the
operation of each dehydration unit were asked to fill out a questionnaire on the operating
characteristics of the sampled unit and the nature of the natural gas stream itself.

Determination of Cocontaminant Organics in Glycol Wastes

The general experimental plan for determining the character of cocontaminant
organics in the glycol samples was as follows:

1) Samples of raw, rich, and lean TEG and EG were analyzed for gross
characteristics, including elemental analyses (C, H, O, N, and S) and total
organic carbon (TOC).

2) Initial characterization of volatile and semivolatile cocontaminant organics was
performed on all samples. These initial characterizations were performed to
categorize the overall chromatographic behavior of the volatile and semivolatile
organics (following methylene chloride extraction). Difficulty in extracting many
volatile and semivolatile organic pollutants of interest from glycol wastes was
expected using conventional (e.g., methylene chloride) approaches.  Therefore,
the ability of the extraction methods was evaluated by determining the recovery
of appropriate deuterated spikes (e.g., labeled BTEX [benzene, toluene,
ethylbenzene, and xylenes] compounds and several PAHs [polycyclic aromatic
hydrocarbons]) from representative glycol wastes.  In addition, an innovative
extraction method, solid-phase microextraction (SPME), was evaluated for its
ability to provide class-selective removal of nonpolar organics (e.g., BTEX,
PAHs) from glycol wastes.

3) Identification of organic cocontaminants was performed using organic solvent
extracts (and SPME extracts) that were characterized using gas chromatography
mass spectroscopy (GC–MS) and gas chromatography–atomic emission
detection (GC–AED). GC–AED allows selective detection of individual
elements in individual organics.  Elements monitored in this study included C,
H, N, S, and selected halogens.

4) Semiquantitative determinations of significant (either in quantity or because of
regulatory or toxicological interest) organic cocontaminants were performed
using appropriate combinations of GC–MS, GC–AED, and GC–flame ionization
detection (FID). These studies will also include quantitative determinations of
the original glycols (whether TEG or EG).

Results

A total of 29 samples were collected from 12 glycol-based dehydration units at nine
different gas-conditioning facilities and analyzed as described above. All samples were
composed primarily of either TEG or EG, depending on what was used at the sampled
dehydrator.  Glycol concentrations ranged from 54.2% to 92.1%. Table 2 qualitatively



describes the relative abundance of organic cocontaminants (BTEX, PAH, and alkanes) in
samples from eight of the gas-processing facilities. Table 3 quantitatively describes the
content of organic cocontaminants from three of the gas-processing facilities.  As expected,
raw TEG and EG samples were typically observed to be generally clean, although a sample
from one site did contain moderate levels of organic cocontaminants (toluene, benzene, and
naphthalene).  Also as expected, rich glycol solutions typically included high concentrations
of  BTEX with smaller, but still significant, concentrations of PAHs and alkanes.  The
presence and abundance of organic cocontaminants in lean glycol solutions was found to vary
widely from facility to facility, with relative concentrations ranging from low to high.  In fact,
at some facilities it was difficult to differentiate between lean and rich samples based on the
analytical results alone.  Figures 1–4 show GC chromatographs selected to illustrate organic
characteristics “typical” of raw, rich, and lean glycol solutions.  Other notable observations
that resulted from the characterization activities include the lack of significant levels of
chlorine- and bromine-containing organics and the presence of significant organosulfur
compounds in the rich EG sample from Alberta.  The organosulfur compounds in the Alberta
sample are not surprising considering that the raw natural gas stream at that particular facility
may contain up to 25% H2S. Further, there is little or no use of chlorinated solvents in natural
gas processing.

BIODEGRADATION

A number of attenuation mechanisms can affect the transport and fate of organic
compounds in the environment, but biological metabolism is often the most important of these
mechanisms.  Therefore, in order to understand the ultimate fate of organic compounds in the
environment and the factors that control the biological processes, biodegradation studies are
required.  Biodegradation is typically composed of three phases: acclimation of the microbial
population to a particular compound, logarithmic metabolism, and a plateau period.  Physical
factors that can affect biodegradation include temperature, pH, moisture content, contaminant
concentrations, size of the biodegrading microbial population, the availability of oxygen or
other nutrients, and other intrinsic factors specific to the soil and to the contaminant.  A
determination of the factors that control the biodegradation of TEG under environmentally
relevant conditions is critical for assessing remedial options and predicting the ultimate
environmental fate of these compounds.

Experimental Design

The biologically based experimental activities were designed and performed to meet
several objectives.  The primary goals for the investigations of TEG biodegradability are
1) to determine the biodegradation parameters for TEG and 2) to evaluate the impact of such
key variables as soil/sediment type, contaminant concentrations, and oxygen availability on
biodegradation. The objective of the planned experiments is to provide information on the
natural ability of the three selected soils to degrade TEG.  The general experimental plan is
as follows.



Biodegradation testing was conducted to evaluate the length of the acclimation phase,
the rate constant for biodegradation, and the extent of biodegradation for TEG in soils
collected from natural gas-producing regions of New Mexico, Louisiana, and Alberta,
Canada.  Characterization data for these soils are presented in Table 4.  Biodegradation was
evaluated by respirometric methods following those of Bartha and Pramer (7), which measure
evolved carbon dioxide, thereby indicating mineralization of the subject compound. All
experiments were conducted in soils at 25°C, 60% of the moisture holding capacity, with
static incubation in the dark. TEG concentrations of 200 and 1000 mg/kg were chosen to
represent environmentally significant values. Biodegradation kinetics with respect to oxygen
were evaluated to demonstrate the rates that may be obtained in unsaturated and saturated
soils and in anaerobic environments.  The data from this work will demonstrate the
biodegradation kinetics in natural, unamended environments.

Aerobic Biodegradation of TEG

Figures 5 and 6 show cumulative CO2 evolution from the mineralization of TEG
under aerobic conditions over the course of the experimental period (62 days) at
concentrations of 200 and 1000 mg/kg, respectively.  These data, summarized in Table 5,
show relative lag times, biodegradation rates, and extent of mineralization for TEG in the
three soils at 25°C. The data indicate that TEG was biodegraded from 23.6% to 99.6% of the
theoretical possible in the sediments after a lag period ranging from 2 to 13 days.  The fastest
biodegradation rates were observed in the Alberta sediment at both the low dose (200 mg/kg)
and at the high dose (1000 mg/kg).  Biodegradation of TEG in the New Mexico sediment was
similar to Alberta in rate and extent and length of the lag period at the low dose, but was only
poorly biodegraded at the higher dose.  Biodegradation of TEG in the Louisiana sediment was
poor for both the low and the high dose.  Moreover, biodegradation of TEG in Louisiana
sediment at both doses and in the New Mexico sediment at the high dose showed a simple
arithmetic increase in carbon dioxide, rather than the hyperbolic increase normally associated
with microbial metabolism.  This arithmetic rather than hyperbolic metabolism suggests that
TEG is not allowing for microbial growth.  The reason for this possible growth inhibition is
not known, but may be a toxic effect.  Bringmann and Kühn (8) found that TEG showed a
growth inhibition toxicity threshold for Pseudomonas putida at 320 mg/L.  The inhibition of
growth and TEG metabolism in the Louisiana sediment at the 200-mg/kg dose may be due
to the lower pH of this sediment (see Table 3) or because this sediment has been shown in
other experiments to have low microbial activity.

Anaerobic Biodegradation of TEG

Figure 7 shows cumulative CO2 evolution from the mineralization of TEG under
anaerobic conditions over the course of the experimental period (165 days) at a concentration
of 1000 mg/kg.  These data, summarized in Table 6, show relative lag times, biodegradation
rates, and extent of mineralization for TEG in the three soils at 25°C. TEG was biodegraded
under anaerobic conditions in the Alberta sediment after a lag period of 13.6 days.  The extent
of biodegradation seen in the Alberta sediment of 64.4% suggests that during the 165-day
period, the TEG was essentially completely metabolized.  Extents of biodegradation range are
rarely 100% when measuring evolved carbon dioxide, due to incorporation of carbon into
biomass. The amount incorporated into biomass is a function of the types and amounts of



biomass present at the start, the organic compound, and the conditions (pH, electron acceptor,
etc.).  The rate of TEG biodegradation in Alberta sediment was 27% of that found at the same
dose under aerobic conditions.  Biodegradation of TEG in the Louisiana and New Mexico
sediments was much slower than for Alberta.  Calculated lag periods for Louisiana and New
Mexico are low, but kinetics appear to be arithmetic, again suggesting inhibition of growth
in these sediments.

IMPLICATIONS

The results of the characterization investigations have demonstrated that a range of
organic cocontaminants (e.g., BTEX, PAHs, alkanes, and other process-related organic
cocontaminants) is associated with glycols used for natural gas dehydration, particularly
“rich” glycols.  This suggests that at gas industry sites where rich or lean dehydrator glycols
are known to have been released to the subsurface environment, such cocontaminants could
also be present.  The association of these organic cocontaminants with the glycols may be
problematic from two angles. First, the presence of cocontaminants could affect the rate
and/or extent of glycol biodegradation, thereby complicating remediation efforts. Second, the
glycols in water could act as a cosolvent and greatly increase the transport of the organic
cocontaminants (or any other organic compounds that the glycols might happen to come into
contact with) beyond what would normally be predicted. Future investigations of the
subsurface environmental effects of dehydration glycols will be designed to determine the
effect of glycols on the transport of organic cocontaminants.

Another lesson that stands out from the results of the research is that site-specific
variables need to be considered when assessing glycol-related contamination in the
subsurface.  For instance, the results of the biodegradability evaluations, which consistently
show biodegradation to be inhibited in the Louisiana soil, suggest that soil type may be an
important factor in predicting the ultimate fate of TEG in the subsurface environment. The
characteristics of the raw gas stream, which are typically very site-specific, can also have a
tremendous effect on the nature of the organic cocontaminants in a rich glycol, as evidenced
by the sulfur organics present in the samples from the sour gas fields of Alberta.
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Table 1. General physical and chemical properties for selected glycols1 .
EG DEG TEG TREG

Molecular Weight 62.1 106.1 150.2 194.2
Boiling Point
@760 mm Hg,
°F/°C

387.3/197.4 473.8/245.5 550.0/287.8 618.1/325.6

Freezing Point,
°F/°C

7.9/13.4 16.4/8.7 19.0/7.2 15.1/9.4

Flash Point, °F/°C 247/119 281/138 325/163 400/204
Specific
Gravity@ 25°C

1.110 1.111 1.120 1.123

Vapor Pressure,
mm Hg @ 25°C

<0.1 <0.01 <0.01 <0.01

Aqueous
Solubility

Completely
miscible

Completely
miscible

Completely
miscible

Completely
miscible

Color Clear,
colorless

Clear,
colorless

Clear,
colorless

Clear,
colorless

1  Dow Chemical Company, 1992.

Table 2. BTEX, etc., in glycol samples, 1998.
Rich Lean Raw

Site 1 TEG L1 L L
Site 2 TEG H,H2,3 H M4

EG (amine heater) L
Site 3 TEG H,H3 H L

EG (amine heater) L
Site 4 TEG H L L
Site 5 TEG M M M

drip L
Site 6 EG H L L
Site 7 TEG H M L
Site 8 TEG H M L

1  Low.
2  High.
3  Two samples analyzed.
4  Moderate.



Table 3. BTEX and etc. in Glycol Samples, 1998.
Site Benzene Toluene Ethylbenzene m-,p-xylene o-xylene Napthalene
4-Rich 150 260 34 190 63 <0.1
4-Lean 0.9 0.3 <0.1 <0.1 <0.1 <0.1
6-Rich 480 250 7.5 64 27 <0.1
6-Lean 7.9 5.0 0.6 2.3 2.3 <0.1
8-Rich 100 160 21 80 32 28
8-Lean 4.6 2.3 0.6 1.6 0.8 15
1 Concentration in µg/g.

Table 4. Base Sediment Characterization.
Alberta Louisiana New Mexico North Dakota

Parameter Sediment Sediment Sediment Sediment
Sand (0.074 to 2 mm), % 25 15 39 NA1

Silt (0.005 to 0.074 mm), % 33 55 35 NA
Clay (<0.005 mm), % 42 31 26 NA
Total Organic Carbon, % 2.0 0.7 0.3 5.6
Carbonate, % 4.7 0.2 1.6 0.9
Cation Exchange Capacity,
  milliequivalents/100 g 25.0 10.8 12.5 37.5
pH 7.6 5.2 7.7 7.2

1 Not available.

Table 5. Biodegradation parameters for TEG in the three soils at 25°C, 60% of the
moisture holding capacity, with static incubation in the dark for 62 days under aerobic

conditions.

Alberta Louisiana New Mexico

Dose, mg/kg 200 1000 200 1000 200 1000

Lag Period, d 3.7 4.4 13.1 1.9 2.4 13.1

Maximum Rate1,
mg CO2 /100g-d

2.56
±0.36

5.81
±0.29

0.42
±0.02

0.67
±0.03

2.03
±0.15

0.75
±0.02

Theoretical
Degradation, %

99.6 71.5 53.2 23.6 93.3 31.5

R2 for Regression 0.981 0.990 0.990 0.984 0.994 0.990
1Plus or minus the standard error.



Table 6. Biodegradation parameters for TEG in the three soils at 25°C, 60% of the
moisture holding capacity, with static incubation in the dark for 165 days under anaerobic

conditions.

Alberta Louisiana New Mexico

Lag Period, days 13.6 2.7 1.0

Maximum Rate 1,
mg CO2 /100g-d

1.59 

±0.06
0.20

±0.01
0.60

±0.03

Theoretical
Degradation, %

64.4 8.1 32.3

R2 for Regression 0.991 0.983 0.982
1Plus or minus the standard error.



Figure 1.  Gas chromatogram of rich glycol from Site 2.

Figure 2.  Gas chromatogram of lean glycol from Site 8.



Figure 3.  Gas chromatogram of rich glycol from Site 6.

Figure 4. Gas chromatogram of raw glycol from Site 3.



Figure 5.  Cumulative net carbon dioxide evolution for TEG at doses of 200 mg/kg
under aerobic conditions.

Figure 6. Cumulative net carbon dioxide evolution for TEG at doses of 1000 mg/kg
under aerobic conditions.



Figure 7. Cumulative net carbon dioxide evolution for TEG at doses of 1000 mg/kg
under anaerobic conditions.
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ABSTRACT

In the past, wastes derived from the natural gas-sweetening process have
been introduced to the environment by a variety of means. Research has been
conducted at a gas-processing plant in Alberta, Canada, where such contamination
is known to occur, the ultimate goal of which is to reduce the risk associated with
the site. The transport and fate of the contaminant material have been examined by
a variety of laboratory-based research activities, particularly with respect to
biodegradability and toxicity. A cost-effective bioremediation strategy has been
developed and implemented at the site. The primary component of the operation is
a demonstration-scale biopile. The effectiveness of the biopile has been evaluated
by collecting and analyzing soil and leachate before, during, and after its operation.
The results of these field-based research activities provide a framework upon
which cost-effective bioremediation strategies can be developed for other sites
where similar contamination has occurred.



INTRODUCTION
Alkanolamines are commonly used by the natural gas industry to remove

hydrogen sulfide and other acid gases from the natural gas stream. Wastes from the
acid gas removal process (also known as “sweetening”operations) include spent
alkanolamines and sludges that accumulate in the process units. In the past,
alkanolamines and their associated wastes have been introduced to the
environment by means of on-site management practices and spills. In 1994, the
Energy & Environmental Research Center (EERC) initiated a three-phase research
program designed to investigate the natural attenuation processes that control the
subsurface transport and fate of monoethanolamine (MEA), the most commonly
used alkanolamine in Canada, and to apply the results toward developing a strategy
for the remediation of alkanolamine-related contamination in soils. The intention
of the research program is to provide the natural gas industry with data and insights
that will enable it to 1) significantly improve the assessment of subsurface
alkanolamine-related contamination at sites where it is known or suspected to
occur and 2) make soundly based decisions concerning the remediation of that
contamination. Funding for the MEA research program was provided by the
Canadian Association of Petroleum Producers (CAPP), Canadian Occidental
Petroleum Ltd. (CanOxy), the U.S. Department of Energy (DOE), Gas Research
Institute (GRI), Environment Canada, and the National Energy Board of Canada.

Experimental activities conducted during Phase I examined interactions
between MEA and sediment, the biodegradability of MEA in soils at various
concentrations and temperatures, and the biodegradability of MEA sludge
contamination in a soil slurry bioreactor. Phase II activities included evaluating the
effectiveness of landfarming for removing contaminants and toxicity from MEA-
contaminated soil from the Okotoks sour gas plant site. While the laboratory-scale
landfarming successfully removed much of the contamination, including toxicity
determined by Microtox, considerable toxicity, determined on the basis of root
elongation, seed emergence, and earthworm survival, was observed in the
remaining material. A second round of root elongation and seed emergence
toxicity testing on soil from one of the landfarms indicated that the toxic
component of the contamination is water soluble. This suggests that the toxic
fraction of MEA-related soil contamination may be concentrated in leachate
generated during bioremediation. Based on the toxicity data, landfarming may not
be the most desirable bioremediation technique, from a regulatory standpoint.
However, a system that is designed with a leachate collection system, such as an
engineered biopile, may be a viable and effective alternative to landfarming. The
biodegradation of the contaminated material in a biopile would be expected to be
very similar to that in a landfarming cell, and leachate could easily be collected for
further abiotic treatment or disposal. The use of engineered biopiles for the
bioremediation of  sludges and contaminated soils is widely practiced in the oil and
gas industry as an inexpensive and effective means of removing contaminants.
Based on the results of Phases I and II of the MEA research project, the operation
of an engineered biopile appears to be a logical and economically viable method
for the bioremediation of alkanolamine sludge-contaminated soil.



The presently inactive Okotoks sour gas-processing plant in Alberta,
Canada, owned by Canadian Occidental Petroleum Ltd., was the source of samples
and field data for Phases I and II and was selected to be the location for the Phase
III field-based efforts The construction and operation of the engineered biopile at
the Okotoks site was initiated in the summer of 1998.

OBJECTIVE
The objective of the research described in this paper is to provide the

natural gas industry with "real world" data and insights developed under field
conditions regarding the effective and environmentally sound use of an engineered
biopile for the bioremediation of soil contaminated with amine-related wastes.

NATURE OF MEA-ASSOCIATED WASTE
MATERIAL AT OKOTOKS

Extensive site assessment activities performed at the decommissioned
Okotoks sour gas-processing plant prior to the EERC investigation indicated the
presence of MEA-related subsurface contamination in the area of reclaimed pits
that had been used for disposal of gas-sweetening wastes. The four sludge disposal
pits were constructed sequentially from 1967 to 1974. By the time the pits were
closed in 1984, they contained an estimated 2000 to 3000 barrels of liquid MEA
process waste. The liquid and sludge contents of the pits were removed and the
liquids injected into the site's saltwater disposal well, while the sludges were
spread on the firebreaks around the plant and on the sulfur basepad. The pits were
then backfilled and reclaimed. The conclusion that the contamination at the site
was MEA-related was based on elevated ammonia and total Kjeldahl nitrogen
(TKN) concentrations detected in soils and groundwater in the area of the pits.
Indications of MEA-related subsurface contamination were also present in the area
of the sulfur block where sludges had been spread, as well as the area of the plant
where MEA was unloaded and stored for use.

Samples of sludge-contacted sediment were collected from the bottom of
one of the former MEA disposal pits. In addition to these samples, four extracts
from toxicity tests on contaminated material from the site were also characterized.
Qualitative gas chromatography–mass spectroscopy (GC–MS) analysis of
methylene chloride extracts of the sludgelike material from the MEA pit revealed
the presence of numerous organic compounds, including naphthalene, C2-
naphthalenes, dibenzothiophene, and a significant amount of N-(hydroxyethyl)
imidazolidone (HEI), an MEA thermal oxidative (T/O) reaction product.
Additional compounds were tentatively identified as benzothiazole,
methylthiophenes, and methylbenzothiophenes. Table 1 lists significant analytical
results. The MEA pit soil toxicity test extracts were also analyzed qualitatively by
GC–MS and quantitatively by ion chromatography (IC). The GC–MS analyses
indicated the presence of MEA, at least one T/O reaction product N-(hydroxyethyl)



imidazolidone (HEI), and organosulfur compounds, including several (tentatively
identified) thiophenes, and the IC analysis detected an MEA concentration of
approximately 300 mg/L.

BIOPILE DESIGN AND OPERATION

The biopile containment cell measures 40 m long by 10 m wide by 1.5 m
deep. Above a 25-mil reinforced polyethylene (RPE) liner is a thin layer of crushed
gravel. Filter fabric caps the gravel layer and lies directly beneath the treatment
soils. The soil layer is gently mounded and enclosed by a 25-mil RPE cover.
Figure 1 is a map view of the biopile showing the layout of the irrigation and
aeration systems, leachate sump unit, leachate collection tank, air blower unit,
electrical supply, freshwater supply tank, and water-pumping system. Figure 2 is a
cross-sectional view of the biopile.

Approximately 450 m3 of treatment soils and 50 m3 of straw are housed
within the constructed cell.  Soil additives include calcium chloride (CaCl2) as well
as 10–34–00 (% nitrogen–phosphorus–potassium) liquid fertilizer (.2036 kg).
Straw was added to act as a bulking agent, thereby increasing the porosity and
permeability of the biopile. The addition of CaCl2 effectively increases the
permeability of the soil, thus allowing water to move more easily through the
biopile. Fertilizer was added as a nutrient source for the microbial population to
improve the biodegradation rate.

Aeration, irrigation, and a leachate collection system define the dynamic
components of the structure. Aeration is performed to supply oxygen to the
microbial population, which in turn enhances biodegradation. The aeration system
is one large air vent (100-mm perforated PVC pipe) and four equally spaced flow
ducts (50-mm perforated pipe) that run the entire 40-m length.  The flow ducts are
powered by an external 454 blower unit. Adequate soil moisture is also necessary
to obtain appropriate microbial activity, although if the soil is saturated or nearly
so, aeration will be inhibited. Therefore, water will be periodically added to the
biopile using an irrigation system. The timing and amount of water application will
be determined by soil moisture measurements be taken on a weekly basis. The
irrigation system comprises five semipermeable hoses, equally spaced, which also
run the full length of the structure. The hoses are fed by an external freshwater
supply (2000 imperial gallons), powered by a water-pumping system. The results
of the toxicity evaluations conducted as part of the Phase II activities indicated that
the toxic fraction of the soil contamination is water soluble, and therefore
collection of the leachate generated during biopile operation is necessary. Leachate
is collected by a sump unit housed directly below the crushed gravel layer and
temporarily stored in a reinforced external tank (2000 imperial gallons). For the
Okotoks site, leachate is disposed in an injection well located on-site.



SAMPLING AND ANALYSIS

Upon completion of biopile construction and immediately prior to the
beginning of active operation (wetting and aeration), samples of biopile material
were collected for baseline analyses. A composite sample was submitted to a
commercial laboratory in Calgary for the following analyses: hydrometer sediment
size analysis, salinity, pH, conductivity, sodium adsorption ratio, bulk density,
moisture, soluble salts, soil organics, and metals. The results of these analyses are
given in Table 2. Separate samples were also collected and analyzed for TKN,
ammonia, and total organic carbon (TOC) (Table 3).

Once the wetting and aeration operations begin, the project work plan calls
for soil samples to be collected on a biweekly basis. The biopile has been divided
into eight sections, and the biweekly soil samples will be collected from three
randomly selected sections during each sampling event. One sample each will be
taken from the upper 60 cm and the lower 60 cm of each biopile section. The
biweekly samples will be analyzed for TKN, ammonia, and TOC, which are
considered the key soil character parameters for evaluating the general activity of
the biopile over the course of the study period. As of September 25, 1998, data
from only three sampling events were available. The TKN, ammonia, and TOC
results from those samples are presented in Table 3.

Three thermocouples were also placed inside the biopile to monitor
temperature on a regular basis. Soil moisture will be measured biweekly to
determine the frequency of wetting. Samples of leachate generated during the
operation of the biopile were scheduled to be collected after the first week of
operation (August 1998), just prior to winter shutdown (late October 1998), after
spring start-up (April 1999), and finally at the close of the field-based operations
(June or July 1999). The results of the analyses of the first leachate sample are
presented in Table 4. Toxicity tests will be conducted on samples of soil and
leachate collected at the beginning and end of the biopile operation.

CONCLUSIONS
Lab analysis confirmed biological activity within the biopile. Based on

changes in respective concentrations of ammonia, organic carbon, and total
Kjeldahl nitrogen (TKN), it appears that amines are being removed from the soil.
Lab results showing precise changes in the concentrations of amines and other
related compounds are pending.



Table 1. Components in MEA sludge disposal pit sample.
Parameter Concentration
MEA 300 mg/kg
DEA 971 mg/kg
Total Kjedahl Nitrogen 1.6 wt%
Ammonia 236 mg/L
Nitrite 71 mg /L
Nitrate 1240 mg/L
HEI, Naphthalenes, Thiophenes Identified, not quantitated

Table 2. Composite  Sample Analysis.
Hydrometer Sed. Analysis Soil Organics
Sand (%) 34.3  Oil, Dean Stark (%) 0.12
Silt (%) 28.6
Clay (%) 37.1
Particle Size: Clay loam

Salinity Elemental Composition (mg/kg)
pH 7.3 Arsenic 5.8
Conductivity (dS/m) 7.37 Barium 196
Saturation (%) 53 Beryllium 0.559
Sodium Adsorption Ratio 2.9 Cadmium 0.522

Chromium 15.5
Physical Cobalt 6.9
Bulk Density (gm/cc) 1.44 Copper 18
Moisture Weight (%) 16.9 Lead 11.5

Mercury 0.03
Soluble Salts Molybdenum 0.38
Calcium (mg/kg) 398 Nickel 21.6
Magnesium (mg/kg) 111 Selenium 1.13
Sodium (mg/kg) 183 Thallium 0.4
Potassium (mg/kg) 214 Vanadium 19.1
Sulphate-S (mg/kg) 110 Zinc 69.8
Chloride (mg/kg) 587

Table 3. Concentrations of key parameters for evaluating activity of the biopile
(mg/kg).

NH3-N NH3-N NO2 and NO3 NO2 and NO3 TOC TOC
Date Upper Grid Lower Grid Upper Grid Lower Grid Upper Grid Lower Grid
7/24/98 478.00 482.00 133.33 146.73 3.14 2.57
8/14/98 2053.33 1586.67 71.30 25.80 2.62 2.44
9/11/98 230.67 187.33 250.93 50.23 2.16 2.41



Table 4. Results of analysis of initial leachate.
Parameter Value
pH 8.04
Conductivity (µS/cm) 12,200
Total Kjeldahl N (mg/L) 3160
Ammonia-N (mg/L) 721
NO2 and NO3-N (mg/L) 1.11
COD (mg/L) 122



Figure 1. Map view of Okotoks biopile.
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Figure 2. Cross-sectional view of Okotoks biopile.
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ABSTRACT

The treatment and disposal of water produced in conjunction with oil and natural gas can be
economically achieved in regions where climatic conditions promote the coupling of the natural
processes of freeze-crystallization and evaporation.  Research sponsored by Amoco Production
Company, the US Department of Energy, the Gas Research Institute and McMurry Oil Company has
been conducted since 1992 to develop a commercially economic natural freeze-thaw/evaporation
(FTE) purification process for produced waters.

Initial research involved numerical modeling of the process and its economics, as well as
laboratory simulation of the process.  The results of these efforts indicated that the process was
technically feasible and potentially economic.  To confirm the commercial economic potential of
the FTE process, a field-evaluation was conducted from the fall of 1995 through the fall of 1997 in
the San Juan Basin of New Mexico, treating water produced from coal bed methane wells.  An



existing evaporative produced water disposal facility operated by Amoco Production Company was
modified for the field-evaluation.  The results of the evaluation confirmed the technical and
economic feasibility of the FTE process.  During the winter of 1996-97, 8,000 bbl of produced
water with total dissolved solids (TDS) concentrations of 12,000 mg/L were processed.  The net
result was an 80 percent reduction in the volume of water requiring disposal.  Only 1,612 bbl of the
original produced water volume remained with a final TDS concentration of 44,900 mg/L; the
remainder having been either evaporated or purified to a level of 1,010 mg/L TDS.

Based upon the successful field-evaluation of the FTE process in the San Juan Basin of New
Mexico, efforts directed toward commercial deployment of the process in the San Juan Basin and in
the Greater Green River Basin of Wyoming are currently in progress.  This paper provides the
current status of the commercial-deployment of the process in these two regions.



INTRODUCTION

Produced water occurs in substantial quantities during the production of natural gas and oil.
Because it must be disposed of or treated, production costs rise.  High produced water treatment and
disposal costs can make production of oil and gas from economically marginal sources unattractive.
Produced water disposal costs are a particularly significant economic factor in coal bed methane
production.

Produced waters have been commonly disposed of by deep well injection or evaporation.
Deep well injection is becoming more costly and more difficult to permit, and evaporation is not
effective during winter months in colder climates. Therefore, alternative technologies such as the
freeze-thaw evaporation (FTE) process have gained increased interest for economically improved
produced water disposal. The FTE

 process couples warm weather evaporation with freezing during
the winter months to provide a lower cost option for produced water management.

Since 1992, research to develop a commercial, natural freeze-thaw/evaporation purification
process for produced water has been sponsored by the McMurry Oil Company, Amoco Production
Company, the Gas Research Institute and the US Department of Energy.  B.C. Technologies, Ltd.
and the University of North Dakota Energy and Environmental Research Center have been
successfully testing an automated produced water treatment and disposal facility that uses the FTE

process since the winter of 1995. The FTE process test was carried out in the San Juan Basin of
northwestern New Mexico at a conventional evaporation facility associated with coalbed methane
production operated by the Amoco Production Company. A commercial deployment of the process
is currently underway in the Jonah field of Wyoming in conjunction with McMurry Oil Company.

FTE PROCESS DESIGN

The basic concepts of the FTE process are simple and can easily be applied. Figure 1 is a
schematic of the FTE process.  It shows that produced water is initially stored in the feed water
holding pond and is pumped to the freezing pad when the ambient air temperature is below 32oF,
where it is sprayed or dripped onto a pad to create an ice pile.  During sub-freezing conditions,
unfrozen water which runs off the ice pile has elevated concentrations of chemical constituents
compared to the feed water. Runoff from the ice pile can be diverted to brine storage or back to the
feed water storage for recycle. When temperatures promote melting or thawing, the runoff from the
melting ice pile is highly purified water that can be diverted to a treated water storage facility for
later beneficial uses or surface discharge. No new wastes are generated by the FTE process. Under
suitable conditions, the FTE process can be applied throughout the Rocky Mountain region, the
northern Great Plains and Canada.

BENEFITS OF THE FTE PROCESS

Results from this research showed that there are many benefits from utilizing the FTE

process at a conventional evaporation facility.  The primary gain is in the positive financial impact



that can be expected from extended or enabled natural gas production resulting from the reduced cost
of produced water management when the FTE process is applied. A secondary benefit is that it
offers an economic alternative to deep well injection in locations where regulatory or geologic
constraints make deep well injection expensive. Finally, many producers in arid western states have
reported having to transport 50 to 90 percent more water over the winter months.  Inefficiency of
evaporation in the colder months results in on-site tanks and storage ponds reaching their capacity,
which calls for increased transportation of produced water and the outcome of increased handling of
produced water is higher produced water management costs.  Retrofitting an existing evaporation
facility for the FTE process increases the capacity of the facility in winter months, thus reducing
produced water management costs. The FTE process also offers the intangible benefit of providing
clean water that can be used by the public, landowners, and ranchers.

ADVANCEMENT OF FTE TOWARD
COMMERCIAL APPLICATION

Freeze-crystallization is a low-cost, energy-efficient method for purifying water and has been
shown to be effective in removing a wide variety of constituents from produced water.  Water
purification using natural conditions to promote freezing is an attractive process for the treatment of
produced water in areas where natural climatic conditions will promote freezing.  The climates of
New Mexico, Wyoming, Colorado, Montana, North Dakota and Canada appear to be well suited for
application of a naturally induced freeze-crystallization process.

In 1992, personnel of B.C. Technologies, Ltd. and the University of North Dakota’s Energy
and Environmental Research Center began a research program with the objective of commercially
developing the FTE process. This research, sponsored by Amoco Production Company, the US
Department of Energy, and the Gas Research Institute, is being conducted to evaluate the
effectiveness and commercial economics of the natural FTE

 process as a water treatment
technology.  Specifically, the objectives of this research are to develop a commercial FTE

 process
for the treatment and purification of water produced in conjunction with oil and natural gas.

The commercial-scale FTE
 field evaluation in New Mexico’s San Juan Basin was conducted

during the winters of 1995-96 and 1996-97 at Amoco’s Cahn/Schneider evaporation facility.  The
first year of the evaluation was moderately successful, in spite of one of the area’s warmest winters
on record.  During this period, 10,000 bbl of produced water was processed.  An ice pile
approximately 10 feet high was created and brine was separated from the ice.  Composite samples of
the ice and brine confirmed that the process is capable of producing clean ice and concentrated brine.
Considering these encouraging but limited results, the field evaluation was extended to the winter of
1996-97.

The project’s second year of operation was directed at four specific objectives.  The first of
these objectives was to retest the FTE process under conditions that would be more representative
of a typical winter in the region.  The second objective was to isolate the freezing pad and provide a
smaller footprint for the FTE facility so that the process’ ability to increase the treatment and/or
disposal capacity of typical evaporation ponds in the area could be quantified.  The third objective
was to modify the FTE facility to allow for continuous, automatic operation and separation of FTE
 process products.  Finally, an investigation of evaporative performance, originally planned to be
completed the first year, was designed along with research efforts related to finding a beneficial and
economic use for the brine and/or solids produced form the brine.



Near-normal climatic conditions during 1996-97 in the San Juan Basin and the revised plant
design made a significant difference in the results.  During the 1996-97 winter evaluation period,
8,000 bbl of produced water with a TDS concentration of 12,800 mg/L were processed.  A total of 53
percent (4,237 bbl) of the feed water was classified as treated water with a TDS concentration of
1,010 mg/L, while 27 percent (2,160 bbl) of the feed was evaporated.  The net result was an 80
percent reduction in the volume of water requiring disposal.  Only 20 percent (1,612 bbl) of the
original produced water volume, having a final TDS concentration of 44,900 mg/L remained for
disposal. (See Tables 1 and 2, and Figures 2 and 3). Projected water treatment/disposal costs for this
application of the process for an owner operated facility handling an annual average of 1,000 bbl/day
were between $0.24 and $0.32/bbl.

CURRENT STATUS OF FTE DEPLOYMENT IN
THE SAN JUAN BASIN OF NEW MEXICO

An FTE field evaluation was successfully conducted in the San Juan Basin of New Mexico at
a conventional evaporation facility operated by Amoco Production Company from 1995 to 1997.
The design for a new facility is now completed and construction is expected to begin in 1999.  The
deployment operation is expected to take place in 1999-00. Figures 5 through 14 show the
development of the ice pile and the melt at the New Mexico FTE

 facility in the San Juan Basin.  

CURRENT STATUS OF FTE DEPLOYMENT
IN THE JONAH FIELD OF WYOMING

B.C. Technologies, Ltd., the University of North Dakota – EERC, and the Gas Research
Institute are currently involved in a commercial deployment in the Jonah field in the Greater Green
River Basin in southwestern Wyoming. In February 1998, the Wyoming Oil and Gas Conservation
Commission approved the FTE operation. Subsequently, freezing pads and spray equipment were
added to the existing evaporation facility operated by McMurry Oil Company.

Commercial deployment operation of the FTE
 process was initiated in Western Wyoming’s

Jonah Field at McMurry Oil Company’s evaporation facility on 2/27/98.  While the late start date
and unusually warm spring severely limited throughput to the freezing process, the FTE plant was
successfully operated at temperatures <-200F and treated water of a quality suitable for various uses
was produced.  This was encouraging considering a positive net production of ice was possible for
only two weeks of operation, climatic conditions did not allow for aging of the ice pile, and the feed
water was predominantly from “frac flow-back” which is more difficult to treat than conventional
produced water.

Tables 3, 4, and 5 list results from a suite of analyses performed on the treated water from
the FTE operation. During the summer of 1998, 25,000 bbl of water were evaporated. Since the ice
melt, the FTE

 facility has been operating in the evaporation mode and in spite of an unusually wet
summer, a net 23,500 bbl of water have been evaporated. Treated water and brine ponds are
scheduled to be added in the fall of 1998, and an FTE deployment freezing operation is planned for
the winter of 1998-99.  The creation of two ice piles in excess of forty feet in height is expected.
Figures 15 through 19 show the development of the ice pile and the melt at the Wyoming site in the
Jonah field.  Figures 20 – 23 show the freezing pads and the holding ponds during the summer at the
Jonah field.



The current cost of disposal at this field when the FTE process is utilized is approximately
$1.00/bbl, as opposed to the rate of $2.00/bbl for commercial disposal. The cost of disposal varies
according to the distance and weather conditions associated with the transportation costs to a
disposal site.

REGIONS OF APPLICABILITY DEPENDENT
ON TEMPERATURE AND HUMIDITY

The FTE process is well suited for much of North America.  The areas where the process
works especially well include the Rocky Mountains, the Northern Great Plains, and virtually all of
Canada.  In these same areas, treatment/disposal of produced waters is generally very expensive.

Numerical modeling results of the performance and economics of the FTE process in
northwestern Kansas and Wyoming’s Green River Basin can be compared to results obtained in New
Mexico’s San Juan Basin.  While these climates differ significantly, all are technically and
economically suitable environments for the FTE process.  New Mexico is best suited for
evaporation because of its warm, dry climate.  The Kansas climate is not as suitable as New Mexico
for evaporation, since Kansas has more annual precipitation and a lower average annual ambient
temperature.  Both conditions act to inhibit the evaporative disposal processes.  In Wyoming,
evaporation is ineffective for most of the year due to an ambient temperature that is typically below
freezing (32oF) at some time each day during nine months of the year.

The average number of annual hours below freezing and the average annual precipitation are
relative indicators for estimating how well the evaporation and freezing processes will perform in a
given climate.  The average freezing time for New Mexico is 1,390 hours, compared to 1,930 hours
for Kansas, and 3,830 hours for Wyoming.  Also, in New Mexico, the average annual precipitation is
8 inches, compared to 18 inches in Kansas and 9 inches in Wyoming.  Thus, the New Mexico climate
is best suited, the Kansas climate second best, and the Wyoming climate is the worst for evaporation.

Interestingly, the suitability of these climates for application of the freezing process is
reversed.  Wyoming is best suited, Kansas second best, and New Mexico is the least suited.  Figure 4
shows a throughput comparison of produced water management facilities with and without the
application of the FTE process and Tables 7 - 10 show comparisons of potential results from the
application of the FTE process.

CONCLUSIONS

In conclusion, the FTE process has a definite economic advantage over conventional
evaporation technology in climates with seasonal subfreezing ambient temperatures.  Since the
process requires essentially the same equipment as conventional evaporation, it allows more water to
be processed in an evaporation facility by operating at times of the year when evaporation is
ineffective.  The increase in treatment/disposal capacity that can be achieved by applying FTE in
each climate considered is strongly dependent upon the number of hours per year the ambient
temperature is below freezing.



The results of the second year of the FTE
 field evaluation treating coal bed methane in the

San Juan Basin of New Mexico clearly indicate that the process is technically feasible and capable of
producing high quality water suitable for a wide variety of beneficial uses.  In addition, the economics
of the process are better than those of conventional evaporative disposal in climates where
subfreezing temperatures occur.  Further, the produced water processing costs are significantly less
than current disposal options in two of the climates considered.  In New Mexico, the current disposal
cost for produced water at a commercial evaporation facility is in the range of $1.00/bbl and in
southwestern Wyoming, the current cost is over $2.00/bbl.  

Technically feasible and capable of processing high-quality water suitable for a wide variety of
beneficial uses, the FTE process could be applied to treating many oil and gas residuals such as
produced water, drilling fluids, and refinery or gas treatment plant wastewaters.  The process is also
suited for treating other wastewaters from municipal sources, industrial sources, defense plants and
bases, and food processing plants.  The treated water is suitable for use as a livestock water source or
for irrigation.  Other benefits of the FTE process include reduced water treatment/disposal costs for
increased production from depleted or economically marginal gas resources and lower costs in the
development of new coalbed methane reserves.  The FTEprocess also provides needed water in the
arid western US.

For more information about the Freeze-Thaw/Evaporation (FTE) Process, contact
any of the following individuals:

• John Harju, Gas Research Institute, 8600 West Bryn Mawr Ave., Chicago, IL  60631-3562.
Phone:  (773)-399-8198.  E-Mail:  jharju@gri.org

• John E. Boysen, B.C. Technologies, Ltd., 507 Ivinson St., Laramie, WY  82070.  Phone:  (307)-
742-5651.  E-Mail:  Error! Bookmark not defined.

• Ames Grisanti, University of North Dakota – EERC, 15 N. 23rd, Grand Forks, ND  58203.
Phone:  (701)-777-5158.  E-Mail:  Error! Bookmark not defined.

Interim results are available in the GRI Topical Report GRI-97/0081 “Evaluation of the
Freeze-Thaw/Evaporation Process for the Treatment of Produced Waters” and video tapes are
available as GRI-97/0309 “Introduction to the Freeze-Thaw/Evaporation Process.”

Table 1.  Quality of Process Streams – FTE Field Evaluation in
New Mexico’s San Juan Basin during the Winter of 1996-97.

Feed Treated Water Brine
TDS, mg/L 12,800 1,010 44,900

EC, µS 16,200 1,670 45,700
Total Alkalinity
(CaCO3), mg/L 9,380 700 35,550

% of Feed -- 52.9 20.1



Table 2.  Treated Water Quality – FTE Field Evaluation in New Mexico’s
 San Juan Basin during the winter of 1996-97.

T1-T10 T6-T10 T9 T10
% of TW Yield 100 50 10 10

TDS, mg/L 1,010 352 438 200
EC, µmhos 1,670 582 718 315

Total Alkalinity
(CaCO3), mg/L 700 243 289 124

VOCs and SVOCs Not Detected Not Detected Not Detected Not
Detected

Table 3.  Treated Water Quality – FTE Field Evaluation in the Jonah Field of
Wyoming during the Winter of 1997-98.  Inorganic Analysis Results Summary.

Parameter Feed Treated Water 1 Treated Water 2
TDS, mg/L 29,600 1,320 250
EC, µS/cm 40,000 2,380 498

Total Alkalinity
(CaCO3), mg/L 491 60.6 36.0

Table  4.  Treated Water Quality – FTE Field Evaluation in the Jonah Field of Wyoming during the
Winter of 1997-98.  Volatile Organic Analysis Results Summary.

Parameter Feed Treated Water 1 Treated Water 2

Benzene, µg/L 3,000 8 <5
Toluene, µg/L 6,100 11 <5

M, p-Xylene, µ
g/L

3,000 5.8 <5

Table  5.  Treated Water Quality – FTE Field Evaluation in the Jonah Field of Wyoming during the
Winter of 1997-98.  Base/Neutrals/Acids Analysis Results Summary.

Parameter Feed Treated Water 1 Treated Water 2
Phenol, µg/L 7,000 180 <10

2-Methylphenol, µg/L <1,000 19 <10
4-Methylphenol, µg/L <1,000 10 <10



Table 6.  Assumed FTE Plant Operation
* Includes Year Round Operation

Feed Capacity 1,000 bbl/day
Feed 12,800 ppm TDS
Brine 44,900 ppm TDS
TW 1,010 ppm TDS

Table 7.  FTE Annual Yields

Kansas New Mexico Wyoming
Treated Water, % 42 34 52
Evaporation, % 30 38 21

Brine, % 28 28 27

Table 8.  FTE Plant Footprints

Kansas New Mexico Wyoming
Produced Water Holding Pond, acres 1.6 1.2 1.0

Brine Evaporation Pond, acres 1.3 1.3 1.5
Freezing Pad, acres 0.8 0.6 1.0

Table 9.  FTE Plant Economics for Commercial and Owner Operated Facilities.
* Cost Data for Owner Operated Facilities in ( ).

Kansas New Mexico Wyoming
Total Installed
Capital Cost

$246,000-307,000
($246,000-307,000)

$224,000-280,000
($224,000-280,000)

$230,000-
287,000

($230,000-
287,000)

Annual Operating
Expense

$131,000-172,000
($50,000-71,000)

$130,000-170,000
($49,000-69,000)

$125,000-
165,000

($44,700-
64,000)

Process Cost/bbl $0.47 – 0.61
($0.25 - 0.34)

$0.46 – 0.59
($0.24 - 0.32)

$0.45 – 0.58
($0.23 - .-0.31)

Table 10.  Increased Disposal Capacity by Using FTE (Annual Average)

Kansas New Mexico Wyoming
Without FTE, bbl/day-acre 156 213 139

With FTE, bbl/day-acre 270 323 285
% Increase 73 52 105



Figure 1.   Block Flow Diagram of the FTE Process

Figure 2.   Product Yield from the FTE Field Evaluation in New Mexico’s San Juan Basin during the Winter of
1996-97.



Figure 3.   TDS of Treated Water – FTE Field Evaluation in New Mexico’s San Juan Basin during the Winter of
1996 – 97.

Figure 4.   Throughput Comparison of Produced Water Management Facilities With and Without FTE.



Figure 5.   The San Juan Basin of New Mexico – Creation of the ice pile at San Juan Basin, December 1996.

Figure 6.   The San Juan Basin of New Mexico – Ice Pile, December 1996.



Figure 7.   The San Juan Basin of New Mexico – Early January 1997.

Figure 8.   The San Juan Basin of New Mexico – Mid-January 1997.



Figure 9.   The San Juan Basin of New Mexico – Mid-February 1997.

Figure 10.  The San Juan Basin of New Mexico – Late February 1997.



Figure 11.  The San Juan Basin of New Mexico – Early March 1997.

Figure 12.   The San Juan Basin of New Mexico – Intangible Benefit “Sunrise”.



Figure 13.   The San Juan Basin of New Mexico – Intangible Benefit “Sunset”.

Figure 14.   The San Juan Basin of New Mexico – Something to Remember.



Figure 15.   The Jonah Field of Wyoming -- Freezing Pads and Holding Pond, early March 1998.

Figure 16.  The Jonah Field of Wyoming – Ice formation after one week of operation, early March 1998.



Figure 17.   The Jonah Field of Wyoming  -- Ice formation after two months of operation, mid-March 1998.

Figure 18.   The Jonah Field of Wyoming – Ice Melt, late March 1998.



Figure 19.   The Jonah Field  of Wyoming – “What a Job!”



Figure 20.   The Jonah Field of Wyoming – Holding Pond, Summer 1998.

Figure 21.   The Jonah Field of Wyoming – Freezing Pad #1, Summer 1998.



Figure 22.   The Jonah Field of Wyoming  – Freezing Pad #2, Summer 1998.

Figure 23.  JF of WY – Site Power Supply, Summer 1998.



Development of Tier 1 Risk-Based Corrective Action
(RBCA) Tools for Application at Exploration and

Production Facilities
by George E. DeVaull*, George M. Deeley*, Curt C. Stanley*, and Wayne A. Hamilton§

*Equilon Enterprises LLC, Houston, Texas.
§Shell Exploration and Production Technology Company, Houston, Texas.

Abstract
Risk-Based Corrective Action (RBCA) is a standardized approach for site investigation and clean-up developed by
the American Society for Testing of Materials (ASTM) under ASTM E 1739-95 and ASTM PS 104-98.  In this
approach the goal of minimizing human health risk and impact to the environment is integrated into the corrective
action process and is closely tied to the selection of remedial action options. Both human health and ecological risk
are evaluated concurrently in the RBCA process. To date, RBCA has found wide application in the investigation and
selection of corrective action for leaking underground storage tank (UST) sites, primarily focused on releases of
gasoline, diesel fuel, heating oil, and other refined petroleum products. In addition, RBCA is widely used in
Brownfields and Voluntary Cleanup Programs and is just starting to be used in some RCRA and Superfund
applications. This paper discusses the features and current applications of the ASTM RBCA process, and an
American Petroleum Institute / Gas Research Institute -sponsored project which builds on the ASTM RBCA
methodology, but which is specifically tailored for application at terrestrial oil and gas exploration and production
facilities.

The RBCA process includes a tiered approach to site evaluation which begins generically at Tier 1 and proceeds to a
more site-specific assessment at higher tiers. The present project focuses on the methodology of a generic Tier 1
RBCA evaluation for the types of sites and chemicals most often encountered in oil and gas production operations.
Worksheets and spreadsheets have been prepared to streamline and expedite the assessment and decision-making
progress. These worksheets help guide the identification and quantification of potential exposure pathways,
consisting of possible chemical sources, applicable environmental transport pathways, and relevant receptors.
Potential source types and chemicals are directly related to prior and current operations at the site. Transport
pathways may include migration of chemicals through air, soil, ground water, and surface water. Potential receptors
can include humans as well as ecological receptors and environmental resources. These potential receptors are
evaluated based on both the existing and reasonable future land use. In application, the Tier 1 worksheets and
spreadsheets aid in first comprehensively identifying relevant exposure pathways, screening those identified
pathways against applicable criteria, and then help to narrow the scope of further assessment or clean-up to that
required to meet the original RBCA goal: reducing human health risk and impact to the environment to acceptable
levels.



Introduction

There are many reasons for assessing and remediating industrial sites, including sites which have a history of oil and
gas production and processing operations. On a site-by-site basis, these actions could follow from regulatory
requirements, voluntary action, or as a response to complaints or a lawsuit. Assessment and remediation may also
follow a recent spill or release, or may be carried out due to business-driven needs such as buying or selling land and
facilities, lease conditions, or a planned change in land use -- site redevelopment, for example.

Assessments can also be driven by the need to re-evaluate historical operations, and by the need to control present
and future business risk. While this evaluation can be done on a site-by-site basis, it may also be approached as a
generic evaluation of typical sites, operations, and activities.

Scope of the Problem
Over approximately the past twenty years, the goal of many regulatory-driven assessment and remediation programs
has been to reduce the amount of contaminants present at a given site, with the ultimate goal of achieving
background, or very low, standards-based criteria. The benefit of this “one-size-fits-all” approach is that it is
relatively easy to manage, and could easily be applied consistently from site to site. The problem is that it is often a
very inefficient use of available resources, including not only capital, but time and available expertise.

A major catalyst for recent changes in the existing typical “one-size-fits-all” US regulatory structure of site
assessment and remediation has been a realization of the tremendous numbers of sites backlogged in existing
programs, as indicated in Table 1, and the related long time periods -- many years -- which are commonly required in
completing action at these sites. The potential costs, including public funds, necessary to “clean up” these sites
within the existing, inflexible regulatory structure has also been a major stumbling block.

An alternative to managing release sites is with a risk-based approach, where human-health and ecological risk-based
analysis and decisions are integrated into the entire corrective action process. The benefits of the risk-based approach
are that each site is treated individually and that the remedial measures result in contamination levels or actions that
reduce the potential exposure to acceptable levels for the given site characteristics. Within groups of sites, this risk-
based approach focuses resources first on higher priority sites where action is most needed. Other sites are
addressed, but on a timetable commensurate with the actual risks posed by current site conditions.

A perceived problem with the risk assessment process has been its apparent complexity. The human health risk
assessment approach used in the CERCLA and RCRA regulatory programs is basically sound, but too often the
result of a specific site assessment is a long report which sometimes tends to obfuscate site problems, or a lack
thereof. The end result is a process that is less useful in focusing site decisions than might otherwise have been the
case. Additionally, there are occasions when these programs are applied so that risk assessments are conducted only
after the remedy selection is complete; this is obviously too late to integrate the risk assessment results into the
remedy selection process.  Finally, a major stumbling block to effective use of risk-based decision making in
previous programs has been that technical policy guidance was often not available on critical policy issues (i.e. land
use, institutional controls, etc.). These shortcomings are unfortunate, but addressable; a streamlined risk assessment
process should help lead to expedited solutions which are technically sound, which are acceptable to all participants,
which are actually used in aiding remediation decisions, and which, overall, make sense.

In this context, and with the motivation to better the site decision-making process, the ASTM Standard Guide E
1739-95, Risk-Based Corrective Action Applied at Petroleum Release Sites, was developed and approved by ASTM.
This ASTM Standard Guide provides a standardized approach to a risk based corrective action (RBCA) philosophy
and framework for site assessment and corrective action. This standard is a framework for site investigation and
clean-up in which the goal of minimizing human health risk and impact to the environment is integrated into the
corrective action process and is closely tied to the selection of remedial action options. The intent in developing this
ASTM RBCA standard was a desire, by many interested parties, to achieve better efficiency and technical
justification in handling sites where releases or spills of petroleum and associated chemicals have occurred.



The ASTM RBCA Standard Guide is a framework solution. This process is applicable for regulatory programs, but
is also useful where regulations are absent, as a decision and information management tool. The primary application
of ASTM E 1739-95 to date has been in investigation and selection of corrective action for leaking underground
storage tank (UST) sites, focusing on petroleum hydrocarbons, including primarily gasoline, diesel fuel, heating oil,
and other refined products. Much effort has been expended in fleshing out the ASTM RBCA framework in
implementing complete site-specific programs for practical application with UST sites (USEPA, 1995a).

Beyond the methodology and structure of the ASTM RBCA process, is the need to collect and organize information
in a way that maximizes the collection of useful information, minimizes the collection of unnecessary data, and
organizes the information in a way that streamlines and focuses the decision-making process. Hence the present
API/GRI -sponsored project, which dovetails with the ASTM RBCA methodology, but is being specifically tailored
for application at terrestrial oil and gas exploration and production sites and facilities. In many ways, this sites are
similar to downstream refined-petroleum sites, but with enough differences and unique features to warrant changes
and incremental improvements to the methods already developed for petroleum UST sites (DeVaull et al. 1995;
Connor, et al., 1995).

For many sound technical reasons (USEPA, 1995b), upstream oil and gas exploration and production sites have not
fallen into the existing programs of regulatory reporting required by the Federal CERCLA, RCRA, and other
programs, but there still is a need to constantly improve available methods and techniques for site assessment and
remediation. The ongoing activities at these types of sites can benefit from the structured method of analysis found in
RBCA, and the type of refinements already applied at other industrial sites. The present project is focused on
developing and customizing Tier 1 (discussed below) tools -- worksheets and spreadsheets -- for appreciation at
terrestrial upstream oil and gas exploration and production sites.

The Risk-Based Corrective Action Process
While many of the components of the RBCA process are similar to those already practiced currently under some
state and federal corrective action programs (site assessment, remedial measure selection, etc.), the  contrast in
philosophy underlying traditional approaches and the RBCA approach is quite different.

In the RBCA approach, decisions related to urgency of response, target cleanup levels, and remedial measures are
based on current and reasonable potential risks to human health and the environment. The approach incorporates
aspects of traditional risk assessment (derived from that practiced at CERCLA sites) directly into the corrective
action process. Decisions are dictated by current and probable future risks posed by a site, and the corrective action
goals are based on reducing these risks to some acceptable level. This may be achieved by reduction of contaminant
concentrations, but it may also involve reducing the potential of exposure through actions such as the application of
institutional controls, point-of-use water treatment, and the natural attenuation of contaminants.

Key features of the ASTM RBCA process include:

• Framework -- Provides a basic framework that can be modified for specific risk-based applications,
• Consistency -- Provides a consistent decision-making process,
• Classification Scheme -- Includes a mechanism which focuses response efforts where it is needed and which helps

direct the type and urgency of response,
• Tiered Approach -- Utilizes a three tiered approach with increasingly site-specific and sophisticated levels of

assessment where site conditions warrant; and
• Resource Effective -- Focuses monetary and human resources towards assessment and remedial measures on only

those sites, exposure pathways, and constituents of concern with remedial goals based on reducing risk to
acceptable levels.

• Stakeholder Involvement and Program Development – Developing a program requires participation and agreement
from key stakeholders.



The ASTM RBCA process is based on three tiers of possible activities, where the user begins at the first tier and then
progresses to higher tiers of evaluation, if warranted. By progressing through each tier, the activities of subsequent
tiers become more focused and efficient. A discussion of each tier appears below.

Risk Assessment and Exposure Assessment Activities

As mentioned, traditional risk assessment and exposure assessment activities are incorporated in the RBCA process.
A formal risk assessment need not be prepared for each site, and one need not be a risk assessment expert to manage
the RBCA process. A review of the basic risk assessment steps includes: (1) identify chemicals of concern, (2)
receptor identification, (3) exposure analysis, (4) dose-response analysis, (5) risk and sensitivity/uncertainty
quantification, and (6) risk management.

These basic activities are performed for all human health and ecological risk/exposure assessments, independent of
whether the site of concern is relatively small and simple, or large-scale and complex. The degree of complexity
required for these steps varies greatly depending on the goal of the assessment and complexity of the site and
surroundings. At the entry-level Tier 1 step of the RBCA process for similar sites, the risk assessment steps can be
quite generic, building on the similarities and generalizations possible within this group of similar sites.

Fate and Transport Activities

Exposure assessment involves quantifying the toxic constituent migration from source areas, along relevant transport
pathways, to a human or ecological receptor. A key part of this process is in identifying the relevant sources,
transport pathways, and receptors at a given site. A generic site conceptual model, as shown in Figure 1, aids this
process. The generic approach saves time and effort at the early screening stage of the RBCA process. At specific
sites, the various exposure pathways in Figure 1 are included in an evaluation only when they are complete along a
source-transport pathway-receptor route.

Within RBCA, the first-pass Tier 1 fate and transport assessment is first generically applied, using simple algebraic
expressions of exposure and cross-media transport. Simple, conservative fate and transport equations are again used
in Tier 2, with the addition of more site-specific parameters and physical data. More sophisticated models and
methods are reserved for the Tier 3 assessments, which are undertaken only when indicated by the simpler analyses.
Site monitoring data is used in conjunction with the modeling to calibrate and confirm the fate and transport
processes.

Classification Scheme

In Tier 1 (described below), sites are assigned a classification, or response action, based on information collected
from historical records, a visual inspection, and minimal site assessment data. The user is required to identify
contaminant sources, obvious environmental impacts (if any), the presence of potentially impacted humans and
environmental resources (e.g. workers, residents, water bodies, etc.), and potential significant transport pathways
(e.g. ground water flow, volatilization, etc.). Sites are classified in order to insure that resources are immediately
applied towards those sites posing the greatest threats to human health and environmental resources. In some state
regulatory programs, the classification process has been used to identify sites where agency oversight is not
necessary and the corrective action can be self-directed, or conducted under the oversight of licensed site
professionals.

Associated with each site classification is a prescribed response action to insure that human health and safety and
environmental resources are protected. These actions range from emergency response activities necessary for sites
posing short-term threats, to monitoring programs appropriate for those sites having a low potential for current or
future impacts. An abbreviated example of classification characteristics and possible response actions is included in
Table 2.

The classification scheme used in the ASTM RBCA Guide suggests a response at every site where a threat or
potential threat is identified. The response and the timetable for the response is commensurate with the risks to



human health and the environment posed by the site. The classification scheme maintains a gradation of response at a
particular site based on the risks at that site. Higher risks get quicker response while no site is neglected.

Site classification is an iterative process. Site classification can change as the RBCA process progresses, with
classification moving to either higher or lower levels depending on new information discovered at a site, on-going
site monitoring programs, or implemented interim corrective actions.

Tiered Evaluation

Another key feature of the ASTM RBCA process is a tiered approach to site evaluation. All tiers are equally
protective of human health and the environment. However, these tiers trade conservatism in site parameters against
the uncertainty in site conditions and exposure. The process starts generically and proceeds to become more site-
specific with higher tiers.

Tier 1

The first tier of the RBCA process, after classification, includes initial site assessment and development of a site
conceptual model. It also includes is a comparison of the measured peak (or statistical mean) chemical
concentrations on the site against generic evaluation criteria and generic screening-levels that may be incorporated
within a Tier 1 look-up table as Tier 1 risk-based screening levels (RBSLs). Example look-up tables are included in
both ASTM E 1739-95 and in ASTM PS 104-95 (but only as examples). The use of a table is conditional on the
applicability of the exposure pathway scenarios, exposure parameters, toxicity parameters, equations used, and
default input parameters to transport equations. As presented, the RBSL concentrations are derived according to
conservative USEPA risk assessment procedures (USEPA, 1990, 1991) and using representative generic site
parameters. If the generic and conservative Tier 1 RBSL values are exceeded, available corrective action options
include (1) cleaning-up the contaminant to the screening level, (2) removing the exposure pathway of concern, or (3)
obtaining and using site-specific information to develop Tier 2 Site-Specific Target Levels (SSTLs). A combination
of the three options, including interim corrective action, may also be applicable.

Ground water, soil, and vapor concentrations may be presented in a look-up table for a range of potential pathways,
exposure scenarios, and types of contaminant sources (e.g. gasoline, crude oil, etc.). The values in this table may be a
combination of health-risk-based screening levels, aesthetic (taste, odor, etc.) criteria, or ecologically-based criteria.
These values are applied consistently from site to site, but are intended to be “evergreen” in that they will change as
new methodologies and parameters are developed.

Selection of the applicable screening-level concentrations is dependent on exposure pathways and exposure scenario
definitions. Exposure pathways are only selected if they are relevant at a given site, or considered important in a
given geographical region.

Exposure scenarios in the Tier 1 evaluation are selected based on current or probable future land use, and beneficial
resource use. Land use is an important risk management decision, but allowing multiple land use categories, or a
reasonable time frame for switching categories where potential risks are identified, is an important decision in the
site evaluation process.

Tier 2 and Tier 3

The assumptions used in Tier 1 may not be appropriate and relevant with respect to site-specific conditions. Tiers 2
and 3 allow the user to determine site-specific target levels (SSTLs). As the name implies, more site specific
assessment information is required to develop Tier 2 clean-up levels. The decision to move from Tier 1 to Tier 2 or
from Tier 2 to Tier 3 involves determining the likelihood that the site-specific, higher tier target level that is
developed will give a large enough difference to warrant the additional cost of site assessment and analysis needed.
If the cost to meet the lower tier’s corrective action requirement is about the same or less than a higher tier
evaluation, then resources should be expended on meeting the lower tier’s requirements. It should be emphasized
that all three tiers are equally protective, but moving to higher tiers develops more realistic and cost effective



corrective action measures. On more complex sites, part of the solution may be addressed in Tier 1, while only the
chemicals and pathways identified in Tier 1 as needing more effort are addressed in higher tiers.

Tier 2 analyses most often tend to be consistent with the level of site characterization data available at many sites,
and Tier 3 often involves a significant increase in site-specific data requirements. Tier 2 analyses may involve the
use of screening-level predictive models coupled with site assessment and monitoring data. Sometimes Tier 2 site-
specific target levels are derived from the same equations used to calculate Tier 1 risk-based screening levels, except
that site-specific parameters are used in the calculations. At other sites, The Tier 2 analysis may involve applying
Tier 1 risk-based screening levels or SSTLs at more probable points of exposure. These points are often referred to
as “alternate points of compliance”, and may be physically located at property boundaries or the edge of areas where
access has been restricted by physical or institutional barriers. Tier 3 analyses often involve the use of complex
numerical models and probabilistic analyses.

RBCA Tools -- Worksheets and Spreadsheets

The ASTM E 1739-95 standard describes the philosophy and basic framework for a risk-based corrective action
process. It needs to be “customized” before application in a particular state, region, or class of sites. This
customization has already been accomplished in a number of states both within UST regulatory programs, and in
programs administered for a range of other types of sites (brownfield redevelopment, voluntary clean-up programs).

The present effort seeks to develop a Tier 1 RBCA implementation for the types of sites and chemicals often
encountered in oil and gas production operations. This includes development of worksheets and spreadsheets for
streamlining and expediting the assessment and decision-making process.

The developed worksheets currently include those for identification of potential relevant source types and chemicals;
checklists for receptors and beneficial uses of the site and surroundings; and tabulation of relevant site parameters.
Spreadsheets have been prepared which support calculation of Tier 1 screening levels. Calculation of screening
levels for crude oil as a mixture is implemented in a manner consistent with the Total Petroleum Hydrocarbon
Working Group procedures (Gustafson, et al., 1997; Edwards, et al., 1997).

Further development continues for screening of produced water (sodium chloride), metals, and other selected
chemicals relevant in upstream oil and gas operations. Evaluation of ecological receptors will be included, consistent
with current USEPA guidance.

The results of the current effort will be available for application at specific sites, or for generic analysis of
exploration and production operations -- drilling mud disposal, or crude oil land treatment, for example. Future plans
may include codifying the results of the current project as a stand-alone computer-based application.
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____________________________

Table 1. Total numbers of sites in, or awaiting, remediation in various regulatory programs and under administration
of various government agencies [from USEPA, “Cleaning Up the Nation’s Waste Sites (July 1997)].

Underground Storage Tank Sites 165 000 sites
RCRA Corrective Action Program 3 000 facilities
CERCLA Superfund Program 550 sites (non-federal)
Department of Defense 8 300 sites (at 2 000 installations)
Department of Energy 10 500 sites (at 137 installations)
Other Federal Agencies 700 facilities
States 700 facilities
Brownfields 450 000 sites
____________________________

Table 2. Example of RBCA Classification Scheme
Class Possible Site Characteristic Response

Level
Possible Response Action

1 detection of flammable vapors in a
subsurface utility corridor

immediate
action

abatement measure

2 impacted groundwater, no
downgradient potable water wells
within two years travel time from the
dissolved plume

medium
term
response

initiate monitoring/ assessment
evaluate need for remedial action

4 no demonstrable current or future
threat

no action site closure

____________________________



Figure 1. Exposure Scenario Evaluation Flowchart. Modified from ASTM E 1739-95.
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ABSTRACT

Formation waters that are extracted simultaneously with gas during production
operations are often high in total dissolved solids (TDS).  TDS ions can be acutely or
chronically toxic to laboratory test organisms used in whole effluent toxicity (WET)
testing.  Because traditional toxicity identification evaluation (TIE) methods are often
ineffective in isolating toxicity due to TDS ions, the Gas Research Institute (GRI)
initiated a study to quantify the relationship between ionic concentration and survival of
three common marine test organisms: mysid shrimp, sheepshead minnow, and inland
silverside minnow.  The logistic models developed from this research were incorporated
into a Windows-based computer program that allows the user to determine whether the
ionic concentrations of a produced water, or any effluent, are high enough to cause
toxicity in WET tests.  The program also calculates formulas to create synthetic or
“mock” effluents and the necessary salt additions to balance a saline effluent.



INTRODUCTION

Like most industries, the gas and oil industry uses water in numerous activities
and releases water as a secondary product in specific operations.  The greatest source of
water in the oil and gas industry is the formation water that is coproduced during
production operations.  In 1990, for example, 17.8 trillion ft3 of gas was produced from
271,855 wells, generating nearly 5.0x108 barrels (2.1x1010 gallons) of produced water
(1).  This does not include water produced in oil operations.  Although produced water
consists mainly of water from the underground reservoir, it can also include materials
added downhole, such as workover fluids, corrosion inhibitors, etc.  Produced water can
vary greatly in composition and salinity, depending on the type of production operation,
geologic source of water, and the treatment of water once brought to the surface.

Produced water may be concentrated brine several times the salinity of seawater,
or it may be relatively fresh water that is suitable for consumption by livestock (1).  In
general, produced water has total dissolved solids (TDS) concentrations higher than most
fresh or even marine surface waters.  Produced water TDS concentrations can vary from
2,000 to 200,000 mg/L; natural seawater is about 32,000 to 35,000 mg/L.  Typically, the
predominant cation and anion in produced water and seawater are sodium and chloride,
respectively.  However, although chloride concentrations can sometimes reach 200,000
mg/L in produced water (2), bicarbonate was reported as the dominant anion in coalbed
methane-produced water from Colorado (3).

In the 1980s the Gas Research Institute (GRI) funded a series of studies at
coalbed methane sites in Alabama to quantify the impacts of produced water on
receiving streams (4).  These studies indicated that laboratory whole effluent toxicity
(WET) tests correlated well with instream investigations of macroinvertebrate
communities.  However, they also showed that produced water could have chloride
concentrations below state standards, but still be toxic.  This observation was confirmed
by other researchers (5).  Therefore, although chloride was historically used as a measure
of potential toxicity, chloride alone would not account for the effects of produced water;
it was suspected that other ions were also contributing to toxicity.  The toxicity of
individual ions, or TDS as a whole, may be due to osmotic stress or to specific actions by
certain ions.  Potassium, for example, is the major factor in establishing cell membrane
potential and minor alterations of potassium concentration in extracellular fluid can
produce major physiological changes.

Toxicity Identification Evaluations (TIEs) are typically used to systematically
identify the causative toxicants present and other complex mixtures (6,7).  However,
standard TIE procedures are usually not very effective in characterizing ion-specific
toxicity.  If Phase I TIE toxicity characterization fails to show any significant reduction
in toxicity following basic manipulations (e.g., pH adjustment, filtration, aeration, metal
chelation with EDTA, solid phase extraction), and conductivity or salinity is abnormally
high, then TDS toxicity is suspected.  Because toxicity associated with ions varies with
the ion in question and there was no quantifiable means of associating ion concentration
with organism response in WET tests, GRI initiated the Salinity Toxicity Relationship
(STR) programs to aid gas and oil producers in identifying effluent toxicity and meeting
National Pollutant Discharge Elimination System (NPDES) permit requirements.



The freshwater salinity toxicity relationship (FW STR) research program
examined the acute response of three common freshwater species (water fleas
[Ceriodaphnia dubia, Daphnia magna], and fathead minnow [Pimephales promelas]) to
exposure to different concentrations of seven common ions: sodium, potassium, calcium,
magnesium, chloride, sulfate, and bicarbonate.  Regression models were developed that
accurately predicted the survival of the three test organisms in any given concentration of
common ions.  The models were incorporated into a computer program, the GRI-FW
STR program.  This program has proven very effective in assessing produced water
toxicity and guiding decisions regarding produced water management (8,9).

After the success of the FW STR research, studies were initiated to evaluate the
toxicity of ions found in marine-discharged effluents to saltwater test species.  This
information was deemed important since an increasing number of NPDES permits issued
for discharges to the ocean were including toxicity limits.  The response of  marine
organisms to fluctuations in major ion levels is much more complex than that of
freshwater organisms.  Many marine organisms, having evolved in, or adapted to, high
TDS water, are physiologically dependent on a much higher (relative to freshwater)
salinity; therefore, adverse effects to marine organisms can occur at low, as well as high,
salinities.  Moreover, because the ionic composition of seawater is relatively constant
around the world, marine organisms are dependent on, or at least tolerate, the
concentrations of individual ions within seawater.  Thus, even at a total salinity that is
within their range of tolerance, marine organisms can be killed either by a deficiency or
an excess of individual ions.

Because of 1) the high, and often unbalanced (relative to seawater),
concentrations of ions that can be found at toxic levels in produced water and other
marine-discharged effluents, 2) the difficulty in identifying ion toxicity through
traditional TIE methods, and 3) the lack of a quantifiable relationship between ion levels
and acute toxicity to common saltwater WET organisms, the marine salinity toxicity
relationship (MSTR) research was initiated.  Several hundred 48-hour acute toxicity
studies were completed using mysid shrimp (Mysidopsis bahia), sheepshead minnow
(Cyprinodon variegatus), and inland silverside minnow (Menidia beryllina).  These three
species were exposed to laboratory solutions of artificial seawater where either the total
salinity was raised or lowered (all salts remained in relative proportion to each other) or
the concentration of a single ion was raised or lowered while maintaining salinity by
adjusting the concentration of sodium chloride (NaCl).  The ions studied were potassium
(K+), magnesium (Mg2+), calcium (Ca2+), strontium (Sr2+), sulfate (SO4

2-), bromide (Br-),
borate (B4O7

2-), and bicarbonate (HCO-).

Following the laboratory testing, three sets of models were developed to predict
organism survival.  The first set of models was based solely on salinity, without regard to
the concentration of individual ions.  The second set of models used ion molarity as the
independent variable.  Finally, a third set of models was developed that used ion activity
as the independent variable.  The ion activity was calculated by using a Chemical
Equilibration Model (CEM)  and modified Debye-Huckel equation that considered salt
precipitation and calculated new soluble ion concentrations.  The CEM is based on scale
formation models developed by Oddo and Tomson (10).



The GRI-MSTR computer program incorporates the regression models
developed during the MSTR research to allow the program user to predict survival of
WET test organisms when they are exposed to effluent of a given salinity or ion
concentration.  There are two additional features of the computer program that make it
useful to dischargers and laboratories attempting to identify the cause of WET.  The
program calculates recipes for preparing “mock” effluent, which is a laboratory-prepared
water that mimics the levels of ions present in the actual effluent.  If toxicity is due to
ions alone, toxicity of a mock effluent should be similar to toxicity of the actual effluent.
Finally, the program provides recipes for “balancing” the effluent so that all of the
common ions evaluated by the program are present at a ratio roughly equivalent to that
found in artificial seawater.  Balancing is accomplished by adding certain quantities of
reagent-grade salts to the effluent.

MATERIALS AND METHODS

Test Organisms

Test organisms were obtained either from in-house cultures at ENSR’s
Environmental Toxicology Laboratory in Houston, Texas, or from Aquatic Biosystems
(ABS) in Fort Collins, CO.  Mysid shrimp were from three to five days old at test
initiation; sheepshead minnows were from 24 to 96 hours old at test initiation; inland
silverside minnows were from 10 to 12 days old at test initiation.  Test species were
cultured at a temperature of 24 to 25°C in a laboratory saltwater mix at a salinity of 24 to
25‰ (parts per thousand).  Mysid shrimp young were removed from culture vessels
daily.  Eggs of both minnow species were removed from spawning tanks and incubated
until hatching in separate tanks.  The young of all species were fed Artemia nauplii until
they were used in testing.

Preparation of Test Solutions

Modified GP2 artificial seawater (11) was used as the base seawater solution
from which all test solutions were made.  The GP2 recipe was modified by substituting
sodium bromide (NaBr) for potassium bromide (KBr) (Table 1).  This modification was
used so that all salts would be based on either sodium or chloride.   For studies
examining changes in total salinity, all salts in GP2 were raised or lowered so that, while
the concentrations increased or decreased, the proportion of salts remained the same.
For studies examining the effects of individual ions, the concentration of an ion could be
raised or lowered accompanied only by changes in the two counter ions, Na+ and Cl-,
thus maintaining the salinity at or near 31λ.

Test Procedures

Toxicity tests generally followed USEPA procedures for conducting acute WET
tests (11).  For the total salinity tests, organisms were taken directly from the culture
water at approximately 25‰ and placed in test solutions.  For single ion studies
organisms were acclimated to the test solution salinity of 31‰ according to USEPA



acclimation procedures (11) before being placed into the test solutions.  Five organisms
were placed in each chamber. The exposure period was 48 hours, with daily observations
of mortality.  The criteria for death were no visible movement and no response to
prodding with a blunt probe.

Modeling

All data sets were divided into high and low concentration subsets.  For total
salinity data, for example, the low concentration subset included tests where the salinity
was less than approximately 31λ; the high concentration subset included tests where the
salinity was greater than approximately 31λ.  The low and high ion concentration subsets
were separated according to the concentration of ions found in artificial seawater (GP2,
see Table 1).  After successful logistic regression modeling of the subsets, the models
were combined (if appropriate) in a “two-tailed” (product) model.  For some ions there
was no significant mortality at very low concentrations and therefore only a “one-tailed”
model (representing toxicity only at high levels) was needed.  For the prediction of
organism survival based on single ion concentration, two sets of models existed, one
using molarity, the other using activity as calculated using the CEM and Debye-Huckel
equation.  For approximately half the ions, the activity models were better at predicting
organism survival; for the remainder, the molarity models were better (although usually
only slightly) or the same in predictive ability.  For the GRI-MSTRcomputer program,
the best models (either activity or molarity) were selected.  A more detailed discussion of
the test methods and models is provided in Pillard et al. (12).

RESULTS AND DISCUSSION

A substantial amount of information was generated during the MSTR research,
not only on the acute toxicity of ions but also on chronic effects, and the impacts of
acclimation on inland silverside minnow sensitivity.  It is beyond the scope of this paper
to provide an in-depth discussion of the results of the MSTR studies.  For a more
detailed description of the studies and an evaluation of results, please refer to  Pillard et
al. (7, 12, 13).

Salinity Models

Sheepshead minnow were the most tolerant of changes in salinity; some tests
demonstrated 100 percent survival in salinities ranging from 1 to 80λ, although some
mortality did occur when salinity exceeded 70λ.  Significant mortality of mysid shrimp
occurred when salinity dropped below approximately 5 to 7λ or went above 40λ.
Between 7 and 40λ, there was 100 percent survival of mysid shrimp.  Like the
sheepshead minnow, the inland silverside minnow survived well in very low salinity
water.  However, at salinities above that of seawater (approximately 31λ) mortality
increased.  No silverside minnows survived above 60λ.  The silverside minnow data
were also more variable than those for the other two test species.  The salinity data and
predictive models for the three species examined are shown in Figure 1.



Single Ion Models

In general, three toxicity patterns were observed for the eight ions tested: 1)
distinct toxicity occurring both at ion excess as well as deficiency; 2) distinct toxicity
occurring only when an ion was in excess; and 3) no toxicity over the range of ion
concentrations tested.  Bromide and strontium evoked little response from the test
organisms within the concentration range tested.  Only silverside minnows were
adversely affected by elevated test concentrations of strontium.

When present at excess levels, bicarbonate, borate, magnesium, and sulfate
generally caused some reduction in organism survival.  Bicarbonate molarity data
showed a great deal of variation, and the molarity models had low significance and high
deviation (indicating poor fit to the actual data).  However, when bicarbonate ion activity
was used as the independent variable (calculated using the CEM and Debye-Huckel
equation), the models greatly improved.  In fact, use of activity, rather than molarity, had
more impact on the bicarbonate models than any of the other ions.  This is because
soluble, bioavailable, bicarbonate is very sensitive to changes in the concentrations of
several ions and overall ionic strength, as well as test temperature and pH, all of which
are variables considered in the CEM.  Soluble sulfate can also be affected through
precipitation with cations (e.g., calcium), and the mysid shrimp model using sulfate
activity was substantially better than the model using sulfate molarity.  The LC50s
(concentration which causes 50 percent mortality in the test organisms) for all of the ions
are presented in Table 2 and demonstrate the effects of the pH of the test solution on
bicarbonate and calcium toxicity.    

Sulfate, within the range of concentrations tested, was not toxic to sheepshead
minnows and only slightly toxic to silverside minnows.  Sulfate did, however, cause
signficant mortality to mysid shrimp above approximately 0.175 molar.  Mysid shrimp
and silverside minnows were equally sensitive to borate.  Sheepshead minnows were less
sensitive to borate, and also showed less variation in their response.  Both silverside and
sheepshead minnows demonstrated similar sensitivity to magnesium; mysid shrimp were
more sensitive.

While some of the other ions appeared to have occasional, slight effects on
organism survival when present at very low concentrations, significant mortality was
consistently apparent at very low concentrations of calcium and potassium.  As a result,
the predictive models for these ions demonstrated a survival curve that generally began
low, rose to 100 percent survival within a given ion concentration, and then dropped to
zero percent survival at higher concentrations.

The GRI-MSTR™ Computer Program

GRI-MSTR™ software is a Windows™-based program that estimates the
potential acute toxicity of a produced water to mysid shrimp, sheepshead minnow, and
inland silverside minnow.  The program uses the salinity and single ion models described
above to allow the user to provide estimates of organism survival based on either 1) total
salinity or 2) ion concentration.  The salinity models were developed in toxicity tests
using a balanced artificial seawater solution.  In effluents, however, because the ions that



compose salinity can vary greatly (NaCl in one effluent; K2SO4 in another), the ion
models will generally produce a better estimate of organism response.  To use these
models, the computer program user must know the concentration of Na+, K+, Mg2+, Ca2+,
Sr2+, Cl-, SO4

2-, HCO3
-, B4O7

2-, and Br- in the effluent.

The GRI-MSTR™ computer program allows the user to enter and store several
sets of water quality and toxicity data (Figure 2).  For example, a discharger may want to
evaluate several effluents from multiple production platforms.  This can be done by
entering several Groups, and multiple Water ID’s in each group.  Date Sampled, Date
Tested and other descriptors can be added to allow the user to keep track of the effluents
being tested.  If available, the program user should also enter the actual effluent pH,
actual toxicity test temperature (usually 77°F or 25°C), and atmospheric pressure and
CO2 concentration.  These values are important since changes (especially to pH) can
dramatically affect the bioavailability of ions, and thus toxicity (see Table 2).

To obtain an estimate of organism survival in an effluent, the user either enters
the total measured salinity of the effluent or ion concentrations (Figure 3).  If
unavailable, some ion concentration data can be omitted.  However, lack of data may
result in a charge imbalance and could compromise the accuracy of the predictions.

Once the ion chemistry data (and toxicity data, if available) have been entered,
the program user can then view the converted ion concentrations and the activity for each
ion. (Figure 4).  The user may then view a bar graph that compares, for each of the three
test organisms, measured toxicity with the predicted toxicity based on salinity or ion
concentration (Figure 5).  Also available are the actual toxicity curves developed during
the MSTR research (Figure 6).  These figures illustrate a major difference between the
marine STRs and freshwater STRs.  For the latter, a single multiple regression model
was developed that incorporated all of the significant independent variables to predict
survival of each of the three freshwater species.  Such a model was not possible for the
marine research.  Instead the GRI-MSTR™ program user is provided with toxicity
estimates for each individual ion (or salinity).  By examining the program output, the
user must determine whether any of the ions are at concentrations that could be
influencing the toxicity of the produced water effluent.  In some cases, toxicity may be a
result of a combination of common ions (e.g., K+ and Ca2+) or a common ion and another
toxicant (e.g., Mg2+ and a nonpolar organic).  If it appears that toxicity may be caused by
common ions, mock effluent testing and ion balancing can be used to further refine the
TIE.

Mock Effluents and Ion Balancing

If TIE Phase I characterization fails to definitively isolate one or more toxicants
through toxicity reduction, and the MSTR models indicate that one or more ions may be
causing toxicity, a mock effluent study may be appropriate.  A mock, or synthetic
effluent, is prepared by spiking deionized laboratory water with ions (as sodium or
chloride salts) to equal the concentrations measured in the actual sample.  The
preparation of a mock effluent is facilitated by the GRI-MSTR™ program, which
provides the user with a recipe to make a mock effluent using reagent-grade salts (Figure
7).  The quantity of salts changes automatically when the volume of mock effluent
needed is adjusted.  If toxicity in the mock effluent sample is similar to toxicity in the



actual effluent samples, and to what is predicted by the MSTRs, then convincing
evidence is provided for common ion toxicity.  If mock effluent toxicity is less than what
is found in the effluent sample, then additional toxicity due to other constituents is
strongly indicated.

Even if all individual ion levels appear to be too low to cause toxicity, the
overall imbalance of the ion levels could still cause adverse effects.  To study this
possibility, the effluent (or mock effluent) may be spiked with additional salts in order to
adjust ion ratios to that of seawater.  If needed, the ion-adjusted effluent can then be
diluted with deionized water to lower the salinity to within tolerable limits of the test
organisms (Figure 8).   A more detailed discussion of how ion balancing can be used in
TIEs is provided by the Florida Department of Environmental Protection (14).

Once the program user has finished evaluating all of the effluents of concern, a
report can be printed out which provides details about each of the waters studied (Figure
9).  A separate report is produced for each water and can be combined with other
information from the program, such as figures, into a larger report detailing the analysis.

Benefits and Application of the GRI-MSTR Program

When a pattern of effluent toxicity is observed, regulatory authorities may
require the permittee to undertake TIE studies to determine the cause of toxicity.
Because of the wide variety of materials potentially responsible for toxicity, the types of
toxicity control strategies can vary widely as well.  For this reason, a detailed
understanding of the sources of toxicity in produced water is required.  The most
important use of the GRI-MSTR computer program will be a diagnostic tool to
differentiate salinity or single-ion toxicity from other toxic agents during a TIE.  The
GRI-MSTR program can be used along with more traditional TIE methods to identify
the toxicant, either as related to TDS ions or to eliminate the possibility of TDS ion
toxicity, when toxicity is caused by something else (e.g., downhole additives).  The GRI-
MSTR program will be a valuable tool for the oil and gas industry for several reasons,
including:

1. Effluents from other gas and oil-related industries that are discharged into the marine
environment may experience ion-related toxicity.

2. The evaluation of the sensitivity of marine test organisms to salinity may be very
important in allowing dischargers to change test organisms (this has occurred in
some freshwater dischargers).

3. Although some permits allow testing at a salinity well within the tolerance range of
marine test organisms, that may not be the case with all effluents.  Therefore,
toxicity information on salinity will be valuable to those dischargers having only
limited analytical information.

4. Because acute toxicity testing is a key element in TIEs, that salinity toxicity
relationships are essential in differentiating between ion toxicity and toxicity
associated with other constituents.

The GRI-MSTR computer program provides a means to conduct initial screens on
effluents to determine the likelihood of toxicity.  However, since the program includes
only single-ion models for eight different ions, it will not provide a single definitive



estimation of organism survival in a complex mixture as is provided by the GRI-FW
STR program.  It will, however, allow the user to “zero in” on the most likely
candidates for toxicity.  Moreover, the “Mock Effluent” and “Ion Balancing” sections of
the program can save time in completion of a TIE.  The diagnostic information derived
from the GRI-MSTR computer program can be valuable in determining the course of
action necessary to understand effluent toxicity and in proposing corrective actions for
bringing an effluent into compliance with NPDES WET requirements.

SUMMARY

WET tests are becoming standard additions to NPDES permits in many
industries which may discharge effluents with high concentrations of common ions.
Some of the new or revised permits contain provisions that may increase the likelihood
of toxicity in routine, compliance studies.  For example, in the proposed NPDES
discharge permit for oil and gas production in the outer continental shelf of the western
portion of the Gulf of Mexico (Permit Number GMG290000), the maximum critical
dilution is 17.55 percent, whereas in the older permit the maximum critical dilution was
3.13 percent.  A higher percentage of effluent in toxicity test treatments may increase the
likelihood that toxicity will be detected.

Ions such as potassium, calcium, and sulfate are likely to be present in many
effluents at some concentration, although the presence of these ions is no guarantee that
WET will occur.  However, the evidence is overwhelming that, when present at certain
concentrations (either too low or too high), common ions will cause adverse effects.
When toxicity does occur and it is necessary to identify the cause, traditional TIE
methods will generally be ineffective in isolating the toxicant if  adverse effects are
caused by common ions.  The GRI-MSTR computer program is not a panacea for
identifying ion-associated effluent toxicity, and should not be considered a stand-alone
TIE method, but it is a tool that can be used effectively with other TIE techniques.  The
combination of the GRI-MSTR program with other, proven TIE methods, may allow
dischargers, and their laboratories, to more efficiently isolate a toxicant, whether that
toxicant is a common ion or some other material.
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Table 1.  Modified GP2 synthetic seawater.

Compound USEPA GP2
Concentration (g/L)a

Modified GP2
Concentration (g/L)a

Molarity of Modified
GP2 Salts

NaCl 21.03 21.03 0.3598
Na2SO4 3.52 3.52 0.02478

KClb 0.61 0.665 0.00892
KBr 0.088 0 nac

NaBr 0 0.076 0.000739
Na2B4O7 0.018 0.018 0.000089
MgCl2 4.456 4.456 0.0468
CaCl2 0.997 0.997 0.00898
SrCl2 0.012 0.012 0.0000757

NaHCO3 0.17 0.17 0.00202
Total Salinity 30.9 30.9

a Unhydrated concentrations.
b The concentration of KCl was increased in the modified GP2 to compensate for
substituting NaBr for KBr.
c Not applicable since there is no KBr in the modified GP2 artificial seawater.



Table 2.  Single ion LC50s determined from molar concentration models for
three test species.

Ion Nominal Ion Excess
LC50 Determined from

Regression Models
(mg/L)a

Ion Excess LC50 from
CEMb at
pH = 8.1
 (mg/L)

Ion Excess LC50 from
CEMb at
pH = 8.2
(mg/L)

Mysid Shrimp
Bromide (Br-) 7990 7990 7990

Strontium (Sr2+) Nac na na
Bicarbonate (HCO3

-) 1090 94 118
Borate (B4O7

2+) 380 na na
Magnesium (Mg2+) 2650 2490 2490

Sulfate (SO4
2-) 16,710 15,000 15,000

Calcium (Ca2+) 1100 474 300
Potassium (K+) 790 790 790

Sheepshead Minnow
Bromide (Br-) Na na na

Strontium (Sr2+) na na na
Bicarbonate (HCO3

-) 1670 94 118
Borate (B4O7

2+) 450 450 450
Magnesium (Mg2+) 4740 4530 4530

Sulfate (SO4
2-) na na na

Calcium (Ca2+) 4410 543 343
Potassium (K+) 1210 1210 1210

Inland Silverside Minnow
Bromide (Br-) 18,300 18,300 18,300

Strontium (Sr2+) 210 200 200
Bicarbonate (HCO3

-) 670 94 118
Borate (B4O7

2+) 300 300 300
Magnesium (Mg2+) 2800 2630 2630

Sulfate (SO4
2-) 26,710 24,650 24,650

Calcium (Ca2+) 4610 547 345
Potassium (K+) 1100 1100 1100

a Mass concentration (mg/L) converted from molarity, which is the regression model
independent variable.
b CEM=Chemical Equilibration Model and considers complexation and precipitation of
salts.
c na =Not applicable because the model predicts that less than 50% of test organisms
would die at any of the test concentrations.
Note: Numbers in bold indicate the LC50 has changed from the pervious column.



Figure 1.  Salinity data and logistic regression model for a) mysid shrimp, b) sheepshead minnow,
and c) inland silverside minnow.



Figure 2.  Opening data-entry window of the GRI-MSTR computer program.

Figure 3.  Data entry window of the GRI-MSTR computer program.



Figure 4.  Data window showing equilibrated ion concentrations.

Figure 5.  Example of a comparison of measured (actual) survival of mysid shrimp (Mysidopsis
bahia) and predicted survival based on total salinity or individual ion concentration.



Figure 6.  Example of measured (actual) percent survival of mysid shrimp (Mysidopsis bahia) and
predicted survival based on the total salinity of the test solution.

Figure 7.  Mock effluent preparation window of the GRI-MSTR computer program.



Figure 8.  Ion balancing window of the GRI-MSTR computer program.

Figure 9.   Example report from the GRI-MSTR computer program.
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ABSTRACT

In 1995, the Gas Research Institute (GRI) developed the Natural Gas Industry
GRI CHEM-USE™ Database, Version 1.0 for natural gas industry technical staff to
rapidly identify and screen use of chemicals in specific applications and identify data
related to their use.  The CHEM-USE Database contains only chemicals used in the
natural gas industry as identified by industry users.

The database can help aid industry in chemical purchasing decisions and minimize
product testing.  The database contains physical property, safety and handling,
compatibility, toxicity, application, and ingredient data for each chemical product, where
available.  In addition, it addresses regulatory properties of all ingredients within the
chemical products.

The GRI CHEM-USE™ Database, Version 2.0 expands the original database,
increases user-friendliness, enhances searching capabilities, and improves product
information report quality.   This updated version is a Windows-based screening tool that
supplements the 150 corrosion inhibitors and biocides from Version 1.0 with over 800
downhole chemical products including viscosifiers, filtration and shale control agents, lost
circulation materials, and flocculants.   Data included in Version 2.0 were obtained through
an industry-wide survey of chemical usage, as well as through direct participation of major
downhole chemical suppliers.



INTRODUCTION

Applicability to the Natural Gas Industry

Chemicals are used in all facets of the natural gas industry (NGI), including
exploration, production, storage, and transmission.  As natural gas wells are developed,
chemicals are applied during drilling, fracturing, completion, and often throughout years
of service.  In addition, chemicals are applied in numerous locations within the network
of pipelines that ultimately connect the producers to the end users.  Overall, there is a
large and diverse group of chemical products being added to the system.

Given the widespread use of chemicals and the numerous chemical products
used, access to information about these chemicals and their use is important for the NGI.
In many instances chemicals are handled by NGI personnel and may come in contact
with the environment.  It is the responsibility of the NGI that consideration be given to
worker health and safety, applicable regulations, and environmental impacts regarding
the use of chemicals.  In addition, pollution prevention measures require an
understanding of all chemicals entering and exiting the various operations.

GRI CHEM-USE Database Program

GRI has an active research program targeted to address chemical use in the
NGI. The program is designed to determine the chemical products used within the NGI,
as well as the associated properties, applications, and effectiveness of the chemicals. The
strategy for this work was to develop the GRI CHEM-USE Database, through a multi-
stage process because of the variety of chemicals used by industry. Ultimately, the
program will consider chemical use at all stages of natural gas operations.  Once the
chemicals and wastes are identified, they can be characterized, and waste reduction
techniques can be considered.  The database is intended to simplify pollution prevention
efforts by identifying and cataloging NGI chemicals and their associated
physical/chemical and regulatory properties that result in NGI waste.

In 1995, the GRI CHEM-USE Database Version 1.0 was developed to compile
information identified through direct participation from the NGI.  The focus of this initial
version was biocides and corrosion inhibitors.   Feedback from NGI advisors to GRI
indicated that Version 1.0 was a valuable product for the industry and that additional
segments of NGI chemical use warranted evaluation.  The GRI CHEM-USE Database,
Version 2.0 updates and augments the 150 corrosion inhibitors and biocides from Version
1.0 with approximately 800 downhole chemical products (i.e., viscosifiers, filtration
control, shale control, lost circulation materials, flocculants, and related products).

Scope of Paper

This paper describes the development, utilization, and enhancements of the GRI
CHEM-USE Database, Version 2.0.  The objectives and technical approach for its
development are described.  The organization of the database is discussed including case



studies to guide the user through the most common search functions.  Potential benefits to
the gas industry are also discussed.

TECHNICAL APPROACH
Understanding the use and effectiveness of chemicals in NGI operations is

essential to ensure proper compliance with environmental regulations, and is an essential
component of pollution prevention initiatives.  Version 1.0 of the database was developed
to provide the NGI with a means to rapidly identify and screen the potential use of
chemicals in specific applications and identify data related to their use.  The objective of
this work was to develop enhancements to Version 1.0 of the GRI CHEM-USE
Database.  Version 2.0 enhancements included programming the database in Windows
format and expanding the product information, focusing on downhole chemicals used in
exploration and production.

Development of Version 2.0 consisted of efforts to compile the data, program the
database, and test and QA/QC the database operation and contents.

Data Gathering

NGI members were approached to provide chemical usage information to ensure
that the product data obtained were representative of the industry.  Product data on the
composition of chemical formulations were obtained from natural gas companies and
their major service companies.  The primary sources of information were Material Safety
Data Sheets (MSDSs) and company-specific product bulletins.  Product information was
also extracted from the Amoco Mud Database (1).  Other sources of information used in
preparing Version 2.0 are listed in the reference section (2-27).

System Programming

The GRI CHEM-USE Database, Version 1.0 was programmed in Clarion for
DOS.  Version 2.0 has been converted to Clarion for Windows, Version 4.0, and
compiled as a 16 bit application to accommodate the majority of user systems.  Clarion
was selected for constructing the database due to several features, which include:

• Compatibility with Windows 3.x, Windows 95, Windows 98 and Windows
NT;

• Convenience of an on-line help system;
• Availability of scrolling lists, hot keys, and navigation keystrokes;
• Production of 16 and 32 bit programs from the same project file;
• Generation of form reports summarizing search results; and
• Generation of small executable files, allowing Version 2.0 to be shipped on one

diskette.



Data Compilation

The data are stored in a relational database that includes files for chemical
products, ingredients, chemical applications and properties.  The database is compiled
into four distinct searches: Chemicals, Physical Properties, Regulatory Properties, and
Chemical Class.  Chemical data includes information about the chemical product name,
CAS number, ingredient concentrations, compatibility, application, safety, and
effectiveness, where available.  Physical property and regulatory data are available for
each chemical product or ingredient that contains a CAS number with associated
information.  The Chemical Class search generates the same information as the
Chemicals search, however it allows the user to search for a particular chemical type, if
the product name and/or CAS number is unknown.

System Testing

Program and data files were quality checked and reviewed prior to its
publication.  Internal testing was performed by ENSR and GRI.  External testing was
accomplished through the use of NGI member companies, GRI contractors, and
selected external representatives.  The respondents provided feedback regarding the
database structure, user-friendliness, and data accuracy.  Comments provided by the
industry were integrated into the final version.

DEVELOPMENT OF FUTURE VERSIONS
It is anticipated that future versions will add data on drilling mud formulations

(completion, stimulation, and workover chemicals); gas treating media and their
additives, as well as a variety of other chemicals used in the gas industry. Information in
previous versions will be updated with each new version.  Changes will be made to
accommodate new operating systems as required.  Further development of this database
will be based on its use and feedback obtained from the NGI.

SYSTEM REQUIREMENTS

The GRI CHEM-USE Database, Version 2.0 requires at least 8 megabytes of
free hard disk space, and approximately 4 megabytes of memory.  It can be run on an
IBM-compatible personal computer with an 80386 processor or higher, a 3.5-inch disk
drive, a mouse or compatible pointing device, and a printer.  The program runs under
Microsoft Windows Version 3.1 or later (including Windows 95, Windows 98 and
Windows NT, Windows NT4, and Windows NT5), and requires graphics display
compatible with Microsoft Windows Version 3.1 or later, such as VGA or SVGA.
Graphics quality is maximized with the color palette setting of High Color  (16 Bit).

It should be noted that the GRI CHEM-USE Database, Version 2.0 is fully Year
2000 ready because it does not store any date information.



VERSION 2.0 DATABASE

Database Organization and Case Studies

Database program structure is illustrated in Figure 1.  The database is organized
into four main "pathways" through the program: Browse Classes, Browse Chemicals,
Browse Physical Properties, and Browse Regulatory Properties.  Information included in
each file is discussed below.

Browse Classes

The Browse Classes file sorts all products in the database by their chemical class
(see Figure 2).  This screen displays a list of all chemical classes in the database.  In order
to perform a search of a particular chemical class, the user can choose the desired
category from the list, and click on the [+].  This displays all chemical products within
that category.  The user can then double click on the particular chemical product within
that category.

Once a desired chemical has been located, double clicking on the product displays
all available information in the database for the chemical (see Figure 3).  The data
displayed are categorized into distinct tabs: General, Physical Properties, Safety,
Tox./Misc., Applications, and Ingredients.   Double clicking on an ingredient, where
available, takes the user to the physical and regulatory properties of that ingredient.

Browse Chemicals

The Browse Chemicals file can be used to sort all chemicals in the database by
name, company or class (see Figures 4, 5 and 6).  The Browse Chemicals screen features
a scrolling list of chemical products in the database.  Selecting one of the “tabs” changes
the field used to sort the chemical products list.

The field used to sort the chemical products list is also used as a locator.  Typing
a few characters will scroll to the nearest match after each letter is typed.  For example, if
the list is sorted by Name, typing <t> <o> <l> will scroll the list to toluene. If the list is
sorted by Company, typing <k> <o> will scroll the list to Koch products. You can also
navigate the list with the cursor (arrow) keys or Page Up and Page Down.

Selection of the Class tab displays a “Show” menu that lists all chemical classes within
the database.  This pull-down menu allows you to select a chemical class to narrow the
database to only products that fall within the selected class.

Browse Physical Properties

The Browse Physical Properties file sorts all physical properties in the database
by name or CAS (see Figure 7).  This screen lists the entire physical properties database.
It works much like the Browse Chemicals screen, in that the sort order can be changed by
selecting a tab, and the sort field is used as an incremental locator.  For example, sorting



by CAS number and entering <1> <0> <8> <8> <8> or sorting by name and typing <t>
<o> <l> will move the list to records for toluene.   This information can also be accessed
at the ingredient level of the Browse Chemical search.

Browse Regulatory Properties

The Browse Regulatory Properties file sorts all regulatory properties in the
database by name or CAS (see Figure 8).  This screen lists the entire regulatory properties
database, and is searched in the same manner as the Browse Physical Properties option.

Help Section

A pull-down help file is available from the toolbar.  It includes a Table of
Contents that allows the user to link to relevant sections of the User’s Manual, a standard
Windows help guide, the GRI Legal Statement and Disclaimer, and Technical
Support resources.  Online help is also available by pressing <F1> at any time in the
program.

INDUSTRY BENEFITS
NGI members that are currently using the database have identified various

benefits produced by the tool.  The database identifies chemical use for similar
applications throughout the industry.  Therefore, the database has been shown to aid in
chemical purchasing decisions and decrease the need for extensive product testing.
Increasing the efficiency of this decision-making process will lead to direct economic
savings for the NGI.  The database also provides a ready source of information that
serves to facilitate the understanding of environmental hazards associated with chemical
use, and improve proper chemical handling.

CONCLUSION
This research program has resulted in the development of a screening tool that

contains information about the description, properties, and applications of approximately
950 product chemicals including viscosifiers, filtration and shale control agents, lost
circulation materials, and flocculants. The GRI CHEM-USE™ Database, Version 2.0
contains physical property, safety and handling, compatibility, toxicity, application, and
ingredient data for each chemical product, where available.  In addition, the database
provides physical and regulatory properties for the ingredients associated with a chemical
product.  The focus of this version is downhole chemicals.  Overall, Version 2.0 expanded
the original database, increased user-friendliness, enhanced searching capabilities, and
improved product information report quality.
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Figure 2. Browse Classes



Figure 3. Browse Product Details



Figure 4. Browse Chemicals by Name



Figure 5. Browse Chemicals by Company



Figure 6. Browse Chemicals by Class



Figure 7. Browse Physical Properties



Figure 8. Browse Regulatory Properties
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Successfnl Site closure at Two Manufactured Gas Plant Sites Using A Stabilization Approach by Mike Larson Montana Power Company

Mike Larson
Montana Power Company

Contaminants associated with two former manufactured gas plant (MGP) operations were identified at two sites in Montana. Following the general site
assessment guidance outlined in the Gas Research Institute’s Volume II, Management of Manufactured Gas Plant Sites (1996),  historical data and site
conditions were evaluated to determine the nature and extent of MGP impacts.

The MGP sites had similar waste categories including: (1) free tars; (2) heavy and light organic contaminated soils; and (3) mixed waste and fill. Benzene
and polynuclear aromatic hydrocarbons (PAHs) were the chemical constituents of primary concern. Soil and waste material was stabilized and excavated
in accordance with a Vohmtary Cleanup Application and Work Plan approved by the Montana Department of Enviromnental Quality. Health-based
remediation goals for PAHs and benzene were based on EPA’s Soil Screening Guidance: Technical Background Document (1996), for ingestion or
inhalation in the upper three foot interval and migration to groundwater criteria for the greater than 3 foot material. An on-site laboratory was equipped to
perform total benzene and rapid-PAH screening analysis.

The MGP material was successfully stabilized (meeting non-hazardous RCRA criteria) using a combination of lime materials, kiln dust, and clean fill
material. This paper presents the technical and regulatory approach used to cost effectively and efficiently remediate two MGP sites.
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History of the Helena and Butte
Manufactured Gas Plant Sites

Both facilities were in operation from about
1900 until 1933 with coal carbonization as the
main process for producing gas.

Other products included coke and tarry
substances for asphalt roofing material.

Upon closure of both MGPs in 1933, residual
coal tars and debris remained or were
deposited in on-site gas holder structures, tar
wells, and site soils.
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Project Overview

l Both former MGP sites are currently located at
active operational facilities.

l Montana Power used a stabilization approach
to treat MGP residual material coal tars and
PAH - impacted soils.

l Coal tars were characteristically hazardous for
benzene (> 0.5 mg/l) with carcinogenic PAH
levels ranging from 800 - 1350 mg/kg.

l The hazardous MGP residual material was
eated on-site and once stabilized, taken off-
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Site Information Summary

Locations:

Helena MGP Butte MGP

13 15 North Main St.

Helena, Montana
(Industrial)

843 Maryland Ave.

Butte, Montana
(Residential)

l MGP size: 1-2 acres each

l Medium textured soils with groundwater depth
at 35-50 below ground surface (bgs)

emedial Objective: Unrestricted Land Use
5



Site Information Summary

l Cleanup Goals were based on health risk -
based cleanup goals established as part of
MDEQ’s Voluntary Cleanup Program.

Helena MGP Cleanup Goal for total
carcinogenic PAHs:

mglkg

a

188

depth bgs (ft.)

0-5

540
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Site Assessment

l Contaminant categories were found rximarilv
u 1 d

in
-
-
-
-

fi’

MGP structures and site soils including:
- l  *

‘l’ars, oil
Organically contaminated soils
Purifier waste
Mixed waste/fill material

l NX chemical classes evaluated
- Volatile organic compounds
- Polynuclear aromatic hydrocarbons (PAHs)
- Phenolics
- Inorganic N and S
- Metals



Selected Remediation Method

Remedial Action used at both MGP sites:

l On-site in-situ stabilization

l On-site laboratory for “real time” analytical
confirmation

l Off-site landfilling with the option of
producing cold batch asphalt using recycling
approach

l Total amount of soil treated - 8,000 tons



Analytical Method

l On-site Photovac 10s Plus Gas
Chromatograph with CPSil5 CB column was
used to monitor total benzene concentration
(EPA SOP #2109)

l Replication sampling was performed with a
goal of achieving less than 10 mg/kg for
stabilized material

l Analysis Time - 20 minute turn around times
to determine benzene concentration for a

- - ockpiie (im than i0 cu.yis.) of stabiiized
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Remedial Strategy - Helena MGP

Gas holders (2) - stabilized coal tars

Risk based cleanup goals negotiated with
MDEQ under Montana Voluntary Cleanup
Program

Stabilized material screened for debris and size
fraction for non-hazardous landfilling disposal
or recycled cold batch asphalt

MPC received no further action letter from
MDEQ; semi-annual groundwater monitoring

-._e----
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Remedial Strategy - Butte MGP

l Gas Holder, Tar Well, and Site Soils Stabilized

l Cleanup goals based on Human Health
Criterias (EPA Soil Screening Levels, 1996)

l In-situ stabilization with off-site landfill
disposal

l No further action letter received from MDEQ:
quarterly groundwater monitoring required

11



MGP Stabilization Performance

Helena MGP Butte MGP

Date
Tons of Soil Treated
Source Material

Maximum Concentration
PAHs (total carcinogenic)

Benzene (TCLP)*

4,523 2,49 1
Coal Tars Coal Tars and

Site Soils

1,140 mg/kg 830 mglkg

22 mg/l 17 mg/l

*RCRA Regulatory limit: 0.5 mg/l
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On-Site* Stabilization Cost Elements

l Processing/Stabilization

l Sample Verification/Analytical (treated soil)

l Construction Management

l Health and Safety/Employee and Community
Awareness

l Agency Oversight

l Restoration

* Site assessment activities not included
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Off-Site Cost Elements

0 p~~~mdinn nf MTWQ ~nlimt2I-y Clemu~~1~t#~WL~ WA AVAU- - A WA* ww- ~.A.~---~

Application and Work Plan

l Transportation

l Disposal/Recycling

14



Project Costs

Item Helena MGP Butte MGP
Stabilization
Transportation
Confirmation Sampling/Analytical
Construction Management
Disposal
Miscellaneous Costs
(e.g., regulatory oversight)
Total Cost
Total Project Cost
Tons of Material Processed*
Remediated Cost Per Ton
Total Cost Per Ton Processed

$177,895 $132,576
45,223 9,967
34,649 28,414
23,944 8,700
91,920 50,480

7,537 5,027

$381,168 $235,164
$425,546 $243,540

4,523 2,49 1
$73 $89
$94 $98

*Includes stabilization, handling analytical, transport, and disposal
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Results

l Employee and Community Acceptance - Odor
control was biggest complaint area (less than five
complaints) for both remediation projects.

l Cost effective remediation (average $81 for each
ton processed)

l Time efficient cleanups - actual site work took less
than six weeks for each project.

l Environmental Protection and Compliance -
Montana Voluntary Cleanup program provided a

dmnkn for comAply& with all pertinentWU~~~A~~U~~A 4A w-a- - -- -

deral, state, county, and local regulations
lly Feasible - remediation projects
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Results

l Concentrations of both BTEX and PAHs
decreased during the stabilization process. The
decrease in BTEX is largely attributed to
volatilization whereas the decrease of PAHs is
likely due to a combination of volatilization and
dilution

l The on-site analytical laboratory provided very
rapid (less than 20 minute) turnaround times for
determining if benzene concentrations were less
than regulatory levels
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The Chemistry and Inhibition of NORM Scale
Deposition with Field Examples

John E. Oddo – Champion Technologies, Inc.
P.O. Box 450499  Houston, TX  77245-0499 USA

ABSTRACT

Some oil field scales have the potential to contain regulated levels of naturally
occurring radioactive materials (NORM), generally in the form of radium-226 and
radium-228. Scale is a solid or semi-solid material that precipitates in the gas or oil
production system due to temperature and pressure changes that occur during production,
or to the mixing of incompatible waters at some point either downhole or on the surface.

Although there are several common scales, barium sulfate, or barite, is almost
always the scale deposited when NORM activity is observed. Radium in the produced
water is incorporated into the crystal lattice of the growing barite crystal resulting in
NORM.

Scale deposition can generally be reduced or eliminated through the use of scale
inhibitors. Various scale inhibitors are used depending on the specific treatment methods
and produced water chemistries involved in a particular system. This paper discusses
basic NORM scale chemistry, methods to mitigate NORM scale deposition, and field
examples showing the implementation of those methods.



INTRODUCTION
As part of the introduction, it is appropriate to briefly describe the NORM problem

and some of the vocabulary involved.  Radioactive materials are categorized by the
United States Nuclear Regulatory Commission (NRC) by the amount of radiation they
are likely to produce, and hence, the potential hazard:

Special Nuclear Material - Uranium-233, Uranium enriched in Uranium-233, Uranium-
235, Plutonium and any other materials designated by the NRC except source materials.

By-Product Materials - Radioactive materials (except Special Nuclear Materials) that
are yielded radioactive by exposure to radiation incident to the process of producing
Special Nuclear Materials.

Source Material - Materials that contain uranium, thorium or any combination thereof
in excess of 0.05% by weight except Special Nuclear Material.

NORM - Naturally Occurring Radioactive Materials

NARM - Naturally or Accelerator Produced Radioactive Material

Not all NORM materials occur in the gas and oil fields.  Other NORM materials are
produced from uranium mining, fly ash, mineral and phosphate rock processing, etc.
Due to the high volumes, but low average activity of scale materials from the production
of hydrocarbons, it may not be prudent to include these wastes in the same category as
other NORM's.  The State of Texas has differentiated gas and oil field NORM wastes
from NORM materials produced from other sources.

The activity of NORM materials in soils, scales, etc. is commonly expressed in
picocuries of radiation per gram of soil, scale or other material.  A Curie (Ci) is defined
as 3.700 x 1010 disintegrations per second (dps) which is the number of dps from one
gram radium-226.  A picocurie, then, is one trillionth of the radioactivity of one gram of
radium-226.  Since most gas and oil field NORM is composed of radium co-precipitated
in scale, 2,000 picocuries/gram of soil or scale material has approximately two-billionths
of a gram of radium included.  The US EPA drinking water standard is 5 picocuries/l or
5 x 10-12 grams of radium-226/liter of drinking water.  Radiation due to scale material on
equipment or in pipes, separators, etc. is commonly expressed in terms of the human
body dose related unit, microrems/hour (µrems/hr.).

Chemically, radium is a metal cation with a charge of plus two (2+) and is slightly
mobile in the produced water.  Worldwide produced waters have from nil to a few
thousand picocuries/l of radioactivity due to radium-226 and radium-228. Consequently,
some oil field scales have the potential to contain regulated levels of NORM, generally
in the form of radium-226 and radium-228. Although, the concentration of radium in the
flowing brine is generally not high enough to be regulated, when concentrated in scale
deposits, radiation levels can be in excess of regulated limits.  Unlike most other
common scales, no economic method exists to chemically remove barium sulfate from
field equipment.  Furthermore, the scale often forms near or at the bottom of a well.  The
scale is usually removed by mechanical means.  This results in generated waste, lost
production, damaged or ruined equipment and downtime.  The recovery of solid NORM



scale materials leads to problems with storage and disposal of the regulated material.
Barium sulfate scale occurs during gas and oil production in many places throughout the
world and in the United States, including the Michigan Basin, the Gulf Coast, Oklahoma
and Alaska to name a few.

Mineral scales are deposited in wells and field production facilities due to the
temperature and pressure changes that occur during gas and oil recovery processes, or
due to the mixing of incompatible waters. Scale deposition in producing wells and
associated facilities negatively impacts rates of production and is expensive to treat and
remediate, regardless of the environmental regulations involved. The most common
NORM containing scale is barium sulfate, or barite.(1-3) Although the radionuclides
responsible for NORM in barium sulfate scales are radium-226 and radium-228, these
radionuclides do not precipitate directly, but are co-precipitated in the barium sulfate
scale causing the scale to be radioactive as in the following equation:

Ba2+ + Ra2+ +SO4
2- ⇒ Ba(Ra)SO4 (barite solid) (1)

The concentration of radium in the barite solid is always far less than the concentration
of barium.

BARITE (NORM) SCALE FORMATION

Inorganic scale forms due to the temperature and pressure changes that occur during
the production of oil and gas, or the mixing of incompatible waters, i. e. the mixing of
waters high in barium concentrations with those of high sulfate concentrations.

Hydrocarbons occur at some depth below the surface in reservoir rocks. Since the
rocks are buried beneath the surface, the temperatures and pressures in these rocks are
almost always higher than those at the surface. Wells that flow hydrocarbons and water
to the surface without the aid of pumps will have lower surface pressures and
temperatures than the reservoir rocks. If the reservoir water is near saturation with
respect to barium sulfate, the change in temperature and pressure may be sufficient to
precipitate barium sulfate scale in the production tubing or in the surface lines and
facilities. Generally, as the temperature decreases on the water, the solubility of barium
sulfate decreases and scaling tendency for barite scale increases (Figure 1). The same is
true for pressure, as the pressure decreases, the scaling tendency for barite increases
(Figure 2). Scale may not actually form in the production system at decreased
temperatures and pressures, but the tendency to form scale increases (see below).

Some wells produce hydrocarbons and water from more than one reservoir or zone in
the well. These reservoirs, though penetrated by only one well, may contain waters that
are incompatible with respect to dissolved salts and precipitate solids when mixed. If one
zone contains water with a high barium concentration and a second zone contains water
with a high sulfate concentration, barite will precipitate when the waters are mixed.

Often at the surface, waters from different wells are mixed in surface flowlines to
minimize the number of lines required to take the hydrocarbons and water to a central
processing facility. If wells in the field produce incompatible waters, scale can result in
these surface lines due to the mixing of the waters.



Another very serious cause of scale in hydrocarbon producing systems is the mixing
of incompatible waters due to waterfloods. As hydrocarbons and water are removed from
a reservoir, the pressure and water drive in the reservoir are reduced. Over time, the rates
of production decline to a point where it is beneficial to pump water back into the
reservoir in order to maintain the pressure and decrease the rate of decline of production.
If the water pumped into the reservoir is incompatible with the reservoir water, scale
deposition can result. This is especially true offshore where seawater is used as a flood
water. The sulfate concentration of seawater is about 2700 ppm. Due to the mixing that
occurs around the producing wells, this kind of scale typically forms in the producing
formation and deep in the producing well. The scale is especially troublesome to treat
and can result in significant production losses due to the plugging of the well tubing and
the pore throats in the reservoir.

Lastly, a potential barite scale problem can be exacerbated by severe turbulence in
the production system. Turbulence can be caused by drops and bends in pipelines,
pumps, gas lift valves, chokes, no-go nipples, changes in pipe size, etc. A water system
may be saturated with barium sulfate (see below), but not sufficiently so as to actually
precipitate the solid. The change in the scaling tendency due to the pressure differentials
in a turbulent area can cause the scale to precipitate.

THE CONCEPT OF THE SATURATION INDEX
The degree of saturation of a solution with the components of a potential scale

material is a measure of the scaling tendency for that particular solid. Consequently, a
useful concept is the ratio of the ion activity products of the scaling components to the
true solubility. The solubility product of a solid salt for our purposes can be defined as
follows, when the solid material is at equilibrium with a solution phase under specified
conditions:

{ }{ }AnMeK sp = (2)

where Me is the activity of metal cation (barium), An is the activity of the anion (sulfate)
and the {} denote activities and not concentrations. In the following equations, the 2+
ionic charge indicators for barium and sulfate have been omitted for simplicity.

A good indicator of the scaling potential then, is the ratio of the actual ion activity
product in the solution of interest to the solubility product, or the ion activity product at
equilibrium with the solid phase. Obviously, when the system is at equilibrium with the
solid phase, the ratio is equal to 1.0. The Saturation Ratio (SR) is defined to be this ratio
and for barium sulfate is as follows:

{ }{ }
spK

SOBa
SR 4= (3)

Because the Saturation Ratio can have values of plus or minus relatively large
numbers, a more convenient method of describing relative saturation is the Saturation
Index (SI).  The SI is defined as follows:



SRSI 10log= (4)

The SI generally has values between ±3. As can be seen from the above equations, when
the SI is negative, the solution, with respect to barium sulfate, is undersaturated, when
equal to 0.0, the solution is at equilibrium and when positive, the solution is
supersaturated. Although the solution is capable of precipitating barium sulfate when the
SI is positive, the solid salt typically does not form (without severe turbulence) until the
SI exceeds about 0.9. The phenomenon of a minimum SI before precipitation actually
takes place is common among inorganic salts and was reported by Feitler(4) in 1972. The
value of 0.9 is specific to barium sulfate and is not a general value for all inorganic salts.
In addition, this value should be used tentatively and with caution until more field
evidence is obtained, but it appears to reasonably describe field observations.

The above discussion assumes that the individual activity coefficients are known for
the cation and anion of interest under the conditions of temperature, pressure and ionic
strength. By separating the activity coefficients from the concentration variables, the
following is obtained:

[ ][ ] −+= γγ4SOBapK sp (5)

where γ is the activity coefficient with the sign denoting the cation or anion coefficient,
and the [] are concentration variables. By dividing the activity coefficients into the
solubility product constant, a conditional solubility is obtained:

[ ][ ]4SOBapKc = (6)

A conditional variable because it is not a constant, but depends on the conditions of
temperature, pressure and ionic strength. It is a useful variable to illustrate the changes in
the solubility with respect to these variables, and because laboratory solubility data
under similar conditions can be compared to oil field systems directly without the need
for activity coefficient calculations. Figures 1 and 2 are plots using the concept of the
conditional solubility constant.

Computer Models for Scale Prediction

Although computer models to predict scale deposition (basically SI values) in oil
field systems can be useful, it should be remembered that oil field producing wells and
associated systems are very complex. As is true with most computer models, the output
data are highly dependent on the accuracy of the input data, which are many times less
accurate than desired. In addition, computer models typically do not consider kinetic
variables, the actual SI value where scale is deposited, or the complex variables of
temperature and pressure in producing wells and in separation facilities. For example,
many wells in the world produce with the aid of pumps or other lift systems, the weight
and volume of the gas phase are dependent on the pressure and the volume of the liquid
phase. Further, even in free flowing wells, actual flowing pressures are difficult to
predict and almost impossible to guess. Errors in pressure assumptions can lead to
serious miscalculations with regard to scale prediction.



For accurate scale prediction, a computer model should calculate flowing pressures
and be able to approximate the temperature and pressure profiles in the well system
when the fluids are flowing, even if there is a pump or lift system in the well.
Temperatures and pressures recorded at shut-in conditions (the well is off line) yield
very deceiving results. This is especially true in gas wells where flowing pressures can
be far less than shut-in pressures. If shut-in pressures are input into a well calculation,
scaling tendencies in the well will be underestimated. If flowing pressures are input into
a well, then the equilibrium calculations in the reservoir will be calculated in error. A
program should account for the at rest equilibrium condition in the reservoir and relate
this condition to the system during production.

There are also conceptual problems related to the chemical input data. For many
years, the industry has considered total phenolphthalein alkalinity to be equal to the
bicarbonate alkalinity for calcium carbonate scale prediction. It is well known that weak
organic acids in the water phase can contribute up to 90% of the total alkalinity. This
conceptual problem can lead to very significant errors in scale and corrosion
prediction.(5)

While it should be re-stated that computer models can be useful in scale prediction.
What is really required for this task is an expert system, not a simple computer model.
Most expensive computer models on the market are simply attractive front ends for
common chemical equilibrium calculations. Consequently, computer models should be
used with great care by individuals who understand the pitfalls of computer models and
who also understand the complexities of oil field systems. Two useful computer models
available at no charge are the ScaleCorr model(5) written and used by the author (281-
431-2561) and the ScaleSoftPitzer model(6) available from Mason Tomson at Rice
University in Houston, Texas (713-527-6048). This model has recently been updated and
a description of the model for publication is in preparation.

The ScaleCorr model is an attempt to overcome some of the pitfalls in scale
prediction, and also will predict corrosion tendencies. It will accept a pump or lift system
and calculates flowing pressures and temperatures in the well. ScaleCorr also allows for
saturation calculations in surface equipment. In addition to a corrosion prediction, the SI
values for the scales of calcium carbonate, calcium sulfate (three phases), barium sulfate
and strontium sulfate are reported. Mixing in surface equipment is allowed with another
program called WaterMix.

ScaleSoftPitzer is a powerful equilibrium model available at no charge that includes
Pitzer calculations. In addition to the above scales reported in ScaleCorr, SI values are
reported for sodium chloride, calcium fluoride, some heavy metal sulfides and iron
carbonate. Mixing of waters is also allowed in ScaleSoftPitzer. Flowing pressures must
be input into the program.

The above is not intended to be an exhaustive discussion of this topic, which would
merit a paper, or more, on its own. However, the intent was to caution users on the
difficulty of scale prediction. It may be best to rely on the advice of an expert unless the
user is very familiar with chemical equilibrium models and the complex nature of oil
field systems. In addition, the intended purpose was to make equilibrium calculations
available to the reader without charge.



BARITE SCALE PREVENTION

One way to eliminate scale due to the mixing of incompatible waters is to not mix the
waters, obviously. In some field systems this is possible. The water system can be
designed such that incompatible waters are not mixed. In addition, before any waters are
used for waterfloods, they are analyzed and checked for compatibility with the reservoir
water. Another way of dealing with barite scale in the past (and now if not radioactive)
was to let it form and just replace the tubing when the scale got bad enough to effect
production rates.

Practically in the field, though, economics precludes these methods of scale control.
The most common way to prevent scale is through the use of chemical threshold scale
inhibitors. Chemical scale inhibitors are commonly used to prevent or inhibit scale
formation in production systems.(7, 8) These chemicals inhibit crystal growth, and are
generally effective at less than 10 - 20 mg/l in the produced water. It is generally
believed that when the inhibitor molecule encounters a microcrystallite, it reacts with the
crystal surface causing the free energy of crystal growth to be sufficiently high that the
crystallite is unstable and re-dissolves. Examples of scale inhibitors are some members
of the following classes of compounds: phosphate esters, phosphonates, polyacrylates,
polycarboxylates, polymaleates and sulfonates. Each has specific environments where
they may outperform the others in terms of cost effective use.

It is extremely important to evaluate scale inhibitors for field use under conditions
similar to those that will be encountered in the field.  Inhibitor performance is dependent
on temperature, overall water chemistry and the ratio of barium to sulfate in the case of
barium sulfate scale. An inhibitor that performs well under a certain set of circumstances
may not perform as expected under a different set of chemical conditions. It is important
to find the most cost-effective inhibitor to use before weighing secondary issues such as
cost per pound.

Application of Scale Inhibitors

If the point where scale is being deposited is accessible, Scale inhibitor may be
injected directly into the flowing system ahead of the scaling point. However, when scale
is occurring downhole in a well, more complex methods of treatment are required.
Inhibitor can be injected into capillary tubing that has been placed in the well and
extends to below the scaling point. However, the cost of putting capillary tubing in a
well can be prohibitive, depending on scaling depth and water chemistry. Another way to
treat an entire well system is with a scale inhibitor squeeze.

An inhibitor squeeze is performed by pumping scale inhibitor into a producing
formation and chemically fixing the inhibitor in place. When the well returns to
production, inhibitor is produced back out of the formation along with the formation
water. Consequently, the entire well is protected, including the near wellbore reservoir
region. The near wellbore area is especially susceptible to scaling due to incompatible
flood waters, as stated earlier. A squeeze procedure generally consists of a pre-flush to
clean up the well, the emplacement of the inhibitor solution (sometimes referred to as the
pill), and an overflush solution to push the inhibitor back into the formation some pre-
determined distance. The life of a scale inhibitor squeeze is a function of the squeeze
procedure, the effectiveness of the inhibitor, the affinity of the inhibitor for the formation



materials, the solubility of the inhibitor and the amount of inhibitor injected. Perhaps the
most important of these parameters is the effectiveness of the inhibitor which is
determined by laboratory evaluation of effectiveness.

Scale inhibitors are evaluated for effectiveness using a variety of screening methods.
Evaluating scale inhibitors is essential for a cost effective decision making process
regardless of whether the inhibitor will be directly injected or used in a squeeze. The
most accurate method to evaluate inhibitors is using a dynamic flow-through simulation
system.(9) So-called open beaker tests can lead to inaccurate and potentially very costly
errors due to inherent problems associated with the methods.(10)

Inhibitor effectiveness is critical when planning a squeeze since the life of the
squeeze is so dependent on this variable. For example, if two inhibitors return at the
same concentration, with one being effective and the other ineffective, the well with the
less effective scale inhibitor will need to be treated much more often. The well with the
more effective inhibitor may produce trouble free for an extended period (years), while
the other may need to be re-treated in weeks or months (Figure 3).

Inhibitors should be evaluated in the laboratory using a dynamic flow-through
simulation system.(9) Scale inhibitors should not be evaluated using so-called open
beaker tests.  These tests yield inaccurate and often costly results due to inherent
problems associated with the technique.(10)

Some commonly used scale inhibitors have been evaluated using the water
chemistries outlined in Table 1.  Results of the evaluations are shown in Table 2.  The
results of the inhibitor evaluations are presented as the minimum effective dose (MED)
to inhibit scale under the conditions of the evaluations. During the dynamic tests, scale
must be 100% inhibited, therefore, percent inhibition is not applicable. Concentrations
are "as product" of the concentrated material that is normally obtained from the
manufacturer. None of the products were neutralized or diluted before the evaluations.

Although much more testing remains to be done for inhibitors and for other
inhibitors not shown, some conclusions can be drawn from the data. BHMDTMP
(bishexamethylene-diaminetetra(methylene phosphonic) acid and BHMTPMP
(bishexamethylenetriamine-penta(methylene phosphonic) acid may have applications
over a wide range of conditions.

The phosphonate evaluated at 75 F does not perform well.  This is consistent with
the observations of others, and with results from our own laboratory that phosphonates
are not as effective at temperatures below approximately 120 F. Note the effectiveness of
the PPPC-29 material in the 0.5 M ionic strength water consistent with previously
reported results.(11) The overall results of these evaluations are also consistent with the
results of He.(12, 13) At lower temperatures, phosphate esters(14) and tripolyphosphate
(He, Personal Communication) are also effective and may have cost advantages.

FIELD EXAMPLES

Over one hundred and eighty water samples were obtained from wells and facilities in
the Gulf Coast region.  These waters have been analyzed for scale forming components



including barium and sulfate.  The scale forming tendencies of the produced waters were
determined using saturation index equations developed by the author.(5) NORM scale in
the Gulf Coast region has three primary mechanisms of formation:

1) A high saturation index and resultant scale formation can be generated simply by
the temperature and pressure changes exerted on a reservoir water that is at
equilibrium with barium sulfate at reservoir conditions.

2) Scale can form due to the mixing of incompatible waters, such as the introduction
of sulfate into a reservoir containing barium by seawater flooding and;

3) NORM scale can also form due to the pressure changes related to severe
turbulence in the production system.

All three of these causative factors have been observed in the field and are discussed
below.

Field A - Offshore Gulf of Mexico

Field A is an offshore gas and oil field in the Gulf of Mexico.  The field has been
seawater flooded to maintain production levels.  Produced water and hydrocarbons are
piped onshore for processing. Field information, radiation readings and water samples
were collected in the field on multiple occasions.(15) Sixty-seven water samples from
wells and surface facilities were obtained. Only one wellhead was identified as
concentrating NORM in scale. In addition, only one of the surface facilities was found to
be contaminated with NORM. Produced water and hydrocarbons are piped onshore for
processing. Water transfer pipes and vessels beyond the individual platform sites are
contaminated with NORM scale.  The scale was identified as barium sulfate by x-ray
spectroscopy.

The produced waters from the wells are typically characterized by being either
relatively high in barium or sulfate concentrations, although some wells are relatively
equal in their barium and sulfate concentrations.  Barium sulfate scale is predicted(16) in
the well where NORM readings above background were detected and in two surface
facilities.  However, barium sulfate scale was not predicted nor found in any of the other
wells.  Figure 3 shows the sulfate vs. chloride concentrations of the produced waters.
The dramatic increase in the sulfate concentrations near 20,000 mg/l chloride
demonstrates the scale is a result of the seawater flood and shows the seawater
breakthrough in these wells.  (Seawater sulfate and chloride concentrations are about
2700 mg/l and 19,375 mg/l, respectively.) The higher sulfate concentrations noted at
about 95,000 mg/l chloride are due to production from a high sulfate low barium zone.
Figure 4 is a plot of the barium vs. sulfate concentrations of the waters of Field A
showing that an increase in one variable essentially drives the other variable to a very
low or non-detectable level due to the low solubility of barium sulfate. This is relevant
because in the reservoir very high values of barium or sulfate drive the other to a
minimum value. Consequently, the volume of scale that can be deposited by such water
is very low. The higher one variable, the lower the other, and the smaller the volume of
scale that can be deposited. Unlike other barium sulfate scaling locations, such as the
North Sea, barium sulfate scale in this field does not form in the production wells as a



result of past seawater flooding. This may be a result of the much smaller flow rates
encountered in the field (≅ 500 - 1000 BFPD).

The primary causative factor for the formation of NORM scale in Field A is the
commingling of waters at the surface from the different wells and platforms in the field.
The produced water is transported on-shore in pipelines and these pipelines are the most
contaminated with NORM.  The pipeline begins at the furthest point from shore and
continues toward shore with the highest NORM scale readings being in the pipeline just
after the facility closest to shore. Scale does not form in the wells from the past seawater
flooding nor as a result of changes in temperature and pressures associated with
production (except for one well).

Current plans for this field involve surface treatment with a phosphate ester scale
inhibitor. This is reasonable based on the lower cost of phosphate esters, as opposed to
phosphonates, and the relatively low temperatures encountered in the subsea flowlines.
Phosphate esters have been found to be effective barium sulfate scale inhibitors in
previous studies.(14)

Based on the study of this field and others, the commingling of waters from different
wells or zones, with or without seawater flooding is the most common cause of NORM
scale deposition in the Gulf Coast.  Incipient scale in a well as a result of production
changes in temperature and pressure may be less prevalent, but does occur, as in Field B
below.

Field B - Atchafalaya River Marsh Area

Field B is an example of wells that produce scale in the well tubulars and in the
surface facilities due only to the temperature and pressure changes associated with
production. The field has been visited several times to collect water samples and
radiation data.(15) NORM scale has been found in the wellheads, the production tubulars
and in the surface facilities.  The NORM scale has been identified as barium sulfate.  All
of the wells will scale NORM materials if the temperature is cool enough.  (The
solubility of barium sulfate decreases as the temperature decreases, unlike calcium
carbonate.)

The wells produce into flowlines that carry fluids to the central facilities where the
hydrocarbons are separated from the water.  The waters are then commingled and
injected into a disposal well.  No NORM materials have been identified in the disposal
well system.

Several wells are predicted to form calcium carbonate scale. Barium sulfate does not
appear to form in areas where calcium carbonate is predicted. Calcium carbonate appears
to form preferentially. However, these wells will scale barium sulfate specifically at
chokes and bends or any points of turbulence. In addition, these wells will scale barium
sulfate downhole at points of pressure decrease and turbulence, such as, gas lift valves.
Although some wells may be supersaturated with calcium carbonate at the wellhead,
calcium carbonate may be undersaturated or only slightly scaling downhole due to the
increased downhole pressure, and will therefore scale barium sulfate at these downhole
locations.



The tubing was pulled in a treated well for replacement due to a corrosion failure.
Figure 5 is a plot of the radiation counts of the pulled tubing vs. depth in the well. The
dark diamonds on the figure are the locations of the gas lift valves in the well. The gas
lift valves were notably scaled upon inspection. It can be observed from Figure 5 that the
pressure decrease and turbulence caused by the gas lift valves were the causes of the
barium sulfate NORM scale deposition.

All of the wells in this field with the exception of the pulled well are being treated
with a combination scale inhibitor to prevent the deposition of calcium carbonate scale at
high temperatures and barium sulfate scales at relatively lower temperatures.  The scale
inhibitor is being injected into the gas lift systems of the wells until a decision is made to
squeeze the wells with scale inhibitor. The two inhibitors being used are ATMP
(aminotrimethylene phosphonic acid) and BHMTPMP (bishexamethylenetriamine-
penta(methylene phosphonic) acid).  This procedure has inhibited scale above the lowest
gas lift valve, although there is still some scale deposition below the gas lift valves in
two of the wells. The pulled well was squeezed in late 1994 to prevent future scale
deposition. The tubing was pulled again on March 20, 1995 and was found to be scale
free. However, due to unrelated production problems, the well was re-completed in a
different zone.

The squeeze parameters used were:

Pre-flush - 15 barrels of produced water with surfactant and sodium bisulfite.

Inhibitor Pill - 80 barrels of 1.6% ATMP for calcium carbonate inhibition and 1.6%
BHMDTMP for barium sulfate inhibition in produced water with sodium bisulfite.

Overflush - 147 barrels of produced water with sodium bisulfite.

CONCLUSIONS

1. Barium sulfate (Barite) scale with radium isotopes included in the crystal lattice is the
principle cause of NORM scale.

2. Barium sulfate scale inhibitors vary dramatically in performance depending on
temperature, water chemistry and barium:sulfate ratios.

3. Three causes of NORM scale deposition have been identified in the Gulf Coast
Region:

a) A high saturation index and resultant scale formation can be generated simply by
the temperature and pressure changes exerted on a reservoir water that is at
equilibrium with barium sulfate at reservoir conditions.

b) Scale can form due to the mixing of incompatible waters and;

c) Severe turbulence can cause pressure changes that increase the SI and cause scale
precipitation.

4. The most prevalent cause of NORM scale formation is the commingling of produced
waters from different wells or production zones, with or without seawater flooding.



5. Based on the work, scale in the production tubing due to past seawater flooding may
not be as severe a problem in the Gulf Coast as in other areas, e.g., the North Sea.

6. Incipient scale occurring in a well due to the temperature/pressure changes exerted on
the reservoir brine during produced water may not be prevalent, but does occur.

7. NORM scale deposition can be inhibited in the field with scale inhibitors currently
available. However, it is essential to perform scale inhibitor evaluations to find the
most effective scale inhibitor at conditions similar to those encountered in the field.
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Table 1.  The chemistries of the four waters used in the chemical inhibitor evaluations.
This work is in progress, and more inhibitors are being evaluated.  This work should not

be interpreted as presenting the most effective known inhibitors at the indicated
conditions.

Concentration (mg/l where applicable)
Water A B C D

Component
Ba 200 135,175,220,260* 225,320,420,500 275,385,500,615
Ca 7000 518 1500 3000
Mg 1000 400 500 500
HCO3 25 88 88 100
Cl 135000 15880 51000 85000
SO4 250 135,175,220,260 225,320,420,500 275,385,500,615
Ionic Strength (M) 4.03 0.5 1.5 2.5
TDS 221000 27000 84000 140000

* Inhibitors are being evaluated at four different temperatures with a constant saturation
index of 2.3.  Therefore, the concentrations of barium and sulfate had to be increased at
each temperature to maintain a constant supersaturation due to the increased solubility.
The pressure was 150 psi.



Table 2.  The minimum effective dose (MED) of scale inhibitor required to inhibit scale
under the designated conditions for some common inhibitors. All MED concentrations

are as product.

Concentration (mg/l)
Water A B C D

Inhibitor
Temperature 75 F

BHMDTMP 0.8 0.5 1.5
PPPC-29 1.0 0.5 0.5
PPPC-30 1.0 0.8 0.5
Phosphate Ester 0.5 0.5 2.3
DTPMP 1.0 1.0 2.0
BHMTPMP 0.5 0.5 0.8
DETHMP 0.5 0.5 2.3

Temperature 125 F
BHMDTMP 0.5 0.5 0.5
PPPC-29 0.5 1.3 2.5
PPPC-30 1.0 1.8 4.0
Phosphate Ester 1.5 0.5 2.5
DTPMP 0.5 1.3 5.5
BHMTPMP 0.5 0.5 0.7
DETHMP 0.5 0.5 3.5

Temperature 175 F
BHMDTMP 0.8 1.0 5.5
PPPC-29 1.8 1.5 >25
PPPC-30 2.3 2.5 22.5
Phosphate Ester 1.0 1.3 10.5
DTPMP 3.5 1.5 >25
BHMTPMP 0.8 0.8 2.5
DETHMP 1.0 2 12

Temperature 225 F
BHMDTMP 3.2 0.5 5 20
ATMP 8.8
PPPC-29 >20* 18 >25 >25
PPPC-30 3.5 24.5 >25
Phosphate Ester 1.5 15 19
DTPMP 10 >25 >25
BHMTPMP 0.5 4 15
DETHMP 15 >25 >25

* Incompatible with the brine before inhibition.
BHMDTMP - bishexamethylenediaminetetra(methylene phosphonic) acid; PPPC-29 -
phosphino-polycarboxylate-29; PPPC-30 - phosphinopolycarboxylate-30; DTPMP -
diethylenetriaminepenta-(methylene phosphonic) acid; BHMTPMP -
bishexamethylenetriaminepenta(methylene phosphonic) acid; DETHMP -
diproplethylenetetraaminehexa(methylene phosphonic) acid; ATMP - aminotrimethylene
phosphonic acid.



Figure 1. The relationship between barite conditional solubility (pKc) and temperature for the
ionic strength values of 0.0 (upper series), 0.05, 0.10, 0.25, 0.50, 1.0, 2.0, 3.0, and 4.0 (lower
series) at 1 bar. Note that generally, the solubility increases with increasing temperature. Also note
that the pKc = -LOG10(Conditional Solubility Product). The higher the pK value, the smaller the
value of K, logarithmically.

Figure 2. The relationship between barite conditional solubility (pKc) and pressure for the ionic
strength values of 0.0 (upper series), 0.05, 0.10, 0.25, 0.50, 1.0, 2.0, 3.0, and 4.0 (lower series) at
25 C. The solubility increases with increasing pressure.
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Figure 3. A plot of time vs. inhibitor concentration for the return inhibitor concentrations after a
scale squeeze. Where the return inhibitor concentration curve intersects the ‘ineffective minimum
inhibitor’ needed for inhibition, the squeeze is finished, and the well needs to be re-squeezed. Use
of an ineffective inhibitor can lead to short squeeze lives.

Figure 4. A plot of the chloride vs. sulfate concentrations showing the dramatic increase in sulfate
at seawater breakthrough.
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Figure 5. A plot of sulfate vs. barium concentrations illustrating the insolubility of barium sulfate.
The volumes of scale deposited will be a maximum when the sulfate concentration equals the
barium concentration.

Figure 6. The radiation counts in a well in the Gulf Coast Region plotted vs. depth. The large
diamonds are location of gas lift valves. Turbulence and low pressures in the vicinities of the
valves, exacerbate the NORM scale problem.
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Radon emanation from NORM-contaminated pipe

scale, soil, and sediment

G.J. White and  A.S. Rood
Lockheed Martin Idaho Technologies, Inc.

Idaho National Engineering and Environmental Laboratory
P.O. Box 1625

Idaho Falls, ID 83415

This paper discusses a series of Rn emanation studies conducted at three general sites; a
commercial petroleum production center in northwest Texas, the National Petroleum Reserve No.
3 site (NPR-3) in central Wyoming, and a commercial petroleum production area in northeast
Oklahoma.  At the Texas site, pipe scale samples were collected from 20 sections of produced
water injection tubing.  These samples consisted primarily of barite scale, in which 226Ra atoms
replace Ba within the crystal lattice of the scale.  Soil and sediment samples were collected at the
Wyoming site from areas contaminated by surface discharges of produced water containing
elevated levels of 226Ra in solution.  These samples were generally free of barite formation.  At
the site in Oklahoma, samples of barite pipe scale, soil, and other media were collected.  All
media sampled were from areas exhibiting gamma exposure rates substantially above local
background rates.  Following analysis for 226Ra concentration, the radon emanation fraction was
determined for each sample collected.  Radon emanation fraction is defined as the fraction of
222Rn produced that enters the  interconnected pore space within a medium contaminated with
226Ra before undergoing radioactive decay.

Concentrations of 226Ra in pipe scale averaged 1670 pCi g-1 for samples collected at the
site in Texas, and 2060 pCi g-1 in samples from Oklahoma.  These were comparable to
concentrations reported for uranium mill tailings.  However, 222Rn emanation fractions
determined for these samples averaged 0.037 for Texas and 0.087 for Oklahoma, both less than
the range of from 0.1 to 0.3 reported for mill tailings.  Radium concentrations for soils were
considerably less, averaging 6.97 pCi g-1 for samples from Wyoming and 335 pCi g-1 for samples
from Oklahoma.  However, 222Rn emanation fractions for these samples were higher than those
observed for pipe scale, averaging 0.104 for Wyoming and 0.022 for Oklahoma.  In general,
222Rn emanation fraction was not correlated with 226Ra concentration.

Radon emanation fraction is one of the important  parameters that determine the overall
radon activity flux from any solid medium.  Although additional emanation measurements from
other sites are needed, the data collected at these three sites indicate that regulations intended to
protect human health from 222Rn inhalation should consider the type and properties of the
medium in which the NORM is contained, rather than relying strictly on concentrations of the
parent 226Ra.



INTRODUCTION

Most minerals in the earth’s crust contain small, but measurable concentrations of
naturally occurring radioactive materials (NORM).  Geochemical properties associated with
petroleum formation can result in locally elevated concentrations of 238U and 232Th within source
rocks (Snavely 1989).  Isotopes of  Ra and Rn are key components of both the 238U and 232Th
decay series (Figure 1).  Under certain physical and chemical conditions, brines or formation
waters present within the petroleum producing geologic formation may leach Ra from clays.
Although the initial production of oil and gas from a reservoir is typically dry, as the natural
pressure within the petroleum bearing formation falls, the formation water may be produced
along with the oil and gas (Smith 1987).  Radium may be a dissolved constituent in these waters.
Isotopes of Ra are estimated to comprise over 90% of the total radioactivity (excluding 222Rn)
found in produced waters (Snavely 1989, EPA 1991).  In contrast, only trace amounts of 238U,
232Th, 228Th, 210Pb, 210Po, and other NORM radionuclides are typically transported to the surface
in produced water.  The high proportion of Ra in produced waters is due to the increased
solubility of Ra relative to other NORM elements.

Decreases in temperature and pressure allow solutes contained within the produced
waters to precipitate as they are brought to the surface (Smith 1987).  These precipitation
processes can result in the formation of hard, extremely insoluble scale deposits on the interior of
piping and other production equipment, eventually resulting in sufficient flow resistance to
require replacement of the scaled pipe segments (e.g. Raabe 1996, Bernhardt et al. 1996).
Soluble Ra co-precipitates along with Ba and Ca as complex sulfates or carbonates (EPA 1991).
The formation of these hard scales is also related to factors such as flow rate, reservoir delivery
time, and geologic structure (Bassignani et al. 1991).  The trend is for the relative quantity of
NORM to increase as the well ages and water production increases.  Details of the characteristics
of scale formation in well pipes are discussed by Wilson and Scott (1992).

The concentrations of Ra in these scales can vary from background to highly elevated
levels, depending on the concentration of uranium and thorium within the geologic formation and
other factors.  Surveys of oil and gas wells sampled in Oklahoma, Texas and Louisiana indicated
that from 50% to 75% of the facilities had produced water containing 226Ra concentrations of over
50 pCi L-1 (Snavely 1989).  The U.S. Environmental Protection Agency (EPA) has estimated that
as many as one-third of all domestic oil and gas wells produce some radium contaminated scale
(EPA 1991).  By way of contrast, a study conducted in Italy involving 544 facilities, indicated
that scale formation was small, with quantity of scale produced rarely exceeding 10 kg per plant
per year (Bassignani et al. 1991).  In a study involving over 36,000 external gamma
measurements at American Petroleum Institute (API) member facilities in 20 states and three
offshore areas, a total of 14.9% of the leases examined were found to have external gamma
readings above background with a maximum reading of 3.5 mR h-1 (Otto 1989).  As with most
NORM surveys conducted to date, however, this did not provide a statistical representation of the
industry because many of the wells investigated were known to be associated with elevated
radioactivity.

Although the presence of elevated NORM concentrations in petroleum reservoirs and in
oil and gas production and processing facilities has been recognized since the early 1930s (EPA
1991), concerns have been recently expressed regarding the potential for radiation exposure from
uncontrolled releases of NORM to the public.  However, large uncertainties remain in estimates



of the extent and potential ramifications of NORM contamination in the petroleum industry.  The
focus of health concerns related to NORM associated with petroleum production involves the
generation and release of chemically inert radon gas. Radioactive decay of 226Ra (from the
uranium decay series) results in formation of 222Rn (3.82 d half life) . Decay of 228Ra also yields
an isotope of radon (220Rn), but is much shorter-lived (55 s half life) than 222Rn, and therefore
does not pose as serious a problem from a transport and exposure standpoint. Radon present in
pore space of the material may be transported to the surrounding atmosphere via advection or
diffusion. The risks associated with the handling and disposal of materials contaminated with
226Ra are mostly due to 222Rn progeny, the inhalation of which has been associated with an
increased risk of lung cancer (NAS, 1988).   The risks associated with the handling and disposal
of NORM contaminated material are dependent on the overall rate at which Rn is released from
the material matrix.

Radon emanation fraction is commonly defined as that fraction of the total Rn contained
in a material that is released from the material and free to migrate from the material in the gas
phase.  The physical properties of the Ra-bearing material largely determine the radon emanation
fraction of the material.  These physical properties include: (1) the distribution of Ra within the
material; (2) whether the material is massive or granular; (3) the type and magnitude of porosity
of the material; (4) the moisture content of the material; and (5) the effective Rn diffusion
coefficient in the material.  These various properties can interact in complex ways that are often
counter-intuitive.  However, a general understanding of the processes responsible for the release
of radon atoms from a material is useful at this point.  Additional information on emanation
mechanisms is available elsewhere (Tanner 1980).

The Conference of Radiation Control Program Directors (CRCPD) has developed Model
Regulations to cover the distribution and disposal of NORM generated by various industries
(CRCPD 1988). Several states including Texas, Louisiana, and Mississippi have moved to adopt
NORM regulations based to some degree on the CRCPD Model Regulations, and in several
instances, the focus of these regulations is on the oil and gas industry (Cameron 1996).  Although
Rn is the primary concern, these regulations are generally based on activity concentrations of Ra
in the material. However, the relationship between Rn concentration and radiation dose to
humans is highly variable, depending in part on the Rn emanation fraction.  Because of the
complex way that the physical properties of the scale materials may interact, direct measurement
of the emanation fraction are needed to better estimate the exposure potential of oil field NORM.

The objectives of this investigation were to determine radon emanation fraction of Ra-
containing barite scale, soils, and other media found at petroleum exploration and production
sites.

MATERIALS AND METHODS

Because this work involved three separate projects, methods employed differed
somewhat between sampling sites.

Sample Collection:  At the Texas site, 20 sections of 6 cm (2 3/8-inch) production tubing (pipe)
were selected from scaled produced water pipe that had been previously pulled from an injection
well.  Following the measurement of radon flux from these pipes (Rood et al., 1998), a sample of
the scale from each pipe was obtained for 226Ra analysis and 222Rn emanation fraction
measurements.  Each pipe section was hoisted about two meters off the ground and tipped to one



side.  Scale samples were obtained by striking the pipe with sledge hammers to dislodge the scale,
and “rattling” the scale fragments down the pipe to a collection bucket placed at the end of the
pipe.  This procedure was repeated by tipping the opposite end of the pipe down and collecting
sample from the other end of the pipe.  About 6 L of dislodged scale was collected from each
pipe.  The broken-up scale was then mixed with a trowel and a 1 L sample was extracted and
placed in a polyethylene container.  The sample collection bucket and trowel were rinsed with
water and wiped clean with a paper towel between samples to avoid cross contamination.

At the NPR-3 site in Wyoming, a total of 74 soil and sediment samples were collected
from areas of elevated gamma exposure.  Of these, 14 samples were selected randomly for Rn
emanation measurements.  Pipe scale was not available from the site in Wyoming.  Soil samples
were collected using a post hole digger.  Surface gamma exposure rate was measured and
recorded at each sampling location.  Surface soil samples included the top 15 cm of soil.  If
exposure rates at the bottom of the 15 cm hole were higher than the surface values, a subsurface
sample was also collected from the second 15 cm depth.  A shovel was used to collect sediment
samples.  Each soil or sediment sample was homogenized, and a 1 L nalgene bottle was filled
with sample material.  All sample collection materials were cleaned between samples to prevent
sample cross contamination.

For the production site in Oklahoma, 10 pipe scale samples were collected from three
abandoned pipes.  Eleven surface soil samples were collected from areas of elevated gamma
activity using the same techniques as employed at the NPR-3 site.  In addition, 5 “tank discharge”
samples were collected.  These consisted of semi-solid materials with elevated gamma exposure
levels that had spilled to the ground surface from a rusted tank.  Another 5 “miscellaneous”
samples were also collected from this site.  These included samples from the surface of a dirt road
that appeared to have been treated with NORM-contaminated sludge, and other sludge-
contaminated soils.

Sample Analysis: Pipe scale samples collected in Texas were analyzed by the Radon Laboratory
of the Department of Energy Grand Junction Project Office.  For these samples, 222Rn emanation
fraction was measured using an aliquot of the 1 L scale sample recovered from each tubing
section.  The general methodology employed in these measurements was to flush all free gaseous
Rn from the sample aliquot and measure the ingrowth of the emanating fraction of the total radon
in the sample by gamma spectroscopy.  Spectral gamma measurements of the 0.352 MeV peak
from 214Pb and the 0.609 MeV and 1.764 MeV peaks from 214Bi were obtained at two different
times during the ingrowth period.  The emanation fraction was determined based on the
theoretical ingrowth curve.  Fig. 1 shows the theoretical 222Rn ingrowth curve.  The sample
activities at times t1  and t2  (I1 and I2 ) are described by Equations 2 and 3 below.

( )I I N eo
t

1 1 1= + − −λ                                                                  (2)

( )I I N eo
t

2 1 2= + − −λ                                                                  (3)

Where: I1 = activity at time t1

I2 = activity at time t2

I0 = bound radon activity at time t0

N = free, or emanating radon activity at radioactive equilibrium
λ = radon decay constant (s-1)



These two equations can be solved simultaneously for the unknown quantities I0  and N.
Substituting A for (1-e-λt1 ) and B for (1-e-λt2 ) simplifies the equations.  The solutions are given in
Equations 4 and 5, and the emanation fraction F is computed from Equation 6.
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It is not necessary to determine the actual sample activities (I1 and I2) at times t1 and t2 , as
the net count rates (C1 and C2  ) observed at t1 and t2 are proportional to the activities (I1 and I2)
through a calibration constant, which cancels out when the final ratio is taken in Equation 6.
Thus C1 and C2  may be substituted for I1 and I2.

The Rn emanation fraction of most granular materials is dependent upon the grain size
(surface to volume ratio) as well as the moisture content of the sample (Colle` et al. 1981, Tanner
1980).  Because of this concern, the samples prepared for Rn emanation fraction measurement
were not crushed or otherwise further reduced in size beyond that which occurred during the field
sampling until the emanation fraction measurements were completed.  It was believed that the
method of obtaining the scale samples used in this investigation would produce a grain size
distribution representative of scale materials removed from tubing and pipe by the “rattling”
process commonly used in the past.  The emanation fractions reported here are not intended to be
representative of those belonging to scale materials removed by the under-reaming process,
which is the process currently used at most pipe cleaning facilities.

Representative 0.4 L aliquots of the 1 L scale samples were obtained by the cone-and-
quarter method.  Each aliquot was placed as a thin layer in a flushing chamber constructed from a
70 cm length of 4-inch PVC pipe.  A small laboratory air pump was used to draw conditioned air
through the flushing chambers at a flow rate of approximately 1 L min–1.  Previous experience
with uranium mill tailings materials indicated that using room air for flushing results in
significant drying of the sample.  In order to avoid this problem, a humidifying system was
employed to condition the air stream drawn into the flushing chamber to 98% relative humidity,
and maintain it at the same temperature as the flushing chamber.  By maintaining the air stream
close to the saturation moisture content, it was anticipated that the intergranular moisture would
remain constant in the sample.

Weight gains were, however, observed in all of the samples following removal from the
flushing chambers.  The increases were probably the result of iron oxide minerals taking up
hydration waters from the saturated atmosphere.  There is no question that the measurement
process affected the moisture content of the samples, relative to the “as-collected” condition.  It
can be argued, however, that the saturated air of the measurement condition closely approximates
the moisture conditions that exist in most soils.

The spectral gamma measurements were obtained with a high purity, planer germanium
detector used with a personal computer based multichannel analyzer.  Two spectra were collected
for each sample at two different times, (t1, t2) during the ingrowth period.  Samples were counted



for 1500 s. Net peak areas were obtained for three different regions of interest comprised of the
0.352, 0.609, and 1.764 MeV lines for each count.  The sum of the net peak areas from these
three regions of interest are proportional to the sample activity at times t1 and t2.  Substitution of
these values into Equations 4, 5, and 6 yields the radon emanation fraction.

The same 0.4 L aliquot used in the emanation fraction measurements was used as the
starting sample material for the 226Ra and 228Ra analyses.  The 0.4 L aliquots were first dried at
110°C and then crushed to a sieve size of 80 mesh and thoroughly blended.  A 100 gram aliquot
was then extracted and placed in a metal container, sealed and allowed to sit 21 days for Rn
progeny ingrowth (Figure 2).  Each sample was counted on a high purity germanium detector
(HPGE) using the 0.609 MeV 214Bi photopeak for 226Ra and 2.614 MeV 208Tl photopeak for 228Ra.
Samples were corrected for density differences between the sample matrix and the calibration
standards.

Samples collected at the Wyoming and Oklahoma sites were analyzed for 222Rn
emanation by Energy Laboratories Inc. of Casper, Wyoming using a slightly different procedure.
As with the Texas samples, no crushing or grinding  of the samples was performed prior to
measuring 222Rn emanation.  However, all samples were oven dried and the moisture content was
measured and recorded prior to analysis.  We found it necessary to dry these samples because the
sediment samples and some soil samples were saturated, making them difficult to work with in
the laboratory.  Furthermore, some degree of drying was expected of all samples between
collection and analysis.  It was therefore determined that all samples were to be oven dried prior
to measuring 222Rn emanation so as to provide a consistent sample analysis protocol for all
remaining samples.

RESULTS AND DISCUSSION

TEXAS:  Concentrations of 226Ra in the 20 pipe scale samples collected from the
site in Texas ranged from 424 to 2757 pCi g–1 with a mean of 1674 pCi g–1 (Table 1).
Concentrations of 228Ra in these same samples ranged from 1300 to 4050 pCi g–1, with a
mean of 2600 pCi g–1.  Based on these concentrations, disposal of these scaled pipes
would be regulated in those states that have enacted NORM regulations. However, Rn
emanation fractions ranged from 0.020 to 0.063 with a mean of 0.04 and standard
deviation of 0.01.  This is considerably below the published range for uranium mill
tailings of 0.1 to 0.3 (Rogers et al., 1984).

WYOMING:  In comparison with the pipe scale samples from Texas,
concentrations of 226Ra in soil and sediment samples collected from the NPR-3 site in
Wyoming were considerably lower, ranging from 1.8 to 19.9 pCi g-1 with a mean of 6.97
pCi g-1 (Table 2). In comparison, natural soils typically have 226Ra concentrations that
range from about 0.5 to 2.0 pCi g–1 (Klement Jr., 1982).  Radon emanation fraction from
these 14 samples ranged from 0.06 to 0.19, with a mean of 0.10.  A breakdown of mean
222Rn emanation fraction for surface soil (top 15 cm), subsurface soil (second 15 cm) and
sediment samples from the NPR-3 site is provided in Figure 3.  As can be seen in Figure
3, mean emanation values for these are generally lower than the range cited by Rogers et
al. (1984) for uranium mill tailings.  However, the range of values observed in soil and
sediment samples overlap the published mill tailings range.



OKLAHOMA:  Data from the more comprehensive study conducted in Osage
County, Oklahoma are summarized in Table 3.  Mean 222Rn values for pipe scale, surface
soil, background soil, tank discharge, and miscellaneous samples are shown in Figure 4.
Radium-226 concentrations in pipe scale at this site were slightly higher on average than
those collected from the Texas site, averaging 2056 pCi g-1.  The mean 222Rn emanation
fraction for these pipe scale samples was 0.087, or about twice that of the scale samples
collected from Texas.  Similarly, the mean 222Rn emanation value for surface soil from
Oklahoma averaged 0.22, or about twice that observed at the site in Wyoming.  The
higher emanation fraction values in pipe scale from Oklahoma may be due to different
analytical techniques employed by the two laboratories.  However, the same analytical
techniques were used in both Oklahoma and Wyoming, so this fails to explain the
twofold difference in emanation fraction in soils.  An alternative explanation for the
difference in pipe scale emanation fraction between sites could involve the fact that the
pipes sampled in Oklahoma were long abandoned and partially rusted may have allowed
for some physical degradation of the scale material, making it more porous, contributing
to a higher emanation fraction.  The difference between 222Rn emanation fraction in
contaminated soil and background soil was not statistically significant (Figure 4).

As shown in Figure 5, the 222Rn emanation values reported here for pipe scale
from two sites are substantially lower than emanation fractions measured for uranium
mill tailings of comparable 226Ra content, which typically range from 0.1 to 0.3 (Rogers
et al., 1984).  Thus, health impact assessments for disposal of uranium mill tailings
cannot be extrapolated to NORM scale materials because the radon emanation fraction of
the two materials differs substantially.  Furthermore, it should be noted that the sampling
technique resulted in disruption of the sample matrix which could serve to enhance the
release of Rn gas by increasing the surface area of the material.  If contaminated scale
were to remain undisturbed in the pipe, Rn release to the atmosphere may be reduced to
quantities more comparable to small areas of uncontaminated soils (Rood et al., 1998).

In order for a Rn atom to be released from a material in which it is contained, it
must first be transported to the surface of that material.  In granular materials, such as
uranium mill tailings, the surface of interest is the grain surface, and as a practical matter
the grain is usually bounded by a void or pore space in the bulk material.  An important
mechanism for the transport of radon atoms is the so-called direct recoil mechanism.
When a 226Ra atom decays by the emission of a 5.3 MeV alpha particle, approximately 86
keV of energy is imparted to the parent nucleus. This recoil energy drives the newly
formed radon atom in the opposite direction as the alpha particle.  As the radon atom
travels along its recoil path, it continues to lose energy until it finally stops.  The distance
traveled is dependent upon the material through which it travels.  For minerals with
common densities this range is 20-70 nm (Tanner 1980).  If the medium is water the
range is approximately 0.1 µm, whereas in air the range is about 60 µm (Tanner 1980).
Thus, if the parent radium atom is located substantially greater than 70 nm from the grain
surface, recoil of the radon atom will not result in its escape from the grain, and it will not
contribute to the emanated fraction.  If, on the other hand, the original radium atom lies



within the recoil range of the grain boundary, and the recoil path terminates within the
pore volume, then the atom is free to migrate away as gaseous Rn.

Another possibility for the recoil path is for it to cross the grain boundary, but
terminate in an adjacent grain.  In traveling into the adjacent grain, the atom produced an
ionization damage trail.  Because of the ionization damage, the radon atom is able to
diffuse back out of the grain much more readily than if there were no damage.  This is
referred to as the indirect-recoil mechanism.

Because the surface area to volume ratio is dependent upon grain size, the size
and distribution of grains within granular materials can have a large impact on the radon
emanation fraction.  The distribution of the radium may also play a significant role in
determining the emanation fraction.  For many types of uranium ores deposited in
sandstone, the uranium, and consequently the radium is located in a relatively thin
coating of secondary minerals on the clastic grains. This is one reason for the relatively
high emanation fractions exhibited by many uranium mill tailings.

In contrast to granular materials, NORM pipe scales are commonly deposited as a
massive form of the scale minerals, typically barite. Although these scale deposits exhibit
some porosity (at crystal boundaries and as fracture porosity), it is significantly lower
than for a granular material such as uranium mill tailings.  Additionally, the radium
distribution tends to be more uniform throughout the bulk volume of the scale, which
significantly reduces the fraction of parent radium atoms that are within the recoil range
of pore features or surfaces of the scale material.  Thus estimates of radon emanation
fractions for NORM scale materials are relatively low.  Nielson et al. (1988) and Baird et
al. (1990) estimate approximately 5% for emanation fractions for scale materials.  In
contrast, estimates for the emanation fraction of NORM contaminated sludges are four to
five times higher because their physical properties more closely approximate a granular
material than the massive scales.

The emanation fractions presented here represent a more appropriate value to use
in an assessment of NORM scale. However, these data are of limited scope in that they
represent only one physical location.  More measurements from a wide variety of
locations and operating conditions are needed to develop distributions of emanation
fractions, that are appropriate for a risk assessment of NORM contaminated scale
material.

CONCLUSIONS

These data show that while 226Ra and 228Ra concentrations in pipe scale may similar to
those observed in uranium mill tailings and other materials regulated for their Rn release
potential, the Rn emanation fraction for scale is substantially lower in scales than for typical mill
tailings and soils.  This difference is likely due primarily to the less porous structure of pipe scale
which serves to restrict the rate at which Rn is released from the material.  Furthermore, the Rn
flux rates measured from whole pipes in the Texas portion of this study indicate that release from
undisturbed pipe comparable to those from a few square meters of uncontaminated soil (Rood et
al., 1998).



As for soils and other NORM-contaminated media, the use of mill tailings values for
estimating Rn release may be more reasonable than for pipe scale.  Overall, the current study
suggests that Rn release is dependent to a large degree on the physical characteristics of the
medium containing the NORM radionuclides.  This implies a lower potential for release of  222Rn
from barite scales contaminated with 226Ra than for other materials currently regulated for their
Ra content.  These differences should be considered when determining waste disposal options for
various NORM-contaminated media.  It is recognized, however, that more measurement results
are needed from a variety of locations and operating conditions if the Rn release rates from oil
field NORM are to be accurately characterized.
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Table 1.  Measurement results for 222Rn emanation fraction, 226Ra concentration,
and weight gain ratio for pipe scale samples collected from 20 injection pipes at a
site in northern Texas.

Pipe

Number

222Radon

Emanation

Fraction

226Ra

Concentration

(pCi g-1)

1 0.06 895

2 0.04 2151

3 0.03 1978

4 0.03 1941

5 0.03 2157

6 0.05 397

7 0.05 424

8 0.03 2757

9 0.03 1043

10 0.02 2322

11 0.04 2224

12 0.03 2630

13 0.04 716

14 0.03 2338

15 0.04 2757

16 0.035 708

17 0.030 2530

18 0.034 657

19 0.033 2257

20 0.057 592

MEAN 0.037 1674



Table 2.  226Ra concentration and 222Rn emanation fraction for soil and sediment
samples collected at the NPR-3 site in central Wyoming.

Sample

ID Number

Sample

Type

226Ra concentration

(pCi g-1)

222Rn emanation

fraction

TD-21-003 Surface soil 2.3 0.107

TD-21-004 Subsurface soil 1.8 0.165

TD-21-006 Surface soil 6.2 0.142

TD-21-014 Subsurface soil 4.9 0.061

TD-21-020 Surface soil 8.3 0.087

TD-21-023 Surface soil 10.5 0.143

TD-21-029 Surface soil 6.4 0.131

TD-21-038 Subsurface soil 3.8 0.042

TD-21-039 Surface soil 6.5 0.110

TD-21-047 Surface soil 19.9 0.056

TD-21-048 Subsurface soil 4.1 0.077

TD-21-058 Surface soil 10.8 0.069

TD-02-059 Sediment 3.4 0.078

TD-02-067 Sediment 8.7 0.194

MEAN 6.97 0.104

Pearson’s correlation coefficient  = - 0.148 (not correlated)

Note:  In this study, 222Rn emanation measurements were made on a random subset of all samples.
No background samples were selected during this process.



Table 3.  Mean 226Ra concentration and 222Rn emanation fraction data
for samples collected at a site in northeast Oklahoma, by medium.
(mean ±±1 standard deviation)

Sample

Type

Sample

Number

226Ra

Concentration

(pCi g-1)

222Rn

Emanation

Fraction

Pipe scale 10 2056 ± 780 0.087 ± 0.013

Surface soil 10 335 ± 751 0.22 ± 0.10

Background soil 3 1.8 ± 0.78 0.26 ± 0.042

Tank discharge 5 362 ± 409 0.11 ± 0.029

Miscellaneous
samples

5 947 ± 1290 0.16 ± 0.047
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Figure 1.  Simplified decay series for 226Ra and 228Ra  showing half lives and decay products
important to analysis by gamma spectroscopy.
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Figure 2.  Theoretical radon ingrowth curve defining I0, I1, and I2.
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Figure 3.  Mean 222Rn emanation fraction values for surface soil, subsurface soil, and sediment samples collected at the NPR-3 site in
central Wyoming. Published range of 222Rn emanation values in uranium mill tailings is provided for comparison.
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Figure 4.  Mean 222Rn emanation fraction for various sample types for samples collected at a site in northeast Oklahoma.
Published range of 222Rn emanation values in uranium mill tailings is provided for comparison.
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ABSTRACT

Oilfield operations at the Naval Petroleum Reserve facility, Teapot Dome,
Wyoming have produced some low level (30-120 pCi/g) NORM contamination of
soils and stream sediments in the vicinity of ponds used to store produced water.
Local background activity level of radium isotopes is approximately 2-3 pCi/g.  A soil
core taken in a small drainage below a reclaimed storage pond and two grab samples of
sediment from another drainage that is presently receiving produced water were
investigated to characterize the vertical distribution and mineral host of NORM, and
the age of formation of the NORM host.  These results supplement an earlier survey
of the spatial distribution of NORM in drainages of the Reserve.  Anomalous activity
of radium isotopes (40-120 pCi/g) in the soil core is confined to the upper 30 cm, and
correlates with barium and carbonate content.  A radiobarite host is suggested by low
levels of acid-leachable radium.  The presence of barite is confirmed by X-ray
diffraction and scanning electron microscopy.  Ratios of radium isotopes and
deficiencies of 210Pb (t1/2=22.6 years) relative to 226Ra parent suggest an average age
of formation of radium-bearing precipitates of approximately 10 years.  Organic-
bearing wetland sediment from just below an active produced water discharge site
contains 30-45 pCi/g of radium which is also resistant to acid leaching.  A younger
apparent formation age (<2 years) of the radium-bearing phase at this site is based on
disequilibrium between 228Ra and its daughter 228Th (t1/2=1.9 years).  



INTRODUCTION

Naturally-occurring radium isotopes can be present in significant
concentration in saline water associated with hydrocarbon resources (1).  Production
and handling of water during oilfield operations provides opportunity for the
precipitation of radium-bearing scale and sludge in oilfield production equipment and
pipe.  These radioactive precipitates are one of the most concentrated forms of
naturally occurring radioactive material (NORM) and are the focus of current and
proposed regulatory actions designed to minimize risk of human exposure (2).  

Another type of oilfield NORM that has received less attention because of
generally low radioactivity is NORM present in produced water discharge pits or in
soils that are contaminated from spills or discharges of produced water.  The volume
of material affected by this relatively low-level contamination is poorly
characterized, but is probably significant.  One estimate indicates that 30,000
contaminated waste pits and surface sites exist just in coastal Louisiana (3).  Safe and
cost-effective remediation or stabilization of such sites requires knowledge of the
distribution, form, and environmental mobility of the radium.  In addition,
assignment of liability for cleanup costs may require verifiable estimates of the age of
contamination.  Previous studies of soils and sediments contaminated by radium-
bearing produced water indicate that radium is most concentrated in the fine-grained
fraction of layers closest to the surface.  The leachability of radium by a variety of
solvents suggests a primary association within mineral matter and a possible
association with insoluble sulfate minerals such as barite (3,4,5).  

This study expands upon previous efforts to characterize radium
contamination in soils and sediments affected by produced water.  Location of the
study in semi-arid central Wyoming provides an interesting climatic and geologic
contrast with the above-cited studies performed in coastal Louisiana.  Detailed
investigation of the abundance of radium isotopes and selected daughter products in
the samples illustrate some techniques for estimating the average age of radium-
bearing contaminants.  The reliability of age estimates at two sites affected by
produced water discharge is confirmed by comparison with historical information for
operation of nearby produced water storage ponds.

SITE DESCRIPTION

The study is located on the Naval Petroleum Reserve No.3 (NPR-3), Teapot
Dome, Wyoming, approximately 56 km northeast of Casper, Wyoming (Figure 1).
The NPR-3 is a federally-owned oil field of 38.3 km2 that was established in 1915,
placed into production in 1922, and removed from production by court order in 1927
in response to the “Teapot Dome Scandal” of the Harding Administration.  Modern
production at NPR-3 resumed in 1976 and operations are presently managed by the
Department of Energy.  In 1996 NPR-3 had approximately 600 producing wells
yielding an average of 1774 barrels per day.  Current production in this stripper well
field is heavily reliant on methods of enhanced oil recovery and the site serves as a
testing ground for such technology.  Wells are completed in nine geologic formations
ranging in age from Upper Cretaceous to Pennsylvanian.  



A preliminary survey for anomalous radioactivity at NPR-3 was performed in
June, 1997 (6).  The survey focused on areas of probable NORM contamination such
as known locations of pipe cleaning operations or produced water discharge.  Area
surveys of gamma-ray emissions and laboratory analysis of selected surface (0-15 cm)
soil samples detected radiation exposure levels and concentrations of 226Ra that were
generally below current maximum limits of 50 microRoentgen/hour (µR/hr) and 30
picocuries/gram (pCi/g) that are applied in existing NORM regulations of other States
(2).  Areas that were consistently above local background values of 10-20 µR/hr were
found in two small drainages located below sites of past or present discharge of
produced water.  Highest measured values in surface soils from these drainages were
25-140 µR/hr and 30-80 pCi/g of 226Ra.   Hotspots in these two drainages were visited
and sampled by the authors in October, 1997.

The North Water Flood (NWF) site is located near the northern boundary of
NPR-3 (Figure 1).  Modern production from an older well at this site commenced in
1983 with the installation of water injection capability and a two-section holding
pond for incremental cooling and clarification of produced water.  Produced water at
this site was of sufficient quality to allow surface disposal via an outflow channel
located along the western edge of the site.  The 3 m-deep ponds were drained in 1994
and backfilled in 1996 as part of site reclamation activity but the original outflow
channel remained available for sampling in 1997.  Surface soils (silt loam) in the
channel were the only source of anomalous radioactivity identified by White and
others (6) in their survey of the site.  The highest measured concentration of 226Ra
reported by White and others (6) was 45.8 pCi/g.  

The Water Treatment Site (WTS) is located near the center of NPR-3
(Figure 1).  This site contains a modern water treatment operation similar to, but
larger than, the discontinued operation at North Water Flood.  The facility was
constructed to provide a lower cost alternative to injection for disposal of produced
water.  Produced water treatment at this site commenced in 1995.  In contrast to
NWF this facility receives water from all producing formations in the field.  Water is
passed through a cooling tower, an elaborate flume system, and sequentially through
two large holding ponds.  The ponds provide for final cooling, settling of solids, and
bioremediation of oil by algae and bacteria.  The continuous discharge from the final
holding pond (2.8 m3/min) enters a small north-trending drainage that eventually
joins Little Teapot Creek (Figure 1).  Water discharged to Little Teapot Creek meets
state and federal water quality requirements.  The NORM survey by White and others
(6) identified above-background radioactivity and radium concentration in sediments
along the entire 1500 m length of the discharge drainage.  Maximum 226Ra
concentrations measured in sediments were 77.6 and 68.9 pCi/g.  These sediments
were collected 10 and 40 m from the discharge outlet of WTS.         



SAMPLING AND ANALYTICAL
METHODS

Surface radioactivity measurements with a NaI radiation exposure meter were
used to determine the location of soil or sediment samples of anomalous
radioactivity.  Soil core at one radioactive location within the drainage at NWF and
another at a nearby background site were obtained with a slidehammer-driven,
incremental soil coring device.  Successive increments (4.7 cm diameter x 8 cm
length) of undisturbed soil core were collected in a stainless steel core barrel fitted
with a removable butyrate plastic liner.  Increments of soil core + liner were fitted
with plastic end caps and sealed in plastic bags for transport.  Soil cores were
subsampled in the laboratory by carefully excavating 5 cm intervals.  Intervals were
air-dried and ground to less than 100 mesh (150 µm diameter) in a grinder fitted with
ceramic plates.  

Grab samples of two water-saturated surface sediments were collected 10 and
15 m downstream from the discharge outlet of WTS.  Sampling sites were
immediately adjacent to the active discharge channel.  Samples consisted of surface
vegetation, an underlying slurry of suspended plant matter and sediment, and
approximately 10 cm of black, silty bottom sediment.  Samples were collected in a
push tube of PVC tubing (5.6 cm diameter) driven to a depth of 60 cm.  The
protruding end was sealed to provide a vacuum and the tube withdrawn.  Samples were
collected in plastic bags for transport.  Samples were air dried at 40° C in the
laboratory and ground to -100 mesh.  

The concentration of uranium and thorium in dried and crushed samples was
determined by a delayed neutron technique (7).  Estimated precision for U is 2-10
percent relative standard deviation (RSD) at the concentrations encountered.
Estimated precision for Th is 8-25 percent.  Barium concentrations were determined
by X-ray fluorescence and have an estimated precision of better than 3 percent
(RSD).  Concentrations of calcium carbonate were calculated using values of inorganic
carbon, the latter determined by a coulimetric measurement of acid-generated CO2.  

Activity concentrations of 226Ra, 228Ra, and selected daughter products 210Pb
and 228Th were determined by high precision, low energy gamma-ray spectrometry on
50 g of sample (Zielinski and Budahn, 1998).  Samples were sealed in gas-tight
containers for three weeks prior to counting to establish radioactive equilibrium
between 226Ra and its very short-lived, gamma-emitting daughters within the 238U
decay series (Figure 2a).  This same period also allowed for equilibration of very
short-lived daughters with 228Ra and 228Th within the 232Th decay series (Figure 2b).
When radioactive equilibrium is established, disintegration rates of parent and
daughter are equal.  Thus, more easily measured very short-lived daughters such as
214Pb, 228Ac, and 212Pb can be used for proxy determinations of the disintegration
rates (activity) of their respective parents 226Ra, 228Ra, and 228Th (Figure 2a, 2b).
Samples were counted for 1-2 days each to provide adequate counts under the various
gamma-ray photopeaks of analytical interest.  Raw data collected as counts-per-
minute was used to calculate activity in disintegrations-per-minute (dpm).
Calculations included corrections for detector efficiency and gamma-ray absorption
that are a function of gamma-ray energy.  Calculated activity in dpm is reported as
picocuries (1pCi=2.22 dpm).  Analytical precision estimates for individual isotope
activities are based on counting statistics and are better than 10 percent (RSD) for the



anomalously radioactive samples of this study.  Ratios of measured isotopic activites
for the same samples have estimated precision better than 15 percent.  

Selected samples of radioactive soil or sediment were subjected to successive
extractions with 1 M NH4Cl and 1 M HCl to evaluate the comparative leachability of
radium, barium, and sulfate.  Sample (50 g) and solvent (150 ml) were shaken for 30
minutes, and separated by centrifugation (8000 rpm X 30 min.) and filtration through
a filter membrane of 0.45 micrometer opening.  For carbonate-rich samples the acid
leach included a pretreatment with sufficient 6 M HCl to dissolve the majority of
carbonate.  The final volume of acid leach solution was then adjusted to 150 ml with
the addition of 1 M HCl.  Dissolved radium in the NH4Cl and HCl solutions was
determined using a radon emanation technique (1).  Precision estimates for the
measured samples are based on multiple determinations and range from 4-12 percent
(RSD).  Dissolved barium and sulfate were determined by inductively coupled plasma-
mass spectrometry (ICP-MS) and ion chromatography (IC), respectively.  Reported
precision for these determinations are better than 5 percent (RSD).   

A heavy mineral concentrate was prepared from one acid-leached residue for
characterization by X-ray diffraction (XRD) and scanning electron microscopy
(SEM).  Processing included ashing to 350°C to remove any organic matter and
mixing with bromoform to concentrate minerals with a specific gravity greater than
2.90.   

RESULTS AND DISCUSSION

Chemical and isotopic composition

Uranium and thorium concentrations in the soil core at NWF increase with
depth and at a depth of 30 cm the values are similar to the nearby background soil
(Table 1).  In contrast, barium concentrations decrease with depth to approach
background values at 30 cm.  The transition to native soil chemistry at 30 cm depth
corresponds to a soil textural change from poorly consolidated sandy silt to hard
clayey silt.  The depth profile of barium is mimicked by CaCO3, radium, and radium
daughters (Table 1).  Strong positive correlation of 226Ra with barium (r=0.975) and
calcite (r=0.98) in the soil core suggest a common host or a common process
controlling their abundance.  Preferential location of radium in the upper 15 cm of
the soil agrees with limited observations reported by White and others (6).

Concentrations of uranium and thorium in the two sediment samples from
WTS are comparable to values in the background soil sample and deeper soils
collected near NWF.  Barium and calcite concentrations however, are clearly greater
compared to background soil at NWF, and again appear to correlate positively with
Ra concentration.

All samples show good agreement between direct determinations of 226Ra
activity and proxy determinations of 226Ra that are based on the more easily
determined activity of very short-lived daughter 214Pb (t1/2=26.8 min).  This
agreement confirms the establishment of radioactive equilibrium between 226Ra and
its very short-lived daughters during the three-week period of sealed storage and also
increases confidence in the direct determination of 226Ra.  The measured activity of



relatively long-lived 210Pb daughter (t1/2=22.6 y) is clearly less than that of 226Ra
parent in all samples.  The activity of 228Ra and 228Th daughter (t1/2=1.90 y) are
comparable in the radioactive samples from NWF, but in the sediments from WTS
the activity of 228Ra is much greater than that of 228Th.

Chemical leaching

Four of the more radioactive samples were selected for treatment by
successive extraction.  These included two horizons from the soil core at NWF (10-
15 cm, 20-25 cm) and the two sediment samples from WTS.  Extraction with 1 M
NH4Cl was designed to target readily-exchangeable Ra associated with clay minerals,
iron oxides, or organic matter.  The solvent is also capable of limited dissolution of
calcite and gypsum.  The succeeding more rigorous attack with 1 M HCl was designed
to dissolve calcite, iron oxides, and some additional gypsum.  Concentrations of
dissolved 226Ra in leachates of the two soil samples were all below 4 pCi/L and were
higher in the HCl leach (Figure 3a).  In contrast, concentrations of dissolved 226Ra in
the two sediment samples were in the range of 20-30 pCi/L and showed little
difference between leach solutions.  Greater amounts of leachable Ra in the sediment
samples compared to soils of comparable or higher total Ra concentration indicates a
higher proportion of leachable Ra.  In addition, readily-exchangeable Ra removed by
NH4Cl is apparently a more important component of leachable Ra in the sediments.
These observations may be related to the more recent and ongoing accumulation of
radium by the sediments and the greater number of exchange sites attributed to the
relatively abundant organic matter in the sediments.  Despite clear differences in the
concentration of soluble Ra in the leachates from the two sites, the fractions of
dissolved Ra are exceedingly small, ranging from .004-.03 percent for soils and .17-
.30 percent for sediments.

The concentrations of sulfate in the leach solutions are generally in the range
of 1000-2000 mg/L (Figure 3a, 3b).  This is consistent with a source of readily soluble
sulfate, probably in the form of gypsum.  Soils in the area of Teapot Dome are
derived from a gypsiferous marine shale and local surface water contains sulfate as the
dominant anion (9).  Produced water from the major producing formations at NPR-3
contains sulfate as a minor to semi-major anion (9).  In contrast to sulfate,
concentrations of dissolved barium in the leach solutions are uniformly below 10
mg/L.  An inverse relationship between dissolved sulfate and barium concentration is
consistent with compositional control by the solubility product of barite.  The 1 M
NH4Cl leach solutions are moderately oversaturated with respect to barite solubility
calculated for a 1 molar salt solution (Figure 3b).  Barite remains insoluble in
concentrated acid such as 1M HCl and hosting of radium by barite could explain the
very limited solubility of Ra in the leach solutions.  

Mineralogy

Acid-leached residue of the most radioactive soil sample (10-15 cm) was
processed to provide a concentrate of dense minerals, including barite.  X-ray
diffraction of this concentrate detected abundant barite which confirmed the
inferential evidence for barite based on elevated Ba abundance in the original sample
(Table 1) and limited leachability of Ba (Figure 3b).  A polished thin section of this
barite-rich concentrate was examined with the SEM to investigate variations in the
morphology and size of barite grains.  Individual barite grains showed a variety of
morphologies including rounded nodules, radially symmetric aggregates of crystal



laths (rosettes), and acicular prisms (Figure 4).  The preserved delicate habit of many
grains indicates limited transport from the point of origin.  Euhedral and symmetrical
crystal forms also indicate unrestricted growth from a homogeneous medium.  The
long dimension of intact barite grains and aggregates in this sample ranged from 30 to
less than 10 micrometers.  These observations are consistent with the formation of
barite by precipitation from solution.

Some of the barite observed with SEM could have formed during the leaching
experiments if sufficient Ba was liberated from ion-exchange sites or calcite.  This
explanation is considered unlikely for the majority of observed barite because; 1) the
variety of observed crystal sizes and shapes suggests a more complex history of
crystal nucleation and growth, 2) the morphologies observed are typical for natural
occurrences of barite, including barite described from soil horizons (10), and 3) the
concentration of Ba in most carbonate minerals averages only 10 µg/g (11).

Age of radium deposition

Barite is well known for its ability to incorporate radium as an isomorphous
substitute for barium (12).  The strong positive correlation of Ba and Ra in the
samples of this study supports their mutual association in a common host and fine-
grained barite was identified in the radioactive sample examined in detail.  Barite is a
well documented host of radium in highly radioactive scale and sludge from oilfield
equipment (13).  Barite is extremely insoluble in most natural settings and individual
grains of barite provide a host for radium that should approximate a chemically
closed system.  Closed-system behavior from the time of formation is a crucial
requirement for any material considered for radiometric dating.  A similar insoluble
host of radium contamination is proposed for the weakly radioactive soils and
sediments of this study.  The reported radium-based age for a soil or sediment is
therefore the average age of the population of insoluble radium-bearing grains present
at the time of sampling.

One method for estimating the age of recently precipitated (< 40 y), insoluble
radium-bearing precipitates such as radiobarite is based on the activity ratio of
228Ra/226Ra (14).  The present activity ratio of radium isotopes in a sample is
compared to the initial activity ratio at the time of original Ra precipitation.  The
initial activity ratio of radium isotopes can be estimated by measurements of modern
produced water at the site or very recent radiobarite scale formed from the produced
water.  In the absence of such measurements it is necessary to consider a most-
probable range of initial ratios of 0.5-2.0 (1).  This range of initial ratios is calculated
by assuming that radioactive equilibrium is established at depth between formation
water and crustal reservoir rocks of typical Th/U mass ratio of 1.5-6.0.  The initial
activity ratio of radium isotopes in the precipitate decreases with time because of the
preferential radioactive decay of short-lived 228Ra (t1/2=5.76y).  The activity of 226Ra
(t1/2=1600 y) is essentially constant for the time period under consideration (40 y)
and thus serves as a normalizing factor.  An additional assumption of this method is
that decay of parent 232Th in the precipitate contributes minimal 228Ra.  This
assumption is supported by the very low concentration of elemental Th (1-10 µg/g)
in radiobarite-rich soils (14).  For some soils that are weakly contaminated with 228Ra
(<5 pCi/g) it may be necessary to correct for the 228Ra activity contributed by decay
of 232Th in the soil (1 µg 232Th= 0.11 pCi of 232Th (and equilibrated 228Ra daughter)).  



Figure 5 shows how the 228Ra/226Ra activity ratio in an insoluble Ra-rich
component of soil is calculated to diminish with time, relative to its initial value.
The operative exponential equation governing this radioactive decay is given in the
appendix.  Apparent average ages of radium-bearing grains in radium-enriched
samples of this study are calculated for an assumed initial ratio of 1.0 (Table 2).
Assigned errors of ±5.76 y (Table 2) are based on applying the more extreme
estimates for the initial 228Ra/226Ra ratios of 0.5 and 2.0.  The errors introduced by
considering this range of initial ratios greatly exceed estimated analytical errors of
±15 percent for determination of isotope ratios.  Assignment of such liberal errors to
estimated ages generates a large uncertainty in the age of young radium-bearing
precipitates.  An average age of approximately 9.8±5.76 y is indicated for the radium
precipitate at NWF and this is consistent with the period of operation of the ponds
from 1983-1994 (avg. age in 1997= 8.5 y).  Different intervals in the upper 30 cm
of soil at NWF yield similar average ages and this suggests that radium-bearing grains
in the discharge drainage were fairly well mixed within the upper horizons prior to
sampling.  One possible mechanism for this mixing is the resuspension of soil
particles by water moving in the discharge drainage.  

Additional constraints on the probable maximum age of insoluble radium-
bearing grains can be applied by considering the abundance of 210Pb daughter
(t1/2=22.6y), relative to its parent 226Ra (Table 2, Figure 6).  The operative equation
governing the ingrowth of this daughter product over a period of approximately 100
y is given in the appendix.  Calculated ages of radium-bearing grains by this method
are based on an assumed initial 210Pb activity of zero (Table 2).  This assumption is
poor because some 210Pb is likely to be incorporated in the grains during their
precipitation.  Hot produced waters rich in chloride are likely to contain variable
amounts of dissolved Pb (including 210Pb), and lead is accommodated in the barite
structure (15).  The erroneous assumption that all measured 210Pb is decay-generated
produces calculated ages that are too old.  In mixtures of radium-bearing grains and
soil the closed system assumption for the parent-daughter pair 226Ra-210Pb could be
compromised if significant introduced 210Pb is hosted by phases other than barite, or
if the soil is particularly open to gain or loss of intervening isotope 222Rn (Figure 2a).
Despite these additional complications, recent radium-bearing precipitates are most
likely to have significant fractions of initial 210Pb (derived from produced water)
compared to decay-generated 210Pb and therefore are most likely to have apparent
210Pb/226Ra ages that are too old.  In this study maximum ages based on 210Pb/226Ra
activity ratio fall within the upper range of possible ages based on radium isotopes.  A
maximum average age of approximately 10 y is indicated for radium-bearing grains at
NWF and maximum average ages of 2.7-5.7 y are indicated at WTS (Table 2).  

An additional estimate of the age of very young (<4 y), insoluble, radium-
bearing grains is based on disequilibrium abundances of 228Ra (t1/2=5.76 y) and its
daughter 228Th (t1/2=1.90 y) (Figure 2b).  In application of these isotopes the similar
half-lives of parent and daughter produce a condition of transient radioactive
equilibrium in which significant decay of the parent occurs during the period of
ingrowth of daughter, i. e., over a few half-lives of daughter (16).  The calculated
relative activities of these two isotopes in a closed system as a function of time
(Figure 7a) indicate buildup of the 228Th daughter from an assumed initial value of
zero to a maximum value at 4.54 y.  Thereafter both parent and daughter decay at
similar rates but the activity of the 228Th daughter remains higher and approaches a
limiting value that is 1.49 times the activity of 228Ra parent.  The assumed condition
of no initial 228Th in radium-bearing precipitate is reasonable based on the evidence



cited above for low elemental Th in radiobarite.  Equations governing these
calculations are summarized in the appendix.  

Rapid increase of the activity ratio of 228Th/228Ra during the first 4 y after Ra
precipitation (Figure 7b) can be used to calculate apparent ages provided that
measured abundances of 228Ra and particularly 228Th, are analytically well determined.
For very low activities of these isotopes correction should be made for their activities
that are supported by decay of 232Th in the soil/sediment.  Note:  most natural soils
approximate radioactive equilibrium in which 1 µg 238U= 0.33 pCi of 238U (and
daughters) and 1 µg 232Th= 0.11 pCi of 232Th (and daughters).  Calculated average
ages of radium-bearing grains at NWF are all greater than 5 y but the 228Th/228Ra
activity ratio is rather insensitive to age in these older samples.  Calculated average
ages of radium-bearing grains in the sediments at WTS are less than 2 y, which is
consistent with the 1995 startup date for water treatment.  Subtraction of
approximately 1 pCi of 228Th and 228Ra daughter activity that is supported by decay
of native Th in these sediments reduces reported ages by approximately 20 percent.  

ADDITIONAL DISCUSSION

Precipitation and subsequent stability of very fine-grained barite in the soil
and sediment samples is enhanced by abundant dissolved sulfate in local surface water
and in some of the produced waters.  Conversely, bacterially-mediated sulfate
reduction in organic-bearing sediments can cause radiobarite to dissolve (17,18).  This
is consistent with slightly increased extraction of Ra and Ba and a higher proportion
of exchangeable Ra in leachates of organic-bearing sediments at WTS.  In humid
climates where reducing organic-rich sediments host radium the assumption that
radiobarite is highly insoluble will be less valid.  The dark black color of freshly
collected sediment samples from WTS largely disappeared upon air drying.  This
suggests the presence of iron monosulfide minerals that form under reducing
conditions in areas of active sulfate reduction.

 If insoluble radium-bearing mineral (radiobarite?) is simply added to soils and
sediments as particulate matter that was originally suspended in discharged produced
water, then radium-bearing particles also should be present in layered sequences in the
pond bottom sediments.  These sediments will continue to accumulate at WTS
throughout the projected lifetime of the Teapot Dome Field (2003).  Eventual burial
of dried, bioremediated pond sediments with local sulfate-bearing soil provides a
reasonable means for stabilizing radiobarite in a shallow, oxidizing environment that
contains sparse organic matter.  If anomalously radioactive sediments are found to be
largely confined to the WTS drainage rather than the pond bottoms, then the
dominant mechanism of radium addition may be through reaction of dissolved
constituents in produced water with soil-derived sulfate.  Any remediation efforts that
require physical disruption of dry, radium-bearing sediment or soil should consider the
fine-grained nature of the material and the potential for airborne dispersion of
radium-bearing particles.

The average 228Ra/226Ra activity ratio in produced water of the field is
approximated by the ratio in very young (<2 y) precipitates at WTS.  Ratios
corrected to the present day range from .483-.530.  These values fall near the lower
end of the proposed range of 0.5-2.0 for most produced water and suggest that
produced water equilibrated with reservoir rocks of low Th/U ratio.  Wyoming is a



uranium-rich province and the composition of crustal rocks should record this
preferential U enrichment as a low Th/U ratio.  Production at NWF was from only
one formation and a similar calculation that assumed an average age of radium
precipitation of 8 years yielded initial 228Ra/226 activity ratios of 0.73-0.91.  

CONCLUSIONS

Weakly radioactive soil and sediment at the NPR-3 site contain above-
background concentrations of radium (30-120 pCi/g) in their upper 0-30 cm.  Radium
correlates very strongly with barium and is very resistant to removal by concentrated
salt or mineral acid, suggesting that barite is the major residence.  Barite in the heavy
mineral fraction occurs as delicate, fine-grained crystals that are stabilized by the high
concentrations of dissolved sulfate present in the local soil environment.
Radiometric ages of radium precipitates at two sites were calculated based on an
assumed primary residence of radium and its daughter products in a highly insoluble
phase such as radiobarite.  Agreement of these average apparent ages with historical
records of produced water treatment suggests that similar age calculations may be
usefully applied to radioactive soils or scale deposits at other oilfield production sites.  
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APPENDIX

1. Decay of radium isotope activity ratio.

 (228Ra/226Ra) = (228Ra/226Ra)o e
-λt

where λ= the decay constant for 228Ra (=.693/t1/2)
t1/2=half-life of 228Ra=5.76 y.
t= the time (in years) since radium precipitation

2.  Buildup of 210Pb daughter activity from decay of 226Ra parent (assumed initial
activity of 210Pb=0).

210Pb = 226Ra (1 - e-λt)

where λ= the decay constant for 210Pb (=.693/t1/2)
t1/2=half-life of 210Pb=22.6 y
t= the time (in years) since radium precipitation

3.  Activity ratio of 228Th/228Ra versus time (assumed initial activity of 228Th=0).

λ    1    λ    2    /λ    2    -λ    1     (e
-λ1t - e-λ2t)

λ1e
-λ1t

where λ1=decay constant for 228Ra (=.693/t1/2)

λ2=decay constant for 228Th (=.693/t1/2)
t1/2 =respective half-lives of 228Ra (5.76 y) and 228Th (1.90 y)
t= the time (in years) since radium precipitation.



Table 1.  Chemical and radiometric data for soil and sediment from Teapot Dome,
Wyoming

       238U decay series          232Th decay series
Sample depth

(cm)
U
(µg/g)

Th
(µg/g)

Ba
(µg/g)

CaCO3
(wt. %)

226Ra
(pCi/g)

214Pb
=226Ra
(pCi/g)

210 Pb
(pCi/g)

228Ac
=228Ra
(pCi/g)

212Pb
=228Th
(pCi/g)

North water flood soils
NPR 1C 0-5 0.5 <2.0 11040 71.3 72.7 70.1 16.8 25.1 27.0

5-10 0.8 3.6 12460 62.4 76.7 74.6 18.6 21.4 27.4
10-15 0.7 <2.0 16390 62.5 90.5 88.8 24.6 32.2 35.5
15-20 2.2 6.3 7400 19.5 30.8 31.1 7.8 9.2 10.5
20-25 2.0 8.8 7270 22.7 30.0 26.9 9.0 8.9 9.8
25-30 2.0 7.1 8240 15.6 28.8 27.7 9.3 7.9 11.3
30-35 3.1 11.5 660 2.2 2.3 2.0 2.2 2.0 1.4
35-40 2.9 12.2 590 2.3 1.7 1.4 1.5 1.6 1.1
40-45 3.2 13.2 680 0.13 1.4 1.6 1.6 1.7 1.2
45-52 3.2 14.4 660 0.07 1.9 1.8 1.7 1.6 1.5
52-67 3.2 10.7 780 0.30 1.4 1.5 1.3 1.2 1.2

NPR 2C
Bkg. soil

0-18 3.1 11.4 570 3.2 1.5 1.3 1.5 1.4 1.0

Water treatment site sediments
NPR 3C ~0-10 2.7 8.2 1640 27.8 32.7 33.4 2.6 15.4 3.5

NPR 4C ~0-10 3.8 9.3 1290 13.6 20.8 20.4 2.8 8.2 4.2
NPR 4C
Dup.

~0-10 3.4 11.7 nd. 14.2 20.6 19.9 3.3 8.9 4.4

nd.= not determined, Dup.=duplicate, Bkg=background



Table 2.  Apparent average age of insoluble radium-bearing precipitates in soils and
sediments, Teapot Dome, Wyoming

Sample 228Ra/226Ra
(±15%)

Age (y)
±5.76 *

210Pb/226Ra
(±15-20%)

Age (y)
(max)**

228Th/228Ra
(±15%)

Age
(y)***

North water flood soils
NPR 1C
(0-5 cm) .345 8.8 .231 8.6 1.08 >5
(5-10 cm) .279 10.6 .242 9.0 1.28 >5
(10-15 cm) .356 8.6 .272 10.4 1.10 >5
(15-20 cm) .299 10.0 .253 9.5 1.14 >5
(20-25 cm) .297 10.1 .300 11.6 1.10 >5
(25-30 cm) .274 10.8 .323 12.7 1.43 >5

Mean=9.8±
0.9

Mean=10.3
±1.6

Mean=>5

Water treatment site sediments
NPR 3C .471 6.3 .080 2.7 0.227 0.67

NPR 4C .394 7.7 .135 4.7 0.508 1.7
NPR 4C
dup.

.432 7.0 .160 5.7 0.498 1.7

* Calculated age assuming an initial activity ratio of radium isotopes of 1.0.  If
initial activity ratio is 0.5 then calculated age is lowered by 5.76 years.  If initial
activity ratio is 2.0 then calculated age is increased by 5.76 years.

** Calculated age is based on ingrowth of 210Pb daughter from an assumed initial
abundance of zero.  This represents a probable maximum age.

*** Calculated age based on the ingrowth of 228Th daughter from an assumed initial
abundance of zero.



Figure 1. Location of the two study sites within the Naval Petroleum Reserve No.3,
Teapot Dome, Wyoming.



(a)

Figure 2a. Simplified diagrams of the (a) 238U.



Figure 2b. 232Th decay series showing major decay products.  Isotopes enclosed in
darker boxes are those analytically determined by low energy gamma-ray
spectrometry as part if this study.
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Figure 3. Concentration of dissolved sulfate compared to (a) dissolved Ra and (b)
dissolved Ba in leachates of samples.  Symbols are coded to distinguish
results from two different leach solutions.

Figure 4. Scanning electron microscope image (backscatter mode) of the heavy
mineral concentrate from leached soil sample NPR-1C (10-15 cm).  Lighter
colored grains are barite of various morphologies.
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Figure 5. The change in activity ratio of 228Ra/226Ra relative to the initial ratio
(228Ra/226Ra)o as a function of time in a closed system.
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Figure 6. The change in activity ratio of 210Pb/226Ra as a function of time in a closed
system, with an assumed initial activity of 210Pb of zero.
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Figure 7a. Relative activity of 228Ra parent and 228Th daughter in a closed system that
initially has no 228Th.
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Figure 7b. The change in activity ratio of 228Th/228Ra as a function of time in a closed
system, with an assumed initial activity of 228Th of zero.
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ABSTRACT

Petroleum production activities sometimes result in the accumulation of naturally
occurring radioactive materials (NORM) at elevated concentrations in by-product waste
streams, such as scale and sludge.  In the past, the petroleum industry commonly
disposed of these wastes via landspreading, a practice consisting of spreading the waste
over the soil surface and, sometimes, mixing it into the top layer of soil.  Potential
radiological doses to workers and the general public from landspreading of NORM waste
have been assessed for a variety of scenarios, including the landspreading worker
scenario and future residential, industrial, recreational, and agricultural scenarios.  The
exposure pathways evaluated include external radiation, inhalation of resuspended dust
and radon, ingestion of soil and groundwater, and ingestion of contaminated foodstuff
grown on the property.  In general, potential doses to landspreading workers and
members of the general public exposed through future recreational or agricultural use of
the property are negligible.  Potential doses to future residential or industrial users can
vary greatly, depending on such factors as type of building construction, presence or
absence of clean cover material, and on-site erosion rates.  On the basis of the results
presented in this paper, it is recommended that (a) any landspreading activity that would
result in radium-226 concentrations in soil above 10 pCi/g be evaluated on a case-by-case
basis to estimate potential future risk to the public and (b) states should consider policies
to restrict future land use or advise future land owners where landspreading of NORM
wastes has occurred.

                                                          
∗ Work supported by the U.S. Department of Energy, Office of Fossil Energy, National

Petroleum Technology Office, under Contract W-31-109-Eng-38.



INTRODUCTION

As a result of oil and gas production and processing operations, naturally
occurring radioactive materials (NORM) sometimes accumulate at elevated
concentrations in by-product waste streams.  The primary radionuclide of concern in
NORM wastes is radium-226 (Ra-226), of the uranium-238 decay series.  Radium-228
(Ra-228), of the thorium-232 decay series, also occurs in NORM waste but is usually
present in lower concentrations.

The production waste streams most likely to be contaminated by elevated radium
concentrations include produced water, scale, and sludge.  Scales and sludges removed
from production equipment often are disposed of by landspreading, a method in which
wastes are spread over the soil surface to allow the hydrocarbon component of the wastes
to degrade.  Currently, only a few of the states that have NORM regulatory programs
allow the disposal of NORM by landspreading.  In states that do not have NORM
regulatory programs, landspreading of NORM wastes typically is unregulated.

In this study, the disposal of NORM-contaminated wastes by landspreading was
modeled to evaluate potential radiological doses and resultant health risks to workers and
the general public.  A variety of future land use scenarios  including residential,
industrial, recreational, and agricultural scenarios  were considered.  The scope of this
dose assessment included the disposal of NORM wastes by on-site landspreading at
centralized, noncommercial landfarm facilities.  The waste streams considered included
scales and sludges containing NORM at levels above background that were recovered
from pipelines and storage vessels.  The objectives of this study were to (a) estimate
potential radiological doses to workers and the general public resulting from the disposal
of NORM wastes by noncommercial landspreading activities and (b) analyze the effect of
different land use scenarios on potential doses.

Landspreading Practices

Landspreading is a long-standing waste disposal method that has been available
to the petroleum industry.  A wide variety of exploration and production (E&P) wastes
generated by the petroleum industry have been considered suitable for landspreading,
including drill cuttings, produced solids, tank bottoms, pit bottoms, waste crude, pipeline
scales and sludges, other wastes removed from piping (i.e., pigging wastes), and soils
contaminated with spilled hydrocarbons or produced water.  Operators may pretreat these
wastes to maximize the economic recovery of hydrocarbons.  In many instances, on-site
landspreading is the least intensive and least expensive disposal option for the petroleum
industry.

Landspreading is a relatively simple process that depends on the availability of
oxygen and water and the presence of specific types of naturally occurring bacteria in the
soil.  Sometimes the practice entails nothing more than spreading the wastes over a
specific tract of land by using standard earth-moving equipment.  Usually, the objective
is to spread the wastes as thinly as possible; the thinner the layer, the quicker the
hydrocarbons biodegrade.  To accelerate the biodegradation process further, operators
often disk or till the layer of waste into the shallow surface soils.  In some instances,
depending on local soil conditions, aridity, or land use needs, operators may add water



and/or fertilizers (e.g., nitrogen-rich manure) to the landspreading treatment zone to
further enhance biodegradation.

In practice, landspreading of E&P wastes occurs on well sites or lease sites that
are at the point of waste generation or near it; at centralized, noncommercial landfarms;
and at commercial landspreading facilities.  The regulations governing which options are
available to an operator vary from state to state.  In the case of on-site landspreading,
wastes typically are disposed of on a specific tract of land only one time.  Usually the size
of the tract is limited; however, the potential exists for larger tracts of land to be involved.
At centralized facilities, the tract of land typically is used repeatedly to support
continuing disposal operations.

The suitability of a specific tract of land for landspreading activities is addressed
in most state regulations governing the disposal of E&P wastes.  The factors that usually
are considered include site topography, depth to groundwater, distance to surface water,
surrounding land use, permission of surface owner, and soil conditions.  The controlling
soil conditions include electrical conductivity, exchangeable sodium ratio, and sodium
absorption ratio.

Regulatory Controls

Landspreading Regulations

Most states have implemented regulations governing landspreading practices to
limit the potential for environmental contamination.  Requirements vary from state to
state with respect to permit requirements, application restrictions, siting restrictions, and
final treatment levels.  Some states require permits before any landspreading activities
may take place.  Others require permits only for certain activities, such as landspreading
at centralized, noncommercial facilities or landspreading of wastes containing
hydrocarbons above a specified level.  When a permit is required, almost all states require
written permission from the surface owner to be included in the permit application.

Almost all states stipulate that only nonhazardous E&P wastes may be disposed
of via landspreading.∗ A few states set additional restrictions on the hydrocarbon and
chloride contents of E&P wastes that can be landspread.  Other states also regulate the
resultant or final concentrations of hydrocarbons.  Almost all state regulations stipulate
that landspreading should be conducted in a manner that is protective of human health
and the environment.  When a permit is required for landspreading, the permit application
typically must include information describing the wastes, landspreading site, and
application method.  In general, a permit will be issued only if the applicant has
adequately demonstrated that the landspreading activity will not pollute surface or
subsurface waters or adjoining property and does not present an unacceptable risk to
public health and the environment.

                                                          
∗ These nonhazardous wastes include E&P wastes that are exempt from regulation as hazardous

waste under the Resource Conservation and Recovery Act (RCRA) and related state statutes
and nonexempt wastes that are not listed as hazardous and do not exhibit any hazardous
characteristics (e.g., ignitability, corrosivity, reactivity, and toxicity).



NORM Regulations

Currently, no federal regulations specifically address the handling and disposal of
NORM wastes.  In the absence of federal regulations, individual states have taken
responsibility for developing their own regulatory programs.  These programs have been
evolving rapidly over the last few years.  Many states have promulgated NORM
regulations, and many others are reviewing NORM issues within their borders and the
need for specific regulations.

The existing state regulatory programs establish standards for (a) NORM
exemption standards or action levels; (b) the licensure of parties possessing, handling, or
disposing of NORM; (c) the release of NORM-contaminated equipment and land;
(d) worker protection; and (e) NORM disposal.  The action level defining when E&P
wastes must be managed as NORM wastes varies from state to state.  In general, state
action levels range from 5 to 30 pCi/g of total radium (i.e., Ra-226 plus Ra-228).  Several
states have established two action levels dependant upon the radon emanation rate of the
waste.∗  In these states, the action level is 5 pCi/g total radium if the radon emanation rate
exceeds 20 pCi/m2/s and 30 pCi/g total radium if the radon emanation rate is below that
level.

The state standards for release of contaminated land generally are consistent with
similar standards defined by the Uranium Mill Tailings Radiation Control Act of 1978
(Title 42, United States Code 7901, et seq.).  In most states, land previously contaminated
with NORM may be released for unrestricted use provided the total radium concentration
in the top 15 cm of soil is ≤5 pCi/g, averaged over any 100 m2.  As was the case for
NORM action levels, several states have established two release standards based on the
radon emanation rate of the NORM remaining in the soil.  If the radon emanation rate is
above 20 pCi/m2/s, the release standard is 5 pCi/g of total radium, and if the radon
emanation rate is below that level, the release standard is 30 pCi/g.

Although the Interstate Oil and Gas Compact Commission (1) recommends that
wastes containing NORM in excess of a state’s established action levels should not be
landspread, two states allow the landspreading of NORM at noncommercial sites under
specific conditions.  In Texas, landspreading of NORM waste is allowed without a permit
on the lease site where the waste was generated, provided the resultant total radium
concentration in the soil is ≤5 pCi/g above background levels [16 TAC 3.94(e)(2)(A)].
Off-site surface disposal of NORM is allowed in Texas provided the same dilution
standards are met and a permit is obtained [16 TAC 3.94(g)].  The permit application
must describe the physical nature, volume, and activity level of the waste; background
activity level; and dust control measures and include written permission from the surface
owner.

In New Mexico, in accordance with requirements contained in the NORM
regulations promulgated by the Environment Department [Title 20, New Mexico
Administrative Code (NMAC), Chapter 3, Part 1, Subpart 14, Section 1407(A)], on-site
surface disposal of NORM-contaminated soils is allowed provided a general license is
obtained, a Subpart 13 permit is obtained, and the operator complies with the

                                                          
∗ The radon emanation rate is a measure of the radon activity (pCi/m2/s) produced in the pore

space.



requirements of Oil Conservation Division (OCD) Rule 711 that govern surface waste
management facilities.  Under this regulation, general licensees may blend or disk
NORM-contaminated soil in place, provided the soils at the site were contaminated with
NORM prior to promulgation of the regulation (i.e., August 3, 1995) and provided the
exemption standard for Ra-226 in soil of 30 pCi/g above background is not exceeded.
Under 19 NMAC 15.I.714(c)(1), the NORM disposal rules promulgated by the OCD, the
disposal of NORM is allowed at centralized surface waste management facilities,
provided it is disposed of in a manner that is protective of the environment, public health,
and fresh waters.  The OCD further requires that the facility must operate under a
Rule 711 permit.  Despite these provisions in the regulations, to date, landspreading
disposal of NORM by permit has not occurred in New Mexico.

Radiation Dose Standards

Under existing regulations for workers classified as radiation workers by state or
federal law, doses are required to be as low as reasonably achievable, not to exceed an
annual dose of 5 rem/yr, as specified in Title 10, Code of Federal Regulations, Part 20.∗

This limit would apply to workers who handle NORM only if they were classified as
radiation workers by state regulations; otherwise, NORM workers are subject to dose
limits that apply to the general public.  The currently accepted public dose limit
recommended by the International Commission on Radiological Protection (ICRP) (2) is
100 mrem/yr from all sources.∗∗  In addition, the Conference of Radiation Control
Program Directors, Inc. (3) has proposed a public dose limit of 100 mrem/yr from all
licensed sources, including NORM.

ASSESSMENT METHODOLOGY

Estimation of Radiological Doses and Carcinogenic Risks
 

Radiation exposure pathways can be separated into external and internal
components.  External exposure, which occurs when the radioactive material is outside of
the body, is a concern primarily only for gamma radiation because it can easily penetrate
tissue and reach internal organs.  Internal exposure occurs when radioactive material is
taken into the body through inhalation or ingestion.  For internal exposure, alpha and beta
particles are the dominant concern, because their energy is almost completely absorbed in
cells, potentially causing biological harm.

For internally deposited radioactive contaminants, exposure is measured in terms
of the 50-year committed effective dose equivalent (CEDE).  This concept, developed by
the ICRP (4), represents the weighted sum of the dose equivalent in various organs.  The
CEDE considers the radiosensitivity of different organs, biological effectiveness of

                                                          
∗ The unit “rem” stands for roentgen equivalent man.  It is a unit of radiation dose that

incorporates both the amount of ionizing radiation absorbed by tissue and the relative ability of
that radiation to produce particular biological change.  The unit is frequently applied to total
body exposure for all types of ionizing radiation.

∗∗ A millirem is equal to one thousandth of a rem.



different types of radiation, and variable retention time in the body for different
radionuclides.  For external pathways, no long-term residence of radionuclides in the
body occurs, and the measure of dose is the effective dose equivalent (EDE).  Both
CEDE and EDE are expressed in units of rem.  For this assessment, maximum individual
dose equivalents were calculated for workers and the general public.  Collective doses
were considered to be beyond the scope of this study and were not calculated.

The major radiological health concern from exposure to NORM is potential
induction of cancer.  The development of radiation-induced cancer is a stochastic process
and is considered to have no threshold dose (i.e., the probability of occurrence, not the
severity of effect, increases with dose, and there is no dose level below which the risk is
zero).  The relationship between radiation dose and development of cancer is well
characterized for high doses of most types of radiation, but for low doses, it is not well
defined and is subject to a large degree of uncertainty.  Low levels of radiation exposure
may present a health risk, but it is difficult to establish a direct cause-and-effect
relationship because of the lack of data and the presence of compounding environmental
stresses.  In the absence of definitive data, the risk from low levels of radiological
exposure are estimated by extrapolating from data available for increased rates of cancers
observed at higher doses.  For this assessment, radiation doses were converted to
carcinogenic risks by using risk factors identified in ICRP Publication 60 (2).  The ICRP
risk factor for the public is 5 × 10-7 per mrem, and for workers, it is 4 × 10-7 per mrem.
Risks are expressed as the increased probability of fatal cancer over a lifetime.

Identification of Scenarios and Exposure

For this study, the disposal of NORM-contaminated wastes by landspreading was
modeled to evaluate potential doses and health risks to workers and the public for a
variety of land use scenarios.  Dose calculations were conducted for the maximally
exposed receptor for each scenario.  An on-site worker performing landspreading
operations was evaluated.  This receptor would be involved with activities such as the
loading, unloading, transport, application, or tilling of NORM waste and any necessary
maintenance activities such as watering and fertilization.  Potential exposure pathways
identified for the worker included external radiation, incidental ingestion of soil,
inhalation of suspended NORM-contaminated particulates, and inhalation of outdoor
Rn-222.  Because landspreading is not a labor-intensive process, a maximum upper-
bound exposure time of 10 8-hour workdays per year was considered for this receptor.

Four future land use scenarios were evaluated: residential, industrial,
recreational, and agricultural.  Residential use of land on which NORM had been
disposed of was evaluated as the most conservative scenario (i.e., the scenario expected
to result in the greatest risk).  Assumptions underlying the residential land use scenario
were that individuals live on the site; drink the groundwater or surface water; and
produce most of their food, including vegetables, milk, meat, and fish, on the site.  Two
types of home construction were evaluated to investigate their effect on indoor Rn-222
concentrations:  a home with a crawl space directly over the NORM waste, and a home
with a basement excavated below the contamination.  The resident was assumed to spend
18 hours each day on the site (of which 12 hours was spent indoors), seven days per
week.  The pathways of exposure evaluated for the residential receptor included external
radiation; inhalation of contaminated particulates; inhalation of indoor and outdoor
radon-222 (Rn-222); inadvertent ingestion of contaminated soil; and ingestion of crops,



milk, and meat grown on the contaminated property.  Although this scenario may not
represent a realistic future use of land that has been used to dispose of NORM wastes by
landspreading, it was evaluated to represent a maximally exposed individual.  These
residential land use assumptions are commonly used by risk assessors to evaluate the
potential dose to a maximally exposed individual.

The industrial land use scenario considered a building constructed on a concrete
slab directly over the land on which NORM had been landspread.  The receptor was
assumed to work on-site eight hours per day, five days per week.  Exposure time was
assumed to be divided equally between indoor and outdoor activities.  The pathways of
exposure evaluated for the industrial receptor included external radiation, inhalation of
contaminated particulates, inhalation of indoor and outdoor Rn-222, and inadvertent
ingestion of contaminated soil.

The recreational land use scenario evaluated a visitor who spends 20 days per
year recreating on the land.  Because most parcels of land are limited in size and are not
located in the vicinity of surface water (in accordance with state regulations), an exposure
time of one hour was assumed for each visit.  This time interval is reasonable given that
recreational opportunities would not include activities such as fishing and swimming.
The pathways of exposure evaluated for the visitor included external radiation, inhalation
of contaminated particulates, inadvertent ingestion of contaminated soil, and inhalation of
outdoor Rn-222.

Landspreading is commonly performed in areas used primarily for agricultural
purposes (i.e., raising cattle and crops).  The agricultural scenario considered a receptor
who lives off the site but consumes food that had been raised on land that had been used
for landspreading of NORM-contaminated waste.  Twenty-five percent of the meat and
produce ingested by the receptor was assumed to be from the site.

Source Characterization

Radium concentrations in NORM waste are highly variable, ranging from near
background levels to several hundred thousand pCi/g.  For this assessment, doses were
modeled for a unit concentration of 1 pCi/g of Ra-226 in soil.  Doses and health risks are
presented in this report for a range of Ra-226 concentrations up to 2,000 pCi/g.  Because
dose increases linearly with increasing Ra-226 concentration and because dose is
presented for a unit concentration of Ra-226 for each scenario, the reader can extrapolate
the calculations to estimate potential doses from any given Ra-226 concentration.  Doses
are presented for Ra-226 because it is the primary radionuclide associated with NORM
and it presents a long-term hazard.  The contribution to dose from Ra-228 also was
addressed in the analysis, even though it does not present a long-term hazard.  A 3:1
concentration ratio of Ra-226 to Ra-228 was assumed.

Dose calculations were performed for the principal radionuclides in the decay
series.  The term “principal” refers to those radionuclides in the decay series with half-
lives of more than one year; these include Ra-226, lead-210 (Pb-210), Ra-228, and
thorium-228 (Th-228).  The chain of decay products of a principal radionuclide (i.e., the
associated radionuclides) extending to (but not including) the next principal radionuclide
were assumed to be in secular equilibrium∗ with the principal radionuclide.  Secular
                                                          
∗ Secular equilibrium refers to the stable relationship established in nature between a



equilibrium was also assumed between Ra-228 and Th-228.  Ingrowth of Pb-210, which
has a longer half-life (22 years), was assumed for 10 years at the start of analysis.

The Rn-222 emanation fraction used in this assessment was assumed to be 0.04.∗∗

This value was derived from recently published data showing a range of emanation
fractions from 0.02 to 0.06 (5). At these low levels, if NORM scale was mixed into a soil
layer, the rate of radon emanation from the soil would be well below the 20 pCi/m2/s
standard contained in some state regulations.

Methodology and Exposure Assumptions

For all scenarios, radiological doses were modeled by using the RESRAD
computer code, Version 5.782 (6).  The RESRAD code is a pathways analysis code that
implements the methodology for determining concentrations of residual radioactivity in
soil prescribed in U.S. Department of Energy Order 5400.5 (7).  The exposure pathways
available for analysis included external radiation; inhalation of resuspended dust and
Rn-222; ingestion of crops, milk, and meat grown on the contaminated property;
incidental ingestion of contaminated soil; ingestion of fish from a nearby pond; and
ingestion of surface water or groundwater.  Doses were projected over a period of
1,000 years following initial NORM placement.  For the residential and industrial
scenarios, an annual dose was estimated for each year following the landspreading
assuming that a home or industrial facility could be built at any time in the next
1,000 years.  For example, the annual dose was calculated for a resident inhabiting a
home built in the first year after landspreading, in the second year, in the third year, and
so on until the one thousandth year.  This methodology allowed the assessment to
account for radioactive decay and erosion of the cover material over time.

For landspreading workers, airborne emissions could be generated during the
application and tilling of the NORM waste.  Airborne emissions generated during
landspreading activities were calculated on the basis of an estimated mass loading factor.
The dose to workers from the inhalation of NORM was estimated by using the following
equation:

Dinh = B × t × ML × CN × DCFinh,

where
Dinh = committed effective dose equivalent from inhalation

from a ground release (mrem),

B = breathing rate (m3/h),

t = exposure time (h),

                                                                                                                                                              
radioactive element that has a long half-life and a decay product that has a much shorter half-
life.  For example, Ra-226 has a half-life of about 1,600 years.  As this element decays and
emits radiation, Rn-222, which has a half-life of about 3.8 days, is produced.  Over time (after
seven progeny half-lives), an equilibrium is established between the concentrations of these
two elements such that the activity of each element is equal.

∗∗ The radon emanation fraction is the ratio of the amount of radon escaping into the internal
porosity of a material to the total amount of radon produced by the decay of Ra-226 within the
material.



ML = mass loading factor (g/m3),

CN = radioactivity concentration of NORM (pCi/g), and

DCFinh = inhalation dose conversion factor (mrem/pCi) for the
radionuclide of interest.

The calculation assumes that the amount of particulates in air would eventually reach a
saturation level called the mass loading factor and that this level would be maintained
during the work period.  The mass loading factor was based on an upper-bound estimate
for gardening activities of 500 µg/m3 established by the U.S. Nuclear Regulatory
Commission (8).

The exposure parameters used to model the landspreading scenarios are
presented in Table 1.  Calculations were based on a 2-acre (8,093-m2) area of land;
contamination was assumed to be distributed homogeneously throughout the
contaminated zone.  For all scenarios, the thickness of the contaminated zone was
assumed to be 0.67 ft (0.20 m).  For the residential and industrial scenarios, the
contaminated zone was assumed to be covered with a layer of clean soil 0.5-ft thick
immediately following the landspreading action to provide for future construction of a
building.  Exposure parameters used for each scenario were based on a review of the
literature, discussions with industry representatives, and engineering judgment.
Sensitivity analyses were performed on several parameters, including the thickness of the
contaminated zone and of the cover, Rn-222 emanation coefficient, building air exchange
rate, size of the area involved in landspreading, and plant-to-soil transfer ratio.

RESULTS

Doses and Health Risks to Landspreading Workers

Radiological doses to workers involved in landspreading operations were
estimated for external radiation, ingestion of soil, and inhalation of airborne particulates.
The total dose from all pathways for a unit concentration of 1 pCi/g of Ra-226 was
estimated to be 0.10 mrem/yr.  The increased risk of a worker developing a fatal cancer
corresponding to a unit concentration was estimated to be 4 × 10-8.  This estimate was
based on 80 hours of exposure over the course of a year.  The major contributor to the
dose was external radiation; inhalation and ingestion contributed only about 1% of the
total dose.  The presence of Ra-228 in the waste would increase the dose from external
radiation by an estimated 35% (0.14 mrem/yr), assuming a 3:1 concentration ratio
between Ra-226 and Ra-228, for the first five years after disposal.  The doses for the
worker scenario tended to be overestimated, since the calculations did not account for any
shielding from a truck or tractor.  In reality, some shielding would be present, and it
would attenuate some of the gamma radiation emanating from the soil.



Doses and Health Risks to the Public

Residential Scenario

Two types of home construction were evaluated for the residential scenario:  a
home with a crawl space situated directly on top of the contaminated zone, and a home
with a basement excavated below the contaminated layer of NORM.  In both cases, it was
assumed that immediately following the landspreading action, a layer of clean soil 0.5-ft
thick would be spread over the contaminated zone to regrade the surface for future
construction.  The placement of additional clean cover material on the site before
construction was not accounted for in this assessment.

For each construction type, an annual dose was estimated for each year following
landspreading assuming that the home was built and inhabited during that year; the
results are depicted in Figures 1 and 2.  External radiation and radon inhalation were the
two dominant pathways.  All other pathways combined contributed less than 5% of the
total dose for the residential scenarios.  Groundwater-dependent pathways did not
contribute to dose because of the relative immobility of radium. For both construction
types, the dose from external radiation was the same, resulting from both outdoor and
indoor exposures to gamma radiation.  For residents of homes built at any point during
the first 30 years after landspreading, the external radiation dose was estimated at less
than 2 mrem/yr per pCi/g of Ra-226.  By 100 years after landspreading, the dose from
external radiation increased to approximately 3 mrem/yr per pCi/g, and by 150 years after
landspreading, the dose from external radiation peaked at just under 6 mrem/yr per pCi/g.
This increase in external radiation dose over time was a result of the gradual erosion of
the 0.5-ft thick layer of cover material before construction; the entire layer was assumed
to have eroded away after 150 years.

The radon inhalation pathway was a significant contributor to dose only for
residents living in a home constructed with a crawl space directly over the NORM layer;
in this type of home, it was the dominant pathway for the first 100 years after
landspreading.  For the home constructed with a basement, the radon inhalation pathway
was insignificant.  This difference was due to the fact that excavation of the basement
effectively removed all NORM waste from within the footprint of the home so that only a
limited portion of the basement walls and none of the floor were in contact with the
contaminated material.  By comparison, the home with a crawl space was directly over
the NORM waste.  Radon emanating from the NORM waste present outside the home
was assumed to be diluted to a negligible level by mixing with the ambient air.  For
residents living in a home with a crawl space built at any point during the first 150 years
after landspreading, doses from radon inhalation were estimated at less than 7 mrem/yr
per pCi/g of Ra-226.

For both types of construction, the total annual dose was highest for residents of
homes that were not built until 150 years after the disposal action, by which time the
cover material was assumed to have eroded away.  For a resident living in a home with a
crawl space, the total peak year dose was 12 mrem/yr per pCi/g of Ra-226, approximately
half of which was from external radiation and half from inhalation of indoor Rn-222.  For
a resident living in a home with a basement, the total peak year dose was 5.8 mrem/yr per
pCi/g of Ra-226.



The results presented here for the residential scenario do not consider the fact
that additional clean cover material might be spread over a site before construction of a
home, especially if the site has been unused for several years or more.  This practice
would increase attenuation of the gamma radiation, thereby resulting in lower estimated
annual doses to the resident.  The degree to which the dose would be lowered would
depend largely upon the thickness of the new cover layer.  However, assuming a new
cover layer 0.5-ft thick was put in place before construction, the estimated doses would
not be reduced much below those predicted for the first year after landspreading.

Industrial Scenario

Results for the industrial scenario are shown in Figure 3.  This scenario assumed
that an industrial facility was constructed on a concrete slab directly over the land on
which NORM had been landspread.  As in the residential scenario, it was assumed that
immediately following landspreading, a layer of clean soil 0.5-ft thick was spread over
the contaminated zone to regrade the surface for future construction.  The placement of
additional clean cover material on the site before construction was not accounted for in
this assessment.

The industrial worker was assumed to spend a total of 2,000 hours at the site,
with 50% of the time spent indoors.  An annual dose was estimated for each year
following landspreading assuming that the industrial facility was built and became
operational during that year.  External radiation and radon inhalation were the two
dominant pathways.  All other pathways combined contributed less than 3% of the total
dose for the industrial scenario.

For the industrial worker at a facility constructed at any time during the first
100 years after landspreading, the total annual dose from external radiation and radon
inhalation combined was estimated at less than 2.5 mrem/yr per pCi/g of Ra-226.  By
150 years after landspreading, the total annual dose peaked at approximately 3 mrem/yr
per pCi/g.  As in the residential scenario, the peak dose corresponded to a peak in the
estimated external radiation dose, reflecting the assumption that all of the clean cover
material had eroded away by that time.

As in the residential scenario, the results presented here for the industrial
scenario do not consider the fact that additional clean cover material might be spread over
a site before construction.  However, assuming a new cover layer 0.5-ft thick was put in
place before construction, the estimated doses would not be reduced much below those
predicted for the first year after landspreading.

Recreational Scenario

Results for the recreational scenario are shown in Figure 4.  This scenario
assumed that members of the general public would visit the property for recreational uses
following landspreading.  Annual doses were estimated for an exposure time of only
20 hours per year.  Unlike the residential and industrial scenarios, in this scenario it was
assumed that clean soil was not placed over the contaminated zone following
landspreading.  As a result, the estimated dose peaked in the first year after
landspreading.  For the recreational users, the total dose from all pathways was estimated
to be 0.024 mrem/yr per pCi/g of Ra-226, almost entirely from external radiation.  The



contribution from Ra-228 and Th-228 increased the dose to 0.034 mrem/yr per pCi/g
during the first five years following disposal.  After this time, a significant amount of
Ra-228 had decayed, and the dose was primarily from Ra-226.  Radon inhalation was not
a significant pathway because the concentration of radon in outdoor air is very low.

Agricultural Scenario

Doses to an off-site receptor from ingestion of produce and meat grown on land
used for disposal of NORM waste are shown in Figures 5 and 6, respectively.  The
receptors were assumed to receive 25% of their total meat and produce from the site.  As
in the recreational scenario, in this scenario, it was assumed that clean soil was not placed
over the contaminated zone following landspreading  The maximum annual dose from
ingestion of contaminated produce was estimated to be less than 0.007 mrem/yr per pCi/g
of Ra-226 and the maximum dose from ingestion of contaminated meat was estimated to
be 0.052 mrem/yr per pCi/g.  The major contributors to the dose were from ingestion of
Pb-210 and Ra-226.

Comparison of Estimated Doses and Related Risk

The estimated annual doses relative to increasing concentrations of Ra-226 in
soil are shown in Figure 7 for each scenario considered in this study:  landspreading
worker, resident in a home with a crawl space (i.e., the worst-case residential scenario),
industrial worker, recreational user, and food consumer (i.e., agricultural scenario).
Estimated risks of fatal cancer relative to increasing Ra-226 concentrations are presented
in Figure 8 for each scenario.  The doses and risks reported in the graphs were based on
the peak year dose for each scenario.  Similar relationships among dose and concentration
can be generated for other years on the basis of the information provided in Figures 1
through 6.  The radium concentrations presented represent the concentration of radium in
soil after landspreading, not the concentration in the waste.

Sensitivity Analyses

Sensitivity analyses indicated that the parameters with the most significant
impact on dose were the radon emanation fraction, building air exchange rate, thickness
of the contaminated zone, and thickness of the clean cover material.  Other parameters
investigated in the sensitivity analysis (i.e., size of landspreading tract, plant-to-soil
transfer ratio) had little impact on the resultant estimated doses.

The most critical parameters for scenarios having an indoor radon pathway were
the Rn-222 emanation fraction and the building air exchange rate.  In the base case, a
Rn-222 emanation fraction of 0.04 was used.  Variability of this parameter by a factor of
two resulted in a 30% increase or decrease in dose for the most conservative residential
scenario.  When the Rn-222 emanation fraction was increased to a value of 0.2, which
was assumed for sludge in other studies (9,10,11), the resultant dose increased by a factor
of two.  Similarly, if the building air exchange rate was increased by a factor of two for
the home constructed with a crawl space, the dose from radon decreased by a factor of
2.6, and the total dose decreased by a factor of 1.5.  Variation of the building air
exchange rate parameter did not significantly affect the total dose estimated for the home
constructed with the basement.



The thickness of the contaminated zone also had a significant impact on the dose
estimates for all scenarios.  A 50% increase in thickness resulted in a 10% increase in the
resultant dose.  For this assessment, a thickness of 8 in. was used.  In reality, it is unlikely
that the thickness would extend beyond 1 ft because of the limited supply of oxygen,
which is a requirement for the breakdown of hydrocarbons.

A sensitivity analysis performed on cover material thickness indicated that if the
cover layer was doubled to a thickness of 1 ft, potential external radiation doses to
residents of either type of home would be reduced by approximately 85%.  A similar
reduction in the external dose to a worker at an industrial facility would occur.  For a
resident of a home with a crawl space and a worker at an industrial facility, total dose
reductions would not be as great as 85% because the cover thickness would not affect the
radon dose level significantly.  For both of these receptors, the total dose would be
reduced by a varying amount, ranging from 10-20% if the home was built in the first
60 years after landspreading and going up to 40% if the home was built 150 years after
landspreading.  In addition, the peak year dose for residents and industrial workers would
be shifted from 150 years to approximately 300 years after landspreading, primarily
because it would take longer for the cover to erode away completely.  As a result, the
peak year dose would be reduced by approximately 10% due to the incremental
radioactive decay that would occur over the additional 150 years.

Doses Associated with Established State Exemption Levels

As stated in Section 1.2.2, established state exemption levels for radium in soils,
which determine when property may be released for unrestricted use, typically have been
set between 5 and 30 pCi/g above the background level.  In Texas, landspreading of
NORM wastes is allowed only when the resultant total radium concentrations in soil are
≤5 pCi/g above background.  In New Mexico, the equivalent landspreading standard is
≤30 pCi/g of Ra-226 above the background level.  Other states considering landspreading
of NORM as a viable disposal alternative may use the Texas or New Mexico limits or
their own state exemption levels for soil.

The potential peak year doses associated with landspreading of NORM wastes to
the radium concentrations discussed above are presented in Table 2 for each scenario
modeled.  As shown, the results of this study indicate that for a radium concentration of
5 pCi/g, the resulting dose for the residential scenario was 30 to 59 mrem/yr, depending
on type of home construction, and the dose for the industrial scenario was 15 mrem/yr.
Doses for the recreational and agricultural scenarios were estimated to be less than
1 mrem/yr.  The estimated health risks corresponding to these doses ranged from 7 × 10-8

for the recreational scenario to 3 × 10-5 for the most limiting residential scenario (i.e., a
home with a crawl space directly on top of the landspread NORM).  A soil concentration
limit of 15 pCi/g resulted in an estimated dose of 90 to 180 mrem/yr for the residential
scenario, 45 mrem/yr for the industrial scenario, and less than 1 mrem/yr for the
recreational and agricultural scenarios.  The estimated health risks corresponding to these
doses ranged from 2 × 10-7 to 9 × 10-5.  A soil concentration limit of 30 pCi/g resulted in
an estimated dose of 180 to 350 mrem/yr for the residential scenario, 91 mrem/yr for the
industrial scenario, 1.7 mrem/yr for the agricultural scenario, and 1 mrem/yr for the
recreational scenario.  Corresponding health risks ranged from 4 × 10-7 to 2 × 10-4.



As noted in Section 1.2.3, the current acceptable dose limit for members of the
general public is 100 mrem/yr.  On the basis of the analyses presented in this study, the
equivalent Ra-226 concentrations in soil corresponding to this dose limit were 8.5 to
17 pCi/g for the residential scenario, 33 pCi/g for the industrial scenario, 3,700 pCi/g for
the recreational scenario, 1,900 pCi/g for the agricultural scenario, and 1,000 pCi/g for
the worker scenario.

Uncertainties

The results presented in this report are based on best estimates for each of the
input parameters that were made be using available data and reasonable but conservative
exposure parameters.  As discussed in the section on sensitivity analysis (Section 3.4),
there is a large variation in dose with changes in the radon emanation fraction and the
building exchange rate parameters.  The emanation fraction used in this study, 0.04, was
based on data presented for actual measurements taken from NORM scale.  Emanation
rates lower than 0.04 would result in lower doses (and corresponding higher dose-
equivalent concentrations) for the residential and industrial scenarios.  Increased
ventilation in a building also would significantly decrease the resulting dose from radon.
Soil concentrations levels estimated for the residential and industrial scenarios may be
too conservative because simplified assumptions regarding construction practices were
used.  Construction practices would most likely involve excavation and mixing of soil
and addition of new soil for regrading and landscaping.  The full impact of these practices
may not be represented in the dose estimates and corresponding soil concentrations.

The evaluation of risk to human health presented by low-level exposure to
radiation is subject to a large degree of uncertainty.  The risks presented in this report
were estimated on the basis of the linear no-threshold model, which assumes that there is
a linear relationship between radiation dose and health risk, and that there is not a
threshold level of exposure below which there are no health impacts.  Extrapolation
assumes that the impacts are identical at any dose, which may not be a valid assumption.
There may, in fact, be a threshold below which there are no risks from exposure to
radiation, given that there is no scientific evidence to substantiate health impacts from
low-level radiation exposure.  Risks presented in this report should be viewed in light of
the large degree of uncertainty associated with the limitations in methodology.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The results of this assessment provide estimates of annual doses and resultant
health risks to workers and the general public for a variety of potential land use scenarios.
On the basis of these results, the following conclusions can be drawn:

• Potential radiological doses and resultant health risks to workers
actively involved in landspreading NORM wastes are below
accepted public dose limits when Ra-226 concentrations in soil after
landspreading are below 1,000 pCi/g, because landspreading does



not require excessive handling of the waste and typical exposure
times are limited.

• Potential radiological doses to the general public for all land use
scenarios evaluated are reasonably low (i.e., below 60 mrem/yr
considering all pathways) when the concentration of Ra-226 in soil
after landspreading is 5 pCi/g or less above the background level.

• Potential doses to residents and industrial workers can vary greatly
depending on a variety of factors such as  type of building
construction (e.g., crawl space, basement, slab), construction
practices employed (e.g., the degree of excavation and/or regrading,
use of clean cover material), and natural processes (e.g., erosion
rate).

• Concentrations of Ra-226 in soil after landspreading that are above
approximately 10-16 pCi/g for the residential receptor (depending on
construction type) and 35 pCi/g for the industrial receptor result in
potential radiological doses exceeding 100 mrem/yr, assuming the
layer of clean cover material has been allowed to erode away.

• For the residential receptor living in a home with a crawl space,
when the cover layer is maintained at a thickness of 0.5 ft, a Ra-226
concentration in soil after landspreading greater than 12 pCi/g may
result in doses exceeding 100 mrem/yr, of which 80% is attributed to
inhalation of radon.  Doubling the cover layer thickness does not
appreciably affect the upper limit on Ra-226 concentration.

• For the resident of a home with a basement, when the cover layer is
maintained at a thickness of 0.5 ft, doses would not exceed
100 mrem/yr until the Ra-226 concentration in soil exceeded
approximately 65 pCi/g.  If the cover layer thickness is doubled, this
dose limit would not be exceeded until the Ra-226 concentration
exceeded several hundred pCi/g.  This conclusion would apply to
any case in which the NORM waste has been totally excavated from
within the footprint of the building.

• Potential radiological doses to the general public associated with a
future agricultural land use scenario are negligible except when
concentrations of Ra-226 in soil after landspreading exceed several
hundred pCi/g (e.g., 200 pCi/g corresponds to 10 mrem/yr.)

Recommendations

On the basis of the above conclusions, the following recommendations are
suggested:

• Landspreading activities that result in Ra-226 concentrations of
≥10 pCi/g in soil should be evaluated on a case by case basis to
estimate potential future risk to the general public.  Future land use
scenarios in which individuals are exposed over long periods to a soil
Ra-226 concentration level of 10 pCi/g or more (e.g., the residential
scenario), may result in unacceptably high doses depending on a



variety of factors.  These factors include the type of building
construction (e.g., crawl space, basement, slab), construction
practices employed (e.g., the degree of excavation and/or regrading,
use of clean cover material), and natural processes (e.g., erosion
rate).

• States that decide to allow landspreading of NORM that results in
Ra-226 concentrations greater than 5 pCi/g above background should
consider establishing policies that will restrict future land use or, at a
minimum, ensure that future land owners are advised of the
landspreading activities and the potential associated health risks.
Such a policy is especially important because Ra-226 has such a long
half-life.
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Table 1.  Exposure Parameters Used to Model Landspreading Scenarios

Scenariob

Input Parametera Worker Resident Industrial Recreational Agricultural

Area (m2) 8,093 8,093 8,093 8,093 8,093

Cover depth (m) NA 0.15 0.15 NA NA

Contaminated zone
thickness (m)

0.20 0.20 0.20 0.20 0.20

Density (g/cm3) 2.0 2.0 2.0 2.0 2.0

Exposure time (h/d)
Indoor 0 12 4 0 NA
Outdoor 8 6 4 1 NA

Exposure frequency (d/yr) 10 365 250 20 NA

Building air exchange rate
(volume per hour)

NA 0.5 0.5 NA NA

Ingestion rate
Soil (g/d) 0.1 0.1 0.1 0.1 NA
Meat (kg/yr) NA 63 NA NA 63
Plant (kg/yr) NA 160 NA NA 160

Inhalation rate (m3/h) 0.96 0.96 0.96 0.96 0.96

Rn-222 emanation fractionc 0.04 0.04 0.04 0.04 0.04

Plant/soil transfer factord

Radium NA 6.8×10-5 NA NA 6.8×10-5

Lead NA 3.3×10-5 NA NA 3.3×10-5

Thorium NA 1.7×10-6 NA NA 1.7×10-6

Fraction of food from site NA 0.5 NA NA 0.25
a RESRAD default values were used for input parameters not listed (see reference 6).
b NA indicates not applicable.
c Source: see reference 5.
d Source: see reference 12.

Table 2.  Potential Peak Year Doses That Correspond with
Various Radium-226 Concentrations after Landspreading

Receptor Dose (mrem/yr) by Scenario

Ra-226 Concentration
after Landspreading

(pCi/g) Worker Residentiala Industrial Recreational Agricultural

5 0.72 30−59 15 0.17 0.28
10 1.4 60−120 30 0.34 0.57
15 2.2 90−180 45 0.5 0.84
30 4.3 180−350 91 1.0 1.7

a The lower dose corresponds to the resident living in a home constructed with a basement and
the higher dose corresponds to the resident living in a home constructed with a crawl space.
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Figure 1.  Potential Doses to a Resident of a Home with a Crawl Space Located over the
Contaminated Zone

Figure 2.  Potential Doses to a Resident of a Home with a Basement Excavated below the
Contaminated Zone
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Figure 3.  Potential Doses to an Industrial Worker

Figure 4.  Potential Doses to a Member of the General Public Resulting from Occasional Recreational
Use of the Property
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Figure 5.  Potential Doses to an Individual from Ingestion of Contaminated Produce

Figure 6.  Potential Doses to an Individual from Ingestion of Contaminated Meat
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Figure 7.  Correlation of Peak Year Dose to NORM Concentration

Figure 8.  Correlation of Individual Risk of Developing Latent Fatal Cancer to NORM Concentration
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ABSTRACT

Naturally occurring radioactive material (NORM), discharged in produced water,
may accumulate in organisms near oil and gas platforms.  This analysis investigated
potential risks to recreational fishermen from radium and lead-210 in offshore discharges
to the Gulf of Mexico.  Radionuclides were measured in fish caught near eight
discharging platforms and two reference sites.  Doses and risks for the discharging
platforms were similar to those for the reference sites. For the platform where predicted
doses and risks were the highest, the mean annual dose was 4% of the dose
recommended for the public, and the mean lifetime cancer incidence risk was 1.2 x 10-4.
Most or all of this risk could be associated with background concentrations of
radionuclides, and ingestion of fish species not commonly eaten by recreational
fishermen.  Risks were probably overestimated because adult lifetime exposure was
assumed and conservative dose conversion and risk factors were used.



INTRODUCTION

Produced water discharges to the Gulf of Mexico often contain elevated
concentrations of radionuclides that occur naturally in the geologic reservoir along with
the oil and gas.  These radionuclides may accumulate in organisms that live near offshore
oil and gas structures.  Because recreational fishing in the Gulf of Mexico is
concentrated near oil and gas platforms, there is the potential for increased risks to
recreational fishermen from ingestion of radionuclides in fish.

This analysis investigated potential radiation doses and risks to recreational
fishermen from radium and lead-210 in offshore produced water discharges to the Gulf
of Mexico.  The assessment used data collected at eight discharging offshore platforms
and two reference locations.  These data were collected in a United States Department of
Energy (DOE) funded project titled “Environmental and Economic Assessment of
Discharges from Gulf of Mexico Region Oil and Gas Operations” (1), here called the
DOE Field Study.  The risk assessments were done to support risk managers in
developing regulations and permits for offshore discharges of produced water.

RISK ASSESSMENT

Risk assessment can be defined as the process of estimating magnitudes and
probabilities of potential adverse effects on human health or the environment.   Risk
assessments provide risk managers with the scientific information needed to balance the
degree of risk permitted, against competing risks and the cost of risk reduction.  A risk
assessment should also frame the results of the analysis in terms of current dose limits,
acceptable risk ranges and background exposures.

The most commonly used framework for human health risk assessment includes
the following four phases (2):

• Hazard identification;
• Dose-response assessment;
• Exposure assessment; and
• Risk characterization.

Hazard identification involves the use of exposure and effects data to determine
whether the agent of concern can cause health effects, and to identify what those effects
are (2). Dose-response assessment characterizes the relationship between administered
dose and the incidence of an adverse effect.

Exposure assessment estimates the magnitude, frequency and duration of
exposure.  This phase includes estimating the source term, fate and transport of the
contaminant(s) of concern, and subsequent human exposure.

Risk characterization integrates the results of the previous phases, estimates the
incidence of an adverse human health effect, and describes the uncertainties in the data
and assumptions.  Human health risks are described as the probability of an adverse
health effect (e.g., cancer incidence) in an individual of an exposed population



(individual risk), or the number of health effects expected in the population (population
risk) for a given time interval.

A commonly used tool in risk assessment is Monte Carlo analysis.  In a Monte
Carlo analysis, a sample from the distribution of an input parameter is placed into a
simulation to interact in a model with samples from other input parameters.  This allows
the risk estimate to incorporate the natural variation in exposure and risk to human
receptors, and to address uncertainties in important parameters.

HAZARD IDENTIFICATION AND
EXPOSURE PATHWAYS

The health effect of concern is the induction of cancer.  Alpha, beta and gamma
radiation released by the decay of radionuclides ionize cellular components, resulting in
the mutation or death of affected cells.  Radium-226 ( 226Ra), radium-228 (228Ra), and
lead-210 (210Pb) are known to occur in produced water at concentrations above
background levels in surface water.  Other decay products of radium (polonium-210,
thorium-228, and radon-222) may also be expected in produced water.

Sportfishing off the coast of Louisiana is concentrated around oil and gas
platforms (3,4,5), and many of the contaminants found in produced water are known to
accumulate in finfish and shellfish. Recreational fishermen and their families are the
important receptors and ingestion of contaminated finfish is expected to be the most
important route of exposure.  Recreational fishermen are important receptors because
they may fish close to a platform, return often to the same fishing spot, and ingest a large
percentage of the fish they catch.  Although mollusks and crustaceans are commercially
important in the Gulf of Mexico, most of the seafood caught near platforms by
recreational fishermen consists of finfish.

This analysis focused on adult recreational fishermen.  Most recreational
fishermen are adult men, who tend to eat more fish than women and children.  Adult
male recreational fishermen were assumed to catch and eat fish their entire adult lives
(age 19-70).

DOSE LIMITS AND ACCEPTABLE RISK

Publications of the International Commission on Radiological Protection (ICRP)
are cited as the basis for most dose limits promulgated in the United States.  ICRP (6)
presents a framework for radiological protection as well as specific recommendations for
the control of both public and occupational exposures.

ICRP (6) recommends a dose limit for public exposure of 1 mSv/y (100 mrem/y).
This value was chosen based on an assessment of the risks associated with radiation
exposure and the variation in exposure from natural background (average is



approximately 1 mSv/y, excluding radon).  One mSv/y received over a 70-year lifetime is
associated with a risk for fatal cancer of about 4 x 10-3.

The National Council on Radiation Protection and Measurements (NCRP) also
recommends a dose limit to the general public for exposures to man-made sources other
than medical and natural background of 1 mSv/y (100 mrem/y)(7). NCRP recommends
that no single source or set of sources under one control should result in an individual
being exposed to more than 0.25 mSv/y (25 mrem/y).  Following these
recommendations, the United States Environmental Protection Agency (EPA) is
proposing radiation protection guidance for federal agencies that would require a dose
limit of 1 mSv/y (100 mrem/y).

EPA considers excess individual lifetime cancer risks less than 1 x 10-6 (one in
one million) to 1 x 10-4 (one in ten thousand) to be acceptable (8). EPA proposed
standards for radionuclides in drinking water the agency considers to be associated with
an individual lifetime cancer risk of approximately 1 x 10-4 (8).   This risk range is also
used to determine if action is required at a Superfund site, and to derive cleanup goals
when standards are not available (9).  These risk levels are lower than the risks
associated with the proposed public dose limits.

DOSE RESPONSE ASSESSMENT

Current practice in radiation protection assumes there is a cancer risk associated
with even small doses of radiation.  To describe cancer risks associated with small
exposures, epidemiological data associated with high doses and acute exposures are
extrapolated down to low doses and chronic exposures.  This approach probably over-
estimates risks at low doses.

Radioactivity is quantified in terms of the number of spontaneous energy
emitting transformations per unit time -- a quantity known as activity. The unit of activity
has historically been the curie (Ci).  One curie is equal to 3.7 x 1010 disintegrations per
second.  In the SI system, the basic unit of activity has been redefined as one
disintegration per second, known as the becquerel (Bq).  One curie is equal to 3.7 x 1010

Bq.

The health effects of radionuclides can be attributed to their radioactive
emissions.  The alpha, beta and gamma radiation released by the decay of radionuclides
cause ionization of cellular components, which may result in the mutation or death of
affected cells. Environmental concentrations of radionuclides are expected to be
associated with stochastic effects (cancer and genetic effects) rather than deterministic
effects.

The biological effects of exposure to a radionuclide are related to the absorbed
dose and dose rate.  The absorbed dose is a measure of the energy imparted to matter.
The probability of stochastic effects depends on the absorbed dose, the type and energy
of the radiation causing the dose and the organs and tissues irradiated.  ICRP developed
factors to account for these relationships in humans (6).



Dose conversion factors relate intake (pCi or Bq) to dose (mrem or Sv) for a
given radionuclide. This assessment used the dose conversion factors for adults
recommended by the ICRP (10).  These factors reflect new tissue and radiation
weighting factors, and are available for specific age ranges.  Dose conversion factors
(Sv/Bq) for intakes by adults are 7.0 x 10-7 for 210Pb; 2.8 x 10-7 for 226Ra; and 6.6 x 10-7

for 228Ra (10).

The major sources of data on stochastic effects are studies of the survivors of
Hiroshima and Nagasaki, of patients exposed to radiation for medical treatment or
diagnosis, and of groups of workers exposed to radiation at work (6).

These studies are complex, and present many problems in analysis and
interpretation.  Exposures based on high doses and acute exposure must be applied to
low level environmental exposures.  The simplest relationship between an increment in
dose and the probability of a stochastic effect is that of a straight line.  There is evidence
in simple organisms and for some animal tumors that the dose-effect relationship is
curvilinear, and that the linear assumption may overestimate risk.

ICRP (6) has, using the linear assumption, derived risk factors for cancer
incidence and cancer mortality.  The risk factor for cancer incidence in the public is 6.0 x
10-2 risk/Sv.

FISH INGESTION RATE

The rate of ingestion of self-caught fish by recreational fishermen is a critical
parameter in assessing risk from ingestion of radionuclides in fish caught near platforms.
A new survey of fishermen in Louisiana and Texas was done as part of the DOE Field
Study (11,12) to provide data specifically for the Gulf of Mexico.

Recreational and commercial fishermen were surveyed by personal interview
from May through November 1993 to determine: categories of seafood taken over the
previous three months; types of license(s) held; and information on the number, gender
and ages of individuals in the household and their seafood consumption habits.
Respondents were also interviewed about locations fished, estimated distances from
oilfield structures, and species caught.

Results from the survey were used to derive a distribution for meals of self-
caught fish per week, eaten by recreational fishermen.  Data describing the distribution
of meal sizes for adult males, age 19-34 derived by Pao et al. (13) from the United States
Department of Agriculture (USDA) Nationwide Food Consumption Survey 1977-78 (14)
were used to describe the meal size distribution for adult recreational fishermen.

The ingestion rate distribution for recreational fishermen was derived as follows:

I
M MS

d weekfish =
×

× −7 1



where:
Ifish = ingestion rate (g/d)
M = meals per week
MS = meal size (g)

The ingestion rate was calculated in a Monte Carlo analysis using the
distributions described above.  The resulting distribution of intake (g/d) has a mean of 29
g/d and a 95th percentile value of 87 g/d.

CONCENTRATIONS OF
RADIONUCLIDES IN EDIBLE FISH

United States Department of Energy Field Study

The risk assessment used data collected in the DOE Field Study of offshore sites
in Louisiana and Texas.  Samples were collected at eight discharging and 6 reference
sites in the Gulf of Mexico.  Concentrations of metals, PAHs, and naturally occurring
radioactive materials (NORM) were measured in discharges, ambient water, sediments
and organisms (1).

Radionuclides were measured only in organisms captured near two reference
sites, and near the eight discharging sites. The reference stations included a platform
structure where produced water has never been discharged (SMI-229), and a natural reef
(Sonnier Bank).  Although measurements were made on molluscs and crustaceans, this
assessment used only concentrations of radionuclides measured in finfish because
recreational fishermen routinely seek and eat piscivorous species only.

Radionuclides discharged at these platforms disperse quickly, and were less than
or close to ambient levels 5 meters from the discharge (Table 1).

Fish Species Used in the Risk Assessment

Table 2 lists the fish species caught and the portions of the fish that were
analyzed for 226Ra, 228Ra and  210Pb.  Fish caught and analyzed for radionuclide content in
the DOE field study included species that are desirable target species for recreational
fishermen, (e.g. red snapper); species that may sometimes be eaten by fishermen (e.g.
porgy) and those that are rarely or never eaten (e.g. cutlassfish).  Most species were
partitioned into edible and non-edible portions for analysis while smaller specimens were
analyzed whole (i.e. porgy, wenchman).

The fish species catch varied among sampling locations because the platforms
are at different depths and experience different oceanographic conditions.  Species with
different life histories and degree of association with the platform structure are also
represented. Only fish species and portions of fish assumed to be eaten by recreational
fishermen were included in the risk assessment (Table 2).



The analysis assumed that the mix of fish caught during the DOE survey
represented the mix of fish that recreational fishermen would take and eat at each
platform. This assumption is uncertain, and probably leads to an overestimate of
radionuclide intake for fishermen, because the more desirable fish species (snapper) have
generally lower concentrations of radionuclides than do less desirable species (e.g.
porgy).

Porgy and croaker were assumed to be eaten whole, because some fishermen do
eat these species whole or use them in soup.  Including these whole fish in the analysis is
conservative because radionuclide concentrations are higher in bone and skin.

Radionuclides in Fishes: Comparisons Between Locations
and Species

It is difficult to determine the impact from produced water discharges on the
radionuclide concentrations measured in fish species near the platforms sampled in the
DOE Field Study.  Each platform discharges radionuclides into the Gulf of Mexico at
different rates, and the receiving environment varies considerably (e.g. depths from 6 to
122 m).

The radionuclides of concern in this analysis (210Pb, 226Ra, and 228Ra) occur
naturally in fishes in the Gulf of Mexico, and concentrations vary with location, fish
species, fish size, and other unknown factors. One problem encountered in the analysis is
that large variations in radionuclide concentrations make it difficult to distinguish a
difference between platforms.  This large variation may be due mostly to the variation in
radionuclide concentrations in one or two species, or reflect the fact that different
species were caught at different platforms.  Some species, particularly porgy, had
consistently higher and more variable concentrations of radionuclides than did other
species.

Figure 1 shows a plot of the average 210Pb, 226Ra, and 228Ra concentrations in fish
samples used in the risk assessment.  Concentrations at the reference stations (Sonnier
Bank, SMI229) are at the low end of the range for the discharging platforms.

Inspection of the data suggests major variations in the 210Pb and 226Ra
concentrations between fish species (Figure 2). In particular, concentrations of 210Pb  and
226Ra in porgy are about an order of magnitude higher than in other fishes. 228Ra
concentrations do not appear to vary much between species (Figure 2).  Plots of average
concentrations in porgy and all other fish samples for the two reference locations and
eight discharging platforms show that 210Pb  and 226Ra contamination in fishes is
dominated by porgy, if porgy is present at a particular platform (Figure 3). The graph for
the average concentration of 210Pb (Figure 3) shows that the lowest concentrations of
lead in porgy were in the fish collected at Sonnier Bank.

One- and Two-way Analysis of Variance (ANOVA) and the Duncan’s Multiple
Range Test (SAS statistical package) were used to try to identify differences in
radionuclide concentrations in fish between platforms, and between species.  Significant
differences were found between platforms for 210Pb and 226Ra in fish, but these



differences were not consistently between the two reference locations (Sonnier Bank and
SMI229) and the discharging platforms.

In general, most of the 210Pb , 226Ra and 228Ra  found in fish at the platforms
could be attributed mostly or completely to background levels. The exception to this
result is for porgy – in this fish species, 210Pb is probably platform-associated at some
locations. Porgy had the highest and most variable concentrations of 210Pb, and for porgy
only, there were significant differences between locations.

These results suggest that use of porgy in the risk analysis will probably result in
an overestimate of dose and risk to recreational fishermen, because porgy: had the
highest and most variable 210Pb concentrations; were analyzed whole; and is not a target
species for fishermen in the Gulf of Mexico.

EXPOSURE ANALYSIS AND RISK
CHARACTERIZATION

Intake

Over an extended period, a fisherman is expected to catch and eat a range of
fishes with contaminant concentrations that would approach a central tendency.
Therefore, normal distributions of concentrations in fish were assumed, and in each
distribution the standard error of the mean was substituted for the standard deviation of
the data (15) in the Monte Carlo calculations (Table 3).

Exposure duration (ED) was assumed to be the adult lifetime of recreational
fishermen, from age 19 to age 70 (52 years).  This is a conservative assumption, and in
reality exposure duration may range from several years to a lifetime.  One alternative is
to use data describing the length of time a person spends living at one place.  This
approach, however, may underestimate exposure duration, because most people are
likely to move to an area close by, and to continue their fishing habits. Annual intakes were
also calculated.

The analysis used the intake distribution (g/d) derived from the data collected in
the survey of recreational fishermen. The analyses conservatively assumed that 100%
(F=1) of a recreational fisherman’s intakes are from fishing near a produced water
discharge.  Intake distributions of 210Pb , 226Ra and 228Ra were calculated using the EPA
method (16) in a Monte Carlo analysis:

I = Cfish x Ifish x F x EF x ED

where:
I = intake (pCi)
Cfish = concentration in finfish (pCi/g)
Ifish = ingestion rate of self-caught fish
F = fraction of fish from contaminated source (1.0)
EF = exposure frequency (365 d/year)
ED = exposure duration (52 years)



In most cases fish concentrations of individual radionuclides were not highly
correlated.  In the Monte Carlo analysis used to calculate intake distributions, these
concentration distributions were assumed to be independent.
Dose and Risk

For each radionuclide at each site, calculated intake distributions (I) were
multiplied by 0.037 to convert pCi to Bq.  Distributions of annual and lifetime (exposure
over 52 years) effective dose (Sv) were calculated by multiplying the dose conversion
factor for each radionuclide (Sv/Bq) by the distributions of radionuclide intakes in units
of Bq.  Effective doses for 210Pb, 226Ra and 228Ra were summed for each platform.

Cancer incidence risk was estimated from the estimated lifetime effective dose
distributions (Sv) and the ICRP (6) cancer incidence risk factor for the public (6.0 x 10-2

cancer  incidence per Sv).

IR D RF= ×

where:

IR = individual incremental lifetime cancer incidence risk
D = lifetime effective dose (Sv)
RF = ICRP cancer incidence risk factor (risk per Sv)

RESULTS

Estimated annual and lifetime dose and lifetime cancer risk distributions for
combined intakes of  210Pb, 226Ra and 228Ra are summarized in Tables 4 and 5. Doses and
risks for the eight discharging platforms are similar to those for the two reference sites.
Estimated annual doses are all well below the ICRP(6) and NCRP (7) suggested 1 mSv/y
for the public and the 0.25 mSv/y from a single source suggested by NCRP (7).

Mean individual lifetime cancer incidence risks for all platforms except HI382
are less than the 1 x 10-4 level commonly considered acceptable by EPA.  The risks
associated with ingestion of fish caught at the two reference sites are within the range for
seven of the eight discharging sites (risk is greater for HI382).  This suggests that some
or all of the radionuclides in fish at the produced water discharging platforms are
associated with background.

The mean risk for HI382 just exceeds the 1 x 10-4 level, and if some
radionuclides in fish at HI382 are assumed to be associated with background sources
rather than the produced water discharge, (i.e. the levels at Sonnier Bank or SMI 229)
risks at HI382 are also within the acceptable risk range.  Risks at HI382 are dominated
by 210Pb in porgy, a species that is eaten by recreational fishermen but is not a target



species.  The estimated annual dose at HI382 is 4% of the ICRP recommended limit for
the public, and 16% of the limit recommended by NCRP for a single source.

UNCERTAINTY ANALYSIS

Uncertainties associated with the assumptions used in this analysis include the
intakes of contaminants by recreational fishermen, exposure duration, and the dose-
response relationships used to calculate risks.

Uncertainties in annual intake were included in the assessment by describing
concentrations in fish and fish intake rates as distributions in the Monte Carlo analysis.
Because of a lack of knowledge or data, a number of assumptions were not treated
probabilistically.  These assumptions are those for which deterministic, single value
assumptions were made, including exposure duration and radionuclide dose conversion
and risk factors.

Concentrations in Fish

Concentrations of radionuclides in fishes caught near the platforms are uncertain
because small numbers of samples (12-30) were used to establish the distributions of
radionuclide concentrations in fishes at each location.  Measured concentrations were
often close to or less than detection limits, as well as being close to average background
levels.  Small sample sizes and incorrect weighting of the species in terms of which are
most likely to actually be eaten, could lead to under-or overestimates of radionuclide
concentrations in fish.

The species caught at each platform include species likely to be trophically
associated with the platform structure (grey triggerfish), species that are resident near
platforms but not completely trophically dependent on them (red snapper, vermillion
snapper) and species that are probably not residents (croaker, trout).  It was assumed that
the fish that were sampled are representative of what recreational fishermen catch at each
location.

Since the trophically dependent fish species and other fish with high
concentrations of radionuclides are generally not the preferred target fish species for
recreational fishermen; intake, dose and risk were probably overestimated.  Another
conservative assumption embedded in the analysis was the assumption that recreational
fishermen ate whole porgy and croakers caught near the platforms.  Porgy was the
dominant species in terms of radionuclide concentrations, but these fish are not preferred
target species in the Gulf of Mexico.

Quantity of Self-Caught Fish Ingested by Recreational Fishermen

The estimate of meal size yielded a contribution to the variance of the overall
risk estimates that was approximately twice that of all other distributions combined.
These data were based on an analysis of the 1977-1978 survey (13) and are probably



representative of the US population, and of the range of fish meal sizes eaten by adult
men.

Most of the remaining variance comes from the distribution of meals/week
derived from data collected in the survey of recreational fishermen done as part of the
USDOE field study.  Since these data are based on a survey of fishermen in the Gulf of
Mexico, and because the results were very similar for all groups considered  (i.e. Texas
and Louisiana; offshore and coastal fishermen), most of the variance in the estimate is
probably due to the true variability in the number of self-caught fish meals eaten by
recreational fishermen.

Duration of Exposure

Because of the lack of available data on exposure period, adult recreational
fishermen were assumed to eat self-caught fish for their entire adult lives (age 19-70; 52
years).  This assumption is a conservative one, but is within reasonable bounds –
fishermen in Louisiana have reported fishing for 1-5 to 66-70 years (17). There is a
linear relationship between increased risk with increasing duration of recreational fishing
activity; up to an order of magnitude of difference between 5 and 52 years of fishing.

Uncertainties in Identifying Produced Water Impacts

It is hard to quantify the impacts of produced water discharges on fishes living
close to the platforms, and therefore on recreational fishermen eating those fishes
because there are background concentrations of radionuclides (in ambient water,
sediments and fishes) that have nothing to do with a particular discharge.  These
background concentrations are spatially and temporally variable.

Significant differences were found between platforms for 210Pb and 226Ra
concentrations in fish, but these differences were not consistently between either of the
two reference locations (Sonnier Bank and SMI229) and the discharging platforms.
Porgy had the highest and most variable concentrations of 210Pb, and for porgy only,
there were significant differences between locations.

The cancer risks of interest are incremental risks - that is the risks associated
with the discharges alone.  Because the risk assessment included all 210Pb and radium
measured in fish caught near these platforms, the results over-estimate the contribution
from the platforms.  In some cases, all of the estimated risks could be from background
concentrations of these naturally occurring radionuclides.

Uncertainties in Dose Response

There is uncertainty associated with both the dose conversion factors and the risk
factors used to relate intake to dose and cancer risk.  Uncertainties in dose conversion
factors result from the natural variation in human beings in the way radioactive materials
move through the body, and in uncertainties in the individual’s age at exposure and
length of exposure.  This assessment used standard, deterministic values for dose
conversion factors developed for the average adult population.  These dose conversion
factors commit the dose from bone seekers like radium and lead beyond the length of a



human life, and so probably slightly overestimate dose.  They are well documented and
widely used.

The risk factors used are also standard, internationally accepted values (6).
NCRP (18) concluded that the values of lifetime risk per Sv can range from about one-
fourth to about twice the recommended value, with a mean that is lower than the
recommended value.

CONCLUSIONS

Fish caught near most platforms had concentrations of radionuclides that were
very similar to concentrations in fish caught at two reference sites in the Gulf of Mexico.
The platform with the highest predicted dose and risk had a mean annual dose that was
4% of the recommended pubic exposure from all sources.  This platform had a predicted
mean lifetime cancer incidence risk of 1.2 x 10-4.  Most or all of this risk could be
associated with background concentrations of radionuclides, and ingestion of fish species
that are not commonly caught or eaten by recreational fishermen.

Assumptions used in this risk assessment may contribute to an overestimate of
risk.  These include inclusion of whole porgy in the analysis and the assumption of adult
lifetime exposure (52 years).

Concentrations of radium measured in fish caught near platforms are probably
not platform-associated.  Lead-210, particularly in porgy (or other whole fish) may be
partially associated with the produced water discharges at some locations.

Recreational fishermen and their families are expected to face a negligible risk
of carcinogenic effects from ingesting radionuclides in fishes caught near the sampled
produced water discharges.
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Table 1. Mean concentrations (pCi/l) of radionuclides in produced water, the plume, and
ambient water at the eight discharging sites (NS: not sampled).

Site Discharge Plume (5m) Ambient Water
226Ra 228Ra 210Pb 226Ra 228Ra 210Pb 226Ra 228Ra 210Pb

  SMI236 91 239 12.3 0.4 0.83 0.17 0.07-0.23 0.1-3.2 0.13-0.33

  V214    300 228   7.7 0.18 0.30 0.10 0.07-0.10 0.3-1.0 0.13-0.53

  SMI130    362 164   5.6 0.53 0.63 0.07 0.07-0.10 0.13-1.67 0.03-0.13

  HI595 1,494 356 12.5 0.93 2.20 0.53 0.03 0.53-1.20 <0.20

  MI703     56   69   2.6 NS NS NS NS NS NS

  HI323   112 162   5.2 NS NS NS NS NS NS

  EI313   270 388 13.8 NS NS NS NS NS NS

  HI382   255 600 16.7 NS NS NS NS NS NS



Table 2.  Fish species sampled and analyzed for radionuclides; number code is for
graphical analyses (N= no code, not used in risk assessment).

Species Portion Code Ecology Eaten

Atlantic Croaker whole 1 not structure associated Yes, whole and fillets

Atlantic Cutlassfish whole N not structure associated No

Black Drum fillet,
carcass

2 not structure associated Yes, fillets

Flounders fillet 3 not structure associated Yes, fillets

Gray Triggerfish fillet,
carcass

4 common and tropically dependent
on structure

Yes, fillets

Greater Amberjack fillet,
carcass

5 may be structure associated Yes, fillets

Great Barracuda fillet N tropically dependent on structure No
Grunts fillet 6 not structure associated Yes, fillets

Hardhead Catfish whole N may be structure associated No

Lane Snapper fillet,
carcass

7 tropically dependent on structure Yes, fillets

Longspine Porgy whole 8 not tropically dependent on
structure

Yes, whole and fillets
Not a  target species

Longtail Bass fillet 9 associated with structure,
tropically dependent

Yes, fillets

Pinfish fillet N not associated with structure No

Red Snapper fillet,
carcass

10 common and tropically dependent
on structure

Yes, fillets

Red Drum fillet 11 not structure associated Yes, fillets

Sea Bass fillet,
carcass

12 common near structures Yes, whole and fillets

Speckled Trout fillet,
carcass

13 incidental Yes, fillets

Trouts whole 14 incidental Yes, whole and fillets

Vermillion Snapper fillet,
carcass

15 common and tropically dependent
on structure

Yes, fillets

Wenchman whole 16 common and tropically dependent
on structure

Yes, whole and fillets
Not a  target species



Table 3.  Normal distributions of radionuclide concentrations in fish
 (SEM: standard error of the mean).

Concentration in Fish (pCi/g)
Mean (SEM)

Station 210Pb 226Ra 228Ra

Reference
  Sonnier Bank 0.029 (0.007) 0.008 (0.002) 0.018 (0.007)
  SMI229 0.004 (0.002) 0.012 (0.003) 0.010 (0.004)
Discharging
  EI313 0.029 (0.009) 0.008 (0.002) 0.023 (0.004)
  HI323 0.050 (0.018) 0.006 (0.001) 0.027 (0.007)
  HI382 0.091 (0.030) 0.007 (0.003) 0.042 (0.013)
  HI595 0.042 (0.011) 0.011 (0.003) 0.053 (0.022)
  MI703 0.008 (0.003) 0.003 (0.001) 0.029 (0.012)
  SMI130 0.035 (0.010) 0.006 (0.001) 0.043 (0.009)
  SMI236 0.009 (0.002) 0.003 (0.001) 0.009 (0.004)
  V214 0.017 (0.017) 0.005 (0.001) 0.018 (0.006)

Table 4.  Estimated annual and lifetime effective dose (mSv) distributions for adult
recreational fishermen from 210Pb, 226Ra and 228Ra.

Station Annual dose Lifetime dose

mean 95% mean 95%
Reference
   Sonnier Bank 0.02 0.05 0.84 2.7
   SMI229 0.01 0.02 0.31 1.0
Discharging
  EI313 0.02 0.05 0.86 2.7
  HI323 0.02 0.08 1.2 4.0
  HI382 0.04 0.13 2.0 7.2
  HI595 0.03 0.10 1.5 5.8
  MI703 0.01 0.04 0.57 1.9
  SMI130 0.02 0.08 1.2 4.1
  SMI236 0.01 0.02 0.30 1.0
  V214 0.01 0.05 0.65 2.4



Table 5. Individual lifetime cancer incidence risk for adult recreational fishermen from
210Pb, 226Ra and 228Ra in fish.

Station mean 95th percentile

Reference
   Sonnier Bank 5.0 x 10-5 1.6 x 10-4

   SMI229 1.9 x 10-5 6.3 x 10-5

Discharging
  EI313 5.2 x 10-5 1.6 x 10-4

  HI323 7.2 x 10-5 2.4 x 10-4

  HI382 1.2 x 10-4 4.3 x 10-4

  HI595 9.2 x 10-5 3.0 x 10-4

  MI703 3.4 x 10-5 1.2 x 10-4

  SMI130 7.3 x 10-5 2.5 x 10-4

  SMI236 1.8 x 10-5 6.1 x 10-4

  V214 3.9 x 10-5 1.4 x 10-4



Figure 1.  Average concentrations of 210Pb, 226Ra, and 228Ra in fish samples used in
the risk assessment at two reference stations and eight discharging platforms.



Figure 2.  Average concentrations of 210Pb, 226Ra, and 228Ra in different fish species used
in the risk analysis.  Porgy is species number 8, see Table 2 for number codes for other
species.



Figure 3.  Average concentrations of 210Pb, and 226Ra in two groups of fishes (porgy and all
other species used in the quantitative risk analysis).
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ABSTRACT

Naturally Occurring Radioactive Materials (NORM) are frequently found in oil and gas production and
processing wastes (e.g., produced water, scale, and sludge). If NORM is present at concentrations above
regulatory levels, the waste requires special disposal practices. This paper evaluates human health risks
associated with disposing of NORM in domal salt caverns during the post-closure phase of operations. Risks
are evaluated for five release scenarios: inadvertent intrusion by unintentionally drilling a well into the closed
cavern, cavern seal failure caused by increased pressure from salt creep and geothermal heating, release from
a crack in the cavern salt, release from a leaky interbed or nonhomogeneous zones, and release following a
partial roof collapse. The probabilities of failures for these release scenarios were derived from "best" and
"worst-case" estimates provided by a panel of experts. Maximum exposure-point concentrations over a period
of 1,000 years were evaluated at a receptor located 1,000 ft down- gradient of the release point. Fate and
transport calculations were performed with a one-dimensional solution to the transport equation that included
advection, dispersion, sorption, and radioactive decay; short-lived daughter concentrations were predicted
assuming secular equilibrium. Risk calculations were performed using standard EPA exposure parameters for
a residential receptor (e.g., drinking water ingestion rate, exposure frequency, and duration) for a single
exposure pathway, ingestion. Because estimated risks for the postulated release scenarios are many orders of
magnitude less than the EPA target risk range (10-6 to 10-4) established for remedial actions at National Priority
List sites, NORM disposal in salt caverns is not likely to produce unacceptable human health risks.



INTRODUCTION

Salt caverns have been used for several decades to store various hydrocarbon products. In the past few
years, four facilities in the United States have been permitted to dispose of nonhazardous oil field wastes
(NOW) in salt caverns. Several other disposal caverns have been permitted in Canada and in Europe. To date,
caverns have not been used to dispose of oil field wastes contaminated with naturally occurring radioactive
materials (NORM). Only a few methods have been approved for disposing of NORM wastes and only a
handful of commercial disposal facilities are licensed to accept NORM waste. This paper evaluates the human
health risk of disposing of NORM-contaminated oil field wastes in salt caverns.

In 1995, the U.S. Department of Energy (DOE), Office of Fossil Energy, asked Argonne National
Laboratory (Argonne) to conduct a preliminary technical and legal evaluation of disposing of NOW into salt
caverns. That study concluded that such disposal is feasible and legal. If caverns are sited and designed well,
operated carefully, closed properly, and monitored routinely, they can be a suitable means of disposing of
NOW (1). Considering these findings and the increased U.S. interest in using salt caverns for NOW disposal,
the Office of Fossil Energy asked Argonne to conduct further research on the cost of cavern disposal compared
with the cost of more traditional NOW disposal methods and to perform a preliminary identification and
investigation of the risks associated with such disposal. The cost study (2) found that disposal costs at the four
permitted disposal caverns in the United States were comparable to or lower than the costs of other disposal
facilities in the same geographic area. The risk study (3) estimated that both cancer and noncancer human
health risks from drinking water contaminated by releases of cavern contents were significantly lower than
accepted risk thresholds.

Since 1992, DOE has funded Argonne to conduct a series of studies evaluating issues related to
management and disposal of oil field wastes contaminated with NORM. Included among these studies were
radiological dose assessments of several different NORM disposal options (4). In 1997, DOE asked Argonne
to conduct additional analyses on waste disposal in salt caverns; this time, however, the wastes to be evaluated
would be those contaminated by NORM. This paper summarizes Argonne's findings on NORM waste disposal
in salt caverns as reported by Veil et al. (5). Throughout the remainder of this paper, the term "NORM waste"
is used to mean "oil field waste contaminated by NORM."

BACKGROUND ON SALT CAVERNS

Salt deposits occur in two major forms in the United States: bedded salt and salt domes. Bedded salt
formations occur in layers interspersed with such sedimentary materials as anhydrite, shale, dolomite, and other
more soluble salts (e.g., potassium chloride). Salt domes are large, nearly homogeneous formations of sodium
chloride, although they may contain nonhomogeneous zones. Salt deposits occur in many parts of the United
States; however, the occurrence of salt in quantities and locations that would allow for commercial mining is
limited. States with major salt deposits are Alabama, Arizona, Colorado, Kansas, Louisiana, Michigan,
Mississippi, Montana, New Mexico, New York, North Dakota, Ohio, Oklahoma, Pennsylvania, Texas, and
Utah (1).

Since the 1940s, the petroleum industry has constructed many salt caverns for storing hydrocarbons.
To create salt caverns, water that is not fully salt-saturated is injected into a salt stock, and the resulting brine
solution is withdrawn. By controlling the rate of water injection and by injecting through either the tubing or
the tubing-casing annulus, the cavern can be shaped to meet the operators' needs.



Initially, the caverns would be filled with brine. NOW or NORM waste would then be introduced as
a slurry of waste and a fluid carrier (brine or fresh water). As the slurry is injected, the cavern acts as an
oil/water/solids separator. The heavier solids sink to the bottom of the cavern and form a pile. Any free oils
and hydrocarbons float to the top of the cavern because they are less dense than water. Clays in the slurry and
dissolved chemical constituents from the waste can mix with the brine and form a suspension above a
brine/waste interface. Clean brine displaced by the incoming slurry would be removed from the cavern and
either sold as a product or disposed of in an injection well.

Once filled with waste, the cavern would be sealed and the borehole plugged with cement. Bridge
plugs would be placed in the well bore above and below water-bearing intervals to isolate these intervals
permanently. The pressure in sealed caverns increases as a result of salt creep and geothermal heating. These
forces can cause internal cavern pressure to build to the point it exceeds the lithostatic pressure of the
formation. Potentially, closed caverns can leak or release liquid portions of the cavern contents to the
surrounding salt. No disposal caverns have yet been closed, so no actual data are available to characterize post-
closure cavern behavior. Veil et al. (1) and Tomasko et al. (3) review the recent literature on anticipated post-
closure cavern behavior based on modeling and theories.

BACKGROUND ON NORM

Oil and gas production and processing operations sometimes accumulate NORM at elevated
concentrations in by-product waste streams. The sources of most of the radioactivity are isotopes of uranium-
238 (U-238) and thorium-232 (Th-232) that are naturally present in subsurface formations from which oil and
gas are produced. The primary radionuclides of concern in NORM wastes are radium-226 (Ra-226) of the U-
238 decay series and radium-228 (Ra-228) of the Th-232 decay series. Other radionuclides of concern include
radionuclides that form from the decay of Ra-226 and Ra-228, such as radon-222 (Rn-222).

The production waste streams most likely to be contaminated by elevated radium concentrations
include produced water, scale, and sludge (4). Spills or intentional releases of these waste streams to the
ground can result in NORM-contaminated soils that must also be disposed of. Radium, which is slightly
soluble, can be mobilized in the liquid phases of a formation and transported to the surface in the produced
water stream. Dissolved radium either remains in solution in the produced water or precipitates out in scales
or sludges. Conditions that appear to affect radium solubility and precipitation include water chemistry
(primarily salinity), temperature, and pressure.

NORM contamination of scale and sludge can occur when dissolved radium coprecipitates with other
alkaline earth elements, such as barium, strontium, or calcium. In the case of scale, the radium coprecipitates,
primarily with barium, to form hard, insoluble sulfate deposits. Scale typically forms on the inside of piping,
filters, injection wellhead equipment, and other water-handling equipment, but also can form as a coating on
produced sand grains. NORM-contaminated sludges can accumulate inside piping, separators, heater/treaters,
storage tanks, and any other equipment where produced water is handled. The U.S. Environmental Protection
Agency (EPA) estimates that approximately 25,000 tons of NORM-contaminated scale and 225,000 tons of
NORM-contaminated sludge are generated annually by the petroleum industry (6).



RISKS FROM DISPOSAL OF
NORM WASTE IN SALT CAVERNS

Argonne has previously analyzed the potential radiological doses associated with several disposal
methods, including underground injection into Class II disposal wells (4). Last year, Argonne completed an
analysis of the potential human health risks resulting from exposure to contaminants released from the caverns
in domal salt formations used for NOW disposal (3). In this study, risk was defined to be the product of the
probability of occurrence of an event and the severity of its consequences (7). The evaluation performed in
Tomasko et al. (3) assumed normal operations but considered the possibility of leaks in cavern seals and cavern
walls during the post-closure phase of operation. Veil et al. (5) builds on these previous Argonne studies to
estimate the human health risks from disposing of NORM waste in salt caverns. The approach and findings
from Veil et al. (5) are summarized below.

NORM waste contains the same chemical contaminants as NOW (those considered by Tomasko et
al. [3] include arsenic, benzene, cadmium, and chromium) but also contains radionuclides. The risk from the
chemical contaminants in NORM remains the same as was estimated for NOW (3). Veil et al. (5) performed
a separate radiological risk analysis. Initially, several radionuclides were considered as potential contaminants
of concern for the assessment. All but two of these were subsequently dropped from further consideration
because of low predicted activities produced by a combination of their high retardation coefficients and short
half-lives at a time of 1,000 years in the future, the time frame selected for the risk analyses. The remaining
contaminants were Ra-226 and Rn-222.

The release scenarios considered in Tomasko et al.(3) included inadvertent intrusion by
unintentionally drilling a well into a closed cavern; failure of the cavern seal due to increased pressure from
salt creep and geothermal heating; release of contaminated fluid through cracks, leaky interbeds, or
nonhomogeneous zones composed of higher permeability material; and partial cavern roof fall. Most releases
would be to deep aquifers at or near the top of the cavern, although under two scenarios, released contaminants
were assumed to move upward through the well casing and discharge to shallow aquifers.

No disposal caverns have ever been closed, so no cavern failure data are available. The probability of
cavern failure was based on "best-estimate" and "worst-case" estimates provided by a panel of experts.
Opinions on the value of probability of occurrence for the release scenarios were solicited from the panel of
experts and then aggregated to form a consensus probability using methods described by Winkler (8, 9) and
Winkler and Clemens (10). Averaged best-estimates of probability for the different scenarios ranged from
0.006 for partial roof fall plus cavern seal failure and fluid release at shallow depth, to 0.1 for partial roof fall
plus fluid release at depth. Averaged worst-case estimates ranged from 0.04 for seal failure with fluid release
at shallow depth, to 0.29 for partial roof fall plus fluid release at depth (3). To provide an even more
conservative estimate, Veil et al. (5) additionally calculated the true worst-case condition by assuming that all
caverns would have releases during the 1,000-year period of concern (i.e., probability = 100%).

Once contaminated fluids leave the cavern, they are expected to migrate laterally through different
formations and aquifers. During the time the fluids travel from the point of release to the receptor site (assumed
to be 1,000 ft laterally from the cavern at either the depth of the cavern or a shallow depth), various physical,
chemical, biological, and radiological processes occur that reduce the concentration of the contaminants. Fate
and transport modeling were used to estimate the exposure point concentrations, (i.e., the contaminant
concentrations at the receptor point) (3, 5). These concentrations were calculated with a one-dimensional
analytical solution to the advection/dispersion equation (11,12).



Risk calculations were then conducted on the basis of the exposure point concentrations and standard
assumptions regarding drinking water intake rates, exposure time, duration, and frequency. The primary
exposure pathway considered in the analysis is ingestion of groundwater, hence exposures are limited to only
internal exposures. Exposure to internally deposited radioactive contaminants is expressed in terms of the 50-
year committed effective dose equivalent (CEDE). This concept, developed by the International Commission
on Radiological Protection (13), represents the weighted sum of the dose equivalent in various organs. CEDEs
were converted to carcinogenic risks by using risk factors identified in Publication 60 of the ICRP (14). The
risk caused by inhalation of radon that volatilizes during showering was also investigated but was found to be
orders of magnitude lower than the internal exposure risk. The results are shown in Table 1 (5).

Estimated lifetime risks due to NORM and NOW releases from salt caverns are presented in Table
2 (5). The estimated worst-case cancer risks from the chemical contaminants of NORM waste are very low (1
x 10-8 to 2 x 10-17), and even under the extremely conservative 100% Probability of Release case, the highest
chemical contaminant risk is 2 x 10-7. The excess cancer risks estimated for the radiological contaminants are
much lower; even for the 100% Probability of Release case, risks are 1 x 10-13 to 3 x 10-22, and, consequently,
are dwarfed by the risks from the chemical contaminants. In all cases, the estimated human health risks due
to ingesting groundwater contaminated with releases from NOW or NORM disposed of in salt caverns are
significantly below the target risk range (10-4 to 10-6) that the EPA established for remedial actions at National
Priority List sites (40 CFR 300.430(e)(2)(i)(A)(2)).

The major radiological health concern from exposure to NORM is induction of cancer. The EPA
classifies all radionuclides as Group A (known) carcinogens. Radionuclides are also mutagenic, teratogenic,
and highly toxic. However, because the cumulative risk of cancer is many times greater than the risk of genetic
or teratogenic effects (15), and because there are so few data quantifying the relationships between dose and
effect for noncancer effects of low doses of Ra-226, only cancer risks are estimated for the radiological
constituents of NORM in Veil et al. (5) and this paper. The chemical constituents of NORM pose a noncancer
as well as a cancer risk. On the other hand, the radiological constituents of NORM are considered to pose only
a cancer risk. Therefore, the noncancer risk of NORM waste is the same as the noncancer risk attributed to
NOW. Tomasko et al. (3) estimated risks for the 100% Probability of Release case (expressed as hazard
quotients) for NOW ranging from 1 x 10-3 to 6 x 10-7. The accepted risk threshold for noncancer risks is a
hazard quotient less than 1.0.

The risk calculations are intended to estimate the risk over the 1,000 years following cavern sealing.
It is unlikely that an abandoned cavern would begin leaking immediately. Leakage, if it occurred, would most
likely begin many years after the cavern was sealed. The fate and transport models, however, estimate the
concentration of contaminants at a time 1,000 years after the release of contaminants, not after cavern sealing.
Therefore, the risk estimates are effectively measuring the risk over a period of time longer than 1,000 years.
This procedure provides an additional measure of conservatism to the risk estimates.

This paper is subject to several caveats. First, the assessment does not address risks to workers at the
cavern disposal site. Smith et al. (4) estimate radiation doses to workers involved in cleaning pipes, cleaning
vessels, and working in storage yards where NORM-contaminated equipment is cleaned prior to NORM waste
disposal. The risk to workers is likely to be the same regardless of the ultimate disposal method used. Second,
the assessment does not determine whether any health effects will occur in the future; it only estimates cancer
risk and potential for noncancer effects. Third, risks have been estimated only for contaminants for which
toxicity values were available; just because no toxicity value is available does not necessarily mean there is
no risk.



CONCLUSIONS

Human health risks were evaluated for five release scenarios for NORM wastes disposed in a salt
cavern. These scenarios include: inadvertent intrusion by unintentionally drilling a well into the closed cavern,
cavern seal failure caused by increased pressure from salt creep and geothermal heating, release from a crack
in the cavern salt, release from a leaky interbed or nonhomogeneous zones, and release following a partial roof
collapse. The probabilities of failures for these release scenarios were derived from "best" and "worst-case"
estimates provided by a panel of experts. Maximum exposure-point concentrations over a period of 1,000 years
were evaluated at a receptor located 1,000 ft down- gradient of the release point. Fate and transport
calculations were performed with a one-dimensional solution to the transport equation that included advection,
dispersion, sorption, and radioactive decay; short-lived daughter concentrations were predicted assuming
secular equilibrium. Risk calculations were performed using standard EPA exposure parameters for a
residential receptor (e.g., drinking water ingestion rate, exposure frequency, and duration) for a single exposure
pathway, ingestion. Because estimated risks for the postulated release scenarios are many orders of magnitude
less than the EPA target risk range (10-6 to 10-4) established for remedial actions at National Priority List sites,
NORM disposal in salt caverns is not likely to produce unacceptable human health risks.
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Table 1: Exposure Point Concentrations, Committed Effective Dose Equivalents, and Carcinogenic Risks
Estimated for Ingestion of Ra-226 in Groundwatera (5)

Best-Case Probability Estimates Worst-Case Probability Estimates

Release Scenario

Exposure-
point

Concentration
(pCi/L)

Committed
Effective

Dose
Equivalent

Estimated
Cancer

Risk

Exposure-
point

Concentration
(pCi/L)

Committed
Effective

Dose
Equivalent

Estimated
Cancer

Risk
Cavern seal fails,
releases fluid at
depth

3 Η 10-19 2 Η 10-17 1 Η 10-23 1 Η 10-18 6 Η 10-17 4 Η 10-23

Cavern seal fails,
releases fluid to
shallow aquifer

5 Η 10-11 3 Η 10-9 2 Η 10-15 2 Η 10-10 1 Η 10-8 6 Η 10-15

Release from crack 2 Η 10-19 1 Η 10-17 7 Η 10-24 1 Η 10-18 6 Η 10-17 4 Η 10-23

Release from leaky
interbed

3 Η 10-15 2 Η 10-13 1 Η 10-19 2 Η 10-14 1 Η 10-12 7 Η 10-19

Roof fall + release
at depth through
crack

8 Η 10-19 5 Η 10-17 3 Η 10-23 2 Η 10-18 1 Η 10-16 9 Η 10-23

Roof fall + release
at depth through
leaky interbed

9 Η 10-15 6 Η 10-13 4 Η 10-19 2 Η 10-14 2 Η 10-12 9 Η 10-19

Roof fall + cavern
seal failure + release
at depth

5 Η 10-19 3 Η 10-17 2 Η 10-23 1 Η 10-18 8 Η 10-17 5 Η 10-23

Roof fall + cavern
seal failure + release
at shallow depth

2 Η 10-11 2 Η 10-9 9 Η 10-16 2 Η 10-10 1 Η 10-8 8 Η 10-15

a Risks presented in this table are solely from the radiological constituents of NORM and do not include
any risks from the chemical constituents.



Table 2: Estimated Cancer Risks and Hazard Quotients from NORM and NOW (4)

Best-Case Estimate Worst-Case Estimate

Cancer Risk Hazard
Quotient

Cancer Risk
Release Scenario

NOWa NORMb NOWa NORMb

Hazard
Quotient

Cavern seal fails, releases
fluid at depth 5 Η 10-18 1 Η 10-23 7 Η 10-8 2 Η 10-17 4 Η 10-23 3 Η 10-7

Cavern seal fails, releases
fluid to shallow aquifer 3 Η 10-9 2 Η 10-15 1 Η 10-5 9 Η 10-9 6 Η 10-15 5 Η 10-5

Release from crack 4 Η 10-18 7 Η 10-24 5 Η 10-8 2 Η 10-17 4 Η 10-23 3 Η 10-7

Release from leaky
interbed 3 Η 10-16 1 Η 10-19 2 Η 10-8 1 Η 10-15 7 Η 10-19 1 Η 10-7

Roof fall + release at
depth through crack 2 Η 10-17 3 Η 10-23 2 Η 10-7 5 Η 10-17 9 Η 10-23 6 Η 10-7

Roof fall + release at
depth through leaky
interbed

7 Η 10-16 4 Η 10-19 5 Η 10-8 2 Η 10-15 9 Η 10-19 1 Η 10-7

Roof fall + cavern seal
failure + release at depth 1 Η 10-17 2 Η 10-23 1 Η 10-7 3 Η 10-17 5 Η 10-23 4 Η 10-7

Roof fall + cavern seal
failure + release at
shallow depth

1 Η 10-9 9 Η 10-16 7 Η 10-6 1 Η 10-8 8 Η 10-15 6 Η 10-5

a This is the risk from the chemical constituents of NORM waste. It is exactly the same as the risk from
NOW as reported in Tomasko et al. (3).
b This is the risk from the radiological constituents of NORM waste.
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Options and Cost for Disposal of NORM Waste
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ABSTRACT

Oil field waste containing naturally occurring radioactive material (NORM) is presently disposed of both
on the lease site and at off-site commercial disposal facilities.  The majority of NORM waste is disposed of
through underground injection, most of which presently takes place at a commercial injection facility located in
eastern Texas.  Several companies offer the service of coming to an operator=s site, grinding the NORM waste
into a fine particle size, slurrying the waste, and injecting it into the operator=s own disposal well.  One company
is developing a process whereby the radionuclides are dissolved out of the NORM wastes, leaving a nonhazardous
oil field waste and a contaminated liquid stream that is injected into the operator=s own injection well.  Smaller
quantities of NORM are disposed of through burial in landfills, encapsulation inside the casing of wells that are
being plugged and abandoned, or land spreading. It is difficult to quantify the total cost for disposing of NORM
waste.  The cost components that must be considered, in addition to the cost of the operation, include analytical
costs, transportation costs, container decontamination costs, permitting costs, and long-term liability costs. 
Current NORM waste disposal costs range from $15/bbl to $420/bbl.



INTRODUCTION

Since 1992, the U.S. Department of Energy (DOE) has funded Argonne National Laboratory
(Argonne) to conduct a series of studies evaluating issues related to management and disposal of oil field
wastes contaminated with naturally occurring radioactive material (NORM).  This paper is based on
information developed for a DOE study on NORM disposal in salt caverns (1). 

NORM OCCURRENCE AND CHEMISTRY

Oil and gas production and processing operations sometimes accumulate NORM at elevated
concentrations in by-product waste streams.  The sources of most of the radioactivity are isotopes of uranium-
238 (U-238) and thorium-232 (Th-232) naturally present in subsurface formations from which oil and gas are
produced.  The primary radionuclides of concern in NORM wastes are Ra-226 of the U-238 decay series, and
Ra-228 of the Th-232 decay series. Other radionuclides of concern include those that form from the decay of
Ra-226 and Ra-228.

The production waste streams most likely to be contaminated by elevated radium concentrations
include produced water, scale, and sludge (2).  Spills or intentional releases of these waste streams to the
ground can result in NORM-contaminated soils that must also be disposed of.  Radium, which is slightly
soluble, can be mobilized in the liquid phases of a formation and transported to the surface in the produced
water stream.  Dissolved radium either remains in solution in the produced water or precipitates out in scales
or sludges.  Conditions that appear to affect radium solubility and precipitation include water chemistry
(primarily salinity), temperature, and pressure.

NORM contamination of scale and sludge can occur when dissolved radium coprecipitates with other
alkaline earth elements, such as barium, strontium, or calcium.  In the case of scale, the radium coprecipitates,
primarily with barium, to form hard, insoluble sulfate deposits.  Scale typically forms on the inside of piping,
filters, injection wellhead equipment, and other water handling equipment, but also can form as a coating on
produced sand grains. Radium can be present in several forms in sludge.  It can coprecipitate with silicates and
carbonates that form in the sludge, or it can be present in pieces of barium sulfate scale that become
incorporated into the sludge.  NORM-contaminated sludges can accumulate inside piping, separators,
heater/treaters, storage tanks, and any other equipment where produced water is handled.  The U.S.
Environmental Protection Agency (EPA) estimates that approximately 25,000 tons of NORM-contaminated
scale and 225,000 tons of NORM-contaminated sludge are generated annually by the petroleum industry (3).

In addition to their radioactive characteristics, NORM wastes also have physical and chemical
characteristics typical of nonhazardous oil field waste (NOW).  The authors of reference 4 assumed that a
typical NOW stream going to a disposal cavern consists of accumulated heavy hydrocarbons, paraffins,
inorganic solids, and heavy emulsions.



REGULATORY CONSIDERATIONS

Hazardous Waste Status of NORM Waste and Other Oil Field Wastes

The most important distinction between oil field wastes and many other types of industrial wastes is
that the former are exempted from the hazardous waste requirements of the Resource Conservation and
Recovery Act (RCRA). Most types of oil field wastes are commonly considered to be nonhazardous oil field
wastes (NOW).  On July 6, 1988, the EPA issued a regulatory determination that exempted any wastes arising
from the exploration, development, and production of crude oil, natural gas, and geothermal energy from
regulation as hazardous wastes under RCRA Subtitle C (53 FR 25477). On March 22, 1993, the EPA clarified
the 1988 determination and exempted many other wastes that were uniquely associated with exploration and
production operations from RCRA Subtitle C requirements (58 FR 15284).  Given the federal exemption from
RCRA for oil field wastes, the waste management requirements faced by most operators will be state
requirements.

The difference between NOW and NORM waste is the presence in the latter of radionuclides above
a state-specified action level.  The presence of those radionuclides does not change the waste=s exempt status
under RCRA as long as the waste itself, exclusive of the radiological components, is an exempt waste. 
Therefore, most oil field NORM waste is not regulated as hazardous waste.

The term Anonhazardous oil field waste@ should not be interpreted to mean that no hazardous
substances are found in oil field wastes.  At least one oil- and gas-producing state, does not follow the blanket
RCRA exemption for exploration and production wastes and associated wastes.  In California, each batch of
waste is tested for specified parameters to determine whether the waste is hazardous.  Those wastes found to
be hazardous must be managed at a hazardous waste management facility, which typically is much more
expensive than management at a NOW disposal facility.

Summary of NORM Regulations

No existing federal regulations specifically address handling and disposal of NORM wastes.  In the
absence of federal regulations, individual states have taken responsibility for developing their own regulatory
programs.  These programs have been evolving rapidly over the last few years.  Many states have promulgated
NORM regulations, and many others are reviewing the magnitude of NORM issues within their borders and
the need for specific regulations.

Existing state regulatory programs establish requirements for (a) a NORM exemption standard or
action level; (b) licensing of parties possessing, handling, or disposing of NORM waste; (c) release of NORM-
contaminated equipment and land; (d) worker protection; and (e) NORM waste disposal.  The action level
defining when waste must be managed as NORM varies from state to state.  In general, state action levels
range from 5 to 30 picocuries per gram (pCi/g) of total radium (i.e., radium-226 [Ra-226] plus radium-228
[Ra-228]).  Several states have established two action levels, depending upon the radon emanation rate1 of the
waste.  In these states, the action level is 5 pCi/g total radium if the radon emanation rate exceeds 20 pCi per
square meter per second (pCi/m2/s) and 30 pCi/g total radium if the radon emanation rate is below that level.
 A picocurie (pCi) is equal to 10-12 curies.2

                                                
1 The radon emanation rate is the fraction of radon atoms that escape the grain material containing the parent
nuclide into the gaseous, porous space between the grains.
2 A conventional unit, the curie (Ci) is defined as the quantity of a given radionuclide in which



Most state regulations currently approve the following disposal methods for waste exceeding the
NORM action levels: (a) burial at either a licensed NORM waste or low-level radioactive waste disposal
facility, (b) downhole disposal via encapsulation inside the casing of a plugged and abandoned well, and (c)
underground injection into subsurface formations via a permitted Class II well.  A few states also allow NORM
waste to be disposed of via land spreading, provided that specific criteria are met.  The State of Michigan also
allows NORM waste containing up to 50 pCi/g radium to be disposed of in landfills that are permitted to
accept only nonhazardous wastes (5).  Downhole encapsulation and underground injection of NORM waste
typically are approved on a case-by-case basis only and, in the case of underground injection, may require a
modification to the existing Class II permit. 

NORM MANAGEMENT PRACTICES

The presence of NORM in oil and gas wastes has been recognized since the 1930s. NORM was not
recognized as a waste management issue, however, until the mid-1980s, when the industry and regulators
realized that NORM occurrence was more widespread than originally thought and that radioactivity levels
could be high.  The petroleum industry adopted methods for managing and disposing of NORM-contaminated
wastes that are more restrictive than past practices and are likely to provide greater isolation of the
radioactivity.  Simultaneously, state agencies have promulgated NORM regulations that establish new, more
restrictive standards for the management and disposal of NORM wastes.  These actions have served to limit
the number of disposal options available for NORM wastes, thereby increasing waste management costs. 

The largest volume oil and gas waste stream that contains NORM is produced water.  Except at
offshore platforms, which discharge produced water to the ocean, nearly all produced water is injected into
the subsurface through injection wells.  At this time, the radium content of produced water going to injection
wells is not regulated.  Consequently, radium that stays in solution in the produced water stream does not
present a significant waste management problem from a regulatory perspective and is not considered further
in this paper.

Some operators dispose of NORM wastes at their own sites, although most use off-site commercial
disposal facilities.  Pipes and casing with NORM contamination may be recycled as scrap steel if NORM levels
are below background concentrations.  In the past, NORM was commercially managed by surface treatment
− NORM was blended with nonradioactive materials to reduce the NORM activity  below action levels and
then was spread on the land. Today, the primary method used for disposal of NORM wastes is underground
injection.  Smaller quantities of NORM waste are disposed of at licensed radioactive waste landfills,
encapsulated in the casing of a well being abandoned, or managed on lease sites through land spreading. 

Only four off-site commercial NORM disposal companies have been identified in the United States;
two of these inject the NORM waste underground and the other two bury NORM waste in landfills. 
Identification of disposal companies by name in the following sections does not constitute an endorsement of
those companies or provide any indication of their performance capabilities. The companies are included solely
to provide an indication of the types of commercial disposal options available to operators in the mid-1998
time frame.

                                                                                                                                                            
3.7 Η 1010 atoms undergo nuclear transformations each second.  One Ci is roughly equal to the decay
rate of one gram of Ra-226.



Underground Injection

NORM-contaminated scales, sludges, and other solid wastes have also been disposed of through
underground injection wells.  The authors of reference 6 report on a NORM waste injection project in the
North Slope Alaska oil field developed by two major producing companies.  Approximately 100 tons of
NORM solids were cleaned from 3,000 oil production pipes and casing.  The resulting solids were processed
to a particle size of less than 80 micrometers (Φm), slurried with 10,000 bbl of water, and then injected into
a Class II injection well.

Two of the four U.S. commercial off-site NORM disposal companies utilize underground injection.
 Newpark Environmental Services, Inc., operates a NORM disposal facility near Winnie in eastern Texas that
receives the majority of all NORM wastes disposed of commercially in the United States.  In July 1997, Lotus,
LLC opened a NORM disposal facility in western Texas near Andrews.  Both facilities crush, mill, and slurry
the incoming NORM waste before injecting it.

DOE has funded BPF, Inc., to develop a mobile NORM treatment system.  The BPF process dissolves
the radioactive component of NORM into an aqueous solution that can then be disposed of through
underground injection.  The residual solids no longer contain radioactivity above levels of regulatory concern
and can be disposed of as NOW (7).  As of summer 1998, the BPF process is at the pilot-scale stage of
development.

Other disposal contractors (e.g., Apollo Services and National Injection Services) will come to an
operator=s site and process NORM wastes so that they can be injected through the operator=s own injection
well.  The process consists of grinding and milling the waste to a small particle size, slurrying the waste to
facilitate pumping, and injecting to formations at fracture pressure (8).   Apollo Services and National Injection
Services are primarily disposing of drilling wastes at offshore platforms, but can also accommodate NORM
wastes.

Landfill Disposal

The other off-site commercial NORM waste disposal option in the United States is burial in landfills.
 US Ecology operates a low-level radioactive waste landfill on DOE=s Hanford site in southeastern
Washington State.  The landfill is primarily designed to handle radioactive wastes other than oil field wastes,
but oil field NORM waste is accepted.  Because of its location remote from most oil-producing areas and the
higher costs associated with general low-level radioactive waste management requirements, US Ecology
receives relatively little NORM waste.  For example, in 1997, US Ecology received less than 500 ft3 of NORM
wastes.

Envirocare of Utah, Inc., also operates a landfill for mixed wastes and low-specific activity radioactive
wastes in Clive, Utah, that has accepted NORM waste for disposal.

Encapsulation and Downhole Disposal

Under the encapsulation and downhole disposal option, an operator encapsulates NORM waste either
inside a section of pipe that is then sealed on both ends and lowered into a wellbore or directly in the wellbore.
 A plug is placed on top of the waste-containing zone.  The authors of reference 9 report on two encapsulation
projects conducted in the offshore Gulf of Mexico.  In the first project, NORM waste was placed into eight
joints of casing as the pipe was being lowered into the hole.   In the second project, 31 drums of NORM waste
were placed into 21 joints of casing on shore and sealed on both ends.  The sealed joints were transported



offshore and lowered into the well bore.  In both projects, cement plugs were placed on top of the waste-
containing joints. 

Encapsulation works well for NORM waste disposal, but each well can handle only a relatively small
volume of waste.  Because of this restriction, the process is not widely used.

Land Spreading

The principle behind land spreading is to mix NORM wastes having an activity concentration higher
than the action level with clean soil so that the resulting blend has an activity concentration lower than the
action level. Sanifill/Campbell Wells operated a commercial land spreading site until recently, when it no
longer was economical to operate.  Some producers utilize land spreading on their lease site to blend patches
of high-activity NORM soils with low-activity NORM soils.  However, the present use of land spreading for
disposal of NORM waste is limited.

COST OF NORM WASTE DISPOSAL

Elements of Cost

The total cost of NORM waste disposal comprises several components.  In addition to the cost of the
actual   disposal  operation, operators must consider costs associated with transportation, physical inspection,
radionuclide and chemical analysis, and container decontamination.  Given the limited number of off-site
commercial disposal sites available, transportation costs from remote locations can represent a significant
component of total cost. Operators must consider all cost components before selecting a disposal option.  To
the extent possible, it will be indicated whether the cost figures presented in this chapter reflect just the cost
of disposal or include other costs as well.

In addition to direct costs, there are other important potential costs, such as long-term liability under
the Superfund law.  Remediation costs, if the disposal activity results in environmental contamination, can be
substantial.  The EPA estimates the average cost for cleaning up a Superfund site is approximately $30 million
in 1994 dollars (60 FR 20330, April 25, 1995). Long-term liability costs are not quantified here because they
represent a future potential cost, not an actual current cost.  Liability insurance rates paid by operators include
the insurer=s perception of long-term liability from all phases of the operator=s business, including waste
disposal.  The incremental insurance costs associated with NORM waste disposal were not identified in this
study.

Historical NORM Waste Disposal

The American Petroleum Institute (API) surveyed the U.S. oil and gas industry in 1992 to learn how
NORM waste was disposed of, how much it cost for disposal, and what volume of NORM required disposal
(10).  The results of that survey indicated that disposal costs varied greatly, depending on the specific activity
of the NORM, the number of drums being disposed of, and the disposal option selected.  Disposal costs from
the API survey are summarized in Table 1. The costs ranged from $49 to $3,333 per 55-gal drum, with an
average of $544 per drum (equivalent to $415 per 42-gal bbl). For some of the disposal options, various
additional costs are identified, including radiological analysis ($100 B $500 per sample), chemical analysis
($250 B $500 per sample), transportation ($6 - $40 per drum), Apretreatment washing volume reduction@ ($10
B $25 per drum), permitting and manifesting, administrative costs, and non-NORM waste disposal costs.



Current NORM Waste Disposal

The costs presented in the previous section are those that operators faced in 1992.  Some of the
disposal options in use in 1992 are no longer available, particularly the commercial surface treatment facility
in Louisiana.  That facility was closed because the operation was no longer profitable.  In general, however,
NORM waste disposal costs have decreased between 1992 and 1998.  The following sections provide current
information on the cost of off-site commercial disposal companies and other companies that provide disposal
services at an operator=s site using an existing injection well.  These costs are summarized in Table 2.  Cost
information was collected directly from disposal companies and from oil and gas operators.

Costs for Off-site Commercial Disposal of NORM The costs presented below are those reported
to the author in early 1998. They are included in this report for comparative purposes at one point in time.
There is no guarantee that these costs reflect the actual costs that would be charged to customers or that these
companies still charge the same fees.  Most commercial disposal companies will negotiate more favorable rates
than those described below for customers with large volumes of waste.

Newpark Environmental Services, Inc., charges $196.50 per 55-gal drum or $150/bbl for disposal of
NORM wastes through injection.  This cost includes inspection and verification of contents as well as the
necessary analytical costs.  The cost of decontamination is $25 for a drum and $150 for a bulk container (11).
 Transportation costs are not included in these figures.

Lotus LLC began accepting NORM waste in 1997.  Lotus charges $132 per 55-gal drum or $100/bbl
for disposal by injection.  Gamma spectroscopy analysis costs an additional $100 per sample.  Transportation
cost is not included but is estimated to be about $3 per loaded mile for a full 72-bbl roll-off box (12).

US Ecology operates a low-level radioactive waste disposal landfill that receives various types of
radioactive waste, including NORM waste.  Because the facility primarily receives radioactive wastes other
than oil field wastes, the requirements are more stringent than those for typical NORM disposal facilities and
costs are higher.  Base disposal costs range from $500 to $550 per 55-gal drum or from $66.67 to $73.33 per
cubic foot, depending on the volume.   The State of Washington does not recognize the RCRA exemption from
hazardous waste status for exploration and production wastes.  Therefore, each waste stream must be analyzed
for hazardous waste characteristics and radionuclides.  Transportation cost is not included but is estimated to
be about $2.10 per mile based on a full truck load.  All waste generators shipping waste to US Ecology must
obtain a site use permit from the Washington Department of Ecology.  Obtaining that permit will add to the
total cost.  All shipments are subject to a minimum disposal charge of $2,500 (13). 

Envirocare of Utah, Inc. operates a landfill for mixed wastes and low-specific activity radioactive
wastes that has, on occasion, accepted NORM waste for disposal.  Envirocare declined to provide a standard
price for disposal but indicated that it set prices on a case-by-case basis.   According to the company contact,
Envirocare is competitive when bidding on large disposal jobs but is not competitive on small jobs because
its overhead costs, set for all low-level radioactive waste disposal activities, is quite high and is constant
regardless of the job size.

For large jobs, the overhead is spread over many drums of waste and is therefore low on a cost per drum basis
(14).

Costs for On-site Commercial Disposal of NORM The three companies discussed in this section
process and dispose of NORM waste on-site.  All three companies use the operator=s injection well to dispose
of the NORM wastes.



BPF, Inc., is developing a system that dissolves the radioactive component of NORM into an aqueous
solution that can then be disposed of through underground injection.  The residual solids no longer contain
radioactivity above levels of regulatory concern and can be disposed of as NOW.  The process is currently at
the pilot stage of development.  BPF estimates that costs of the full-scale system, when commercially available,
will be approximately $140/bbl ∀ 20%.  These costs would include an initial survey, obtaining the necessary
permits, labor, off-site disposal costs for the resulting NOW solids, chemicals, and a final survey.  The cost
of an injection well would be extra if the operator does not already have a functioning injection well (15). 

At least two companies, Apollo Services and National Injection Services, provide NOW and NORM
disposal at an operator=s site.  Wastes are ground up, slurried, and injected into the operator=s own injection
well.  The process of injecting ground and slurried NORM waste could potentially plug the receiving
formation.  Operators should consider the potential cost of an injection well workover when estimating total
disposal costs for these companies. 

As of early 1998, Apollo was primarily disposing of NORM at offshore platforms.  Apollo estimates
that NORM waste disposal costs range from $100/bbl to $300/bbl, depending on the volume of NORM to be
disposed of (16).

National Injection Services disposes of NOW and NORM through on-site injection. National=s cost
ranges from $15/bbl to $150/bbl, depending on the nature of the materials to be disposed of (17).

Actual Disposal Practices and

To provide another perspective on NORM waste disposal, several major U.S. oil and gas producers
were asked how they dispose of their NORM wastes.  Contact persons at these companies agreed to provide
information under the condition that their companies not be identified by name.  Therefore, companies are
identified as Company A, Company B, etc.

Company A disposes of about 600 bbl/year of NORM waste from offshore and the eastern United
States at a commercial injection well facility.  The cost for disposal and decontamination of containers is
$150/bbl, and the cost for lab analyses, transportation, and handling added another $30/bbl.

Company B used to operate its own offshore injection well for disposing of offshore NORM waste
but now sends all of its NORM wastes to a commercial injection well facility. Disposal costs range from
$125/bbl to $200/bbl.  The typical cost rate for a 15-barrel cuttings box is $150/bbl.  Company B does some
analytical work at $100/test before shipping the waste. Transportation costs are estimated to be $25/bbl.

Company C sends much of its NORM waste to a commercial injection well facility. In the past,
Company C operated annular injection wells offshore for NORM disposal.  Disposal costs at these wells
ranged from $500/bbl for Atrouble-free@ projects to more than $2,000/bbl for Atrouble-plagued@ projects.
 As less expensive commercial alternatives became available, Company C opted for off-site commercial
disposal.  Company C needs to dispose of a large volume of NORM-contaminated soils from remediation
projects and recently opted to develop its own onshore injection well to handle these wastes.  Cost figures are
not yet available, but the contact person noted that capital and operating costs are high.  In order to make the
process cost effective on a $/bbl basis, the project needs to handle a large volume of wastes.

Company D also sends most of its NORM waste to a commercial injection well facility. During lease
abandonment, Company D sometimes blends patches of NORM-contaminated soils with clean soils to reduce
the aggregate NORM activity below levels of regulatory concern. In other cases, large volumes of NORM-



contaminated soils are excavated and sent off-site for disposal.  Company D did not provide specific cost
figures but indicated that it had received a significant discount from the disposal company=s standard rates
for one particularly large project.

Two companies operating in Alaska utilize different NORM disposal methods.  Company E ships all
its Alaskan NORM waste to a commercial injection facility in Texas, whereas Company F grinds and slurries
NORM waste and injects it into its own injection well. No cost information was available for these projects.

One disposal option that was not mentioned by any of the companies is encapsulation in pipes and
casing and downhole disposal during plugging and abandonment.  This practice is probably occurring, but the
costs tend to be higher than other options (see Table 1).  If a company has NORM waste at the same location
where it is plugging and abandoning multiple wells, this option may be cost effective.

Consideration of Liability Costs

Long-term liability costs are an important consideration for major operators.  Under the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), companies that
dispose of wastes into sites that later become Superfund sites have joint and several liability.  This means that
a company that contributes only a small portion of a disposal site=s waste volume can potentially be held liable
for a large portion of the remediation costs if some or all of the other waste contributors are out of business
or are otherwise unable to pay. Given that background, prudent companies that have historically disposed of
waste at a particular disposal site will think twice before extending their potential liability to new disposal sites,
even if the new disposal sites are less costly.
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Table 1 - 1992 NORM Disposal Costs (from Reference 10)

Disposal Cost ($) per 55-gal Drum

Disposal
Method

Low Average High Additional Costs

Landfill -
Washington

395 515 730 None

Landfill - Utah 300 500 700 Radiological analysis,
physical properties
check, transportation,
waste profile,
decontamination of
vehicle

Surface
treatment –
Louisiana

100 210 325 Radiological and
chemical analysis,
physical properties
check, transportation,
waste profile, packing

Injection - Texas 49 206 1,000 Radiological and
chemical analysis,
physical properties
check, transportation,
waste profile, packing

Recycling steel
– China

No cost - steel purchase price pays for transportation costs

Encapsulation in
pipes and
disposal in
abandoned wells

792 1,081 3,333 None

Injection into
private wells

151 916 2,300 None



Table 2 - 1998 Commercial Disposal Costs for NORM (from Reference 1)

Disposal Company Disposal Method
On-site/   
Off-site Costs ($/bbl)a

Newpark
Environmental
Services, Inc.

Injection Off-site 150

Lotus LLC Injection Off-site 100

US Ecology Landfill Off-site 380 - 420

Envirocare of Utah,
Inc.

Landfill Off-site Variable - no
costs provided

BPF, Inc. Treatment/
Injection

On-site 140b

Apollo Services Injection On-site 100 - 300

National Injection
Services

Injection On-site 15 - 150

a One bbl = 42 gal.  To convert these costs to $/55-gal drum, multiply by 1.31.
b BPF is not in commercial operation as of summer 1998.  The costs presented here are projected
costs for commercial-scale operation.
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ABSTRACT

This presentation covers three areas related to the NORM Issue:  (1)  relative
risk; (2) the Martha Reclamation Program; and (3) recommendations for NORM
regulation.  A summary of these areas is presented below.

(1)  Relative Risk:  The purpose of this section is to put the lack of risk with
NORM into perspective with reality.  The presentation will start with a dialog on the fear
of radiation accompanied by 35-mm slides and overheads covering actual mortality data.

(2)  The Martha Reclamation Program:  Key aspects of the reclamation of a
NORM impacted Kentucky oil field that started production in 1919 will be reviewed.

(3)  Recommendations for NORM regulation:  Criteria for reasonable regulation
of NORM are discussed.



IInnttrroodduuccttiioonn

Thank you for this opportunity to speak before you today.  It is truly an honor to
be here before you.  I’m going to discuss some issues about NORM, or naturally
occurring radioactive material.  I will cover three topical areas, first some relative risk
information to put NORM into perspective, then Ashland’s reclamation of a NORM
impacted oil field and lastly some regulatory recommendations to consider.  There is
quite a story to tell and a lot to cover, so let’s get started.

Slides 1-4

The atomic bomb.  Devastating in its effect.  Highly radioactive.  The cold war;
many of us remember the air raid drills and fallout shelters.  I remember so very clearly
as a young child growing up, my father obtaining plans from the federal government to
construct a fallout shelter next to our home.  Nuclear materials were very scary and many
of us grew up with that fear.  But is the fear based on reality or perception?  Let’s talk
about reality.  Today we use radiation to improve the quality of our lives.  In many cases,
we use extremely high doses of radiation in medicine for diagnostic purposes and literally
to save lives.  Radiation is routinely used for structural assessments, in smoke and fire
detectors, in the oil and gas industry for well logging and many other things.  Recently
the FDA approved the use of radiation in meat processing to reduce the incidence of
contamination in order to protect people.  Now let’s look at some very interesting facts.
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NORM ISSUES

ACTUAL CAUSES OF DEATH IN THE UNITED STATES IN 1990

DEATHS

CAUSE
ESTIMATED

NO.
PERCENTAGE OF
TOTAL DEATHS

TOBACCO        400,000              19
DIET/ACTIVITY PATTERNS        300,000              14
ALCOHOL        100,000                5
MICROBIAL AGENTS          90,000                4
TOXIC AGENTS          60,000                3
FIREARMS          35,000                2
SEXUAL BEHAVIOR          30,000                1
MOTOR VEHICLES          25,000                1
ILLICIT USE OF DRUGS          20,000              <1

      TOTAL     1,060,000              50

Source: Journal of the American Medical Association, Nov. 10, 1993, Vol. 270, No. 18



NORM ISSUES

DEATHS DUE TO NORM - WORLDWIDE

0



 NORM ISSUES

NORM SHOULD NOT BE CONSIDERED A COMPLEX PROBLEM.  IT SHOULD
BE VIEWED AS A SOLID WASTE MANAGEMENT ISSUE WITH THE STATES
HAVING REGULATORY PRIMACY.  METHODS AND CRITERIA SHOULD BE
BASED ON REASONABLENESS, NOT FEAR.

RECOMMENDATIONS TO CONSIDER:

• RESTRICTED RELEASE

• 30 pCi/gm CRITERIA FOR UNRESTRICTED RELEASE

• IN SITU DILUTION

• SUBTITLE C OR D DISPOSAL - FLEXIBLE NOT PRESCRIPTIVE

♦ BACKGROUND TO 50 pCi/gm - COMMINGLE

♦ 51 TO 500 pCi/gm - COMMINGLE OR ADDITIONAL CONTROLS

♦ >500 pCi/gm - CASE BY CASE BASIS

• DOSIMETRY DEMONSTRATES NOT A WORKER EXPOSURE ISSUE



NORM ISSUES

 CANCER DEATHS - 50 YEAR PERIOD (1943 TO 1993)

WORLDWIDE 400,000,000

UNITED STATES 25,000,000

♦ 1993 ONLY 550,000

CAUSED BY RADIATION (HIGH DOSES)                         <600

CAUSED BY NORM                                                             0

Source:  United Nations Scientific Committee on Effects of Atomic Radiation (UNSCEAR)
               Report, 1994



NORM ISSUES

MARTHA OIL FIELD, KENTUCKY

BACKGROUND

• STARTED PRODUCTION IN 1919

• WATERFLOODING FROM 1955 TO 1986

• PLUGGED AND ABANDONED UNDER USEPA AOC STARTING 1986

• OVER 1500 TOTAL WELLS INCLUDING INJECTORS

• 71 TANK BATTERY SITES

• NORM DISCOVERED DURING RECYCLING OF TUBULARS

• LANDFARM PRODUCTION PITS, EARLY RECLAMATION METHOD



NORM ISSUES

MARTHA OIL FIELD, KENTUCKY

MARTHA RECLAMATION PROGRAM - KEY MANAGEMENT PARAMETERS

• NEGOTIATED OVER SEVERAL YEARS IN THE ABSENCE OF REGULATIONS

• AGREEMENT SIGNED 1995

• CRITERIA FOR UNRESTRICTED RELEASE - 5/15/15

• ABOUT 15% OF WELLS AND 60% OF TANK BATTERY SITES IMPACTED

• MATERIAL DEFINED AS A SOLID WASTE

• DISPOSAL A CONTENTIOUS ISSUE

• STORAGE FACILITY

• CURRENT ESTIMATE OF 100,000 TONS



NORM ISSUES

MARTHA OIL FIELD, KENTUCKY

MARTHA RECLAMATION PROGRAM - KEY TECHNICAL PARAMETERS

• DOSIMETRY DATA -  NOT A WORKER EXPOSURE ISSUE

• RADON - NOT AN ISSUE

• TCLP - RELATIVELY INSOLUBLE

• AVERAGE CONCENTRATION - <15 pCi/gm

• RESRAD - 10-9 OVER 1000 YEAR FOR RESIDENT FARMER

• HELP - CONTRIBUTION TO GROUNDWATER INDISTINGUISHABLE FROM

BACKGROUND



Pollution Prevention, Waste Management,Pollution Prevention, Waste Management,
and Waste Minimizationand Waste Minimization
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The State Review Process

Presented by
James E. Erb, P.E., Director

Bureau of Oil and Gas Management
Pennsylvania Department of Environmental Protection

The state review process is an experiment in environmental regulation.  In this
experiment, an environmental regulatory program was developed under federal law that was very
different from traditional federal regulatory programs.  Instead of imposing a one-size-fits-all,
command and control program, the United States Environmental Protection Agency (EPA)
enabled the states, the regulated community and other stakeholders to develop, through
consensus, a set of state oil and gas regulatory program standards and a process for evaluating
state programs against the standards.  Though not required by the statute, these standards and
process were developed under the federal Resource Conservation and Recovery Act (RCRA).

Under RCRA, a solid waste is basically anything that is discarded.  Solid waste can be
designated as hazardous or non-hazardous.  It is designated hazardous if it is specifically listed as
a hazardous waste or if it exhibits hazardous waste characteristics.  A listed hazardous waste is a
waste that has been shown to exceed certain human toxicity criteria or contain one of over 350
chemical substances that are listed as hazardous constituents.  A characteristically hazardous
waste is a waste that is ignitable, corrosive, reactive or toxic.  Additionally, under EPA
regulations, if a listed hazardous waste is mixed with a non-hazardous waste, the entire mixture
is considered a hazardous waste.

In 1980, Congress amended RCRA.  In those amendments, mining wastes, oil and gas
exploration and production (E&P) wastes, and geothermal waste were at least temporarily
exempt from regulation as hazardous wastes.  Congress directed EPA to conduct a study of those
wastes and their associated waste management practices.  EPA was also directed to report the
findings of its study to Congress along with a recommendation as to whether these wastes should
be regulated as hazardous wastes under Subtitle C of RCRA.

That period in time should be put in perspective.  It was after the oil embargo that
resulted in long lines at gas pumps.  It was during the boom in drilling activity that followed.
Many new oil companies were formed and investor money was readily available.  Drilling
activity was at an all time high.  Numerous environmental programs were being strengthened.
The public was reacting to environmental damage caused by the increased drilling by calling for
additional government controls.  Some environmental groups wanted uniform federal regulations
governing E&P waste management practices.  They also wanted the EPA to regulate E&P wastes
as hazardous because of the toxic characteristics of certain E&P wastes.  The oil and gas industry
wanted the states to continue regulating E&P activities because the states had flexible regulations



that recognized differences in geology, climate, hydrology, economics and method of operation
that occurred from state to state.  Industry also lobbied hard to avoid having any of their wastes
regulated as hazardous because of the economic impact that designation would carry.  Most state
oil and gas regulatory agencies agreed with the position of industry while many state
environmental agencies agreed with the position taken by environmental groups.  Some EPA
staff felt strongly that E&P wastes should be regulated as hazardous waste, and toured the
country with a slide show of example environmental damage cases.  Other EPA staff recognized
the impacts that regulating E&P wastes as hazardous would have on the industry, the states and
the country.

EPA did not immediately perform the required study for E&P wastes.  In August 1985,
the Alaska Center for the Environment sued EPA in federal court for failure to conduct the study.
As part of the settlement of that lawsuit, during 1986 and 1987 EPA conducted a study of E&P
waste management activities and of state regulatory programs.  In December 1987 EPA presented
the required report to Congress.  EPA held public hearings and solicited written comments on
their findings during the spring of 1988.  Based on the report and public input, EPA decided not
to recommend federal regulation of E&P wastes as hazardous.  EPA's July 6, 1988 regulatory
determination gave six reasons for its decision:

1. Subtitle C is not flexible enough to avoid serious economic impact on E&P operations;

2. Existing state and federal regulatory programs are generally adequate for controlling E&P
wastes.  Regulatory gaps in state and federal programs can be addressed under non-
hazardous portions of RCRA and by working with the states;

3. Permitting delays for new facilities would disrupt the search for new oil and gas deposits;

4. Subtitle C regulation could severely strain existing hazardous waste facility capacity;

5. Regulation under Subtitle C would disrupt and, in come cases, duplicate state programs
tailored to the oil and gas industry; and

6. Subtitle C regulation would cause a permitting burden on the regulatory agencies.

In its regulatory determination, EPA indicated that existing state and federal regulations
were generally adequate, but that some regulatory gaps existed and enforcement of existing
regulation by some states was inadequate.  EPA announced a three-pronged program to address
those concerns.  That approach consisted of:

1. Improving federal programs under existing statutory authorities in RCRA, the Clean
Water Act, and the Safe Drinking Water Act;

2. Working with states to encourage improvements in the states' regulations and
enforcement of existing programs; and

3. Working with Congress to develop any additional statutory authority that might be
needed.



Council on Regulatory Needs

In 1988, North Dakota Governor George Sinner was Chairman of the Interstate Oil
Compact Commission, later to become the Interstate Oil and Gas Compact Commission
(IOGCC).  IOGCC is an organization of states that promotes the conservation and efficient
recovery of domestic oil and natural gas resources while protecting health, safety and the
environment.  IOGCC represents the governors of 36 states that produce virtually all the onshore
domestic oil and natural gas in the United States.  Governor Sinner met with J. Winston Porter,
EPA Assistant Administrator for Solid Waste and Emergency Response, to discuss ways in
which IOGCC could assist in encouraging improvements to state regulations and enforcement of
existing programs, the second prong of the agency's approach.  As a result of that meeting, in
January 1989 IOGCC formed a Council on Regulatory Needs.  The Council had 12 members
who were state regulatory officials representing oil and gas agencies and environmental
protection agencies in the six major producing regions of the country.  A nine member advisory
committee, made up of three state regulators, three industry representatives and three public
interest or environmental representatives, supported the Council.  Five representatives from the
EPA, two from the U.S. Department of Energy, and two from industry, who acted as official
observers, assisted the Council.  Governor Sinner and Governor Garey Carruthers of New
Mexico were co-chairs of the Council.  EPA provided a two-year, $299,999 grant to support
Council activities.

An organizational meeting of the Council was held in February of 1989.  During that
meeting the distinction between Council members, advisors and observers was minimized and all
parties were invited to participate as stakeholders representing their various interests.  The
Council was charged with reviewing state E&P waste management programs and with
establishing guidelines that would represent minimum acceptable regulatory criteria.  This charge
did not include wastewater discharges to surface waters permitted under the Clean Water Act or
waste injection into Class II disposal wells permitted under the Safe Drinking Water Act.

The Council formed a Technical Committee and an Administrative Committee.  The
Technical Committee had three subcommittees to address pits, land application and commercial
facilities.  The Administrative Committee consisted of four subcommittees to develop guidelines
for personnel and resources, organization and coordination, statutory authority, and state and
federal relations.  These subcommittees met over the next several months as independent work
groups.  In June the Council met to receive draft criteria from the Technical Committee.  In
December the Council received draft criteria from the Administrative Committee.

As part of the Council's effort, a review of state E&P waste programs was undertaken.  A
questionnaire was developed and sent to all oil and gas producing states.  Survey results, as well
as information contained in the EPA Report to Congress and the IOGCC Summary of State
Regulations, were used to develop comprehensive summaries of state programs.

In early 1990, the committee reports were revised and combined with the summary of
state programs into a single document.  The booklet entitled "EPA/IOCC Study of State



Regulation of Oil and Gas Exploration and Production Waste" was published by IOGCC.  This
publication became commonly known among the states as the "IOCC Guidelines" or the "Green
Book."  The guidelines included an implementation strategy.  One step in the strategy was to
review and update of the guidelines every three years.  Another step was to use the guidelines as
a basis for conducting reviews of state E&P waste management programs.  These reviews were
to be coordinated by IOGCC.

State Reviews

In 1990 EPA provided an additional $202,872 grant to IOGCC to begin conducting
reviews of state programs against the guidelines.  A State Review Committee was formed.  A
questionnaire was developed which was to be completed by a state that was to be reviewed.  The
questionnaire summarized information concerning the state program in a manner that facilitated
comparison to the guidelines.  In 1991 Governor Mike Sullivan of Wyoming was Chairman of
IOGCC, and he volunteered Wyoming as the first state to be reviewed.  In 1992, Pennsylvania,
Oklahoma and Alaska were reviewed.  In 1992 EPA provided $452,006 to support state reviews,
and for updating and revising the guidelines.  In 1993, reviews were conducted in California,
Texas, Kansas, Arkansas and West Virginia.

As the reviews continued, a process evolved.  IOGCC staff provided support services,
distributed materials, and assured consistency in the drafting of reports.  To begin the process,
IOGCC provided a lengthy questionnaire to the state that had volunteered to be reviewed.  This
questionnaire requested responses from all state agencies having a role in E&P waste
management.  An individual from one of the state agencies coordinated the responses.  The
questionnaire provided the review team with summary insight into the state’s legislation,
regulations, policies and practices.  Documents supporting the responses were provided.

Review teams were comprised of two to four state regulatory officials, a representative of
a national environmental organization, and a representative of the oil and gas industry.  Review
team members were nominated by each of the interest groups, and were resident of a state other
than the state being reviewed.  In addition to the review team members, a local environmental
representative and a local industry representative were invited to participate as official observers.
Representative from the regional EPA office, the U.S. Department of Energy, the Bureau of Land
Management, and an Indian nation if one existed within the boundaries of the state, were also
invited as observers.  These observers offered guidance to the review team, but did not take part
in the report writing that followed.

IOGCC provided review team members and observers with a copy of the completed
questionnaire and supporting documents.  These documents were provided prior to the in-state
review.

The in-state review, which generally lasted a week, involved the detailed examination of
the state’s E&P waste management program.  Staff from the state agencies under review



described program requirements, provided clarification of program functions and activities, and
responded to questions of review team members and observers.  Through this process, the team
gained an in-depth understanding of the state’s E&P waste regulatory program and of
circumstances or conditions unique to that state.  The state program elements were measured
against the Guidelines to determine if the necessary program elements were in place.
Implementation of the program and compliance with the requirements were not measured.

After the in-state review was completed, the review team prepared a draft report that
summarized the state program.  Each team member was responsible for writing specific sections
of the report, and for including all issues identified by all review team members.  The draft report
was sent to the state regulatory agencies that were reviewed and to the observers to verify the
accuracy of the description of program components.  After receiving those comments, the team
prepared a final report that identified program strengths and identified areas of concern or
weakness.  No criticism was allowed without stating why a practice was not effective and
without suggesting ways to improve the practice.  All issues identified were included in the
report, including issues on which the team did not reach consensus.  The final report was
published and distributed by IOGCC.

State reviews were conducted only in states that volunteered for review.  IOGCC
coordinated the reviews.  Rules of participation were adopted to govern the conduct and
commitment of review team participants.  The reviews were conducted in a spirit of cooperation.
The process allowed experts from outside the state to examine E&P waste management programs
in an objective manner and to offer constructive recommendations for program improvements.
Recommendations were not binding on the state, but offered a blueprint for changes to be
considered by state legislators and regulators.

Revised Guidelines

In 1993, as recommended by the Council on Regulatory Needs, the guidelines were
reviewed and updated.  The Council was reconvened under the leadership of Governor Mike
Sullivan of Wyoming and Governor John Engler of Michigan.  A Guidelines Review Committee
was formed to consider which portions of the original guidelines needed to be updated or revised.
In early 1993, the Council established five committees to address the program areas identified by
the committee as well as expansion of the guidelines to include Naturally Occurring Radioactive
Material (NORM) and abandoned wells.  Draft committee reports were discussed, compiled and
edited to develop a revised guidelines document.  The revised guidelines were presented to
IOGCC by the Council in December 1993 and adopted by IOGCC in March 1994.  The revised
guidelines were published as "IOGCC Environmental Guidelines for State Oil & Gas Regulatory
Programs."  The questionnaire was revised to reflect the updated guidelines.

Also, in March 1993, EPA issued a notice clarifying the status of certain associated
wastes.  EPA clarified that waste from crude oil reclamation, crude oil pipelines, gas plants and



feeder pipelines were included in the E&P exemption.  This formalized and clarified existing
practice.

In 1994, New Mexico, Louisiana and New York were reviewed.  Since these reviews
were begun before the revised guidelines and questionnaire were available, the original
guidelines were used.

In 1995, Ohio and Kentucky were reviewed using the revised guidelines.  Colorado and
Illinois were reviewed in 1996.  In 1997, North Dakota was reviewed.

Follow-up to State Reviews

It became apparent early in the state review process that the success of the state review
program needed to be measured.  There were efforts, led by former Congressman Eckert of Ohio,
to repeal the RCRA exemption.  The individual states knew of improvements they had made to
state programs after reviews were conducted, but there was no documentation of those
improvements.

In 1994 IOGCC decided to begin conducting follow-up reviews to document those
changes.  In 1994, a former state oil and gas agency head from California conducted a review of
changes made in Wyoming.  In 1995, a similar review, conducted by the oil and gas program
chief from Kansas, occurred in Oklahoma.  These reviews, and the reports prepared by the
reviewers, documented program changes made during the three years since the initial reviews.

The reports of those two follow-up reviews were not always well accepted.  EPA,
environmental representatives and some state officials felt the reviews were inadequate for
several reasons.  The primary complaint was that the reviews were each conducted by a single
individual rather than by representatives of all stakeholders in the process, so differing points of
view were not included.  Additionally, documentation of changes was not provided in the reports.
And, the revised guidelines were not used to measure program changes or the additional subject
areas of NORM and abandoned sites.  Consequently, in December 1995, the IOGCC State
Review Committee was charged with developing a follow-up review process that addressed these
concerns.  The committee was also charged with reducing costs below the average $60,000 cost
realized for the initial reviews.

During 1996 the committee completed its task.  The result was a streamlined follow-up
review process.  The state that volunteered for follow-up review was requested to respond to all
recommendations from the initial review, and to complete a questionnaire designed to compare
the program against the revised guidelines.  This included information on NORM and abandoned
wells.  A follow-up review team was designed to include two state representatives, one industry
representative and one environmental representative, preferably individuals who participated in
the initial review and had prior knowledge of the state program.  Federal observers were also
invited to participate, and local observers were invited at their own expense.  The review was
scheduled to last no more than three days.



In 1997 a follow-up review was conducted in Pennsylvania.  The review team spent one
day interviewing program staff and two days drafting a report.  Clerical and administrative
support was provided by the state.  The draft report was reviewed by the state and finalized by
the review team.  The review cost $11,585.

Process Success and Breakdown

The experiment was successful.  Seventeen state programs were reviewed against the
standards.  Those states represented over 90% of the domestic onshore oil and gas wells and
production.  Each of those states volunteered for review.  All seventeen states took steps to
implement recommended improvements.  This resulted in protection and improvement of the
environment.

Numerous people viewed the process as a success.  In 1995, a Presidential Task Force
recognized the state review process as a model for state-federal interaction.  EPA praised the
program, calling it a non-regulatory approach to solutions that protect the environment without
posing undue burdens on industry or excessive requirements for states.  IOGCC characterized the
process as one of the most important projects it has undertaken.  Other nations expressed interest
in the process, so the revised guidelines were translated and published in Russian and Spanish.

But, in late 1994 and 1995 the state review process began to experience difficulties.  A
number of things happened that, in themselves, might not be considered major problems, but
when viewed together explain the breakdown of the process.  After the Council on Regulatory
Needs completed revision of the guidelines, the Council was disbanded.  This gave the
impression to some stakeholders that the Council's work was finished and that subsequent
updates and revisions to the guidelines would not occur.  Additionally, as is often the case with
federal support after program start-up, in 1995 EPA decreased funding to IOGCC that supported
the state reviews to $224,134.  The resulting cost containment measures caused dissatisfaction
among some stakeholders.  Also, as part of an effort to streamline the organization, IOGCC
reorganized its committee structure.  That reorganization changed the State Review Committee
to a subcommittee of the Environment and Safety Committee.  This resulted in at least a
perception on the part of some stakeholders of decreased importance of the state review process.
Communications between some stakeholders deteriorated, and rather than working to resolve
differences or strengthen the process, people started pointing fingers of blame at each other.  As
time went on, several people involved in the development of the process retired or moved on to
other endeavors, and were replaced with new people who were not familiar with the development
of the process.  This resulted in a loss of institutional memory, particularly among the states and
industry, regarding the reasons why the state review process was initiated and why it was
important.  Some state and industry people felt confident that the exemption would continue
unchallenged.  Some state regulators did not like their programs criticized and began to look at
the state review process as a nuisance or a problem rather than an opportunity for improvement.
As a result of cuts in EPA funding, environmental stakeholders were unable to continue



participation.  In response, IOGCC scheduled state reviews without the environmental
stakeholders that had been involved in the process.  EPA refused to participate in those reviews.
The process fell apart.  The state reviews ended in 1997.

Since then a number of things have happened.  Many of us watched the Ed Bradley
special on CBS concerning complaints from neighbors of the commercial E&P waste facility
near Grand Bois, Louisiana.  During that special we heard EPA Administrator Carol Browner say
that Congress should close the RCRA exemption loophole, and that industry got a sweetheart
deal.  Many of us have read about the related lawsuits and the jury actions.  Even though the
industry may have won in the court of law, it has not fared as well in the court of public opinion.
Some state and federal officials have called for revisiting the regulation of E&P waste.

While this was occurring, environmental representatives who were participants in the
state review process began to pressure EPA to revisit the risks posed by oilfield wastes.  They
reminded EPA that it has been 10 years since E&P wastes were reviewed and that additional data
and new risk models are now available.  The situation appears similar in many ways as it
appeared in the late 1980's.

Revitalizing the Process

Even though the state review process fell apart, it did not die.  In late 1997, EPA
conducted a series of facilitated meetings of stakeholders to see if the process could be salvaged.
The meetings resulted in a recommendation that any future state review process should be
controlled by a group of stakeholder representatives rather than by IOGCC.  There was a further
recommendation that, in addition to reviewing state regulatory program elements against the
guidelines, performance audits measuring state program implementation should be conducted.

These recommendations were the subject of frequent and sometimes heated discussions
among state officials at IOGCC meetings during 1997 and early 1998.  During these discussions
the value of the review process to the states was questioned.  Consequently, in late 1977 the
chairman of the IOGCC Environmental and Safety Committee formed an ad hoc subcommittee
to review actions taken by states in response to recommendations contained in state review
reports.  The seventeen states that had been reviewed were surveyed and a report was written
documenting program changes.  In May 1998 IOGCC published a report entitled "State Actions
Based on State Review Process Recommendations" which summarized regulatory changes in
each of the seventeen states.  The report concluded that all seventeen states had taken steps to
implement recommendations made by the review teams.  Some states began implementing
recommendations even before the report of the review was published.  Some recommendations
that required budgetary or regulatory action were still underway.

After considerable deliberation of the recommendations from the facilitated meetings,
IOGCC made a commitment to attempt to get the state review process back on track.  In March
1998 IOGCC forwarded to EPA a proposal for revitalizing the state review process.  The



proposal called for the formation of an independent governing body comprised of three
representatives from each of the state, industry and environmental stakeholder groups.  It
included performance audits of state program implementation.  It called for EPA funding to
support the governing body and the state reviews.  The proposal was approved by the unanimous
vote of IOGCC.

At its Mid-Year Meeting this past June, IOGCC adopted a resolution in support of the
state review process and called for EPA to respond to the March proposal.  That resolution was
also adopted by unanimous vote.  IOGCC formed a new State Review Committee as a separate
standing committee to give greater emphasis to the state review process.  The committee is to
represent the states through participating in the development of guidelines and program
implementation measures, participating in state reviews, and providing state representatives to
the new governing body.  In June, the committee selected three state representatives to serve on
the governing body.  Those names were forwarded to EPA along with a request that EPA
convene a meeting of the governing body.

EPA shared the March IOGCC proposal with the environmental representatives.  In July,
both EPA and IOGCC contacted the environmental representatives to update them on IOGCC
activities and to encourage their continued participation in the process. In late July, the
environmental representatives responded that they were not willing to restart the process unless
EPA committed to a multi-year program that addresses risks posed by E&P wastes.  They
suggested that EPA should conduct multi-pathway risk analyses and suggested that the analysis
might lead to revisiting the July 1988 regulatory determination where E&P wastes were exempt
from regulation as hazardous waste.

In late September EPA responded by reaffirming its support of the state review process
and of the IOGCC proposal for revitalizing the process.  EPA agreed that it was important to
develop a multi-year plan for E&P waste management, and that the plan should include the
review and analysis of risks associated with certain E&P wastes and waste management
practices.  EPA noted that development of the plan would require cooperation among the
stakeholders, and that a functioning state review process should be the first step in establishing
this cooperation.  EPA also suggested that the governing body of the revitalized state review
process could provide the forum for EPA to receive stakeholder input on development of the
multi-year plan.

And that is where things currently stand.  The environmental representatives are
contemplating their response.  Since none of the stakeholders care to be credited with causing the
process to fail, it is anticipated that the process will be revived and that the experiment will
continue.  Stay tuned for the news as it breaks.



Achieving Effective Environmental
Protection: An Update on DOE’s Environmental

Research and Analysis Program

H. William Hochheiser
U.S. Department of Energy

ABSTRACT

The mission of the Department of Energy's Environmental Research and Analysis
Program is to maximize the production and ultimate recovery of domestic oil and gas
resources by lowering the cost of effective environmental protection.  The program does
this by: 1) providing sound science to industry and regulators to serve as the basis for
risk-based regulation and compliance, 2) providing tools to regulators for making risk-
based decisions, 3) developing lower cost environmental compliance technologies, and 4)
working with Federal and State agencies to streamline regulations.  Activities address
water, air, and solid waste issues and are prioritized based on industry needs and the most
effective federal role.  In the last year, the program has initiated a Federal Lands
Technology Partnership,  expanded its National Laboratory/Industry Partnership,
addressed waste disposal in salt caverns,  and increased emphasis on air issues,
remediation, and on-line information systems.



Program Overview Summary

Oil and Gas Environmental Research and Analysis

Can the needs of a vital, growing U.S. economy be balanced with our Nation’s commitment to a
healthy environment?  It is a question which, over the past 20 years, has prompted sharply
polarized debate.  And nowhere are the issues more pointed than in the domestic oil and gas
industry.

To power our economy, the Nation depends on a mix of fuels.  But oil and gas still account for
more than 60 percent of all energy consumed in the U.S., and for over 95 percent of energy in the
transportation sector.  Fuel is not the only contribution of the oil and gas industry to the
economy.  The industry employs over 300,000 people directly, and its expenditures support as
many as one million additional jobs throughout the economy.  In total, oil and gas production
activities contributed nearly $70 billion to domestic economic activity in 1994.

Yet the economic contributions of the domestic oil and gas industry are being challenged by
rising environmental compliance costs.  Higher costs could cause valuable domestic oil and gas
resources to become uneconomical to produce, potentially raising imports and increasing the
trade deficit.  Gas supply could be constrained, preventing natural gas from filling its role as the
environmentally preferred fuel.

The Department of Energy is working closely with industry, States, and other Federal agencies to
stem the rising costs of effective environmental protection, and to enable domestic oil and gas
producers to operate more efficiently, contributing fuels, jobs, and economic value to the Nation.
DOE, together with State officials and leaders from the gas and oil industry, are using the best
information and science available to find new ways to address our Nation’s environmental
concerns.  The results of their collaboration demonstrate that the needs of a strong economy and
a healthy environment can indeed be fully compatible.

Common-sense regulatory development benefits the environment and the
economy.

In recent decades, environmental concerns led to numerous new Federal and State regulations
being imposed on oil and gas operations in the United States.  While these regulations provided
the framework for many environmental improvements by the industry, compliance has become
costly and increasingly complex.  Currently, the petroleum industry, including refining, spends
as much on environmental protection as it spends searching for new domestic supplies of oil and
natural gas — 9 cents for each gallon of gasoline Americans buy.  That amounts to $10.6 billion
a year, nearly twice the budget of the U.S. Environmental Protection Agency.

As in other industries, the oil and gas industry has become subject to overlapping, duplicative,
and sometimes unnecessary or outdated regulatory requirements.  Although these regulations



were well-intended, the time has come to focus on implementing regulations with greater
flexibility and efficiency, and achieving optimal levels of environmental protection at the lowest
possible cost.

The higher cost of meeting environmental regulations places a substantial economic burden on
industry.  The burden is magnified by the economically marginal condition of a large percentage
of domestic oil wells, and a growing share of domestic natural gas wells.  Over two-thirds of
domestic oil wells are classified as marginal, producing, on average, less than three barrels per
day, making them highly sensitive to increasing costs.  Yet, these wells produce 25 percent of
onshore lower-48 oil and 8 percent of onshore lower-48 gas, contributing $13.4 billion  to the
U.S. economy in 1997.   Every dollar of stripper oil and gas production creates 56 cents in
additional economic activity.

Modest increases in cost can cause marginal wells to be plugged and abandoned, permanently
cutting off access to oil and gas resources left in the ground.  Premature abandonment of wells
and forgone exploration and production threaten to increase our Nation’s reliance on oil imports,
and to reduce the supply of natural gas at a time when its use is being promoted as a key part of
the solution to such environmental concerns as acid rain and global warming.

Program Background

New approaches to addressing environmental concerns

There is growing recognition in government and industry of the need for more cost effective
approaches to environmental protection.  That realization was the genesis of DOE’s Oil and Gas
Environmental Research and Analysis Program.  The National Petroleum Council, at the request
of the Secretary of Energy, identified a number of ways that government and industry could
work together to meet this need.  Among the Council’s recommendations were development of a
more flexible policy and regulatory framework; more efficient recovery technologies to reduce
environmental impacts; cost effective, risk based regulations; and better science, dialogue, and
education.  These are the goals that define the program’s mission.

The American Petroleum Institute has underscored these concerns with a call for “common
sense” regulatory development.  Unlike approaches that mandate specific technologies or make it
difficult to address cross-media impacts of pollutants, common sense approaches would give oil
and gas producers more flexibility in determining how they can best meet standards, yielding the
same environmental benefits at lower costs.  Such approaches would also apply risk assessment
more broadly, to determine whether the problems posing the greatest relative risks are being
addressed, and to evaluate whether costs of proposed requirements are commensurate with
associated benefits.  In addition, by finding ways of accomplishing public policy goals which are
less bureaucratic than traditional methods, they are also more consistent with the
Administration’s philosophy of a re-energized, re-invented federal government.



DOE: Balanced between industry and its regulators

Working with industry, DOE’s Office of Fossil Energy is helping to ensure that environmental
protection approaches make technical, environmental, and economic sense.  DOE is well-
positioned between industry and regulators to champion balanced, cost effective approaches to
environmental protection.  DOE’s environmental program pursues improvements to the
regulatory process, supports development of new technologies, and exercises key responsibilities
for energy policies that encourage efficient recovery and ensure adequate, secure energy
supplies.

To support more informed regulatory decision making, DOE facilitates dialogue among Federal
officials, State regulators, industry personnel, and other stakeholders.  Through its program
activities, DOE can provide assessments of costs or risks, lending a credible and independent
voice to the debate.  DOE also characterizes problems and possible alternative solutions,
catalyzing and contributing to the process of achieving common sense approaches.

Sharper analyses, better tools

Many times, more cost effective environmental approaches hinge on the development of new
technologies.  DOE supports such development, focusing on beneficial technology investments
that could not be justified by a single company or small group of companies.  Some of these
technologies have longer term payoffs or high risks; others may have widely diffused benefits
that a single company could not capture, but that will accrue to the Nation.

DOE brings unique capabilities to its role, including the scientific capabilities of its National
Laboratories and modeling/analysis tools developed specifically to address energy policy
questions. A fundamental commitment to outreach and technology transfer — putting
information and new techniques into the hands of those who can use them — enables DOE’s
efforts to generate maximum benefits for the Nation.

By furthering risk based, streamlined regulations based on credible scientific information, and by
developing lower cost compliance technologies, the program could ultimately:

• Decrease cumulative industry compliance costs through 2010 by as much as $16 billion
• Retain production of up to 60,000 barrels per day of oil that would otherwise be

abandoned
• Increase gas production by 900 billion cubic feet per year
• Contribute over $8 billion to Federal and State treasuries by 2010
• Add as many as 11,000 jobs to the U.S. economy

Transferring results nationwide

DOE is currently conducting over 60 environmental research and analysis projects.  Some
projects are national in scope and others are regional in nature, addressing specific technology
needs or environmental constraints.  Whether a project is initiated at a single site or in a handful



of States, technology transfer is an integral part of the program approach.  Once a project proves
successful, the program focuses on transferring the results nationwide.

For example, a Risk Based Data Management System (RBDMS) originally developed for six
States has proven so successful that 25 States have formed a users’ group to help each other
implement the system.  The RBDMS is a PC based program that allows States to manage their
underground injection data easily and use it to make risk based regulatory and operational
decisions, such as where to assign inspectors for maximum effectiveness.  The system enables
States to generate reports quickly for the Environmental Protection Agency and the public.

Drivers

DOE’s environmental program is motivated by the following factors:

• Need for reliable domestic oil and natural gas supplies.
• Protecting the environment.
• Environmental regulations that have raised the cost of exploration and production and

have limited access to new resources.
• Expectation that future regulations will further increase costs.
• Economic damage resulting from the rising costs of environmental compliance and

corresponding decline in U.S. oil and gas production.

Program Mission

Environmental concerns have been commanding increased attention from the gas and oil
industry as new requirements and restrictions raise the cost of exploration and production and
limit access to new resources.  The mission of the Department of Energy's (DOE) Gas and Oil
Environmental Research and Analysis Program is to enable industry to maximize the recovery of
U.S. gas and oil resources by reducing the cost of effective environmental protection.

The DOE program identifies high priority environmental issues with industry and then conducts
research to better understand environmental risks, develops new, more cost-effective compliance
technologies, promotes sound environmental practices through outreach and assistance to
industry, and works with Federal and State regulators to promote a proper balance between
environmental protection and economic and energy impacts.

Program Goals

The goals of the Gas and Oil Environmental Research and Analysis Program are to:

•  Enable industry to reduce environmental costs and improve environmental performance;
• Expand the capabilities of State and Federal governments to make more cost-effective,

risk-based regulatory decisions promoting sound science and common sense; and
• Improve communication and technology transfer among industry, government, Tribes,

and the public toward balancing national energy, economic, and environmental
objectives.



The approach to pursuing these goals consists of a program of research, outreach, and analysis of
emerging environmental trends and proposals.  Through this program, DOE seeks to:

•  Develop lower cost environmental compliance technologies; and
•  Provide sound science to industry and regulators to serve as the basis of risk-based

regulation and compliance;
•  Provide tools to regulators for making risk-based decisions;
• Work with Federal and State agencies to streamline regulations.

Program Areas

Simply characterized, DOE’s Oil and Gas Environmental Research and Analysis Program
focuses on four elements:

• Fostering understanding of environmental and energy challenges
• Regulatory streamlining
• Risk based decision making
• Lower cost environmental compliance technologies

The discussion of the four program elements below highlights specific program
accomplishments and suggests the range and variety of program activities.

Program Activities and Accomplishments

Building Consensus Around Environmental and Energy Challenges

A core component of all DOE Oil and Gas Environmental Research and Analysis Program
activities is the collaborative process, the building of trust through sharing of ideas and
information, and the hard work of creating consensus, identifying needs, and finding solutions.

Policy analysis, technical research, and strategic planning are at the heart of the DOE program.
Through these activities, environmental issues and technology constraints are characterized to
help determine future program directions.  Energy and economic impacts of potential legislative,
regulatory, and policy initiatives are carefully analyzed.  Their findings are provided to
government offices and interagency task forces to help inform their decision-making activities.
DOE also conducts education and outreach activities addressing the industry and the program,
and evaluates program benefits and possible alternative program directions.

DOE strives to ensure that its program is responsive to the needs of stakeholders.  In evaluating
potential projects and allocating resources within the program, DOE uses key criteria, such as
potential compliance cost impact or savings; extent of oil and gas resources affected;
environmental benefits; ability to positively influence key industry and government decisions;
and geographic balance. To accelerate progress toward reducing the costs of effective



environmental protection, DOE works cooperatively with States, other Federal agencies, and
industry to identify high priority environmental issues and leverage efforts.

DOE conducts some projects with the express purpose of increasing public, industry, and
government understanding of the national situation with respect to energy and environmental
issues.  Three projects undertaken by DOE in collaboration with the Interstate Oil and Gas
Compact Commission, an organization representing the governors of the 29 States that produce
virtually all our Nation’s oil and gas resources, are excellent examples:

• A study of oil and gas exploration and production waste management in 17 States,
conducted in 1993

• An annual report on the energy and economic importance of the Nation’s marginal oil
and gas wells

• Nationwide studies of idle and orphaned wells, including State and Federal strategies for
reducing environmental risk and ensuring more efficient resource recovery, conducted in
1992 and 1996.

As part of our planning process, the oil and gas environmental program searches for relevant
environmental technologies that may be developed for other industries, but which can have
useful applications in the oil and gas industry.  We even look in other DOE programs for such
technologies, especially those programs that are cleaning up DOE sites where environmental
damage has occurred.  As part of this effort, we are working with DOE’s Albuquerque
Operations Office and the Applied Sciences Laboratory to evaluate DOE-developed technologies
in other programs that can meet industry needs.

DOE’s Office of Fossil Energy has unique capabilities, through its databases and modeling
systems, to perform detailed engineering and economic analyses of potential legislative,
regulatory, and policy initiatives, including proposed regulations under the Resource
Conservation and Recovery Act, Clean Water Act, Safe Drinking Water Act, and mineral leasing
statutes.  This capability enables DOE to help States and other Federal agencies understand the
potential oil and gas supply consequences of alternative regulatory scenarios and ultimately
make more cost effective regulatory decisions.  The program also uses its analysis of these
impacts to help set priorities for funding and staff activities.

Regulatory Streamlining

Cooperative streamlining efforts focus on simplifying regulation without compromising
environmental protection, and on eliminating duplicative, unnecessary, or overlapping
regulation.  These activities support industry and government priorities of cutting red tape and
achieving common sense regulation, as well as Congressional efforts to promote regulatory
reform.  DOE fosters interagency cooperation and facilitates dialogue and partnerships among
industry, State and Federal agencies, Tribes, the public, and other affected parties.  Regulatory
streamlining is a win-win proposition:  it reduces costs to oil and gas operators and to regulatory
agencies, and promotes a healthy respect for the environment.



Simplifying compliance and improving environmental performance involves teamwork.

DOE works collaboratively with States and other Federal agencies to enhance the efficiency and
effectiveness of regulatory programs.  DOE has been a longstanding supporter of Interstate Oil
and Gas Compact Commission (IOGCC) efforts to improve State programs for regulating the
management of oil and gas wastes.  These efforts are funded by the Environmental Protection
Agency and involve industry and environmental groups.

A key to more effective regulatory programs is ensuring that industry understands its compliance
responsibilities.  To improve environmental performance, DOE is working with States and
industry on:

• Modern, online permitting and environmental compliance advisory systems
• Environmental guidance manuals and compliance handbooks in North and South Dakota

and Montana, to add to manuals that have been funded in five other states.
• Guidance and workshops for small operators facing new requirements
• Workshops that provide a forum for industry-EPA dialogue on compliance issues

A good example of such a workshop is one that has led to the development of educational tools
for compliance under the Clean Water Act.   This effort is led by the NPDES (National Pollution
Discharge Elimination System) Education/ Communication/Training (ECT) Workgroup which is
an ad hoc government/industry group formed in the fall of 1996. The purpose of this Workgroup
is to improve communication between NPDES regulators and the oil and gas industry in
understanding objectives and methods of water discharge permit compliance. The Workgroup
expects its efforts to improve NPDES permit compliance, and that regulators and industry will
gain a better understanding of each other’s challenges and obstacles.

The NPDES ECT Workgroup has focused on several areas, including pre-permit activities,
permit compliance monitoring and reporting, enforcement activity and options, and treatment
technology. Several educational products are being developed, including a list of NPDES
education and training resources available to industry and government personnel, and plans for
an industry-sponsored web site linked to helpful areas on the U.S. Environmental Protection
Agency (EPA) home page. EPA is preparing an informational notebook for the oil and gas
exploration and development industry sector, which will include NPDES compliance and
monitoring information.

On September 23, 1998, the Workgroup held an NPDES Enforcement workshop in Houston,
Texas. The workshop, co-sponsored by the American Petroleum Institute, brought together
industry and government representatives in an open and informative setting. Two EPA
instructors presented NPDES inspection and enforcement materials, and provided time for
questions from workshop participants.  Feedback on the workshop was so positive that the
NPDES ECT Workgroup will consider whether to hold another session in 1999.



Pre-empting regulation: Voluntary safety and environmental management planning

Demonstrating the feasibility of Safety and Environmental Management Planning (SEMP) as an
alternative to traditional command-and-control regulation is the focus of a joint project involving
the Department of the Interior, industry, and DOE.  The American Petroleum Institute and the
Offshore Operators Committee developed this innovative planning concept to improve worker
safety and environmental protection on offshore platforms.  Using SEMP’s risk management
approach, industry is responsible for identifying potential hazards in the design, construction,
and operation of offshore platforms and for developing specific processes to improve safety and
environmental protection.  A DOE-funded project involving Taylor Energy evaluated the cost
and effort required by small to medium-sized operators, who may not have the extensive
environmental and safety expertise of major oil companies, to implement SEMP.  The project
served as a model for other independent operators.  This model has become well accepted among
these companies and is estimated to reduce compliance costs by five percent.

State-Based Alternatives to Federal Programs

EPA is currently considering whether to include the oil and gas exploration and production
industry in it’s Toxics Release Inventory (TRI) program.   Doing so would be fraught with
difficulties and would be costly to industry.  TRI reporting from this industry would yield
confusing, inconsistent, and misleading data and would not meet the goals of the TRI program.
This is primarily because there are reporting thresholds which many independent oil and gas
operators would not meet, or would meet only periodically.  As a result, although all operators
would have to go to the effort and expense of determining whether they meet the reporting
thresholds, only a minority, those who had a total of ten full time equivalent employees onsite,
would report each year.   And it would be a different minority each year.  In addition, the nature
and risks of “releases” from oil and gas operations under TRI can be confusing to the public.

DOE, in cooperation with the American Petroleum Institute and the State of Ohio, is funding a
pilot of an alternative approach that, it is proposed,  the States could adopt instead of TRI.  This
approach uses software, such as the Risk Based Data Management System, to take information
already reported to the State by operators, and convert it to TRI-style data.  All producers who
report production to the State are represented, so there is a consistent data set from year to year.
This data is then put on the Internet, using DOE-funded software, in a user-friendly format,
including clickable maps.  Also, the web site includes additional information that TRI does not
provide, such as descriptions of oil and gas operations and terms, the risks associated with
different releases, and State agency contacts for more information.  Thus it meets the TRI goals
of providing easily accessible information to the local community.

Streamlining in Cyberspace:  Online Permitting and Reporting

DOE has been working the States to develop on-line systems that would allow producers to look
up environmental regulations and requirements, apply for permits and receive approvals
electronically, and file required environmental reports via the Internet.   With DOE funding, the
IOGCC developed a prototype web site, using New Mexico as a model.  The Indiana Division of



Oil and Gas taken that model and developed their own site through which operators can get a
range of regulatory information and contacts.  Indiana is working on adding an interactive
permitting capability and is offering their software to any interested State which is interested in
adopting it.  It can be adapted to the needs of additional States with a minimum of effort.

Risk Assessment:  Promoting Risk Based Decision Making

There is a new paradigm in thinking about environmental decisions, and DOE is actively
promoting it.  In the past, both regulators and industry operators based environmental decisions
on the technologies which were available at the time and what it cost to use them.  It was a One-
Size-Fits-All approach to environmental protection.  But it failed to account for the unique
constellation of risks faced by each production facility and it often resulted in misapplied
resources.  As a remedy, DOE supports risk-based regulatory, enforcement, and compliance
decisions.  That approach assesses the environmental risks associated with oil and gas
exploration and production.  It then develops data and tools that foster better, more sharply
targeted decision-making.  As a source of credible scientific data to support risk-based
regulation, DOE has already been successful in influencing development of new regulations
based on environmental risk, cost, and energy impacts which have resulted in considerable
savings for industry.

Eliminating unnecessary compliance costs

To protect underground drinking water sources from contamination by subsurface injection,
current Safe Drinking Water Act regulations require oil and gas producers to conduct a
quarter-mile radius Area of Review (AOR) analysis of disposal and injection wells.  Under
certain conditions, however, AOR variances can be granted.

With support from DOE, the University of Missouri–Rolla developed a methodology that could
be used by regulators to validate AOR variance requests.  A pilot study of the variance
methodology, sponsored by DOE and the American Petroleum Institute, was conducted in an
East Texas oil field where the oil reservoir lies 3,000 feet below the base of the region’s principal
fresh water aquifer.  The study – which made use of DOE’s extensive geological,
epidemiological, emissions and regeneration-related databases – was able demonstrate that there
is little risk of aquifer contamination from underground injection in that particular field.  Its
finding led the Texas Railroad Commission to approve an AOR variance.  Industry cost savings
related to this single AOR variance are estimated at $86 million. Exemption from aquifer
protection in Oklahoma’s Osage Tribal reserve, where ground water has never been used because
of its poor quality and considerable depth, will allow the Osage to increase their revenue from oil
production by more than $2 million a year.  Cost savings for industry-wide AOR exemptions in
low risk areas are projected to exceed $300 million.

DOE has completed work in Texas, Oklahoma, Kansas and California on developing and
implementing systems and data to support the granting of AOR variances or equivalent waivers.
At the close of these projects, DOE sponsored a workshop for all oil and gas producing States.
At the workshop, representatives from all four states explained their projects and provided



information and advice to other states on implementing an AOR Variance Program.  A written
summary of the workshop will be prepared and distributed to all oil and gas states.

Improved data management systems for States and industry

Through its Underground Injection Practices Research Foundation, the Ground Water Protection
Council, with funding from DOE, has developed the Risk Based Data Management System
(RBDMS) to help State oil and gas agencies and industry with risk based data management.
RBDMS is the only comprehensive, fully relational PC based oil and gas regulatory data
management system in the country.

Due to overwhelming acceptance by States and industry, the system — originally designed to
manage oil and gas underground injection data — has been modified to also manage production
data.  In addition, some States are pursuing RBDMS modifications that will include data
management for hazardous materials identified through inventories of toxic releases, as well as
industrial injection wells.  More than a dozen states, plus two EPA regions, are now using
RBDMS to help manage their oil and gas programs.  In addition, a “generic version” of the
system is being developed that can be fully installed and customized in a state for as little as
$20,000.  This compares to over half a million dollars for the first states to implement RBDMS.
An Internet capability is also being added to the system.

Advanced data management techniques help States make better regulatory decisions, improve
their use of scarce resources, and have gained widespread acceptance.  In a related project, DOE
has supported efforts of the Interstate Oil and Gas Compact Commission Data Standardization
Committee to inventory State data management capabilities and identify data requirements for
effective State regulation.  That same data is also being used to satisfy community right-to-know
requirements.

To further the use of advanced data management techniques by the states, DOE sponsored
training on geographic information systems (GIS) for State regulatory official.  The use of GIS
software is increasingly being used by States to provide easier access to oil and gas data for both
State personnel, such as oil and gas inspectors, and the general public.  The feedback from the 15
States that attended this training, which was organized by the IOGCC Training Committee, has
been extremely positive.  Attendees say that they intend to implement or improve GIS systems in
their States as a direct result of the training.  DOE intends to repeat the training in 1999.

Salting it away: Analyzing the use of salt caverns for oil field waste disposal

A key program strategy is to increase the availability of more cost effective environmental
compliance technologies, including environmentally sound waste management methods.  DOE
commissioned Argonne National Laboratory — in consultation with Sandia National
Laboratories, the Texas Bureau of Economic Geology, the Solution Mining Research Institute,
and the Ground Water Protection Council — to conduct a study on the potential use of salt
caverns for disposal of non-hazardous oil field waste.  Preliminary analysis suggests that salt
caverns, which are currently used for storage of crude oil, natural gas, and hydrocarbon products,
offer a lower risk alternative to landfill and surface pit disposal of oil field wastes.  In examining



the proposal’s feasibility, the partnership developed computer models to analyze its economic
and technical features.  That analysis also involved evaluating several related risk scenarios
including the use of salt caverns for hazardous waste storage and for permanent disposal of
naturally occurring radioactive materials as well as for associated technical spin-offs.

In response to demand for the practice, a regulatory structure to support cavern disposal is being
developed.  The Texas Railroad Commission – which regulates the State’s gas and oil production
– has authorized six disposal caverns and is in the process of developing regulations for cavern
disposal. Information from the DOE study will aid in the development of these new regulations.
Ten other States with both oil production interests and suitable salt formations are following
Texas’ experience with interest.

Removing barriers to new technology deployment: synthetic drilling fluids.

In the early 1990s, drilling synthetic fluids were developed in response to prohibitions on
discharge of conventional oil based fluids and increasing restrictions on discharge of mineral oil
based fluids. Although these fluids may increase drilling efficiency and offer significant
environmental and safety advantages, existing regulations are so narrowly constructed that they
preclude use of this advanced technology.  In 1994, DOE initiated a dialogue involving industry,
the Environmental Protection Agency (EPA), and the Minerals Management Service to evaluate
synthetic drilling fluids and to eliminate any unnecessary regulatory barriers to their use and
discharge.  Use of such fluids could save the industry over $50 million annually.  As a result of
these efforts, regulations promulgated by EPA in October 1996 endorsed the use of this
innovative waste minimization technology that may be crucial for deepwater drilling.

Currently, EPA is taking further steps towards removing unnecessary regulatory barriers to the
use of  synthetic drilling fluids.  The EPA Office of Water is engaged in an innovative
“presumptive” rulemaking involving the full spectrum of  offshore production, service, and
equipment companies, as well as DOE and the Minerals Management Service.  This expedited
rulemaking process to write synthetics into the regulations will cut considerable time from the
normal schedule.  In addition, DOE is working with the Offshore Operators Committee to fund
research into the marine impacts and risks of using synthetics to support the implementation of
these regulations with sound science.

Scientific data for improved regulatory decisions:  assessing impacts of discharges from Gulf of
Mexico operations



As part of a four-year study, DOE has worked with Continental Shelf Associates and the
Brookhaven and Lawrence Livermore National Laboratories to assess environmental and human
health risks associated with produced water discharges from offshore and coastal oil and gas
operations in the Gulf of Mexico.

The project’s goal is to increase scientific knowledge about:

• Characteristics of produced water and sand;
• Environmental effects of organic materials, trace metals, and naturally occurring

radioactive materials in water, sediment, and biota;
• Impacts on commercially and recreationally important fish and shellfish species in

coastal and offshore waters;
• Seafood catch and consumption in the Gulf region;
• The ability of wetlands and open bays to recover from prior oil and gas development

activity; and
• The impact of existing and anticipated Federal and State offshore and coastal discharge

regulations on energy supply and the economy

The last risk assessments to be conducted as part of this research are now being published.

How Clean is Clean?  Soil Remediation

The environmental and human health risks associated with hydrocarbon-contaminated soil are
key to the costs of remediation.  To what standards must the soil be cleaned to achieve
acceptably low levels of risk?  The Petroleum Environmental Research Forum and the Gas
Research Institute have been conducting a program of research into this question of “How clean
is clean?”  DOE is contributing to this effort by sponsoring research at Pacific Northwest
Laboratory on the leachability and bioavailability of aged hydrocarbons in soils.  We hope this
research will lead to more risk-based remediation requirements.

Other remediation activities include:

• Research on cleanup of salt contamination in the Tall Grass Prairie of Oklahoma;
• Funding of the Oklahoma Energy Resources Board to develop improved site remediation

strategies; and
• Working with the Bureau of Land Management to develop remediation alternatives for

salt contaminated sites on Indian land.

There’s something in the air:  Air quality research

Air quality impacts have increasingly become a potential “show stopper” for oil and gas
development, especially in the Western States.   New requirements and concerns involving
ozone, particulate matter, acid deposition, and regional haze have all focused attention on the air
emissions resulting from oil and gas exploration and production activities.  Some of these
standards are health based, some are aesthetic, but they all raise scientific questions about the
types and rates of emissions, the contribution of different sources of emissions, man made versus



biogenic sources, atmospheric chemistry, and the influence of terrain and meteorology.  DOE is
working with industry, States, and other Federal agencies to address these questions in a number
of areas:

• Addressing air quality modeling issues, emissions inventories, emissions trends, and
alternative analytic strategies for assessing visibility impacts in Wyoming;

• Conducting feasibility studies for the use of innovative air tracers to determine the
sources of air pollutants in the Gulf of Mexico and California;

• Working with the BLM Wyoming State Office to monitor air pollutants at key sites
around the State and to integrate that monitoring with the data needs of air quality
modeling in the region; and

• Conducting research on the indoor concentrations of fine particulate matter (PM2.5).
People spend over 85 percent of their time indoors.   Therefore, indoor concentrations,
and comparisons with outdoor concentrations, should have a significant impact on health
and health-based standards.  This effort is being jointly funded by DOE’s upstream and
downstream research programs, with cost sharing from industry.

Stewardship of Federal Lands

Twenty-four percent of domestic oil production and 37 percent of gas production comes from
Federal lands.  As much as half of our undiscovered oil and gas resources may be under Federal
lands.  Therefore, access to these lands for oil and gas production has a tremendous impact on
national energy policy.  If future natural gas production is to be significantly increased to meet
the needs of climate change goals and electric power restructuring, ways must be found to get to
the gas that underlies Federal lands with an acceptable level of environmental impacts.

DOE and the Department of the Interior have formed a Federal Lands Technology Partnership to
address this issue and provide technical support to the needs of Federal land managers.  FY 1998
was the first year of DOE funding under this partnership.  Our two agencies solicited projects
from BLM field offices and worked together to prioritize the proposals.  As a result, four projects
have been initiated this year:

• Air quality monitoring in Wyoming;
• A predictive GIS model for archaeological resources in Nevada.  This model is designed

to allow the Federal and State agencies to identify areas with high and low probability of
containing “cultural resources,” allowing them to open areas of low probability to leasing
for oil and gas;

• Strategies for remediating salt-contaminated sites on Indian land in Oklahoma;
• Research into the issue of  “micro-annulus” formation between well casing and cement,

that could lead to aquifer contamination.

This Partnership will be continued, and hopefully expanded, with additional projects in FY 1999.



Developing new Technologies for Lower Cost Environmental Compliance

DOE supports development of more cost effective environmental compliance technologies by:

• Providing access to the technical resources of National Laboratories and research centers;
• Developing information on technology performance and potential environmental impacts

for use in regulatory and industry decision making;
• Performing bench-scale and pilot projects to demonstrate the technical feasibility of more

advanced, cost-effective environmental compliance technologies; and
• Removing technical and regulatory barriers to using advanced, innovative technologies

that can reduce environmental compliance costs and improve industry’s environmental
performance.

DOE’s technology development projects address:

• Drilling and production waste management;
• Air emissions detection and control;
• Produced water treatment and disposal;
• Remediation of contaminated sites; and
• Wetlands and other sensitive environments.

Methane leaks

A new methane detection technology could cut losses for the industry and reduce emissions of
methane, a powerful greenhouse gas.  Sandia National Laboratories are applying expertise to the
development of a video camera to detect leaking methane.  The camera will use specialized
computer chips and advanced portable lasers to provide images of methane at very low flow
rates from a distance of 40 meters.  Also under development is a more powerful laser that could
boost the range to 100 meters.

In 1999, we will conduct a test of a shoulder-mounted unit to detect gas leaks in a refinery.  This
effort is in cooperation with EPA’s Common Sense Initiative.  It is hoped that this technology
will enable EPA to revise its leak detection and repair requirements in a way that will reduce
costs for refiners while decreasing methane emissions.

Wetlands protection and restoration

A significant portion of the Nation’s oil and gas resources are under or adjacent to wetland areas.
DOE projects have included efforts to assess the environmental constraints of expanding oil and
gas reserves in Louisiana wetlands, to examine the feasibility of wetlands mitigation banking,
and to evaluate the use of innovative transport methods to support drilling and production of oil
and gas in wetlands.  One effort by Southeastern Louisiana University employs unique
temperature-controlled laboratory facilities to simulate hydrologic conditions found in wetlands,
to evaluate the beneficial use of drill cuttings in creating or restoring wetlands.



Water treatment and disposal technologies

Water is the largest waste stream generated from oil and gas exploration and production. Efforts
sponsored by DOE to address treatment and disposal of water produced as a byproduct of oil and
gas recovery include:

• Evaluating alternative technologies for treating produced water prior to discharge in the 
offshore environment;

• Developing lower cost methods for treatment and disposal in specific regions.
Technologies involved range from high tech membranes to low cost, low volume systems
that small operators can construct with cheap, readily available materials;

• Using microbes to reduce the sulfide content of produced water; and
• Developing and evaluating technologies for downhole separation of oil and water, as

described below.

Downhole Separation of Oil and Water

The largest volume waste stream associated with oil and gas production is produced water.
Treatment and disposal of produced water represent significant costs for operators.  A relatively
new technology, downhole oil/water separators (DOWS), has been developed to reduce the cost
of handling produced water.  DOWS separate oil and gas from produced water at the bottom of
the well and reinject some of the produced water into another formation or another horizon
within the same formation, while the oil and gas are pumped to the surface.  Since much of the
produced water is not pumped to the surface, treated, and pumped from the surface back into a
deep formation, the cost of handling produced water is greatly reduced.  When DOWS are used,
additional oil may be recovered as well. In cases where surface processing or disposal capacity is
a limiting factor for further production within a field, the use of DOWS to dispose of some of the
produced water can allow additional production in that field.  Simultaneous injection using
DOWS has the added benefit of minimizing the opportunity for contamination of underground
sources of drinking water through leaks in tubing and casing during the injection process.

In its efforts to transfer innovative technologies with environmental and economic benefits to the
industry, FE has funded a feasibility evaluation of DOWS technology by Argonne National
Laboratory, CH2M-Hill, and the Nebraska Oil and Gas Conservation Commission.  The
evaluation describes the types of DOWs currently available and their suppliers, economic
information on DOWS, data on 37 DOWS installations in North America, and DOWS regulatory
information.   FE has also provided funding to Oak Ridge National Laboratory to investigate
development of a new type of DOWS through modifications to an existing separation device.

DOWS have a great potential to save money and reduce the environmental impacts of managing
produced water at the surface.  The technology is still in its infancy; not all the bugs have been
worked out yet.  Some trials have been very successful and have paid back costs in a few
months.  Other trials have failed.  The cost of installing DOWS equipment, including the well
workover, is substantial.  Given the extremely low price of oil in mid-1998, operators have been
hesitant to invest in this sort of new equipment.  As oil prices rise, DOWS are likely to find
wider popularity and use.



The Natural Gas and Oil Technology Partnership

Many advanced technologies have been developed by our national laboratories, often under the
sponsorship of other DOE and Federal program, that have applications for oil and gas
exploration and production.  The drilling, seismic, and production  portions of our oil and gas
program have conducted a partnership with the national labs and industry for several years to
transfer these technologies to the oil and gas industry.   In FY 1997, the environmental program
initiated a new element of this partnership to focus on environmental technologies.  We currently
are funding five cooperative laboratory-industry projects under the Partnership.

• Using microbes to reduce the sulfide content of produced water; 
• Developing an improved technology for downhole separation of oil and water;
• Reducing the amount and toxicity of chemicals used to treat produced water through

continuous monitoring of the water content;
• Continuous monitoring of particulates in air emissions from oil field generators and

boilers as an aid to controlling emissions; and
• Air emission control using catalysis.

We plan to continue and expand this partnership in 1999.

The Fossil Energy Team:  Collaborating on the Oil and Gas Environmental
Research and Analysis Program

Planning and implementation of the Oil and Gas Environmental Research and Analysis Program
reflects the collaborative nature of the program itself, drawing as it does on DOE staff in Tulsa,
Oklahoma, and Washington, DC.  A number of environmental projects funded by other fossil
energy programs also contribute knowledge and technology to the program, including research
on refinery wastewater discharges, the environmental performance of advanced transportation
fuels, and the remediation of hydrocarbon-contaminated sites.

Like any organization, DOE is made up of people — people who care about having a healthy
domestic oil and gas industry and a healthy environment.  Unwilling to sacrifice one for the
other, DOE staff members are committed to finding real solutions that allow the Nation to
benefit from both a strong economy and a clean environment.



DOE Efforts in Improved
Oil and Gas Data Management:  Partnering

for Faster Results and Better Data Access
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ABSTRACT

“Data Management” encompasses a broad spectrum of topics and activities, from core
repositories, seismic data analysis, and fluid characterization to environmental surveys and
regulatory tracking.  These activities help improve oil and gas recovery, make better financial
decisions, enhance regulatory effectiveness, and produce more informed policy decisions.  Like
the blind men and the elephant, most people are involved with and understand only part of the
whole picture.  Yet many of these activities are interrelated and can benefit from interaction with
each other.  The U.S. Department of Energy conducts many oil and gas data management
activities in a variety of program areas.  This presentation organizes the activities into a logical
structure supported by a series of themes, and describes individual projects that DOE is
conducting across the program.  The only limit to better data management is your own creativity.



INTRODUCTION

What is oil and gas exploration and production data management?  The answers to this question
are as diverse as the organizations and technical disciplines involved in the business of oil and
gas exploration and production.  Geologists may think of core repositories, environmentalists
may think of habitat surveys and emission reports, and geophysicists may think of seismic data.

Everyone would agree, however, that the E&P industry is very data intensive.  Some of the major
categories of data are:

• Environmental Data
• Geologic Data
• Exploration and Production Data
• Regulatory Data
• Technology Data
 
 These various data types support three major data management goals:  (1) efficient oil and gas
resource recovery, (2) better regulatory decisions, and (3) informed program and policy
decisions.  Figure 1 illustrates the relationship between the various types of data and these goals.
 
 The U.S. Department of Energy conducts many oil and gas data management activities in
a variety of program areas.  This presentation organizes the activities into a logical
structure supported by a series of themes, and describes individual projects that DOE is
conducting across the program.
 

Figure 1:  Relationship Between Data Management Goals and Types of Data

Data Types Data Management Goals

Efficient Oil and
Gas Resource

Recovery

Better Regulatory
Decisions

Informed Program and
Policy Decisions

Geologic Data 4 4 4

Exploration &
Production Data 4 4 4

Regulatory Data 4 4 4

Environmental
Data

4 4 4

Technology Data 4 4 4

 



 ADDRESSING DATA MANAGEMENT GOALS
 
 

 Efficient Oil and Gas Resource Recovery
 

 All the different data categories contribute to efficient oil and gas recovery in some way.  For
example, exploration and production data provide information on historical finding and
production rates and costs.  Geologic data provide information on the geophysical features of an
area to improve the discovery, production rates and finding costs.  Regulatory data help inform
operators of compliance options and help reduce the operator’s compliance costs by making
information more readily available.  Environmental data assist the operator in identifying
sensitive areas and avoiding environmental damage to those areas, thereby reducing mitigation
costs.  Technology data link operators with researchers to place state-of-the-art technology in the
hands of field operators.

 
 There are many good examples of specific data management projects that have helped to make
resource recovery more efficient.  One such example is the Kansas Geological Survey Online.
This web site has something for everyone.  It contains geologic and other digital maps, an index
to the Kansas Core Repository, a geologic bibliography of the state, historical oil and gas
production, well logs, information on plugged wells, regulations related to oil and gas production
from the Kansas Corporation Commission, and groundwater data.  This site can be accessed at
www.kgs.ukans.edu/kgs.html.

 

 Better Regulatory Decisions
 

 Improved data management can also help both regulators and operators make better regulatory
decisions.  Many different types of data should feed into the regulatory development process to
allow regulators to develop the most effective rules.  In addition, regulatory information can be
made readily available to the industry through online systems and other widely distributed media.
This sort of information dissemination helps ensure oil and gas operators achieve the greatest
degree of compliance, with minimum time and cost needed  to review and interpret regulations.

 
 Several examples of DOE-funded data systems and documents of this sort exist.  For example,
both Kentucky and the Independent Petroleum Association of Mountain States (IPAMS) have
recently published manuals for oil and gas well operators relevant to their states.  These plain-
language “glove-box” books put the regulations in the hands of the people who need them most –
the operators in the field.
 
 Online systems that communicate regulations and guidance to the industry are also springing up
across the country.  An example is the Environmental Compliance Assistance System (ECAS)
sponsored by the Department of Energy.  This system summarizes all the major federal
regulations applicable to oil and gas operators.  ECAS can be accessed on the World Wide Web
at www.npto.doe.gov.
 

 Program and Policy Decisions
 
 The third major use of improved oil and gas data management is to help DOE, other government
entities and the private sector make better program and policy decisions.  For example, the



Energy Information Administration, or EIA, produces official energy statistics for the federal
government.  EIA publishes periodic reports (weekly, monthly, annually) on U.S. and
International Oil and Gas Markets.  EIA also publishes the Annual Energy Outlook, which
provides the official government forecast of future energy supply and markets well into the next
century.  All this data gives both government policy makers and corporate strategists a better
understanding of the oil and gas industry and markets, and helps them make informed policy
decisions.
 
 Most of the EIA data and publications are now available for downloading on the EIA web site.
EIA has also incorporated a data-querying capability on its web site that allows users to create
customized data extractions.  EIA’s web site address is www.eia.doe.gov.
 

 Technology Data
 
 Improved data management not only helps each of us in our separate field; it also helps all of us
work together better.  Effective data management can facilitate the flow of information between
researchers who develop innovative technologies, the regulators who allow those technologies to
be used, and the field operators who ultimately use the technologies.
 
 For example, the mission of the Petroleum Technology Transfer Council (PTTC) is “to identify
and transfer technology for the benefit of the domestic oil and natural gas industry, consumers
and nation.”  The PTTC was formed in 1994 by the U.S. oil and gas exploration and production
(E&P) industry.  It serves as the national clearinghouse to identify and transfer upstream E&P
technologies to help domestic producers reduce costs, improve operating efficiency, increase
ultimate recovery, enhance environmental compliance, and add new oil and gas reserves.  PTTC
identifies producers’ priority technical problems and communicates them to the R&D
community, but it does not perform or fund R&D.  The U.S. Department of Energy, Office of
Fossil Energy provides the primary funding for the PTTC program.
 
 Building on the new paradigm in technology transfer, PTTC’s approach is industry-driven.
Problem identification workshops have been held in all regions, and the results are used to
determine priorities for regional programs.  Project summaries are available from the PTTC web
site at www.pttc.org.
 
 

 LOOKING OVER THE FENCE
 
 
 The best thing about effective data management is that it is publicly available.  All you have to
do is look over the fence, use some creativity, and begin adapting other people’s successes to
achieve your own goals.  And that is the broader point to be made here.  The best data
management efforts have resulted from reaching across disciplines, programs, and regions.  A
discussion of the development of three data systems came into being should help to illustrate this
point.
 



 Evolution of Oil and Gas Atlases
 
 Over the past 10 years, a great deal of effort has gone into mapping and characterizing the
domestic resource base.  This began with the Texas Oil and Gas Atlas in the late 1980s. Building
upon the successes of that effort, other organizations have developed atlases that include a Mid-
continent Atlas, a Rocky Mountain Atlas, an Appalachian Atlas, and a Gulf of Mexico Atlas.
The Gulf of Mexico Atlas is currently being taken a step further to characterize not only the
resource base, but also existing oil and gas infrastructure like pipelines and other man-made
structures.  Recently, all of these atlases have begun to be converted to digital atlases that allow
for analysis using Geographic Information Systems, or GIS.
 
 These atlases have led to the development of large national databases of reservoir characteristics,
such as GASIS and for use in national oil and gas models like the Tertiary Oil Recovery
Information System (TORIS) and the Gas System Analysis Model (GSAM).  Both of these
models store extensive databases of geologic and production data that are used to predict future
production under various regulatory and technical scenarios.
 
 A number of factors drove the expansion from the original Texas atlas.  These include:
 
• The need for readily accessible data, which caused the expansion to other states and

regions
• The desire for a common and consistent data structure
• The trend throughout the industry toward greater electronic data storage, which led to the

digitization of much of the atlas data
• The ease with which electronic data could be used as input for computer analysis, such as

reservoir simulation models, along with the energy market models DOE uses for program
planning support and policy analysis.

 

 Evolution of Risk-Based Data Management Systems
 
 An example of how initial data management and utilization exercises lead to more
comprehensive, sophisticated, and multi-faceted applications can be demonstrated in
underground injection control as it applies to oil and gas operations.
 
 In the 1980s, the American Petroleum Institute (API) supported a study by Michie and
Associates to assess the relative potential of various oil and gas basins to exhibit well integrity
problems due to corrosion.  The first study – a generally more qualitative assessment – led to
more scientifically based, quantitative assessments of corrosion potential in the Williston basin
and selected areas of Kansas.  This study was sponsored in part by DOE, along with the API and
the Ground Water Protection Council (GWPC).
 
 These studies have led to what is known today as the Risk-Based Data Management System, or
RBDMS.  RBDMS is a PC-based data management system that contains much of the oil and gas
data collected by state governments and makes it easily available for query and analysis . The
RBDMS concept, originally established to facilitate more risk-based decision-making on
underground injection control, has now been expanded to include a much wider variety of data,
and is being applied to a much broader range of applications.  For example, RBDMS have been
expanded to include production, hydrogeology, surface facilities, waste tracking, and emissions
estimation.  The utility of the RBDMS is being further expanded by making the data that they



contain more broadly available via the Internet.  RBDMS have been developed and applied in
collaboration with more than 12 states, and is now supported by a range of organizations, not just
DOE.
 
 A number of factors drove the expansion from the original studies and data management systems:
 
• The first was the need for a more scientific characterization of groundwater contamination

risk from injection wells in oil and gas operations.  This was, and still is, believed to help
provide a better understanding of potential risks, and the better development of regulatory
options based on potential risks.

• The need to monitor, learn from, and adapt compliance programs as appropriate, based on
the collection and analysis of regulatory data.

• The need to correlate data from state to state, to ensure a common ability to compare and
contrast the application and performance of different regulatory approaches throughout the
country.

• The need to reduce both regulatory compliance costs by industry, as well as regulatory
program implementation and enforcement costs by government agencies.  More fact-based
regulations can obviously lead to more cost-effective programs and compliance activities.

• Finally, the need to make maximum use of the limited resources available to help develop
more cost-effective and environmentally protective regulatory programs and compliance
activities.

 

 Evolution of Oil and Gas Analytical Models
 
 Another example of how one activity can lead to many other follow-on and/or supplemental
activities is DOE’s development and application of analytical systems to support program
planning and policy analysis.
 
 In the early 1980s, DOE provided a series of analytical tools – reservoir databases and models
originally developed by DOE in the late 1970s – to the National Petroleum Council (NPC) for its
1984 study of the potential for enhanced oil recovery.  These analytical tools and data were
expanded and improved upon substantially over  the course of the NPC study, and are now
represented in DOE’s Tertiary Oil Recovery Information System, or TORIS.
 
 After the NPC study, DOE made many parts of these analytical systems publicly available, but
also improved upon them and applied them to a broad range of programmatic and policy
analysis.
 
 One important set of studies performed using TORIS is the series of state studies published by
the IOGCC which examined the potential of advanced enhanced oil recovery in all the major oil
producing states.  The success of the TORIS system for oil led to the development of the GSAM,
which we now use for gas market analysis.  Today, TORIS and GSAM continue to be enhanced,
and are regularly used for a broad range of applications, such as support to program planning and
the analysis of numerous regulatory, tax, and policy initiatives, by a broad range of federal
agencies.
 



 These analytical systems have evolved over time, and continue to evolve, in response to a
number of critical drivers:
 
• The need to have a fundamental, scientific basis for the analysis of policy issues and the

development of R&D programs
• The need to ensure that government programs and policies are focused on the most important

industry and societal needs, based on sound analysis
• The need to predict and measure the success of DOE programs, based on actual parameters

that can be evaluated
• The need to understand and evaluate the impact of regulatory options, to ensure sound

regulatory decisions are made and to develop cost-effective regulatory programs.  In fact, this
same logic applies to the consideration of all policy initiatives potentially affecting the oil
and gas industry.

 
 

 CONCLUSIONS
 
 
 But the question remains, so what?  How can data management help me achieve my goals?  Six
elements of success can be seen throughout all of these projects:
 
• Different organizations forming partnerships and leveraging each other’s work has sped up

the development of innovations.
• The sharing of ideas, funding and staff to achieve mutual goals have led to successes that

would have been impossible had the individual organizations worked alone.
• Every project that was highlighted has focused on continuously improving and looking

forward to solving the next problem.
• Maximizing the use of advanced technology is another important key to success.
• Establishing long-term networks between industry, government and researchers has led to

free flow of information and contributed to continuous improvement.
• Finally and perhaps most importantly, all the people involved in these projects have never

lost their focus on quality and on serving their diverse constituencies.

By  stressing these principles and keeping our minds open to opportunities, we can  continue to
expand the power of data management and leverage our successes to achieve even more.  The
bottom line is:  “Look over the fence, talk with people who share similar problems, be creative,
and chances are, the next innovation will be yours.”
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ABSTRACT

Traditional E&P waste management techniques need to be re-examined in the light of increased
regulatory and media attention.  Onsite waste management can give rise to landowner complaints. 
Commercial disposal options can be expensive and may give rise to legal liability, including EPA actions
to abate “substantial and imminent endangerment” under RCRA 7003, thereby vitiating the E&P waste
exclusion.  This presentation will address a successful effort by a Colorado operator to permit, construct
and establish a company-owned integrated E&P waste management facility.  This facility handles oil
contaminated soils (through landfarming) and fluids, including tank bottoms (through oil/water/solids
separation) and is producing salable crude oil and reusable soil.
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BACKGROUND

Patina Oil & Gas Corporation (“Patina”) operates an integrated exploration and production (“E&P”)
waste management facility (“the facility”) in Weld County, Colorado.  Patina operates approximately
3000 wells in Weld, Adams and Boulder Counties, all part of the “Greater Wattenberg” Field of the
Denver-Julesburg Basin.  This facility allows Patina to manage and control all of its E&P waste streams,
except for produced water (which is disposed in Class II underground injection wells).

The facility was designed to allow bioremediation of soil contaminated by oil spills through
“landfarming”.  In addition, the facility has a sludge treatment capability whereby oily drilling muds,
tank bottoms and other sludges can be separated into salable product, clear water and residual solids. 
The water from this process is evaporated in a “special purpose pit” using a simple sprayer system, while
the solids are incorporated into the landfarm for bioremediation.

There were two primary reasons for the construction of this facility.  First, disposal of E&P wastes at
commercial facilities can be costly.  Patina’s cost for disposing oily soils at a solid waste landfill were
$9.00 per cubic yard.  In addition, one of the commercial facilities authorized to receive such waste was
limited to soil with no more than 10,000 ppm (1%) of hydrocarbons.  This level of contamination is the
clean-up standard under Colorado Oil and Gas Conservation Commission (“COGCC”) standards
applicable to “non-sensitive areas”.

Equally important were liability considerations.  This is especially true with regard to disposal of tank
bottoms and other sludges which cannot be brought to landfills or injected into UIC Class II wells.  The
only cost-effective alternative for such sludges was disposal at large commercial evaporation ponds. 
These facilities tend to be under-capitalized and operated “on-the-cheap”.  One such pond, Weld County
Waste Disposal is currently undergoing site investigation and remediation under EPA supervision,
having been determined to represent an “imminent and substantial endangerment” to the environment
under the Resource Conservation & Recovery Act (RCRA Sec. 7003).  The immediate cause for this
determination was the failure of the operator to keep the pond surface clear of oily scum, which led to the
death of several great blue herons.  Once the facility was brought under RCRA (the E&P waste
exemption is not applicable to Sec. 7003 actions), EPA mandated a full site investigation, including
groundwater.  This investigation and the related remediation is expected to cost oil and gas operators
which “contributed” waste to the facility some $3 million (the site operator has declared insolvency).

Such an outcome, which should be expected to become more common, demonstrates the value to
operators associated with controlling their own waste streams and ensuring proper waste management.  In
combination, the cost-savings available from landfarming, the recovery of salable product and reusable
soil, and the reduced exposure to third party liability make the case for an operator-owned integrated
waste management facility compelling.



LEGAL & INSTITUTIONAL CONSIDERATIONS

The COGCC had, in 1990, provided for the permitting of landfarms in its 900 Series of E&P Waste
Management Regulations.  These regulations have since been revised and expanded to cover integrated
facilities for treating a variety of E&P waste streams.

When Gerrity Oil & Gas Corporation (a predecessor entity to Patina) sought to permit the facility, the
first of its kind in Colorado, several institutional obstacles were presented.  It was not clear whether,
despite its regulations, the COGCC could authorize the construction of such a facility.  The Colorado
Department of Public Health and Environment (“CDPHE”) also had regulations applicable to “solid
waste” facilities.  These CDPHE regulations required obtaining a “certificate of designation” in
consultation with the county of location and would have imposed overlapping site design and operational
standards not relevant to the facility.

Such standards included restriction on the slope of the “working face” of the fill material and soil cover
requirements, measures relevant to commercial landfills.  In addition, substantial public involvement was
required in the permitting process.  It is not hard imagine the potential difficulty arising from a “not-in-
my-backyard” response to a proposal to locate an oil and gas waste facility.  (Due to its location in an
“industrial zone”, such public involvement was not otherwise required in order to obtain land use
approval for the facility).

Accordingly, it was decided to approach the state legislature to attempt to resolve the dual jurisdiction
problem.  In 1995, Senate Bill 17 was adopted, which declared:

(1)The general assembly hereby declares that it has granted to the Colorado oil and gas
conservation commission . . .comprehensive and plenary jurisdiction over the generation,
transportation, storage, treatment and disposal of exploration and production wastes,
except as to those commercial facilities that accept such wastes, and any construction,
site preparation, or reclamation activities associated with oil and gas operations. 
Therefore, a conforming amendment1 to the solid wastes disposal sites and facilities laws
. . . is necessary to specify that the commission’s jurisdiction is exclusive as to
noncommercial exploration and production waste facilities.
(2) This act shall not be construed to affect existing local government land use authority.

This amendment has eliminated the dual, conflicting regulation problem with regard to the siting and
operation of E&P waste facilities in Colorado.  The Oil & Gas Commission has defined
“noncommercial” facilities as those at which operators do not accept waste from third parties except as
part of a unitized area or a joint operations agreement, or in response to an emergency.  It should be
noted, however that the siting of such a facility still requires compliance with local land use regulations,
making zoning considerations relevant to the choice of a location.



Soil Handling and Remediation

Remedial Process

Most organic compounds that are synthesized by microorganisms are capable of being biodegraded by
microorganisms. The formation of an organic compound and its biodegradation will be accelerated by the
catalytic action of enzymes.(1) Crude oil requires catalysis by microbial enzymes and/or environmental
modification in order to be degraded. The environmental modifications include suitable temperature,
moisture, nutrients, pH adjustment, exposure to sunlight, oxygen and catalysts that break the hydrocarbon
bonds making microbial action easier. The modifications used at the Patina facility include exposure to
sunlight, oxygen, suitable temperature and nutrients.

Profile of Hydrocarbon Impacted Soil

Hydrocarbon impacted soils brought to the treatment facility are generally sandy to loamy and can vary
in the amount of petroleum contamination from  <1000 ppm TRPH to in excess of 50,000 ppm TRPH.
The following table exhibits actual lab values for impacted soil from one location that was successfully
treated at the facility.

Table 1. Typical Hydrocarbon Impacted Soil Profile

                Analyte Result   Units      

                Benzene                     2,200                  ug/kg
                Toluene                   19,000                  ug/kg
                Ethylbenzene                     4,500                  ug/kg
                Total Xylenes                   34,000                  ug/kg
                TRPH                    16,000                  mg/kg
                Oil and Grease                  121,000                  mg/kg

Placement of Hydrocarbon Impacted Soil

The soil remediation area is divided into two cells, each approximately 340' by 105'. Soil that is not
totally saturated with hydrocarbons is placed directly in one of the cells to begin the remedial process.
Saturated soils that are “dripping wet” are placed in a cement pit that has a sloping bottom. At the lowest
end of this pit is a chamber with a baffle to allow separation of oil/water.

The soil that is placed directly into the cell is done so in lifts of approximately twelve to eighteen inches.
Lifts greater than 18 inches in height have not created a suitable environmental for microbial action at the
Patina facility. This may be, in part, due to the lack of sufficient bulking agents in the soil, which create
air pockets and also due to the inability of the mechanical tilling apparatus to perform effectively at
depths greater than 18 inches.

Exposure to Sunlight and Oxygen

In order to accelerate the bioremediation process, the soil is stirred using a tractor pulling a cultivator and
sometimes a road grader is used to place the soil into windrows (during winter months). The stirring



process is two fold. It provides more soil surface exposure for photo degradation and allows oxygen to
come into contact with the hydrocarbon degrading microbes. Stirring the soil twice a week tends to aid
the degradation process to a point that makes it cost effective. Patina was realizing remediated soil (
below 1000ppm) in nine months to one year simply by stirring the soil once or twice a month. The
remedial process has been shortened considerably (under 90 days) with the acceleration of the tilling
process. One must realize that tilling does allow for evaporation of the moisture in the soil at a more
rapid rate. This can create the need to add additional moisture. The addition of bulking agents such as
straw or wood chips aid in air permeability and moisture drainage. This is especially important when
stirring the soil is not performed on a regular basis.

pH Adjustment

The ideal pH range for the remedial process of impacted soil is 6.5 to 9.5. During the two and one half
years of operation of the Patina remediation facility, no pH adjustments have been made.  The pH of the
zone of incorporation of the treatment cells has varied from a high of 8.96 to a low of 6.91.

Temperature

The ideal temperature range for bioremediation is 65o to 135o F, however microbial activity will take
place at a slower rate at temperatures below 65o F. Heat is generated by the microbial action that takes
place in the soil. This heat generation can be utilized during the colder months of the year by windrowing
the soil to preserve the heat. In order for this process to work, bulking agents should be added to the soil
along with additional nutrients.

Moisture Content

The ideal moisture content for soil remediation of hydrocarbons runs between 10 and 30%. It is possible
to have too much moisture in the soil and stall the remedial process. A totally saturated soil impedes
oxygen transfer and tends to destroy the aerobic organisms. Patina to-date has added no moisture to the
hydrocarbon impacted soils to facilitate remediation. Tests conducted by Patina at several remedial sites
indicate that the maintenance of proper moisture content will accelerate the remedial process by as much
as 25%. This is especially true when adding a catalyst to accelerate the degradation process.

Nutrients

Hydrocarbon degrading microorganisms require nutrients such as nitrogen and phosphorus to accomplish
the degradation process in a timely fashion. Ideal levels of nitrogen are 100 to 200 ppm and 5-10 ppm for
phosphorus.  There are several methods by which to supply the needed nutrients to the soil. Patina uses
turkey manure that is available locally and at no cost other than the cost to transport it to the facility.
Chicken manure has more nutrients than turkey manure but tends lose its strength due to volatilization. 
Using commercial fertilizers does not provide the bulking agents that manure and straw do. The
following table shows the approximate nutrient composition of various types of animal manure when
applied to the land farm. It must be noted that this manure composition is calculated without bedding
material present.



Table 2. Nutrient composition of animal manure (2)

Types of
manure   % Dry matter       Total N NH4      P2O5        K20

Swine            18       10         6        9                     8
Beef                    52       21         7       14                    23
Dairy cattle       18         9         4         4        10
Sheep       28       18         5       11        26
Poultry       45       33       26       48        34
Turkeys       22       27       17       20        17
Horses       46       14         4        4        14

Bioremediation Catalyst

Patina has not had the need to accelerate the bioremediation process of the impacted soil to-date. Should
that need arise, the addition of a bioremediation catalyst would allow remediation of the soil in 30 to 45
days. The catalyst used by Patina environmental personnel for certain remedial projects is a blend of time
released nutrients, surfactants, inhibitors, buffering agents, hyperwetting agents, and catalytic enzymes.
This catalyst tend to maximize microbial population density. Cost of the catalyst, based on treatment of
eight cubic yards of soil per gallon, is between $2 and $4 per yard of impacted soil.

Sampling and Reporting Requirements

The Colorado Oil and Gas Conservation Commission and the Weld County Health Department require
sampling of the soil remediation cells. Samples must be taken semi-annually in the zone of incorporation
for oil and grease and pH, and annually for RCRA metals. Sampling must be conducted annually for TPH
at the 5 foot below ground level. All remediated soil is sampled prior to release. Patina will not release
any soil unless it is below the 1000 ppm level and generally the soil is below 600 ppm. Table 3 is a
composite of the sample results of the soil cells beginning August of 1995 to the present.

Table 3. Soil cell sampling history

Zone of incorporation sampling results (ppm)

Ba Cd Cr Ag As Pb Se Hg O/G pH Cell
8/95 36.5 ND 3.87 ND 1.5 3.9 ND ND 136 8.1 N/A
6/96 55 ND 5.46 ND 1.3 4.7 ND ND 974 8.2 East
11/96 500 8.96 West
5/97 75.2 0.31 6.4 ND 10.2 10.2 ND ND 50 7.99 East
11/97 190 8.00 East
11/97 1100 8.89 West
5/98 23 ND 3.1 ND ND 9.4 ND ND <20 6.91 East
5/98 19 ND 2.2 ND ND 5.2 ND ND <20 7.74 West
ND = non-detect for applicable parameter detection limit

The TRPH levels at five feet below ground surface for both cells were non-detect in 1997 and 1998.



Documentation and Release of Remediated Soil

Remediated soil that reaches a level of <600 ppm TRPH is moved from the remediation cell to a staging
area to be reused on field locations. Normally this soil is used on lease roads, building up berms,
replacing hydrocarbon impacted soil in excavations, and in building locations where needed.
Hydrocarbon impacted soil that is brought into the waste management facility is accompanied by
documentation showing the origin of the soil. By the same token, documentation is maintained on the
final disposition of the remediated soil.

Tank Bottoms Processing

Tank bottoms or basic sediment and water (BS&W) from a Patina-operated class II injection well and
also any BS&W from field production storage tanks are brought to the facility for treatment and
bioremediation. Laboratory analyses have been performed on a typical batch of the BS&W from the
injection well and are shown in Table 4.

Table 4. Tank bottom profile

                     Analyte                                                 Results                                                  Units                       
Arsenic                  0.61                  mg/L
Barium                  1.1                  mg/L
Cadmium                  ND                  mg/L
Chromium                  ND                  mg/L
Lead                  ND                  mg/L
Mercury                  ND                  mg/L
Selenium                  ND                  mg/L
Silver                  ND                  mg/L
Benzene                  12,000                  ug/kg
Toluene                 100,000                  ug/kg
Ethylbenzene                     9,700                  ug/kg
Total Xylenes                 150,000                  ug/kg
TRPH                   20,000                  mg/L
Oil and Grease                   12,000                  mg/L
 ND = non-detect for applicable parameter detection limit

BS&W is pumped into either an open top tank for immediate processing or into a 300 barrel storage tank
for processing at a later date. Once the material is in the open top tank, it is allowed to set for twenty-four
hours in order for the solids to settle out. The liquids are then pumped off to a tank fitted with an internal
heater and heated to 160oF. The majority of the water in the flat tank is pumped into a lined pit that is
fitted with a sprinkler system for rapid evaporation. In the future, this water will be used to irrigate the
two treatment cells and thus speed up the bioremediation process.  See Figure 1. Facility process chart

The oil/water mixture that is heated in the primary heated tank is pumped through a heater/treater where
further oil/water separation takes place. The oil from this process is sent to a sales tank and held for sale.
The water is sent to the drying pit for evaporation. Should inadequate oil/water separation take place in



the primary heated tank, chemicals are added to assist in the separation process. The treatment of the
BS&W at the Patina facility has produced over 2,800 barrels of salable oil, which has helped defray the
cost of operation.

The solid material that is left from the process (basic sediment) is flushed out with water and sent to a
sloping cement pit where it is mixed with soil and then spread on one of the treatment cells for
remediation.

Summary

Traditional E&P waste management techniques have become an enormous liability and unwanted
expense for the Oil and Gas industry. Onsite waste management can give rise to landowner complaints
and is not always an option. Commercial disposal of wastes can be expensive and can pose potential
future liability issues. Patina Oil and Gas Corporation has incorporated successful accelerated
bioremediation of hydrocarbon impacted soil and treatment of tank bottoms which is producing salable
crude oil and reusable soil, all at one central facility.



Figure 1.  E & P Waste Management Facility

    1 & 3 - Soil reclaimation cells for impacted soil and dry sludge
    2 – Sloping cement pit for draining wet material and to wet mix material with soil
    4 – Sludge drying pit with underdrain system for wet material, if needed
    5 & 6 – Water evaporation pits with sprinkler system for rapid evaporation
    7 & 8 – Primary heating tanks to facilitate separation of oil and water
    9 & 10 – Open tanks used to start the water/oil/solids separation process
    11 – Heatertreater used for secondary separation of oil/water
    12 – Oil production tank used to store oil ready for sale
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Companies in many industry sectors have achieved significant “bottom line” benefits
through successful pollution prevention (P2) programs.  Top management of the most exemplary
companies have found that in order to sustain P2 programs, they must define P2 policy and
objectives, then utilize a management system to plan, implement the plan and verify proper
implementation.  Without this system, programs lack sustainability.  They are quickly put aside,
as new crises arise, and end their days in a binder gathering dust on a shelf.

Oil and gas companies face special hurdles in implementing a sustainable P2 program
because the diffusive nature of operations makes communication of policies and other
requirements, as well as oversight, difficult. The internationally accepted ISO 14001
environmental management system (EMS) model will prove to be a very useful tool for setting
and ensuring implementation of P2 policy, in communicating performance objectives to remote
operating sites, and in getting feedback data necessary to determine the effectiveness of the
system in meeting these objectives.

This paper will focus on the continuous improvement features of the EMS which assure
proper planning and achievement of goals.  We will also touch upon the control features which
ensure that the P2 policy and program, including resultant procedures, will be institutionalized
throughout company operations.  Lastly, we will talk about the third party registration process, a
process with which the oil and gas industry has little familiarity, and explain how it can stimulate
the organizational discipline necessary to sustain a P2 program.

The positive “bottom line” benefits which can be derived through pollution prevention
efforts are widely known.  Many companies, such as 3M, have sustained successful pollution
prevention efforts over several decades.  Others, however, have implemented programs with a
great deal of enthusiasm and initial success, only to see them wither and fade as other business
priorities come along, or the “low-hanging fruit” was picked.  The difference between long term
success and failure may often be the result of a presence or lack of visible commitment from the
organization’s top management.

An environmental management system, such as that modeled by the ISO 14001 standard
contains all the principle elements necessary for top management to communicate and



demonstrate a commitment to pollution prevention. These elements include planning, plan
implementation, verification and review.  In other words, it contains those elements of a basic
management system which are used for managing operations, quality and the business function
itself. Additionally, ISO 14001 imparts the organizational discipline to ensure that policies,
programs and procedures will be institutionalized throughout company operations, and leverages
corporate oversight capabilities through the optional feature of third party registration.

ISO 14000 is a series of voluntary standards dealing with environmental management,
developed under the auspices of the International Organization for Standardization in Geneva,
Switzerland. Like its predecessor in the quality management area, ISO 9000, it was created
through a consensus process, involving delegations from many nations, large and small, and is
rapidly gaining acceptance and recognition throughout the world.  ISO 14001 is the central
document in the ISO 14000 series, and is the only standard in the series that contains auditable
elements.

The Quest for Continual Improvement

As with ISO 9001, controls are built into the system to ensure consistent achievement of
results. In the case of the quality system, more consistency in meeting customer requirements is
the outcome which is sought after. With environmental management, more consistent
achievement of regulatory compliance may be the outcome of conformance to ISO 14001.

However, a major difference between the two ISO specifications (9001 and 14001) lies
in the much greater emphasis on continual improvement found in the environmental standard.
Top management in organizations conforming to ISO 14001 must commit to continual
improvement of its EMS, in order to improve environmental performance, and also to commit to
prevention of pollution.

Prevention of Pollution is defined under Clause 3.13 of ISO 14001:1996, as the “use of
processes, practices, materials, or products that avoid, reduce or control pollution, which may
include recycling, treatment, process changes, control mechanisms, efficient use of resources and
material substitution.” The definition goes on to note something most environmental
professionals already know:  “The potential benefits of prevention of pollution include the
reduction of adverse environmental impacts, improved efficiency and cost reduction.”

At first glance one notes that the definition of prevention of pollution is significantly
broader than that of US EPA’s Pollution Prevention (P2). In fact, inclusion of “treatment” and
“control mechanisms” in the former definition has caused some consternation among regulatory
agencies and environmental activist groups. Nonetheless, because most companies adopting an
ISO 14001 EMS are utilizing conventional P2 activities to demonstrate EMS effectiveness and
continual EMS improvement, concerned parties need not fear widespread use of treatment and
control “loopholes”.

Unlike ISO 9001, whose twenty elements are arranged in a product development-
manufacturing-distribution pattern, the seventeen elements of ISO 14001 are grouped into
principles, following a “plan-do-check-act” scenario (see Figure 1).  This arrangement is much
talked about in Total Quality Management and is also known as the Shewhart or Deming cycle.
When applied to environmental management, one might expect to see continual improvement in
conformance to the standard, consistency in meeting regulatory requirements, environmental



performance (in terms of reduced negative environmental impacts) and cost efficiency (see
Figure 2). Obviously, P2 addresses the reduction of adverse impacts and increased cost
efficiency.

ISO 14001 elements (see Figure 3) that drive the continual improvement spiral include:
1. Management definition of policy and commitment of resources,
2. Processes to identify environmental impacts associated with the organization’s

operations, products or services,
3. Processes for ranking these operations, products or services according to the

severity of their potential impact,
4. Setting organizational objectives and targets aimed at reducing negative

environmental impacts, with emphasis on prevention of pollution,
5. Establishing and implementing action plans to achieve the objectives,
6. Defining responsibilities, authorities and accountabilities,
7. Training of those employees who have roles within the system,
8. Documenting procedures where necessary to control operations,
9. Controlling documents to assure currency of information and proper

management of change,
10. Processes to monitor, measure and identify nonconformance,
11. Processes to mitigate results of nonconformance and take corrective action to

prevent recurrence of the problem,
12. Auditing the system to assess its conformance to plans, policies and procedures,

to verify that corrective actions were taken, and assess their effectiveness,
13. Periodic management review of system performance and effectiveness at

meeting requirements, and to reallocate resources, as necessary.

Each element is essential to ensuring a working system, as many of these elements
interact with one another and are dependent on each other.  For instance, if a new objective is
established, targets and responsibilities for achieving the objective must be set and
communicated to all who need to know.  Such information may be disseminated through
document control, performance results verified through monitoring and auditing, and
effectiveness and/or target modification assessed during management review.

Sustaining Pollution Prevention and Continual Improvement

Business, operations, quality and other managers in any well-run organization can attest
to the efficacy of the management system in their areas of responsibility. But sustaining all the
elements and tasks associated with the management system, especially when rush projects and
business downturns cause resources to be placed elsewhere, requires a clearly evident
management commitment and strong organizational discipline. Proactive environmental
initiatives have often become obsolete “flavor-of-the-month” programs because of shifting
priorities, unless they are supported as being regulatory requirements.

Top management of oil and gas companies may truly support P2 programs because of the
bottom line benefits, reduced potential liability or even community relations.  But they face
special hurdles in implementing a sustainable P2 program because the diffusive nature of



operations makes communication of policies and other requirements, as well as oversight,
difficult. These managers, however, should quickly recognize the value of the EMS in providing
a tool to overcome the communication and oversight hurdles.

Internal oversight resources may be leveraged through registration of the EMS to the ISO
14001 standard by an accredited third party organization, or registrar.  These private companies,
many of which have provided certification services to ISO 9000 and other standards for a number
of years, are preparing ISO 14000 registration programs to meet the anticipated interest in EMS
registration. For although a company can “self-declare” that their EMS conforms to the ISO
14001 standard, an assessment by an independent, objective professional may be necessary to
satisfy customers, regulators, employees or the community.

Registration to the voluntary standard may not only leverage internal oversight
capabilities, but may stimulate the organizational discipline, which all but the most exceptional
companies may lack, to sustain its EMS, and therefore its P2 program.  A company is free to
choose a registrar from a growing list of organizations providing such services, residing in any
country it wishes.  Factors reportedly used in registrar selection include previous experience,
familiarity with the industry sector, environmental expertise, cost and accreditation.

Accreditation is attestation by a higher authority, or accreditation body, that the registrar
is competent and will maintain its objectivity even though the client company is paying for the
registrar’s services.  These are important considerations if the EMS registration is going to be
credible in the eyes of regulators, environmental groups and communities. A registrar need not
be accredited to operate, but in light of the concerns outside interested parties may have over the
process, it is doubtful that EMS registrars will enjoy much business unless they seek
accreditation. To become accredited a registrar must have certain internal policies, programs and
procedures in place to provide quality assurance in its registration process.

Many accreditation bodies operate around the world, including UKAS, in Great Britain
and RvC, in the Netherlands. The vast majority are government bodies with the notable
exception of the EMS registrar accreditation body in the US, which is a partnership between the
privately funded American National Standards Institute (ANSI) and the Registrar Accreditation
Board (RAB) which is a subsidiary of the American Society for Quality (ASQ).

The registration process (see Figure 4) used by most EMS registrars consists of a multi-
step process, which gives client companies feedback on how well they conform to the
requirements of the ISO 14001 standard, at several points along the implementation pathway.
After registrar selection, the client submits an application followed by a copy of its EMS
documentation, which may also be called its EMS Manual, Policy Manual or Level 1 Document.
This document, which describes the EMS, and states policy for meeting each one of ISO 14001’s
requirements, is reviewed, usually by the lead auditor, and assessed for conformance to the
standard.

At some point of time between the “desk audit” described above and the registration
audit the lead auditor will visit the client’s site. The purpose of this reassessment or on-site
readiness review, is to plan the registration audit and to assess the client’s state of readiness for
that event. At this point, all documentation should have been created, so that the auditor can
review it for completeness. Assessment of EMS implementation is reserved for the registration
audit. Usually, the client is given a written report of the desk audit and the on-site readiness
review.



By the terms of accreditation bodies, such as ANSI/RAB, a registrar cannot perform the
registration audit unless the client’s internal audit system is well established, and a management
review has been conducted. During the registration audit, policies, procedures and records are
reviewed, and many personnel are interviewed and observed, in order to determine if the EMS
conforms to the standard and has been properly and completely implemented.

Registration auditors gather objective evidence and compare it to requirements of the
EMS and the standard. Auditors, for instance, will look for objective evidence of the
organization’s commitment to prevention of pollution and continuous improvement, as well as
regulatory compliance, as they assess the conformance of the organization’s EMS to the
standard. Findings, or differences between evidence and plans, may be classified as major or
minor nonconformances, or in some registrar programs may not be classified as
nonconformances at all, but as observations or opportunities for improvement. These last
pronouncements may indicate problems too insignificant to be classified as minor
nonconformances.

Depending on the nature, breadth, severity and number of nonconformances, the audit
team will recommend registration, or postpone such a recommendation, pending corrective
action by the client, and a possible follow-up visit by the lead auditor to verify the corrective
action.  A common misconception is that the registration audit is a pass/fail event, and that
failure means starting the process over from scratch.  In reality, if the audit team found major
nonconformances or general failure of the system, the registration recommendation would be
postponed until after a corrective action plan was accepted by the registrar, and in all likelihood a
partial reaudit was performed to verify corrective action implementation.

The issuance of the ISO 14001 Registration Certificate signals a milestone achievement.
However, registration of the organization’s EMS merely marks the beginning of what will be a
life-long process. To ensure that the organization maintains its system, and keeps on striving for
improvements, the registrar will send an auditor or audit team to review sections of the EMS at
six-month intervals (annually, in some programs). This surveillance program must be planned to
ensure all applicable areas of the EMS and elements of the standard are reviewed at least once
over a three year period, although certain elements, such as management review and internal
auditing, for instance, may be reviewed more frequently.

A new certificate of registration is reissued every three years, unless the organization
wishes to be decertified, or fails to properly maintain its EMS. Some registrars conduct a full
registration audit at the end of the three year period, in order to issue a new certificate, while
others merely keep on conducting the smaller surveillance visits.

It is this continuing surveillance that keeps the organization focused on the elements of
its EMS, including responsibilities, programs and procedures until they become institutionalized.
Once these activities become second nature to employees throughout the organization, and
experience with all other management systems indicate that they will, the EMS will achieve a
critical mass, and continue on automatically. Top management will continue to provide direction
through the environmental policy, setting of achievable environmental objectives, and providing
resources to reach those goals, and by periodically reviewing system performance.

Documentation, training and communication requirements contained within the ISO
14001:1996 standard ensure that employees will be made aware of their responsibilities and



environmental goals. In fact, ANSI/RAB accreditation criteria prohibit registrars from
conducting registration audits unless all employees have been made aware of the policy, the EMS
and the environmental objectives. Furthermore, the standard requires several processes to ensure
that top management receives sufficient feedback on activities, to assess how effectively its
policy is being carried out. These processes include monitoring, internal audit, corrective and
preventive action programs and management review.

Conclusion

The ISO 14001 standard requires implementing organizations to commit to continuous
improvement and prevention of pollution. It further requires the establishment and maintenance
of an environmental management system (EMS) including the responsibilities and resources, to
set and achieve environmental policy. Effective documentation and communication pathways
must be set up to achieve two-way communication between top management and employees on
environmental issues. Planning, plan implementation, including training, operational and
document control, as well as verification programs, such as internal audit, ensure that
management’s policies will be consistently followed. Lastly, the implementation and
maintenance of this EMS may be verified, if the organizations chooses, by independent third-
parties known as Registrars. The registration process can help to maintain organizational
discipline, until system elements can become institutionalized.
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Figure 1.  The Principles of the ISO 14001 Environmental Management System follow the Deming or
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Figure 3.  Elements of ISO 14001 That That Drive Continuous Improvement and Prevention of Pollution.
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ABSTRACT

Effluent (also known as discharge) trading, which has been recommended as a cost-effective
alternative to command-and-control regulation for water quality management, allows industries with
lower marginal abatement costs to reduce their discharges below mandated levels.  Industries can then
store the resulting pollutant reduction credits for their own future use or sell them to industries with
higher marginal abatement costs, thus allowing those sources to remain in regulatory compliance
without installing additional wastewater treatment equipment.  Although there are few opportunities
for such trading in the exploration/production and distribution/marketing segments of the petroleum
industry, petroleum refineries may be able to substantially decrease their compliance costs by trading
among their own outfalls, with other point sources that discharge to the same publicly owned
treatment works, or with other point and nonpoint sources that discharge to the same receiving waters.
 Added benefits include the development and implementation of new technologies and programs to
reduce pollutant loadings as well as collaboration and cooperation among key watershed stakeholders.
 Concerns associated with effluent trading include the large quantities of information needed to
evaluate potential trading opportunities, the increased administrative burden, and dependence on other
sources to meet compliance obligations.



INTRODUCTION
Traditional approaches to air and water quality management have focused on command-and-

control regulations, which specify both emission and ambient environmental quality standards.  Such
regulations frequently even prescribe the specific pollution control technologies that must be installed
at a given facility.  In general, full compliance with emission standards should ensure compliance with
ambient standards.  However, if too many pollutant sources are located within the air quality control
region or watershed, or if unregulated sources contribute significantly to pollutant loadings, ambient
standards may be exceeded even though all regulated sources are in compliance with their respective
emission standards.  In these situations, trading programs, which allow sources with lower marginal
abatement costs to sell or lease pollutant reduction credits (PRCs) to sources with higher marginal
abatement costs, may be a cost-effective alternative to additional command-and-control regulations.

Emissions trading programs for air quality management have been used in the United States
since the mid-1970s.  Similar programs have also been established in Canada and several
Scandinavian countries.  Approximately 20 current programs in the United States are primarily
characterized by trades involving tropospheric ozone precursors such as volatile organic chemicals
(VOCs) and oxides of nitrogen (NOx).  The Clean Air Act Amendments of 1990 incorporated a
conceptually similar program called "allowance trading," with the focus being on trading sulfur
dioxide (SO2) emissions because of their role in acid formation.  Current discussions related to global
climate change incorporate greenhouse gas emissions trading between and within countries.

While there is some accrued experience relating to air pollutant trading, much less
experience has been gained from trades between dischargers of water pollutants.  However, effluent
(discharge) trading of water pollutants is expected to further develop and occur in some geographical
areas due to continuing water quality problems and the potential added cost of their resolution via
command-and-control strategies.  Further, in January, 1996, the U.S. Environmental Protection
Agency (USEPA) issued a policy statement promising to ... "actively support and promote effluent
trading within watersheds to achieve water quality objectives, including water quality standards, to the
extent authorized by the Clean Water Act and implementing regulations" (1).  This policy has further
enhanced interest in this market-based approach to water quality management (2, 3).

This paper describes opportunities for effluent trading in the petroleum industry. 
Accordingly, the first section summarizes the fundamentals of effluent trading, including the five
different types of trades and factors that may positively or negatively affect the development and use
of active effluent trading programs (ETPs).  The next section briefly highlights needed background
information on the petroleum industry.  The third section summarizes the potential opportunities for
each type of trade in the petroleum industry, and the final sections conclude with a brief discussion of
the benefits and concerns associated with ETPs and the refining segment of the petroleum industry.

FUNDAMENTALS OF EFFLUENT TRADING

To illustrate the concepts of effluent trading, Figure 1 depicts a watershed with applicable
ambient water quality standards (WQSs) for one to several pollutants, with the standards having been
previously established based on beneficial uses of the water.  The watershed has four point sources
(PSs) of effluent discharge, with two being publicly owned treatment works (POTWs) and two being
industrial wastewater treatment plants (Is).  All four PSs are subject to effluent standards and National



Pollutant Discharge Elimination System (NPDES) permit requirements.  Figure 1 also identifies three
areas designated as nonpoint sources (NPSs) of pollutant discharge, including runoff from agricultural
land (NPSa), forested land (NPSf), and an urban area (NPSu).  The NPSs are not currently subject to
regulatory controls for runoff water quality.

For purposes of this illustration, it can be assumed that the river water quality in Figure 1 is
not in compliance with one WQS.  For example, if the concentration of pollutant x is 3 mg/l and the
standard is 1 mg/l, then the river water quality is not in compliance with the applicable standard. 
When this situation exists, the Clean Water Act (CWA) in the United States requires that the
responsible state water agency determine the total existing pollutant loading as well as the Total
Maximum Daily Load (TMDL) that the river can receive and still maintain the applicable WQS.  The
TMDL is sometimes referred to as the pollutant loading cap; however, the loading cap can also be set
as a fraction of the TMDL in order to account for uncertainties.  The total pollutant loading for
pollutant x (PLx) can be calculated as follows:

PLx = ΣPSx + ΣNPSx + BGx

where
 PSx = contribution of pollutant x from each PS in the watershed

NPSx = contribution of pollutant x from each NPS in the watershed

 BGx = contribution of pollutant x from natural background sources in the
watershed

Approaches for quantifying the TMDL (or loading cap) for pollutant x include, but are not limited to,
appropriate water quality modeling, proportioning the PLx based on the ratio of the actual water
quality to the WQSx, or multiplying the range of expected river flows by the WQSx to identify
acceptable loadings for different flow conditions.

Once the TMDL has been determined for pollutant x, the state water agency must then
specify waste load allocations (WLAs) for each PS and load allocations (LAs) for each NPS and
background contributions.  A "margin of safety" (MOS) load allocation could also be designated,
based on a policy decision, to account for uncertainty in the analysis, to offset additional pollutant
loadings associated with future population growth and economic development in the watershed, and
to provide a "safety factor."  Expressed mathematically,

TMDLx = ΣWLAPSx + ΣLANPSx + LABGx + LAMOSx

The WLAs and the LAs can be determined and assigned based on appropriate water quality
modeling, proportioning of existing loadings, or the specification of effluent concentrations or
required percentage removals for each source.  It is typically assumed that no reductions are possible
for natural background sources of pollutant x.

As a result of the above process, each PS may be required to reduce their discharge of
pollutant x to below their technology-based effluent standard.  In the United States, this is referred to
as "a water quality-based effluent limitation" (WQBEL).  Further, NPSs may have specific LAs that
are less than their current unregulated discharges of pollutant x.  For example, suppose the
technology-based effluent standard for pollutant x for the PS(I) located in the lower watershed in
Figure 1 is 5 mg/l, but the WLA requires a concentration of 2 mg/l.  Further, assume that the current



loading of pollutant x from NPSa is 10,000 lb/day; however, the LA process has assigned 5,000
lb/day.  Thus, the issue becomes focused on how each affected PS and NPS can comply with these
new requirements in a cost-effective manner.  This is where an ETP might help.

To illustrate, the lower watershed PS(I) could implement a higher level of treatment at more
cost, adopt pollution prevention measures in its industrial area, or implement other measures such as
appropriate water conservation.  Under an effluent trading scheme, the PS(I) would have the
following additional options to meet its WQBEL:  (1) purchasing existing PRCs from the upper
watershed PS(I), one or both of the POTWs, or NPSf or NPSu, if any of these sources have allocations
which are greater than their current discharges; (2) "trading" some PRCs for pollutant y which exists
in the effluent of the lower watershed PS(I) for PRCs for pollutant x from the upper watershed PS(I),
the two POTWs, or NPSf or NPSu (if such PRCs for pollutant y exist due to the allocation process and
are needed by the other sources); and (3) paying for additional treatment for pollutant x at any other
PS or NPS in the watershed (if this treatment is less expensive).  In general, the PS(I) is expected to
choose the alternative or combination of alternatives that will minimize its environmental compliance
costs.

Regarding the options available for NPSa, the state water agency, perhaps in conjunction
with the state agricultural agency, could encourage the adoption of best management practices
(BMPs) to reduce the discharge of pollutant x from the agricultural area.  Further, PRCs could be
purchased from NPSf or NPSu, or, if economically justifiable, new or additional BMPs could be
instituted at NPSf or NPSu.  As a specific example, restoration or creation of wetlands which could
retain (reduce) pollutant x might also be considered.

Because cost-effectiveness information is fundamental to the choices faced by the lower
watershed PS(I) and NPSa, and because market-based approaches to environmental management
expand the available choices, it can be asserted that the fundamental objective of an ETP is to
facilitate the cost-effective achievement of WQSs and related goals in a defined geographical area. 
However, ETPs should not provide loopholes or mechanisms for avoiding the fundamental
requirements of the CWA.  Accordingly, the USEPA has identified eight principles that ETPs must
strive for in order to remain in compliance with the CWA and other laws and regulations, to
demonstrate responsible environmental management, and to involve pertinent stakeholders in the
process.  These principles and their implications for ETPs are summarized in Table 1 (after 1).

Types of Trades

Based on the choices as delineated for the hypothetical example described above, as well as
a survey of existing and planned ETPs, five types of trades have been identified.  Table 2 summarizes
definitions, several analyses, and related comments on each type.  Careful review of Table 2 indicates
that different affected sources may be more interested in certain types of trades.  For example, a PS(I)
could conceivably explore the first four types, while a PS(POTW) could analyze pretreatment, point-
point source, and point-nonpoint source trading.  An affected NPS could consider the last two types of
trades.

Factors Which Can Influence ETPs

Based upon a review of the economic theory basic to trading programs and the use of trading
programs in air and water quality management, 10 factors have been identified as conducive to ETP
design and implementation.  These factors, which encompass technical, institutional, and
administrative issues, are listed in Table 3.



Experience has demonstrated that the actual performance of trading programs has generally
fallen short of theoretical expectations.  Although one reason for the limited use of ETPs is their
relative newness, there are more basic reasons or concerns.  Table 4 contains a synopsis of eight
generic factors which have contributed to the limited usage of ETPs.  They include technical (data
availability and uncertainty), institutional (legal authority and unique regulatory requirements),
administrative (increased administrative burden for participants and increased regulatory burden),
economic (transaction costs), and public perception (negative perception) issues.  At this time it is not
possible to delineate the extent to which these factors have contributed to the limited usage of ETPs. 
Accordingly, planners of ETPs, as well as potential trading partners, should be aware of and address
both conducive and deterrent factors associated with the potential success of individual trades and
overall programs.

FUNDAMENTALS OF THE
PETROLEUM INDUSTRY

The petroleum industry can be divided into three major segments:  exploration and
production, refining, and distribution and marketing (4).  This section briefly summarizes the
wastewaters associated with each segment and the associated effluent limitations.

Exploration and Production

Drilling wastes and produced water are the main sources of wastewater in the exploration
and production segment of the petroleum industry.  Such wastewaters may contain solids, oil and
grease, metals, and organics; applicable effluent limitations are divided into five categories based on
the location of the discharge as shown below (4):

(1) Offshore, which limits mercury, cadmium, and acute toxicity in drilling wastes and
oil and grease in produced water;

(2) Onshore, which prohibits any discharge;

(3) Coastal, which prohibits any discharge except to Cook Inlet, Alaska, where
discharges must meet the offshore standards;

(4) Agricultural and wildlife, which prohibits any discharge of drilling wastes and
limits oil and grease in produced water; and

(5) Stripper, which allows permit writers to set discretionary limits for small, onshore
oil wells.

Refining

The volume and characteristics of wastewaters from the refining segment of the petroleum
industry vary with crude oil properties, processing unit types, final product mixes, and methods of
wastewater treatment.  Table 5 lists the major pollutants typically found in refinery effluents and their



sources (8).  The USEPA has specified effluent limitations for biochemical oxygen demand (BOD),
total suspended solids, oil and grease, pH, chemical oxygen demand (COD), phenolic compounds,
total chromium, hexavalent chromium, ammonia (NH3), sulfide, and total organic carbon (4). 

Distribution and Marketing

The major source of wastewater from the distribution and marketing segment of the
petroleum industry is stormwater runoff from tank farms, which may be contaminated with solids
and/or oil and grease (4).  Although there are no specific effluent limitations for tank farms, such
facilities may be required to monitor their discharges for toxic pollutants or to meet individual permit
limitations.  Gasoline service stations, which are included in this segment of the industry, are usually
not subject to wastewater permitting requirements.

OPPORTUNITIES FOR EFFLUENT TRADING
IN THE PETROLEUM INDUSTRY

Opportunities for ETPs in the exploration and production segment of the petroleum industry
are limited by both the characteristics of the facilities within the segment and effluent limitations (4). 
For example, pretreatment trading is eliminated as a possible compliance alternative since exploration
and production facilities do not discharge to POTWs.  Active intra-plant ETPs are unlikely because
very few facilities have multiple outfalls with compatible discharges.  Similarly, point-nonpoint
source ETPs are infeasible because exploration and production facilities and nonpoint sources do not
discharge the same pollutants.

An exploration and production facility could conceivably trade PRCs with other exploration
and production facilities or other compatible industries within the watershed with an ETP (point-point
source trading).  However, effluent standards that require zero or minimal discharge of drilling wastes
and produced water effectively preclude the development of trades for most oil wells.  Even when
discharges of toxic pollutants are allowed by effluent limitations, as they are for offshore facilities and
facilities in Cook Inlet, point-point source trading programs are limited by three factors.  First, all
discharges of toxic pollutants must meet applicable WQSs at the edges of their designated mixing
zones.  If these mixing zones do not overlap, any possibility for point-point source trading is
eliminated.  Second, procedures for calculating TMDLs, which are needed to establish the pollutant
loading cap as well as appropriate WLAs and LAs, do not apply to open oceans or deep coastal areas.
 Finally, and perhaps most importantly, the USEPA does not intend to authorize the use of ETPs for
toxic pollutants due to concerns regarding the creation of toxic "hot spots" (1).

  Opportunities for ETPs are also limited for the distribution and marketing segment of the
petroleum industry (4).  Most of these facilities do not discharge their wastewaters to POTWs or have
multiple outfalls, thus eliminating pretreatment and intra-plant trades, respectively.  Limited point-
nonpoint trading could occur between tank farms with stormwater WQBELs and compatible point
sources.  If authorized by the USEPA, tank farms with WQBELs for toxic pollutants may also be able
to trade with other PSs. Retail service stations, which are not required to obtain wastewater discharge
permits, may elect to participate in an ETP if they can profit by selling or leasing PRCs to other
sources that are subject to WQBELs.



Because the opportunities for effluent trading are so limited in the exploration and
production and marketing and distribution segments of the petroleum industry, these two segments
were eliminated from further consideration in this paper.  The remainder of this section reviews the
opportunities for intra-plant, pretreatment, point-point source, and point-nonpoint source trading in
the petroleum refining industry.  Nonpoint-nonpoint source trades were not considered because
refineries, as point sources, would be ineligible to participate in such programs.  However, stormwater
discharges from refinery industrial areas might be appropriate for inclusion in nonpoint-nonpoint
trades.

Intra-Plant Trading

To date, the USEPA has only approved intra-plant trading to meet technology-based effluent
limitations for the iron and steel industry (4).  However, current regulations implicitly encourage
intra-plant trading for refineries by setting single plant-wide limits that are based on the sum of the
applicable discharge limits for each pollutant source (9).  Such plant-wide limits allow refineries to
allocate their total loading among outfalls in the most cost-effective manner.

The potential for refineries to use formal intra-plant trades to meet WQBELs has been
estimated, based on the number of refineries with multiple outfalls that discharge compatible
pollutants, as small to medium (4).  If eligible, refineries may prefer intra-plant trading to other types
of trades for the following reasons:

(1) reduced uncertainty since the refinery does not have to rely on another facility to
comply with the terms of the trading agreement in order to meet its compliance
obligation;

(2) reduced transaction costs since the refinery does not have to identify a suitable
trading partner and negotiate a trading agreement; and

(3) minimal increase in administrative burdens since all outfalls are already subject to
effluent limitations as well as monitoring, reporting, and recordkeeping
requirements.

 
Pretreatment Trading

Refineries will only be eligible to participate in pretreatment trading if they discharge their
wastewaters to POTWs.  Although very few refineries discharge to the same POTW, refineries may
be able to exchange PRCs with other industrial dischargers (10).  For example, potential trading
partners may include facilities that manufacture equipment, pharmaceuticals, and organic chemicals as
well as industrial and commercial laundries, electroplating and metal finishing operations, and pulp
and paper mills.

Since sources in pretreatment trading discharge their wastewater to POTWs instead of
directly to receiving waters, some of the requirements associated with other types of ETPs, such as
modeling the environmental impacts of proposed trades and monitoring ambient water quality, can be
eliminated, thus reducing transaction costs and encouraging ETP participation.  Pretreatment trading
could even include toxic pollutants since indirect discharge to the POTW eliminates the potential for
toxic "hot spots" as long as total pollutant loadings from the POTW do not increase.  However, such
trades must still be carefully evaluated to ensure that they will not cause the receiving POTW to



violate its NPDES permit, interfere with the operation of the POTW, cause or contribute to problems
in the sewer system, or increase the loadings of other POTW effluent components.  Another benefit of
pretreatment trading is the relative ease with which compatible trading partners can be identified.

Point-Point Source Trading

The greatest opportunities for effluent trading within the refining industry are probably
associated with point-point source trades.  For example, in lieu of installing additional abatement
equipment to meet new or more stringent WQBELs, a refinery could purchase or lease PRCs from
compatible point sources such as other refineries, POTWs, or petrochemical facilities.  Alternatively,
if the refinery's marginal abatement costs are low, it could profit by creating PRCs that could then be
sold or leased to other sources with higher marginal abatement costs.  Refineries are usually located
near fresh or estuarine waters for which TMDLs can be developed, thus simplifying pollutant loading
allocations (4).  In addition, all potential trading partners are already subject to the provisions of
NPDES permits, which eliminates many of the concerns associated with monitoring and enforcing
trading agreements.

Unfortunately, extensive water quality modeling, which may be required to evaluate the
environmental impacts of trading nonconservative pollutants, such as BOD and NH3, may eliminate
some or all of the economic incentives for refineries to participate in point-point source trades.  In
addition, some pollutants, like NH3, may exhibit localized toxic effects, which would preclude their
inclusion in the trading program.  Although currently prohibited by the USEPA, point-point source
trading for toxic pollutants could be possible if a refinery purchased toxic PRCs from upstream
dischargers or offset any increases in its pollutant loading by purchasing toxic PRCs from existing
dischargers in the same watershed (4).

Point-Nonpoint Source Trading

Refineries could also participate in point-nonpoint source trading.  For example, Veil (4)
suggests that refineries could fund BMPs to control contaminated stormwater runoff from nearby
areas or projects to remediate historically contaminated sediments that are contributing to water
quality impairment.  However, point-nonpoint trading opportunities for refineries may be severely
limited because very few nonpoint sources have compatible discharges.  In addition, even if refineries
and nonpoint sources discharge the same pollutant, the form of the pollutant and the frequency of
discharge will probably vary.  For example, pollutant loadings from refineries tend to be constant
while loadings from nonpoint sources vary with local meteorological, topographical, and land use
conditions.  As a result, extensive pre-trade water quality modeling and post-trade ambient water
quality monitoring may be required to ensure that point-nonpoint source trades do not result in
adverse environmental effects.  Such requirements, while necessary to protect water quality and
achieve ETP goals, increase transaction costs for trading partners, which may reduce or eliminate the
economic incentive to participate in such trades.

Other problems associated with point-nonpoint trading programs include establishing LAs
for variable nonpoint sources, quantifying the amount of PRCs generated by nonpoint source control
projects, and ensuring that nonpoint sources, which are not subject to NPDES permits, comply with
the provisions of their trading agreements.  ETP administrators must also determine the appropriate
trading ratio.  In general, trading ratios for point-nonpoint source ETPs are higher than 1:1 to account
for uncertainties associated with determining nonpoint pollutant loadings and PRCs and to encourage
progress toward relevant WQSs or goals.  However, high trading ratios may reduce potential cost
savings, thus eliminating economic incentives to trade. 



POTENTIAL BENEFITS OF ETPs

In summary, the potential benefits of ETPs for the petroleum refining industry include, but
are not limited to, the following:

(1) Refineries that use effluent trading to meet WQBELs or local pretreatment limits
should reduce their environmental compliance costs.  Such facilities may even be
able to increase profits by selling or leasing PRCs to other facilities.  Potential cost
savings would increase dramatically if the USEPA permitted the use of ETPs to
meet technology-based effluent limits, if existing WQSs are tightened, or if WQSs
are implemented for previously unregulated pollutants.

(2) ETPs may encourage refining companies to use "clean production technologies" as
new refineries are built or existing facilities are renovated.  Further, existing or new
refineries will be encouraged to develop and implement pollution prevention or
waste minimization measures.

(3) Refinery operators will be encouraged to maintain their wastewater treatment plants
at the highest possible treatment efficiencies.

(4) An ETP can encourage, and possibly force, collaboration and cooperation between
key stakeholders.  Such collaboration may help refineries identify suitable trading
partners as well as other creative approaches for water quality management that
may further reduce environmental compliance costs.

TECHNICAL AND POLICY CONCERNS

    Opportunities for ETPs in the petroleum refining industry are currently restricted because the
USEPA prohibits the use of ETPs for toxic pollutants and to meet technology-based effluent
limitations.  In addition, since the CWA does not explicitly authorize effluent trading as a compliance
alternative, facilities may be unwilling to rely on trading to meet their compliance obligations.  State
regulations that do not include WQSs for potentially tradeable pollutants, and which thus make it
impossible to calculate WQBELs, further limit the potential use of ETPs to achieve WQSs and goals
more cost-effectively (4).

Other technical and policy concerns related to the refining segment of the petroleum industry
include:

(1) In order to determine whether it can benefit from participating in an ETP, a refinery
must be able to calculate its current marginal abatement costs as well as the
marginal abatement costs associated with each of the alternatives that could be used
to meet its WQBEL.  If the refinery is considering a pretreatment, point-point
source, or point-nonpoint source trade, it must also obtain comparable information
for each potential trading partner.  The costs of obtaining such information may



eliminate any incentive to participate in an ETP, particularly if the expected
compliance cost savings are small.  Costs may be reduced if ETP administrators
serve as an information "clearinghouse" and aid in the identification of potential
trading partners and their marginal abatement costs.

(2) Refineries that participate in ETPs may significantly increase their administrative
burdens.  For example, the trade approval and implementation process will
probably require data collection, water quality modeling, source and ambient water
quality monitoring, reporting, and recordkeeping.  Although the extent of such
requirements will vary with the specific design of the ETP, administrative costs will
increase as a result of trading, which may further reduce potential compliance cost
savings.

(3) Refineries must also consider the advantages and disadvantages associated with the
applicable time periods for approved trades.  For example, long-term trades reduce
transaction costs and the uncertainties associated with frequent renegotiation but
may prevent a source from responding to changes in the marketplace.

(4) With the exception of intra-plant ETPs, refineries that participate in ETPs must
depend on other point and/or nonpoint sources in order to meet their compliance
obligations.  Before engaging in trading, refineries should verify that the trading
agreement contains monitoring and enforcement provisions to ensure that trading
partners fulfill their obligations.  In addition, refineries should consider any
potential liabilities and penalties they may accrue if trading partners violate the
trading agreement.



LIST OF ACRONYMS
BG background source
BMP best management practice
BOD biochemical oxygen demand
COD chemical oxygen demand
CWA Clean Water Act
ETP effluent trading program
I industrial wastewater treatment plant
LA load allocation
MOS margin of safety
NH3 ammonia
NOx oxides of nitrogen
NPDES National Pollutant Discharge Elimination System
NPS nonpoint source
NPSa nonpoint source (agricultural land)
NPSf nonpoint source (forested land)
NPSu nonpoint source (urban area)
PL pollutant loading
POTW publicly owned treatment works
PRC pollutant reduction credit
PS point source
PS(I) industrial wastewater treatment plant point source
PS(POTW) publicly owned treatment works
SO2 sulfur dioxide
TMDL Total Maximum Daily Load
USEPA U.S. Environmental Protection Agency
VOC volatile organic chemical
WLA waste load allocation
WQBEL water quality-based effluent limitation
WQS water quality standard
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  PS = point source; PS(I) = industrial point source; and PS(POTW) = publicly owned treatment
works

NPSf = nonpoint source from forested land; NPSa = nonpoint source from agricultural land; and
NPSu = nonpoint source from an urban area

WQSs = water quality standards

Figure 1: Conceptual Aspects of an Effluent Trading Program in a Watershed



T a b l e  1 : Fundamental Principles for Plannin ETPs (after 1)

Principle ETPs

Trading participants must meet applicable CWA Preserves minimum levels of water quality protection mandated by
the CWA.

sources which meet
fundamental requirements to benefit from trading.

standards throughout a watershed, as well as the
antibacksliding policy, and other requirements of

ordinances.

Ensures a certain level of water quality prior to implementation of a

Promotes fairness by allowing only those sources which meet

Trades are developed within a TMDL process or
other equivalent analytical and management

Allocates pollution control responsibilities among affected
dischargers using a process that can be easily used to document

Data and analyses typically enable water quality managers to better
understand and predict general effects of proposed trades.

regulatory and enforcement mechanisms.
Trading partners must work with federal, state, tribal, and/or local

appropriate level of accountability and enforceability.

Trading boundaries generally coincide 
watershed or water body segment boundaries, and
trading areas are of a manageable size.

stream/river segment, thus protecting against adverse local effects.

Boundaries may vary for different pollutants.

management structure of the trading program.

Trading will generally add to existing ambient Assessing the water quality impacts of trades may involve water
quality analysis and modeling.  The data needed depend on the

hydrodynamic and quality characteristics of the receiving water.  In
general, data on current water quality conditions, predicted

trading results are required.

Careful consideration should be given to the types Analysis of trades, including the potential impacts of spatial or
temporal variations in 
in water quality standards.

Careful consideration should be given as to whether cross-pollutant
interpollutant) trading could work under current regulatory

conditions and technical limitations.

must be key components of trading.
Educates stakeholder groups and the general public about the cost

Educates ETP managers about the concerns of the general public.

Builds 
general public, thus fostering better management approaches and
more effective environmental protection.



T a b l e  2 : Types of Trades in 

Type of Trade Definition (after 5)

A PS(I) uses its WLA as the basis upon which to
outfalls in a

cost-effective manner, provided that the combined

the combined permitted discharge without trading.

Pretreatment trading
then discharges to a POTW arranges, through the
local control authority, for additional control by other

pretreatment requirements, in lieu of upgrading its
own pretreatment for an equivalent level of reduction.

local POTW which has been assigned a WLA.

A PS arranges for other PSs in a watershed to

available PRCs from such 
its own treatment beyond the minimum technology-
based requirements.

nonpoint source trading A PS arranges for control of one or more 
watershed in lieu of upgrading its own treatment
beyond the minimum technology-based requirements.

NPS control arrangements could be direct or via
payment by the PS to a specific control fund

Nonpoint-nonpoint source trading A 
other NPSs in a watershed in lieu of installing or

be direct or via payment to a specific control fund
administered by a governmental agency.



T a b l e  3 : Factors Conducive to Effective 

• Potential trading partners must be compatible, w
discharge the tradeable pollutant(s) to the same watershed, that variations in their

sources are not direct competitors and thus are willing to trade.

• loadings using an
analytical framework, such as a TMDL analysis; such 
basis to evaluate proposed trades as well as the environmental effects of the overall
program.

The administering agency must develop WLAs and 
relative position in the trading market.

• PSs and NPSs to reduce pollutant 
promote the development of ETPs, particularly if the installation of additional

• Modifications in federal, state, and local laws and/or regulations that may restrict or

• Provisions are made to examine the environmental impacts of proposed trades as well

• In order to reduce transaction costs and policy complexities, a single, preferable local,

implement all aspects of the ETP and to modify it if necessary.

•
administering agency in order to reduce the uncertainties associated with participating
in trading programs and encourage more active markets.

Trading ratios should be established based on the relative environmental impacts of
tradeable pollutants as well as the consideration of technical and policy uncertainties.

Regulators must ensure that all trades can be properly enforced.



Table 4 Factors Related to the Limited Application of 

• ETPs require large amounts of information regarding existing water quality as well as
; obtaining such information,

if it is unavailable, may be cost-prohibitive.

High transaction costs, which include the costs of identifying potential trading
partners, negotiating trades, submitting trades for regulatory approval, and additional

in an ETP.

•
trading program rules are not clearly defined, if such rules are amended frequently and
without sufficient notice, or if the trading program may not be continued. 

NPS loadings and the effectiveness of
nonpoint or nonpoint-nonpoint

ETPs.

•
compliance alternative, affected sources may prefer to rely on traditional command-
and-control strategies to meet their environmental compliance requirements.

Submitting proposed trades for regulatory approval may require significant
investments in time and resources, particularly if extensive water quality modeling is

occurs, additional monitoring, reporting, and recordkeeping requirements may further

• ETPs may also increase regulatory burdens, particularly during program design and

varies according to the program's specific rules.

• ETPs and risk negative publicity, particularly
if the expected cost savings from trading are relatively insignificant.

Publicly owned facilities, such as POTWs, may be subject to rules that would restrict

limit participation in ETPs.

based in part on (6) and (7)



Table 5 Major Pollutants in Refinery Effluents and Their Sources (8)

Pollutant

BOD, COD, Oil Process wastewater
1

Ballast water

Total Suspended Solids Process wastewater
blowdown

Ballast water

Phenolics Process wastewater (particularly from fluid

NH3 Organics Process wastewater (particularly from fluid
coker)

Heavy Metals
Tankage wastewater discharge
Cooling tower blowdown

1  If hydrocarbons leak into cooling water system

 If chromate type cooling water treatment chemicals are used
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Gilbert M. Long
Philip Services Corporation

1440 Sens Road
La Porte, TX  77571

ABSTRACT

For everyone involved in a waste site cleanup, timely and cost-effective remediation should be a
common goal.   Large amounts of time and money are expended in preparing for site cleanup:
determining what needs to be remediated or removed, preparing work plans, evaluating
alternatives, planning for contingencies, and selecting a contractor.  Why then is there a fear and
reluctance to proceed when the time actually comes to do the cleanup work?

One reason is that the major players are often simply not on the same team, nor do they
necessarily play by the same rules.  At least five different groups- each with its own perspectives,
needs and fears- influence the cleanup process.  While there are more constituencies than five,
these are the most consistently present in the process: the public, regulators, site owners,
consultants, and contractors.  Sometimes one group has more than one role (e.g. regulators of
some Brownfield sites may behave like owners), and not all parts of a group may have identical
motives, but there are some useful generalizations regarding each group’s attitude toward the
remediation process and toward each other.

By recognizing the differences in motives during this process and communicating openly about
their needs, these five groups could work more productively toward a common goal: the removal
of the threat which ties them together.  Understanding other perspectives of the process should
help to develop solutions that best fit the needs of all the parties.



WHAT’S AT STAKE

A lot is at stake in a remediation project.   Aside from the emotional issues of fear, trust, health
risk, partisan advocacy, and job uncertainty, there is a huge amount of money involved.  The
estimates to clean up all the identified sites in the US at this time is in the hundreds of billions of
dollars, and this number is lower than it was when this paper was first conceived.  In 1991, the
estimate was in the trillion-dollar range.  This money will have to be spent over a relatively long
period of time in order for the country to afford it.  We have already spent billions on the efforts
to date, and not all of it was well spent.

In 1991, the remediation and consulting industries were expanding at double digit rates annually,
and the problem was where to find qualified staff.  That position started to change in
approximately 1992, and the environmental consulting and remediation markets have been
shrinking in the last few years.  Now the consultants and remediation companies must run as
businesses with similar behavior to other business owners.  Many consulting and/or remediation
companies are either in financial trouble or have been acquired by others in the past few years to
keep them in business.  Many of the staff who left these companies (voluntarily or otherwise) also
left the environmental industry.

There are three groups of people with money: consumers, shareholders, and taxpayers.
Companies who must perform remediation have not included the cost in past sales.   They must
either obtain it from consumers of their products and services as part of the present cost of
production, or from the shareholders (not a popular option).  If the company does not have the
money to clean up, or has gone bankrupt, taxpayers must pay for the cleanup through Superfund-
type programs.  One way or the other, the public (you and me) pays.  Thus it is actually in
everyone’s best interest to implement the least expensive solution which protects human health
and the environment.

We will now consider each of the five groups’ perspectives for two elements: needs and fears.

THE PUBLIC

The public has a huge amount of information at its disposal regarding remediation, but
individuals generally do not know how to gain access to it.  Unless a newsworthy cleanup or
treatment facility (formerly incinerators or disposal facilities) is planned in the neighborhood,
most people do not seek the information available to them.  When something does happen nearby,
the prevailing attitude seems to be some combination of the following questions:

1. Will this activity make me sick?
2. What will it do to our children?
3. What will remediation cost me as a resident?
4. What if it doesn’t work?  What are you leaving behind?
5. Waddaya mean, “Risk Based Closure?”
6. Why didn’t you tell us sooner?



These questions are legitimate fears for a person who is presented with unintelligible information
just before “the authorities” make a major environmental decision.  The general public often
perceives the situation as follows: the site owner is taking the money and running, the regulator is
off in the clouds somewhere, the remediation contractor wants to gold-plate his protective
clothing, and the public is dying in plain view.  If the public is aware of the consultant’s role, the
consultant is either off on another cloud or in the owner’s pocket.

So what are the public needs and how can they be met?   The first and primary need is adequate
protection- the reason the regulatory community exists.  While all parties generally agree that
remedial action does need to protect human health and the environment, “how much is enough”
has historically been the sticking point.  This emotional issue has pitted the “quick and dirty”
cleanup approach against those for whom any residual risk is too much.   Many states have
adopted a risk-based set of cleanup standards, mainly based on California’s Risk-based Closure
Assessment (RBCA) protocols, but the ability to take into consideration site characteristics
presents the public with more information than it can readily digest.  What do all those numbers
mean?

In addition, the early confusion over risk standards for human health parallels the problem of
assessing environmental risk and liability, and all the procedural and guidance issues have not yet
been settled.  The human risk assessment picture is considerably clearer than the environmental
damage assessment picture, and much harder to present clearly to the public.

The public has a need for useful information in clear language.  Risks must be presented and
understood within the context of all the options (i.e. excavate and treat this now so it doesn’t get
into more of your drinking water, or put a cap on it now and stop the underground movement or
wait five years for the lawsuits to clear).  The task of explaining technical information in non-
technical terms is a challenge, but without this information, the public is denied its right to at least
understand what is going on and have a say in the decision-making process.   “Make it go away”
is not useful input.  In general, scare tactics by any interested party (from owners threatening
layoffs to professional protesters) make reaching a settlement to remove the hazard more difficult,
expensive and time-consuming in a situation where time prolongs the real risk.

The public actually has been given considerable decision-making power by many of the
regulations.  As a former client observed, “The public can and will shut you down if you don’t
work with them.”  The need to use this power is preventable by good communications.

THE REGULATORS

From the regulator’s perspective, nobody is happy and the “IN” basket is full.  How full?
Historically some technical staff have had over 80 cases in their caseload, which translates to 2
hours per month to read reports and comment, decide whether the progress is adequate, respond
to all the interested parties, and keep the people who count the progress steps happy.  This isn’t
enough time to even visit most sites.  Agency staff have also been subject to layoffs and resource
reductions in some areas.  This generates a situation where highly motivated, well-educated
people are trying to cope with a system which offers them poor support.  The intent is clear from
the law: they must protect human health and the environment.  But how?



At least one state took a creative approach to this problem: New Jersey’s remediation program
has been self-funding from review and permit fees and fines.   No financial support is provided by
the state legislature.  In essence, the division operates as an enforcement consultant during the
course of voluntary remediation activities, while imposing permit fees and fines for involuntary
remediation work (e.g. Administrative Consent Orders).

Given the public visibility of the regulatory community, it is not surprising that one of the
primary fears is making a bad decision.  In this context, a bad decision is one that could be
second-guessed by superiors or the public.  This could lead to adverse publicity (another fear),
and embarrassment for the agency and the responsible individual.   The fear was formerly that the
remedy did not provide adequate protection; now this is in better balance (e.g. the burden on the
owner is also considered).  The need for balance actually may complicate the decision process.

In addition, the rules of the game have changed frequently and sometimes with little warning.
This means that any decision which takes a long time (years) to implement is inherently risky.
This has also slowed the field implementation of newer technical approaches, because the
evaluation process by the agency becomes more complicated.  There are many technical
approaches that have been tried and found either ineffective or relatively expensive in the past.
This problem also applies to natural attenuation, which has occasionally been portrayed as a “do
nothing” approach but is actually an active site monitoring process.

The situation becomes even more complicated when the property is treated as a “Brownfields”
site, because the agency may either be in an ownership position or may meet very strong political
pressure to redevelop the site.  This blurs the roles within the agency, with some of the staff in a
potential ownership position and others required to argue for less residual risk.

The first critical need of the regulatory community is adequate resources to do the job.  This has
been somewhat addressed by the advent of publicly acceptable risk-based treatment standards,
which have reduced the sheer number of sites requiring active regulation (and hence the
taxpayers’ overall burden).  In addition, the risk-based standards have simplified the rules for
choosing a remediation method, while offering additional flexibility in the actual selection.  In
essence the agencies have opted for performance-based contracting with the owners rather than a
set of detailed specifications.

The regulators also require updating in remediation methods, so that they are not dependent on
the consultants’ and contractors’ word that the method will work.  The performance-based
specification greatly helps this situation.  This requires both training time in classroom
environments and time to visit sites where the newer methods are being successfully applied, as
well as sites where the case worker has responsibility.

THE OWNERS

From an owner’s perspective, everyone is out to make him do something other than run his
business.  While the public watches, the regulators hold a gun to his head and the consultant
shows him where to dump the money while taking some off the top.  The remediation contractor
watches the money pour in.  This is not the picture of a person in charge of his own destiny.



Remediation, to owners, represents money spent without any financial return.  However, most
owners are not out to carelessly damage the earth for profit.  Most owners are corporations who
take their environmental obligations seriously and work within the system as they understand it.
Given that owners are in business to make money, the greatest fear is financial bleeding.  This
can take the form of cost overruns, fines, litigation costs, or lost public trust.   Adverse publicity
is as devastating for a business as it is for a regulator.  Sometimes, bad publicity leads to lost sales
that are the business’ lifeblood.

Another major fear of the corporate owners is future liability.  This fear deals with changes in
rules, treatment standards, and material formerly buried legally in landfills that become
Superfund sites.  These liabilities cannot be forecast well, but an attempt to assess the corporate
environmental liability on an annual basis is now a requirement for publicly traded corporations.

Thus, the first commodity an owner needs is competent advice.  This advice often starts with
either the consultant or the owner’s attorney.  It is imperative that the owner obtains a realistic
assessment of the site situation in order to conduct adequate planning.  This includes the budget
needs and timing as well as the remediation strategy, so the business can survive the remediation.
The choice of remediation methods may be influenced by budget timing and ultimate property
use issues as well as site conditions.  Nobody wins when a company chooses to go out of business
rather than clean up a site.

The owner also needs time: time to think through the strategy for cleaning up (and paying for it),
time to carry out the cleanup, and time to assess the impact on the business.  If the owner has
received competent advice and assessments, and is given the time necessary to plan the work, the
owner gains control of the process and may become a person in charge of his destiny once more.

THE CONSULTANT

The consultant is often the party charged with reconciling all these conflicting viewpoints, but
there is a consultant’s perspective as well.  In typical remediation cases, either the consultant or
the owner’s attorney will act in the reconciliation capacity.

Unless the work involves public hearings or is a politically “hot” site, the consultant generally
will not interface with the public to any significant degree.  There are obvious exceptions to this.
Some consultants believe that the regulators are on the same cloud that the public sees them on.
They also tend to see the public on a cloud of ignorance, if they worry about the public at all.
The owner never has enough money to do all the work required by the regulations, especially the
consultant’s work.  There is always more study that could be done, because the consultant makes
more money during this phase than during remediation.  The consultant needs to keep the
remediation contractor on a tight leash to make sure the owner has enough money left to pay the
consultant for supervising the contractor.  And how many hours do I have to bill this week?

Despite this apparently self-serving view, there are genuine needs and fears from the consultant’s
perspective.  The worst outcome is similar to the regulators’ fear: making a bad recommendation
that leads to loss of reputation on both a corporate and individual basis.  Here too, “bad” is any
recommendation that gets the owner into the news or costs him more money than is absolutely
necessary.  This can occur unexpectedly from a change in regulations or the filing of a lawsuit,
neither of which the consultant can control.  This leads to the tendency to “study the problem to



death” (also known as remediation by sampling), which avoids a final recommendation on the
grounds of insufficient evidence.  This can be repeated until the owner or regulators insist on
doing some remediation or proving that none is needed.

The first thing the consultant needs is a reminder that “it isn’t your money!”  Some owner’s
perspective helps a consultant be more effective, and that should lead to long-term, trusting
relationships with clients instead of hit-and-run work.  Along with this is the need for time to
develop a strategy that keeps the client out of the news while communicating the owner’s position
to all concerned.  This keeps the relative risks on a balanced basis.

Consultants also need to grow in experience as their career progresses, and this requires
experienced senior staff to mentor the newer employees.  The owner thinks this comes with the
service, and it is essential to obtaining repeat business.  Many owners want to identify one senior
consultant to manage the business relationship with the owner’s company, and have also limited
the number of consultants with whom they work.  Other services are provided on a subcontract
basis to the consultant as needed.

This means that the consultant needs to understand the owner’s business in order to anticipate his
environmental needs and meet them in a timely manner.  In an era of industry-specific regulations
and media-specific rules, understanding the business being served makes the consultant a much
more effective advocate.  After all, the recommendations must a) be adopted, and b) work
effectively.

THE REMEDIATION CONTRACTOR

There is a considerable difference between the perspective of a consultant and the perspective of
a remediation contractor.  After all of the preparatory work, the contractor will actually have to
execute the plan.  Everyone will be watching.

Now that it is finally time to clean up the site, the contractor has to contend with the fears of all
the other parties.  Thus everyone seems to be in the way.  The consultant wants to keep him on a
tight leash, the regulator now has to face the decisions made earlier and may drag his feet, and the
owner now has to spend a large amount of money and may want to stretch the time.  However, in
some cases a property transfer may depend on completing the remediation, in which case the
owner wants to go faster than light.

The contractor has fears of his own: the most immediate fear is cost and schedule overruns.
(“What did I forget?”)  This is normally the subject of lengthy contract negotiations, and a clear,
quantified scope of work can minimize the potential problems.  The contractor still has to perform
according to the negotiated terms.  Since the low bidder may have forgotten something big in the
bid, vigilance during remediation is a must.  In fairness to owners, low bidders who have omitted
an item or are significantly different from other bidders on a line item are given a chance by some
owners to rebid that portion of the work.  However, there is at least one company who is proud of
its record of putting remediation contractors out of business, one project at a time.   In this
climate, how can contingency be built into the cost and schedule and still win the bid?

In addition, the work must meet performance standards, raising the possibility of future lawsuits
and claims.  The future liability for leaks, whether caused by poor construction or by acts of God,



belongs at least in part to the contractor.  Any problems at the site often can make the news, so
adverse publicity is also a fear.  If an approved, closed cleanup site is hit by a flood, who is
responsible for leaks?

Another site problem deals with health and safety.  The contractor is responsible for all the
activities at the cleanup site, and his own and other employees must conduct the work to
minimize the risk of material releases and injuries.  Many owners require health and safety
statistics from contractors as a condition of bidding.

One of the more challenging issues for remediation contractors is training in new cleanup
methods.  As remediation has shifted from a “yellow iron” business of excavation, transportation
and disposal or incineration to having many more options for treatment on- and off-site, the line
between the consultant and contractor has blurred in this area.  In some cases, moving soil has
been replaced by monitoring, sometimes with sophisticated methods.  For natural attenuation, the
contractor may not be needed at all.

RESOLUTION

It is hopefully evident that common sense, an understanding of other viewpoints and motives, and
clear communications are essential to change the adversarial postures of the parties who
participate in the remediation process.   No matter who negotiates this communication, all of the
players need the opportunity to have their needs and fears expressed- and addressed- in order to
have the remediation proceed in an atmosphere of watchful trust and respect.  While the mood
may never get much better than that, this condition is considerably better than the atmosphere
surrounding many of the cleanups undertaken in the past.

Perhaps the best news is that this atmosphere is less difficult to attain than it once was, as many of
the parties have gotten some practice and have seen that good communications and efforts at
understanding have led to better expectations and results for all concerned.
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ABSTRACT

Our scaled-variable-reduced-coordinate (SVRC) framework for correlating
saturation properties was used to correlate the liquid densities of a wide variety of
refrigerants at temperatures from the triple point to the critical point.  In general, the
SVRC model is capable of representing the liquid densities of refrigerants within their
experimental uncertainties, when two adjustable parameters are used for each substance.

Beyond precise representation of existing data, the SVRC framework shows an
excellent capability for generalized saturation property predictions.  The model yielded
average errors of less than 1% for the phase densities, based on a single experimental
measurement.  This level of accuracy is comparable to that we reported previously on
refrigerant vapor pressure predictions.



INTRODUCTION

Chlorofluorocarbons (CFCs) have been blamed for ozone layer depletion.
Molina and Rowland (1) reported that photo-dissociation of CFCs in the stratosphere
produces significant amounts of chlorine atoms, which catalyze the destruction of the
ozone layer.  As a result, the Montreal Protocol agreements of 1987 issued a ban on the
production of CFCs after the year 2000.  Hydrofluorocarbons (HFCs) represent a viable
substitute to the CFCs refrigerants.

Design and operation of processes using HFCs alternative refrigerants require
accurate knowledge of their thermophysical properties.  Such properties are essential,
both when used directly in process development and equipment sizing, or when used as
input to predictive models.  Although a number of accurate equations of state have been
developed to address the property needs of specific refrigerants, they are limited in their
range of applicability and/or lack of suitability for generalization.

In previous studies (2, 3), a unified framework, based on the corresponding
states theory and scaling law concepts, was presented for the correlation of saturation
properties.  The main characteristics of the framework are:  [1] ability to correlate
saturation properties with high precision over the full saturation range, [2] ability to
satisfy established theoretical limiting behavior in the near-critical region, [3] suitability
for generalization to provide predictive capability, [4] ability to predict the behavior of
any refrigerant, and [5] simplicity.

Recently, we have focused our attention on correlating the saturation properties
of alternative refrigerants, where in our first study we dealt with the prediction of vapor
pressures (4).  In the present study, we evaluate the ability of this SVRC model to
correlate liquid densities of refrigerants, as well as for predicting liquid densities using
generalized model parameters.

THE SVRC MODEL

Our general SVRC formulation for correlating thermophysical properties may be
written as (2):

( ) ( )Y Y Y Y∞ ∞− − =α α α α ε0 Θ( ) (1)

or

[ ]Y Y Yα α αε ε= + − ∞0 1Θ Θ( ) ( ) (2)

where

( ) ( )ε = − −∞ ∞X X X X 0 (3)



and Θ(ε) = correlating function, X = correlating variable, Y = saturation property at
given X, Y∞ = asymptotic value of saturation property at X∞, Y0 = initial value of
saturation property at X0, and α = scaling exponent.

For correlating saturation properties, Equation (1) is recast for representing the
various properties between the triple and the critical points as:

( ){ }( )αααα Θ−−=
1

tcc YYYY (4)

where Y becomes p for vapor pressure, ρ for liquid density, etc.  Applied specifically to
liquid density correlation, the above equation is written as:

( ){ }( )αααα Θρ−ρ−ρ=ρ
1

tcc (5)

where pc and pt are the critical and triple point pressures, respectively.  To illustrate the
scaling and coordinate reduction strategy, Equation (5) can be recast as:

( )[ ]Θρ−−=ρ αα
rtr 11

The functions Θ(ε) and α are defined as (2):
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and

( )tc α−α=α∆ (9)

and A and B are correlation constants, αc and αt are the values of α at the critical
temperature and triple point temperature, respectively.

Figure 1 illustrates the variation of the reduced density with reduced temperature
for a number of compounds with different degrees of acentricity and polarity.  This
figure shows the dependency of density on temperature and chemical structure (note that



ρi is the triple-point density or the density at the lowest available temperature).  In this
framework (2), Equation (5) accounts for the effects of temperature and chemical
structure through the two functions (Θ and α), both of which are temperature dependent.
Figure 2 presents the effect of reduced temperature on the correlating function, Θ, while
Figure 3 depicts the variation of the scaling exponent, α, with reduced temperature, ε.
Inspection of Figures 2 and 3 reveals that the correlation (3):

• provides a universal representation for scaled-and-reduced liquid densities, Θ, in
terms of the reduced temperature, ε, and

 
• accounts for variations due to the chemical structure through the limiting values of

the scaling exponent (αc and αt).

Table 1 presents typical results of applying this framework to the correlation of
liquid densities and several other saturation properties (2, 3).  While precise fits of
experimental data were obtained using a two-parameter (αc and αt) model, fairly accurate
generalized predictions were also realized.  For example, in dealing with various
chemical species, we have demonstrated previously (2) that reasonably accurate
generalized liquid density predictions (average deviations of 1%) may be obtained using
the following correlations for αc and ∆α:

( )ω++=α 87 CC
rt65c TCC (10)

and

( )C43 ZCC
rt21 TCC ++=α∆  (11)

where Trt, Zc, ω, and C1 through C8 are the reduced temperature at the triple point (or the
lowest available temperature), the critical compressibility, the acentric factor, and
correlation parameters (given in Table 3), respectively.

MODEL APPLICATION AND DISCUSSION

In this evaluation of the SVRC framework, 21 different pure-fluid refrigerants
were used, 11 of which are alternative refrigerants, for a total of 827 data points. Due to
the lack of experimental measurements in the literature, most of the refrigerants studied
here do not have data over the complete saturation range from the triple point to the
critical point. Physical properties  (specifically Tc, pc, Zc, and ω) required to implement
the SVRC model were obtained from the same literature source as the liquid density
data, whenever possible.

The SVRC model contains four parameters (A, B, αc, and αt), as shown by
Equations (6-9).  However, our studies have indicated that good precision is retained
when A and B are treated as universal constants applicable to all fluids.  Table 2 presents
the results obtained in this study for the refrigerants considered.  Two case studies were



considered, one to evaluate the model precision (Case 1) and the other to address the
quality of the predictions using a generalized-parameter model (Case 2).  For Case 1, we
used a two-parameter model to regress αc and αt, and for Case 2 , we used the
generalized correlations outlined earlier by Equations (10) and (11).  Values for the
correlation parameters are presented in Table 3.

The SVRC approach was used to correlate pure-fluid liquid densities at
temperatures between the triple point and critical point.  However, the range of data for
each fluid varied, due to the availability of data.  When the triple point data were not
available, the triple point terms were replaced by the lowest available temperature data
point (Ti) for Cases 1 and 2 in Equations 5 and 8 – 11.  The results from Case 1
demonstrate that the SVRC precisely represents liquid densities of refrigerants with an
average percent deviation (%AAD) of 0.09, which is typically within their experimental
uncertainty.  The results of Case 2 demonstrate the generalizability of the model,
yielding %AAD of 0.42.

The results reported in this study and previous evaluations (2, 3, 3a) offer good
evidence of the SVRC’s usefulness in generalized predictions of saturation properties.
This is clearly illustrated by the results presented for Case 2 in Table 2, where
generalized predictions yield average errors of less than 0.5% over the available range of
data, based on a single experimental measurement.  Figure 4 depicts the resultant
deviations for the alternative refrigerants in Case 2.

SUMMARY

1.  Our SVRC framework was used to correlate liquid densities of a wide variety of
refrigerants from the triple to the critical point.

 
2.  The SVRC model can represent the liquid density of refrigerants essentially within

their experimental uncertainties (within 0.1%), when two adjustable parameters are
used for each substance.

 
3.  More importantly, the SVRC shows excellent generalized predictions of liquid

densities, with average errors of less than 0.5%, based on available physical
properties (Tc, pc Zc, Ti, ω).
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Table 1.  Typical Results Using the SVRC Framework.

%AAD * (No. of Fluids)
Physical Regressed Generalized
Property Parameters Parameters

Vapor Pressure 0.05 (18) 0.83 (47)

Liquid Density 0.10 (22) 0.82 (34)

Vapor Density 0.17 (11) 1.00 (11)

Interfacial Tension 0.33 (13) 1.00 (23)

* %AAD = average absolute percent deviation



Table 2.  Results for the Scaled-Variable-Reduced-Coordinate Framework
Applied to Refrigerants.

%AAD
Refrigerant NPTS Case 1* Case 2** Ref

CFC’s R-12 21 0.01 0.28 7
R-22 19 0.00 0.09 7
R-22   7 0.01 0.04 8
R-32 16 0.15 0.71 9
R-32 12 0.01 0.25 10
R-32 22 0.02 0.39 11
R-32 27 0.01 0.20 12

HFC’s R-123 24 0.09 0.38 13
R-123   9 0.18 0.46 14
R-125   8 0.08 1.22 15
R-125 14 0.02 0.07 10
R-125a   7 0.23 2.83 16
R-134a 10 0.14 0.41 17
R-134a 25 0.09 0.64 18
R-134a 12 0.09 0.19 14
R-142b   5 0.12 0.16 19
R-142b 19 0.06 0.45 10
R-143a 10 0.03 0.04 18
R-152a 20 0.02 0.62 20
R-152a   7 0.06 1.06 21
R-227ea   8 0.30 4.11 22
R-236ea   7 0.37 2.55 22
R-245cb   8 0.19 2.66 22
R-C318 24 0.49 0.53 23

Other CH3   61 0.17 0.62 2
C2H6   60 0.08 0.16 2
C3H8 121 0.05 0.08 2
C4H10   73 0.04 0.10 2
N2   33 0.13 0.31 2
Ar   70 0.10 0.43 2
NH3   68 0.03 0.41 2

Overall 827 0.09 0.42

* Case 1: Two-parameter model used to regress αc and ∆α as system specific parameters.

** Case 2: Correlation from lowest temperature data to critical point, αc and ∆α from equations
(10) and (11), respectively.



Table 3.  Correlation Parameters Reported by Shaver et al. (3).

Parameter Value Comment

A
B

1.07068
0.325

Universal constants in all cases

C1
C2
C3
C4
C5
C6
C7
C8

 3.63493
-3.73713
 0.32786
-0.90951
 0.36141
 2.95802
 16.4993
-25.4640

Generalized constants for Cases 2 and 3
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ABSTRACT

Geosynthetic clay liners (GCLs) are manufactured barrier layers containing high
quality sodium bentonite clay attached or adhered to geotextiles or a geomembrane.  The
GCL’s low permeability and high strength make it an ideal replacement for containment
or capping projects with petroleum, storage, conveyance, or refining industries.

This paper will discuss the benefits of utilizing a GCL versus compacted clay in
containment applications.  Some of the benefits to be compared include the GCL’s lower
permeability (5 x 10-9 centimeters per second (cm/sec)) and corresponding better
composite liner leakage protection, secondly, the GCL’s greater resistance to desiccation,
differential subsidence and freeze-thaw, and lastly, the ease and speed of installing the
GCL.  Additionally, the GCL will not effect the operation of a conventional cathodic
protection system.

GCLs have been used as primary or secondary containment in bulk tank farms,
process fluid ponds, and pipeline liners.  GCLs are also used to cap petroleum-impacted
soil or waste; and used as a primary liner in bioremediation pads or constructed wetlands.
This paper will provide case studies presenting some of these applications.

MATERIAL PROPERTIES

A GCL is a high quality, high-swelling sodium bentonite clay adhered or
attached to manufactured geotextiles or flexible geomembranes.  GCLs have been
manufactured since the mid-1980’s, initially used in double-lined landfill liner systems
(Koerner, R.M., 1996). The structure of interlayer sodium cations makes sodium
bentonite hydrophilic (water attracting).  The sodium cation clay structure readily accepts
water molecules so that little free-water space is available in the clay voids, hence,
maximum water permeabilities of 5 x 10-9 cm/sec are readily obtained using GCLs.
GCLs contain clays that have high swell index characteristics of at least 24 ml per 2
grams of bentonite using ASTM Method D-5890, and maximum fluid loss values of 18



ml using ASTM Method D-5891.  All GCLs contain an industry standard minimum of
3.65 kilograms of sodium bentonite clay per square meter of material as measured using
ASTM Method D-5993.

There are unreinforced and reinforced GCLs available for use. Unreinforced
products are manufactured using either adhesives and/or pressure.  These products
incorporate the use of a geotextile or flexible geomembrane to carry the bentonite layer.
The unreinforced GCL is used on slopes gentler than 10:1, such as on the flat areas
around and under above-ground tanks, fluid containment basins, and remediation covers.
The reinforced GCLs are manufactured by needlepunching or stitch-bonding the top and
bottom geotextiles together to encapsulate the sodium bentonite layer.  The physical
bonding of the geotextiles enhances the GCLs internal resistance to shearing and creep.

One of the unique benefits of GCLs is its self-healing capability.  Should the
GCL be punctured, the bentonite will flow into the puncture area and seal the puncture.
Research has shown that GCL bentonite will self-seal punctures up to 25 mm in diameter.

Field quality assurance is minimized when using GCLs because the GCL is a
pre-manufactured product certified by the manufacturer to meet the design performance
requirements.  By contrast, field quality assurance is critical to the performance of a liner
project when constructing a compacted clay liner (CCL).

DESIGN ISSUES

The design of a GCL barrier layer is similar to other geosynthetic barrier layers.
Some issues that have to be taken in account for reliable design of GCL barrier layers are
discussed in Table 1.

INSTALLATION ISSUES

GCL is typically manufactured in rolls 4.2 to 4.7 meters wide and 45.7 meters
long, and weigh upwards of 1,200 kilograms, so applicable offloading and installing
equipment should be used that can withstand the heavy roll loads. GCL is typically
offloaded from flatbed trailer trucks using either a spreader bar, carpet pole (stinger), or
properly positioned lifting straps (usually 3 are positioned equidistant across the roll).

Normal Installation

The GCL panels are usually deployed onto a prepared subgrade using a spreader-
bar attached to a rubber-tired deployment vehicle such as a front-end loader, forklift,
wheeled or tracked excavator, or rubber-tired ATV.  The deployed GCL panels are
normally overlapped 150 to 300 mm depending upon the application.  If the GCL is not
self-seaming (i.e., needlepunched products), then a thin layer of granular sodium
bentonite is applied in the overlap seam at a typical rate of 0.45 kg of bentonite per lineal
meter.  Self-seaming GCLs (i.e. Claymax) do not require the additional sodium bentonite.



Protrusions

GCLs are installed around protrusions by cutting an undersized hole around the
protrusion, fitting the GCL into place, and placing about 1-2 kg of granular sodium
bentonite per 300 mm of circumference around the protrusion and GCL interface.  A
product called bentonite mastic can also be applied as a paste onto the GCL/protrusion
junction.

Tank Ringwalls or Tank Chimes

There are various methods to properly install GCLs onto tank ringwalls both
underneath and outside the tank area.  The most common approach is to excavate a pilot
trench around the ringwall and place approximately 3 kg of granular sodium bentonite
per lineal meter of ringwall circumference.  Following bentonite addition, the GCL
panels are placed up to the junction with the ringwall structure.  Another 0.75 to 1.0 kg of
granular bentonite per lineal meter is placed at the GCL/ringwall junction.  A typical 600
mm wide strip of GCL panel is then placed up the ringwall 150 to 300 mm and
overlapped on the basal GCL panel at least 300 mm.  This overlap strip is fastened onto
the ringwall using bentonite mastic or in some cases concrete fasteners.  This approach
can also be used for new tanks or for retrofitting existing tank ringwalls or chimes.

The GCL is then covered with at least a 300 mm lift of sand or soil and leak
detection appurtenances and, if needed, permanent electrodes are installed.  Cathodic
protection (CP) anodes are usually installed into the subgrade below the GCL before the
GCL is installed.  Horizontal CP systems are not likely needed for a GCL barrier layer
system because the sodium bentonite is fully conductive.  See May (1992) for more
discussion regarding compatibility of GCLs with CP systems.

Sideslopes and Berms

On sideslopes, GCLs can be either run-out over the crest of the slope, or
anchored into the crest by employing an anchor trench.  The depth and width of the
anchor trench is dependent on the length of slope and normal and/or dynamic shearing
forces.

Initial Hydration

GCLs will almost always hydrate normally over time from the mass transfer of
normal soil moisture into the bentonite structure.  For tank containment applications, it is
almost always necessary to initially hydrate the GCL after placing the necessary soil
cover on top.  This initial hydration can be done by “flooding” the cover soil with water
enough to provide a wetting front that contacts the GCL and hydrates it to over 200
percent by weight water.  The authors recommend hydrating the GCL after covering with
the soil.  Take special care to apply enough water on the berm areas so that the GCL on
the berm is adequately hydrated.



MAINTENANCE ISSUES

Moisture Retention

One concern of the GCL in tank containment applications is long-term moisture
retention of the GCL.  Daniel and Shan (1993) has observed that GCL moisture contents
over 50 percent by weight are needed.  There has been controlled moisture retention
studies using bentonite mats that have measured sufficient moisture in the GCL even
after the overlying soil is almost completely dried out.  Bennett and Luettich (1989)
reported on a GCL moisture retention study where drought conditions were simulated
with different soil thickness and moisture contents.  The study reported that at a GCL
confining stress of 3.5 and 8.0 kPa (about 200 and 450 mm thick soil layer), the GCL
moisture content exceeded 240% by weight even though the overlying soil contained
final moisture contents of only 1% and 5% by weight.

If moisture retention is a long-term maintenance concern, the authors suggest
adding water to the overlying soil every 3 to 6 months at a site-specific rate that depends
upon the evapotranspiration rate, and field capacity of the cover soil.  This maintenance
watering can be conducted using portable sprinklers, or by flooding the in-situ leak
detection system that may or may not be required as part of the tank containment. The
authors recommend that enough water be applied to the cover soil that a “wetting front”
of water penetrates the cover soil and hydrates the GCL to moisture contents exceeding
200% by weight.

Damage Repairs

If the GCL gets damaged due to maintenance issues or additional construction, a
patch of GCL should placed over the damaged area with about 300 mm of overlap in all
directions.  Granular bentonite should be used in the overlap if required by the
manufacturer.

APPLICATIONS

There are a number of proven applications using GCLs in the petroleum industry.
These applications are summarized below.

Tank containment – The principal application for GCLs in the petroleum industry.  Over
one million m2 of GCL has been installed in the past 10 years in petroleum storage tanks.
GCL has provided secondary containment for tanks containing among others, crude,
Bunker C oils, aviation fuel, gasoline, diesel, and MTBE.

Runoff or stormwater protection – GCL has been installed in stormwater collection
channels and impoundments in order to contain hydrocarbon-impacted runoff from
impacting groundwater.  Typically, GCL is installed as a sole barrier layer in these
applications where compacted clay is too expensive, or geomembranes are not necessary.



Wastewater impoundments – GCLs are used as primary or secondary barrier layers in
wastewater ponds or structures to help protect the underlying groundwater.  Most
applications contain a primary polyethylene geomembrane underlain by a GCL.

Engineered wetlands – GCLs are being installed in shallow engineered wetlands to
reduce percolation and water loss.  Roots have been shown not to impact the permeability
of hydrated GCL, so engineers are increasingly specifying GCLs in this application.

Landfill liners – Most GCL worldwide is used as a secondary bottom liner in GCL/HDPE
composite liners for municipal solid waste (MSW) landfills.   GCLs are also used as
primary or secondary liners in non-RCRA industrial landfills for containing petroleum-
impacted wastes or debris.  GCLs have been used in RCRA Subtitle C landfills as
secondary barriers replacing a portion or all of the compacted clay requirements.

Remediation or landfill caps – GCLs are commonly used to cover old landfills or
impacted soil areas as part of a closure or remediation project.  GCL is cost-effective
versus using compacted clay and has better long-term hydraulic performance in caps
where desiccation, freeze-thaw, and/or differential settlement may be an issue.

Biotreatment pad liners – GCLs has been used as primary or secondary barriers for fixed
or temporary biotreatment pad liners in active operations or during site remediation.  The
GCL is easy to install and minimizes the time to complete construction of these
structures.

CASE STUDIES

A brief discussion of relevant projects related to the petroleum industry are
discussed below.

MTBE tank containment – Approximately 15,000 m2 of unreinforced GCL was used as
the primary containment liner in a new MTBE tank farm constructed in 1993 at a San
Francisco Bay Area refinery.  The tank project was part of the refinery’s Clean Fuels
Program.

Bulk tank containment, Rocky Mountain area – Approximately 13,000 m2 of reinforced
GCL was used for retrofitting a bulk tank farm in Grand Junction, Colorado.  The project
was conducted in January 1998 under occasional sub-freezing temperatures.

Texas refinery tank farm containment  – Over 100,000 m2 of GCL has been used for
secondary containment around new and existing tanks at a large Texas refinery.  The
GCL has been used in lining tank farms containing crude and refined petroleum products.
These projects have been on-going between 1991 and 1997.

Major airport fuel tank containment – Approximately 38,000 m2 of reinforced GCL was
used for retrofitting a tank farm containing aviation fuel at the JFK Airport in New York
State.  The GCL was installed in 1992 as part of the requirements set up by the New York
State Dept. of Environmental Conservation (NYSDEC). One design issue was the veneer



stability of the1:1 to 1.5:1 berms.  Geosynthetic reinforcement was utilized in some areas
where asphalt cover veneer was observed to creep because of the steep berm angles.

Remediation waste cover – Approximately 60,000 m2 of geomembrane-backed GCL was
installed over stabilized refinery and petroleum waste at a refinery in Utah.  The project
was completed in 1998.  Extensive compatibility testing between the stabilized waste and
the GCL bentonite was conducted during the project design.

Refinery landfill cover – Approximately 25,000 m2 of reinforced GCL was installed as a
secondary barrier cover for the closure of a RCRA-regulated landfill in the San Francisco
Bay Area.  The GCL was overlain by 60-mil HDPE and geocomposite drainage blanket
(GDB).  The landfill waste was composed of municipal solid waste, construction debris
and petroleum-impacted waste.  This project was completed in 1997.

RCRA landfill cover – Approximately 200,000 m2 of unreinforced and reinforced GCL
was utilized as a secondary barrier layer on two highly regulated RCRA landfills in the
San Francisco Bay Area.  The GCL was overlain by 80-mil HDPE and geocomposite
drainage blanket.  The use of the GCL saved the landfill owner a substantial amount of
money over using 450 to 600 mm layer of compacted clay.  The use of the GCL also
helped accelerate the construction into one season.

Soil remediation cover – Approximately 3,000 m2 of unreinforced GCL was used to
cover petroleum-impacted soil at a California State Conservation Camp in Jamestown,
California.  The high concentrations of hydrocarbons and high costs of offsite disposal
made the GCL a feasible option to cap the material in place instead of using
bioremediation, soil venting, or offsite disposal.  The project was completed in 1994.

Soil bioremediation liner – Approximately 8,000 m2 of unreinforced GCL was used as a
base liner for a temporary bioremediation project at a closed US Navy bulk loading
facility in the Torrance, California area.  The GCL was used as a primary liner to control
the migration of fuel hydrocarbons into the groundwater during bioremediation.  The
project was constructed and completed in 1994.

SUMMARY

GCLs have a proven track record in the petroleum industry as primary or
secondary barriers for secondary containment, fluid storage, runoff control, remediation
covers, landfill liners and covers, and engineered wetlands.

GCLs provide a superior manufactured clay barrier layer that is self-healing and
not affected by freeze-thaw, desiccation, and differential settlement.  The GCL is easily
installed around protrusions, and in difficult site conditions and weather.  Conventional
cathodic protection (CP) systems can be used with a GCL barrier layer.

Maintaining a GCL’s long term hydraulic performance in tank containment
systems requires minimal upkeep such as insuring proper moisture content.
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Table 1. GCL design issues.

Design issues Suggested design activities

Freeze-thaw This design issue should not affect the performance
of the GCL (see Kraus, et al, 1997, and Hewitt and
Daniel, 1997), however, freeze-thaw could affect
overlying drainage systems and vegetation growth.

Desiccation This design issue should not affect the performance
of the GCL (see Boardman and Daniel, 1996).  If
need arises to maximize GCL moisture retention, a
design of thicker than 300 mm cover layer is
recommended.  Other construction and maintenance
hydration issues related to above-ground storage
tanks are discussed later in this paper.

Root penetration Normal root growth has been shown to have minimal
impacts on the performance of a GCL in a cover
system.  If deep rooted shrubs or trees are planted,
CETCO recommends digging a pilot hole first
through the GCL, installing the vegetation, then
backfilling with granular bentonite at the junction of
the GCL and trunk.

Differential settlement Most GCLs can withstand over 10 percent tensile
strain before hydraulic conductivity increases (see
LaGatta et al, 1997), therefore, this should not be a
critical design issue for most GCL applications.  If
settlement is still a concern, increase overlap of
panels to 300 to 450 mm to minimize panel overlap
“pullout.”

Static and dynamic loading In most instances, GCLs will behave properly under
high normal or dynamic loads (i.e. dynamic truck
traffic) once covered with at least 300 mm of
protective soil cover.  If needed, geosynthetic
reinforcement layers (geogrids and/or high strength
geotextiles) can be utilized in critical load situations
on truck ramps or berms where high traffic is
anticipated.  See Richardson (1997) for more
discussion about GCL loading and stability issues.

Subgrade preparation Subgrade needs to be prepared so that protrusions
greater than 13 millimeters are minimized.
Additionally, subgrade should contain minimal voids
caused by coarse-grained soil material.  If the project
dictates a cushion separation layer between GCL and
subgrade, a 150 mm sand mattress layer or
geosynthetic cushion material can be specified.

Veneer stability Steep sideslope applications (containment berms or
caps) should be designed to provide adequate factor
of safety between the GCL and veneer cover soil.
Slope length, slope inclination, soil composition,



normal and/or dynamic loading should be evaluated
to determine whether veneer reinforcement is
necessary.

Chemical compatibility Design using subgrade and cover soils that do not
have elevated leachable Ca++ and Mg++.  If elevated
concentrations exist, conduct tier 1 and 2
compatibility tests on soil leachate.  Soil leachate can
be generated using simulated rainwater mixed with
soil similar to EPA Toxic Characteristic Leaching
Protocol (TCLP) test.  If tier 2 tests indicate a higher
than anticipated hydraulic conductivity, then design a
GCL with a chemical resistant bentonite or use a
composite laminate GCL.  See Ruhl and Daniel
(1997) for discussion on how GCL bentonite can
react with chemical permeants.



Confirming Well Mechanical Integrity With Log Data
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ABSTRACT

Concern for environmental protection not only encompasses the contaminants at
the surface and those that reach the surface from the subsurface but also extends to
maintaining and protecting the potable waters and other useful minerals beneath the
surface.  Such protection involves the proper drilling, casing, and cementing of oil wells,
injection wells, underground gas-storage wells, waste disposal wells, and any other well
that penetrates usable minerals.

The technology to effectively and efficiently evaluate a well’s mechanical
integrity – cement quality and tubular goods – is available today.  Wireline measurements
have evolved to such a level that the recorded wireline information, which reveals the
condition of casing and the cement around its periphery, can be comprehended and
trusted.

Today’s corrosion monitoring devices have a refined accuracy that pinpoints
corrosion on both the inner and outer side of pipe strings.  Instrumentation accuracy in
determining the size and depth of pits, holes, splits, and other corrosive phenomena has
attained industry acceptance in subsurface monitoring.  Similar equipment is used to
monitor short sections of pipelines near or at the surface to avoid unexpected failures.

Cement evaluation methods have advanced to the point that cement is evaluated
in a sectorial manner around the casing; channels and voids are identified by depth as
well as by the side of the pipe where they occur.

Test wells have constructed by the Environmental Protection Agency
(Department of Energy), Conoco, Amoco, and the American Petroleum Institute (API) to
evaluate the effectiveness of service contractors’ cement evaluation equipment.
Examples from some of these test sites will verify the effectiveness of a pad-mounted,
segmented bond logging instrument.

Today, zone isolation and/or hydraulic cement integrity can be determined with
nearly 100% accuracy when using the proper measurements.  Pinpointing zones that pose
potential problems permits squeeze cement jobs to be performed with precision.
Identification of potential problem areas in a casing string allows remedial action to
repair, patch, or replace tubular goods.  If conditions are irreparable, the well can be
properly plugged and abandoned.



CASING OVERVIEW

Steel casing is manufactured in two successive processes that convert an oxide of iron, typically
hematite (Fe2O3), to an alloy of iron and carbon (steel).1  The first process uses a blast furnace to
transform the hematite ore to molten pig iron, a solution of carbon, iron, silicon, phosphorous, and sulfur.
The pig iron is then refined by a steel-making process to reduce the high concentration of carbon, silicon,
phosphorous, and sulfur to acceptable levels.  Steel is the end product.  The steel is formed into casing at
a pipe mill (Fig. 1).  Interestingly, the heat energy supplied to convert iron ore to steel is the same energy
that causes corrosion of steel in a wellbore.

Electrochemical Corrosion

Steel casing in a well is typically exposed to water, an electrolyte, and the earth itself (Fig. 2).
Electrically conductive casing acts as an anode (+) during electrochemical corrosion, and iron is removed
from the outer pipe wall at the anode, thereby reducing pipe thickness.  Another portion of the pipe acts as
a cathode (−).  At the cathode site, other chemical reactions essential to electrochemical corrosion occur
and result in transforming steel to its original ore state.

Electrochemical corrosion generally requires an anode site, a cathode site, an electrically
conductive path between the anode and cathode, an electrolyte (e.g., water), and a source of energy (heat).

Electrochemistry

An electrochemical process (electrochemical corrosion) simultaneously involves chemical
reactions and the flow of electricity (Fig. 3).  At the anode site, the following oxidation reaction occurs:

Fe → Fe2+ + 2e.

During the reaction, iron enters the solution as iron ions in the electrolyte (water) and leaves electrons in
the metal casing.  As the iron ions enter the solution, there is an erosion of the outside casing wall and a
resulting reduction of casing thickness at the anode.  The electrons remain in the metal of the casing and
flow toward the cathode site by electrical conduction (Fig. 3).

The cathode is a portion of the metal that does not dissolve; it represents the site of reduction
reactions that consume the electrons flowing through the metal from the anode.  At the cathode site, a
typical reduction reaction is

2H+ + 2e → H2 ↑.

In this reaction, hydrogen ions from the water combine with electrons to form hydrogen gas.  If oxygen is
present, two other reduction reactions are also possible.  In the first of these, hydrogen ions in the water
combine with the electrons in the metal to form more water, i.e.,

O2 + 4H+ + 4e → 2H2O.



This reaction is typical of acid solutions in contact with the casing wall.  If neutral or alkaline solutions
are in contact with the casing wall, the following reaction can occur:

O2 + 2H2O + 4e → 4OH−

In this reaction, oxygen and water combine with electrons from the metal to form hydroxyl ions (OH−).

Maintaining a flow of electrons through the metallic conductor (between anode and cathode sites)
requires a voltage source of difference in potential (Fig. 3).  The potential difference provides electrical
impetus to the electrons as they travel through the metal from anode to cathode.  Heat is often the energy
source, and corrosion generally occurs in localized “cells” that minimize ion migration distance in the
electrolyte.

A metal is in an inherently heterogeneous state, which results in potential differences at the metal
surface that creates such corrosion cells.  Location of anode and cathode sites can also change with time;
i.e., as corrosion products accumulate, anode sites shift.

Conductivity of an electrolyte (water) affects the rate of corrosion.  Both salt and dissolved gas
raise the conductivity of an electrolyte, increasing the rate of electrical current flow in the metal, and
metal removal at the anode site.  Gases that typically dissolve in an electrolyte are oxygen, carbon
dioxide, and hydrogen sulfide.  Elevated pressures increase the gas concentrations that are dissolved,
thereby increasing the corrosion rate.  Increasing temperature also increases the corrosion rate.  Although
elevated temperatures tend to drive dissolved gases out of solution in open systems, they do not reduce
the concentrations of dissolved gases under typical downhole closed-system conditions.

CEMENT OVERVIEW

During well cementing operations, a cement slurry is pumped downhole through the casing and
back up the annular space between the pipe and borehole wall.  The cement is then allowed to “set” or
cure and, as a result, develop its compressive strength.  Cement serves two principal functions:

(1) shear bond, which mechanically supports the casing
(2) hydraulic bond, which restricts fluid movement longitudinally along the casing and between

adjacent geological horizons.

In-depth details are beyond the scope of this article, but the technology supporting modern well
cementing is a complex science involving the chemistry of cement slurries and the mechanical devices
employed to achieve cement coverage downhole.  More detailed, yet general, information on the subject
can be found in Cement Evaluation Guidelines.2  Environmentally sensitive zones in the subsurface
require zone isolation from fluids and gases that could contaminate them, and all wells must prohibit such
fluids or gases from reaching the surface in a manner that causes environmental problems.

A fundamental problem in cementing is to fully displace the fluid in the casing annulus.
Hydraulic bond at the cement-to-formation interface is largely influenced by the presence or absence of
filter mudcake and by rock type.



Permeable formations usually experience better hydraulic bond because cement slurry loses water
to the formation and develops a higher compressive strength.  High efficiency is often difficult to achieve
as a result of the case with which cement flows through the larger annular regions and its inability to flow
through narrow annular regions (Fig. 4).  Remedial measures include

• centralizing the pipe
• using scratchers to remove wall cake
• using a preflush ahead of cement
• moving the pipe while circulating
• cleaning or coating the pipe.

Cement Additives

Well cement typically contains some additive(s) to modify the basic cement properties and tailor
it for a particular downhole condition.  Additives may be used for a variety of reasons:

• vary cement density
• increase or decrease compressive strength
• accelerate or retard the setting time
• control filtration rate
• reduce slurry viscosity
• bridge for lost-circulation control
• improve economics

Factors Affecting Downhole Cementing

Downhole cementing practices are affected by several factors that influence the messages given
by wireline log responses.  These factors are

• cement setting time • reservoir fluids
• bottomhole temperature • borehole fluids
• pressure • borehole size and shape
• depth • borehole deviation
• type of cement • casing size and weight
• cement additives • casing centralizers
• mud additives • casing scratchers/wipers
• quantity of cement • perforating damage
• cement injection rate • bond damage by high-pressure squeezing.

CASING EVALUATION SERVICES

Several wireline measuring systems are used to detect corrosion in well casings.1

• Vertilog - Direct current (DC) electromagnetic measurements determine the degree of
penetration of a casing defect, whether the defect is internal or external, and the circumferential
extent of the defect.



• Magnelog – Alternating current (AC) electromagnetic measurements that are related to the
circumferential average of casing wall thickness, inner wall defects, and variations in the casing
internal diameter.

• Multifinger caliper surveys locate evidence of internal corrosion and mechanical wear on the
inside of the pipe, measure internal diameter and out-of-roundness, locate collars and diverter
valve tools, and identify casing joints with differing weights or wall thicknesses.

• A casing potential profile includes stationary recordings of successive voltage differences along
the casing wall to indicate intervals where electrochemical corrosion is active.  This system is
effective in the design or monitoring of cathodic protection systems.

The Vertilog corrosion-detection service is the system discussed in this article because it provides
the most extensive information needed to establish and evaluate the extent of casing corrosion.3  The DC
electromagnetic system includes a set of “upper” and “lower” shoes.  The upper set is arranged in a ring
around the tool body, concentric with the tool axis.  The other set is arranged so that it covers the gaps
missed by the upper set and overlaps portions of the upper shoe coverage, thereby guaranteeing 100%
total coverage of the casing circumference (Fig. 5).  Each shoe contains four sensors.  Two sensors are
coils that detect flux leakage, and two eddy-current sensors correspond to each of the flux-leakage coils
(Fig. 6).

Magnetic-Flux Lines

The coil arrangement is illustrated schematically inside a cutaway casing section (Fig. 7).  Each
coil generates magnetic flux (field) lines that emanate from the coil, pass through the casing wall, and
return to the coil.  When no defect is present, the flux lines pass through the casing wall without
“leakage,” i.e., the flux lines remain within the body of the casing (Fig. 7A).  In contrast, flux leakage
occurs when the casing wall is defective (Fig. 7B).  Depicted defects include both inside and outside
defects and a hole that completely penetrates the pipe (Fig. 7B).  Nevertheless, the flux lines emanating
from the coil eventually return to the coil.

Eddy-Current Responses

Eddy-current coils become active if excited by an imposed AC, whereas the flux-leakage coils
remain passive to the imposed AC.  As a consequence, eddy-current coils generate an alternating
magnetic field that excites eddy currents within the body of the casing.  The AC frequency is carefully
chosen so that the eddy currents remain very close to the inside surface of the casing to permit distinction
of defects that occur only on the inner surface of the pipe.  The eddy currents generate their own magnetic
field, which opposes the magnetic field generated by the eddy-current coil.  This opposition influences the
level of AC required to excite the eddy-current coil.

When the eddy-current coil passes an inner pipe defect, the metal is effectively moved away from
the coil, thereby reducing the effect of the eddy currents.  This causes a corresponding increase in the
level of AC through the coil.  Both the flux-leakage and eddy-current coils are affected (Fig. 8).  If the
defect is on the outer casing wall, only the flux-leakage coil senses the defect (Fig. 9).



Conventional Log Presentations

The log is normally presented in one of two formats.  The first (Fig. 10) contains a depth track
combined with log data on four tracks having the following headings:

• AVERAGE – represents the average flux leakage from the upper ring of shoes only, and the
signal increases to the right from the center of the track.

• FL-1 – represents the greatest flux leakage signal from the upper ring of shoes and flux-leakage
coils, and the signal increases to the right from the left margin of Track 2.

• FL-2 – represents the greatest flux-leakage signal from the lower ring of shoes and flux-leakage
coils, and the signal increases to the right from the left margin of Track 3.

• DISCRIMINATOR – represents the eddy-current signal, and the signal increases to the right
from the left margin of Track 4.

Two logging segments from the same well are shown (Fig. 10) to illustrate different responses
and subsequent interpretation.  In the segment near 4,800 ft, two casing collars (4,793 and 4,870 ft) are
clearly indicated on the AVERAGE, FL-1, FL-2, and DISCRIMINATOR traces.  A hole is pinpointed at
4,807 ft, as shown by DISCRIMINATOR response and full-scale FL-1 and Fl-2 responses.  Except for
two other areas labeled with internal corrosion, most of the corrosive defects in the upper segment are on
the outside pipe wall.  The lower segment clearly displays three casing collars separated from one another
by about 31 ft (Fig. 10).  A centralizer causes the extra responses from 7,913 to 7,916 ft that encompass
the collar at 7,915 ft.  No DISCRIMINATOR response occurs at the centralizer (Fig. 10).  A few feet
above the centralizer, two scratchers cause FL-1, FL-2, and AVERAGE responses, but there is no
DISCRIMINATOR response.  Accurate well records are necessary to be reasonably certain of mechanical
paraphernalia.  Perforations are recorded from 7,927 to 7,937 ft and cause a response on all four log traces
(Fig. 10).  Space in the depth track is used for displaying a number for each casing joint in addition to
measured depth display (Fig. 10).

An alternate presentation format (Fig. 11) utilizes three log tracks labeled as follows:

• FLUX LEAK AVERAGE – represents the average flux leakage of the upper ring of shoes only,
with signal increasing to either right or left from the zero point at mid-scale.

• EDDY CURRENT – in the first five chart divisions to the right of the depth track with zero at
the center of the track:  therefore, eddy-current increase is to the left from the zero point.

• The remaining five chart divisions of Track 2 and all 10 divisions of Track 3 are used to scale the
maximum flux-leakage (FL-1 or FL-2) response.  The flux-leakage response increases to the right
from its zero point at the middle of Track 2.  At each depth interval, the maximum flux leakage
recorded by either ring of shoes is presented.

Note that the eddy current is scaled from 0 to 25 eddy-current response units, whereas the
maximum flux leakage is scaled from 0 to 75 response units.  A maximum response on the FLUX
LEAKAGE AVERAGE scale reaches across Track 1 and represents a defect that extends around 100% of
the circumference.  When insignificant defects occur, the FLUX LEAKAGE AVERAGE response hovers
near the center of the track.  Casing collars are easily identified by EDDY CURRENT, MAXIMUM
FLUX LEAKAGE, AND FLUX LEAK AVERAGE response (Fig. 11).  Casing collars appear at regular
intervals, but no significant MAXIMUM FLUX LEAKAGE response occurs between the collars;
therefore, the casing shown is free of defects (Fig. 11).  In another portion of the same well, casing
defects in several pipe joints are shown with the worst cases below a depth of 1,890 ft (Fig. 12).



Instrument specifications are given in Table 1.  More detail and examples are discussed in Casing
Evaluation Service1, but are much too extensive to be covered in this article.  Applications include:

• detect and evaluate extent of corrosion
• accurately evaluate the inside string in a multiple casing string
• determine the effectiveness of cathodic protection and corrosion inhibitors
• determine the need for liners or remedial cement
• evaluate defects due to mechanical failures
• determine economic value of casing when considering well abandonment
• check casing string makeup and joint lengths; locate well completion equipment (centralizers,

scratchers, etc.)
• confirm location of leaks detected by other production-logging services
• confirm location of perforations
• evaluate casing conditions to determine casing pressure limits in gas-lift, gas-storage, or frac jobs.

Surface Calibration and Test Well Facilities

Reliability and accuracy of the casing inspection devices are ensured through surface-calibration
facilities and a special test well at the Western Atlas Center in Houston, Texas.  These facilities are used
to evaluate prototype tools, to evaluate tool improvements, to develop calibration charts, and to precisely
establish tool responses to known conditions for interpretative purposes (Fig. 13).

The test well is completed with two casing sizes (5-1/2 and 7-in.) to a depth of 1,500 ft.  There
are various pipe weights and grades in both casing strings.  A variety of defects were carefully machined
into the outer wall of several pipe joints before they were placed in the well (Fig. 13).  Some depth
intervals in the test well were perforated.

CEMENT EVALUATION

Acoustic systems are the most accepted method of evaluating cement sheaths surrounding casing
in a borehole.  The pad-type Segmented Bond Tool (SBTTM) described in this article evolved from a
number of previous acoustic systems.  Cement conditions are also evaluated by other methods such as
temperature logs, radioactive tracer surveys, and noise-detection logs.  Many of the other tool systems are
described in Cement Evaluation Guidelines.2

Hardware Description

The SBT instrument measures the quality of cement effectiveness both longitudinally and
laterally around the entire circumference of the casing.4  Cement bond integrity is measured in six angular
segments that encompass the entire inside of the casing in a wraparound fashion (Fig. 14).  Two acoustic
transducers are mounted on each pad and positioned to maintain contact with the casing wall.  This
scheme effectively eliminates the effects of heavy mud or gas-cut mud that seriously affect conventional
and pulse-echo type systems acoustic bond logs.  Moderate tool eccentering can be tolerated, and fast-
formation effects are virtually eliminated.  Full-waveform acoustic data and tool-orientation
measurements that identify the low side of the borehole are included.



The transducer configuration was selected (1) to obtain an accurate borehole-compensated
measurement of sound attenuation at optimal operating frequency and (2) to provide an optimal operating
frequency that maintains good sensitivity to conditions outside the casing wall.  The SBT frequency is
such that casing thickness is <1.4 wavelength.  The pad arrangement (Fig. 15) satisfies these requirements
at an operating frequency of 100 kHz.  Pad-to-pad (transmitter-to-receiver) distances are approximately 6
in. (152 mm), with similar receiver-to-receiver spacings between adjacent pads.  Distances will vary
somewhat depending on the internal size of casing.

In each individual SBT segment, acoustic attenuation is measured in two directions using an
arrangement of two transmitters and two receivers on four adjacent pads (Fig. 16).  In the operating
sequence, transmitter T1 is fired and amplitudes are measured at R2 and R3.  These amplitudes are
designated A12 and A13.  Transmitter T4 is then fired and amplitudes A42 and A43 are measured.
Attenuation is then computed as follows:

Attenuation = 10 log [(A12*A43) / (A13*A42)]

The two measurements are combined to derive a compensated value that does not depend on
receiver sensitivities or transmitter power.  The measurement process is repeated for each of the six
segments (Fig. 15).  The arrangement of transmitters and receivers also compensates somewhat for
surface roughness and effects of residual cement on the inside of casing.  SBT attenuation ranges from 0
to 25 dB/ft (82 dB/m) and is fully compensated over the entire range.

Calibration-Verification Procedure

Downhole hardware is both self-diagnostic and self-calibrating.  Digital measurements are
acquired and transmitted to the surface by means of a duplex telemetry link that is undistorted by the
wireline transmission.  In addition, special automatic gain-control methods are employed to reduce road
noise and improve signal levels.  The full waveforms are uniquely digitized downhole and can be
displayed at the surface.  All aspects of the logging operation are controlled from the surface unit.
Because the SBT instrument has a 25-dB/ft (82-dB/m) dynamic range, there is no need to change the
acquisition algorithm at low signal levels; nor is there a need for a separate calibration standard.  The six
essentially independent measurements are useful for verifying tool operation.  Because the tool rotates
during logging operations, all six channels should measure the same attenuation in a homogenous
environment.  Average attenuation is monitored with the following quality guidelines:

• If all six segments agree within ±2 dB/ft (6.6 dB/m), the log is acceptable.
• If the discrepancy is between 2 and 4 dB/ft (6.6 and 13 dB/m), the tool and log are re-examined.
• If the difference is greater than 4 dB/ft (13 dB/m), the well is relogged.

Evaluation of Cement-to-Formation Interface

Variable-density or signature-waveform displays are recorded by a separate component of the
instrumentation and are used to supply information on the cement-to-formation interface.  A steered-beam
transducer design particularly emphasizes the effects between these two interfaces as transmitted sound is
reinforced in the direction of the formation.  This is particularly helpful when evaluating cement integrity
in front of low-velocity formations.  Specifications for the SBT instrument are given in Table 2.



Advantages of a Pad-Mounted Device

The pad-mounted SBT has several significant operating advantages over conventional,
compensated cement bond logs (CBL), and pulse-echo tools:

• Quantitative cement evaluation has been performed under conditions of heavy or gas-cut borehole
fluids (>15 lbm/gal)5, 6

• Fast formations have not seriously deterred interpretations
• Temperature and pressure variations have shown little effect on the pad-mounted transducers
• Moderate tool eccentering is tolerable; the tool has been run successfully in horizontal wells6, 7

• Successful surveys have been recorded in casings up to 16 in. (406.4 mm) in diameter
• The SBT instrument has been run successfully to a depth of >23,000 ft (>7300 m) and

temperatures >400°F (>200°C).

SBT Presentations

The Primary presentation is similar to conventional and borehole-compensated cement bond log
(CBL) formats (Fig. 17A) in that ATTENUATION and AMPLITUDE traces, SIGNATURE or
VARIABLE DENSITY displays, casing collar locator (CCL), correlation, and line tension curves are
displayed.  The correlation trace may be a gamma ray or a neutron or both.  The two attenuation traces are
an average of the six segmented measurements and a minimum attenuation traces representative of the
60° peripheral segment with the least attenuation.  Both attenuation traces are presented adjacent to one
another, and a large highlighted separation of the two curves generally indicates a cement void on one
side of the casing.  A continuing wide separation over a considerable depth interval infers channeling
within the cement sheath.  The amplitude and X5 amplitude traces are calculated from the average
attenuation and are similar to the curves observed on conventional cement bond logs.

The Segmented Array presentation displays all six compensated attenuation measurements and
the VARIABLE  ATTENUATION LOG (VAL) or “cement map” of the casing periphery versus depth
(Fig. 17B).  VAL shadings range from dark to white, with five 20% increments of intensity.  The darkest
shading is representative of greater than 80% bond rating; white implies less than 20% bond rating, and
the three different gray tones signify conditions between the extremes.  When color plotters are available,
more dramatic colored presentations can be produced.

Two downhole accelerometers are used to determine the low side of the instrument with respect
to hole drift and drift direction (Fig. 17B).  When the instrument is vertical, this azimuthal reading is
ambiguous and may tend to wander.  If deviation is greater than 1°, however, the relative-bearing
measurement is accurate to within ±5°.

DOE Test Well

The Environmental Protection Agency constructed test wells near Ada, Oklahoma.8  Fabricated
channels were placed on the outside of the casing prior to cementing to provide some known conditions
of poor cement bond.  Most wireline service contractors have logged these wells with their CBL devices.
The SBT example is from a portion of one of these wells that has channels with a peripheral range of 10°
to 30° (Fig. 18).  In situations where the channel was completely within one 60° instrument segment,
better channel definition resulted.  The 60° azimuthal resolution of the tool does cause the width of small
channels to be magnified on the log display.



Amoco Test Well

Amoco’s test well near Tulsa, Oklahoma was also logged with the SBT instrument to determine
its effectiveness in recognizing fabricated channels.6, 7  Amoco strapped wood strips to the outside of the
casing before cementing to simulate channeling conditions.  The known simulated channels are exhibited
(Fig. 19) in the depth track and were identified on the SBT data.  The channel at 500 ft exhibits an echo
on the side of the casing opposite the channel, and it is not clear whether this echo is caused by sound
wrapping around the casing or by the straps used to secure the wood strips to the pipe.  The SBT log
defined virtually all the fabricated channels in this well.

Conoco Test Well

Conoco’s test well facilities are located near Ponca City, Oklahoma.  Again, cement exclusions
were placed on the casing prior to cementing.  Conoco painted synthetic polyurethane over the entire
length of six joints of casing.  The exclusions range from 30° on the lowermost joint to 360° on the
uppermost joint and are arranged in a spiral from one joint to the next.  The six joints are contiguous from
1,010 to 1,270 ft (308 to 387 m).  The SBT instrument identified all the fabricated problems in the well
(Fig. 20).  The casing is 13-3/8 in. (339.7 mm) in diameter, well above the range of pulse-echo devices.8

Free Pipe Example

An example of SBT response in a section of free, unsupported casing shows the cement quality as
virtually all white with patches of light gray (Fig. 21).  Except for the casing collar responses, the
individual segments all record minimal attenuation values.

Dense Borehole Fluid

An example log from a well filled with 16.1-lbm/gal mud shows good to excellent bond on both
the SBT Primary and Segmented Array presentations (Fig. 22).  The well was cased with 7-inch (178
mm), 32-lbm/ft (47.6-kg/m) pipe.  With the pad device it was not necessary to alter the borehole fluid to
obtain valid log data.  Average and minimum attenuation recordings are very similar and the calculated
amplitude is very low.  The Segmented Array presentation indicates weaker cement at the casing collars
and over a few isolated depth intervals.  Good zone isolation is, however, achieved through this interval.

In the same well, possible channeling was suspected over the depth interval from X350 to X430
(Fig. 23).  The Primary presentation confirms this condition from X378 to X424 where a wider separation
occurs between the minimum and average attenuation curves.  The amplitude values increase, and
stronger casing signals appear on the VDL.  This characteristic is highlighted on the Segmented Array
display by the behavior of the cement top, which shows lighter shades of gray over the channeled interval;
segment 3 shows the lowest attenuation.  Channeling is evident in segments 2, 3, and 4, while the upper
and more extensive portion of the channel is also identified by segments 5 and 6.  Segment 5 is shown to
be on the low side of the casing by the orientation curve.

This well was also logged with a pulse-echo device.  To obtain the desired acoustic impedance
differences, it was necessary to remove the heavy mud and replace it with water, which demonstrates the
time and cost savings achieved by using the SBT service.



Large Casing Diameter

In this example, demonstrating the effective evaluation of cement integrity by the pad-type
assembly in casing as large as 16 in. (406 mm), channeling is indicated from X400 to X680 (Fig. 24).
Overall, a well-cemented interval is indicated from X800 to X1100 (Fig. 25).

Summary and Conclusions

Utilizing the proper measuring systems, it is possible today to identify problems relating to zone
isolation and/or hydraulic cement integrity with nearly 100% accuracy.  Also, casing can be monitored for
corrosion, splits, holes, or other phenomena with nearly 100% interpretative accuracy.

Prompt recognition of potential problems in wells of any type allows remedial action to be taken
before environmental problems occur either at the surface or below.  More sophisticated colored
presentations are also available from Western Atlas’ Geoscience Centers.

Acknowledgments

Thanks are owed to the management of Unocal and Western Atlas for allowing the principals to
prepare and publish this article.  The authors also wish to thank the several oil companies and the DOE
for permission to publish the log examples shown from their wells.

References

1. Casing Evaluation Services, Western Atlas Logging Services Publication No. 9541, Houston,
Texas (1990).

2. Cement Evaluation Guidelines, Western Atlas Logging Services Publication No. 9618, Houston,
Texas (1991).

3. Bigelow, E. L., “Confirmation of a Well’s Mechanical Integrity,” paper presented at the 25th

Annual Offshore Technology Conference, Houston, Texas, (May 3-6, 1993
4. Lester, R. A.,  “The Segmented Bond Tool:  A Pad-Type Cement Bond Device,” paper presented

at the 1989 Symposium of the Canadian Well Logging Society, Calgary, Alberta, (September 26-
28, 1989).

5. Bigelow, E. L., Domangue, E. J., and Lester, R. A., “A New and Innovative Technology for
Cement Evaluation,”  paper   presented at the 65th Annual Technical Conference of SPE, New
Orleans, Louisiana, (September 23-26, 1990).

6. Bigelow, E. L. and Domangue, E. J., “An Effective New Technology for Evaluation of Cement
Integrity,” paper presented at the 13th SPWLA European Symposium, Budapest, Hungary,
(October 22-26, 1990).

7. Bigelow, E. L., “How to Obtain Better Cement Bond Logs in High-Angle Holes,” World Oil,
212, No. 10, 83-88 (1991).

8. Thornhill, J. T. and Benefield, B. G. 1987.  “Injection Well Mechanical Integrity,” EPA
Document 625/9-87/007, Sept., 1987.



Table 1.  Vertilog specifications.

Instrument Group 4-1/2 in.
(114 mm)

5-1/2 in.
(140 mm)

7 in.
(178 mm)

8-5/8 in.
(219 mm)

Length ft
m

10.8
3.30

10.8
3.30

11.1
3.38

11.1
3.38

Diameter in.
mm

3.78
96.0

4.37
111.0

5.67
144.0

7.37
187.2

Weight lb
kg

225
102.1

260
117.9

440
199.6

682(1)

309.3
Min. Casing Diameter (OD) in.

mm
4.50
114

5.0
127

6.63
168

8.63
219

Max. Casing Diameter (OD)(2) in.
mm

5.0
127

6.63
168

8.63
219

13.38(3)

340

Maximum Pressure
Rating

psi
MPa

12,000
82.7

Maximum
Temperature Rating

°F
°C

280°F
138°C

Measure Point (above bull plug) ft
m

5.0
1.52

Recommended
Logging Speed(4)

ft/min
m/min

125
38.1

Logging Media All borehole fluids

Limitations Magnetic particles, chips, or compounds and wax or scale
build-up should be removed before survey.

(1) Weights of tool increases as modified for larger casing sizes.
(2) Sleeve and spacer assemblies allow flexibility to log various casing sizes and weights.
(3) Casing sizes greater than 13.38 in. (340 mm) up to 22.0 in. (559 mm) can be evaluated on special

request.
(4) 80 ft/m (24.4 m/min) for special logging conditions.



Table 2.  SBT Specifications.

Length (with GR-CCL)
      with in-line centralizers
      with slip-on centralizers

53 ft (16.2 m)
45 ft (13.7 m)(1)

Diameter w/Gamma Ray 3.625 in (92 mm)

Temperature Rating 350°F (177°C)

Pressure Rating 20,000 psi (138 MPa)

Minimum Casing Diameter 4.5 in. (114 mm)

Maximum Casing Diameter 13.375 in. (340 mm)

Maximum Casing Deviation from Vertical 50°(2)

Dynamic Range 25 dB/ft (82 dB/m)

Attenuation Measurement Accuracy 0.75 dB/ft (2.4 dB/m)

Azimuthal Measurement Accuracy at 1°° deviation ± 5°

(1)  For casing diameters greater than 4.5 in. (114 mm)
(2)  High angle (>50°) and horizontal wellbores can be logged with optional motorized

roller centralizers and by pipe-conveyed methods



Figure 1.  Production scenario from hematite ore to steel pipe.

Figure 2.  Reversion scenario from steel casing to iron oxide in a well.



Figure 3.  A depiction of how electrochemical corrosion occurs.

Figure 4.  Graphic depiction of slurry flow velocity in a well bore.



Figure 5.  Photo of the Vertilog shoe assembly.

Figure 6.  Schematic of each shoe shows two flux-leakage coils and two eddy-current coils.

Figure 7.  Flux lines in non-defective casing (7A) and flux lines in defective casing (B).



Figure 8.  Inside casing defect.

Figure 9.  Outside casing defect.



Figure 10.  A Vertilog presentation style.



Figure 11.  A new Vertilog presentation style.

Figure 12.  Corrosive defects depicted on a Vertilog.



Figure 13.  Casing with precisely fabricated defects.

Figure 14.  The SBT dual transmitter/receiver configuration employs four adjacent pads,
providing a compensated measurement of each segment in a wraparound fashion.



Figure 15.  An unfolded 360° view of the SBT acoustic pad array.

Figure 16.  Six individual segments of compensated attenuation measurements are provided by
the SBT.



Figure 17.  The SBT Primary presentation (A) and the SBT Segmented Array presentation (B).



Figure 18.  SBT results from the EPA test well, Ada, Oklahoma.



Figure 19.  SBT results from Amoco’s test well, Tulsa, Oklahoma.



Figure 20.  SBT Segmented Array presentation (A) and Primary presentation (B) from the
Conoco test well, Ponca City, Oklahoma.



Figure 21.  Example of the SBT in free, unsupported pipe.



Figure 22.  Good-to-excellent bond conditions are demonstrated by an SBT recorded in a well
filled with dense borehole fluid.

Figure 23.  Channeling is demonstrated by the SBT recorded over this interval of the well filled
with dense borehole fluid.



Figure 24.  The SBT detected channeling in this well that had 16-in. (406-mm) casing.



Figure 25.  Inside the same well with 16-in. (406-mm) casing, another interval demonstrated good
cement quality overall.
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ABSTRACT

During the process of finding and producing oil and gas in the offshore
environment, operators generate a variety of liquid and solid wastes.  Some of these
wastes are directly related to exploration and production activities (e.g., drilling wastes,
produced water, treatment, workover, and completion fluids) while other types of wastes
are associated with human occupation of the offshore platforms (e.g., sanitary and
domestic wastes, trash).  Still other types of wastes can be considered generic industrial
wastes (e.g., scrap metal and wood, wastes paints and chemicals, sand blasting residues).
Finally, the offshore platforms themselves can be considered waste materials when their
useful life span has been reached.  Generally, offshore wastes are managed in one of
three ways – onsite discharge, injection, or transportation to shore. This paper describes
the regulatory requirements imposed by the government and the approaches used by
offshore operators to manage and dispose of wastes in the United States.



INTRODUCTION

The United States has been a world leader in producing oil and gas from offshore
platforms.  The process of exploration and production (E&P) of oil generates numerous
types of wastes that must be disposed, recycled, or otherwise managed.  Offshore waste
management practices have evolved through U.S. requirements and international
agreements.  In the United States, offshore oil and gas companies have three main options
for waste disposal – discharge to the sea, underground injection or encapsulation, and
onshore disposal.  A fourth option, incineration, has rarely been used.

The U.S. government does not dictate a specific disposal option that the operator
must use. The U.S. legal system establishes requirements for each disposal option, and
companies decide for themselves which of the options they will follow.  Numerous
potential waste management options exist, but many potential options are precluded by
regulatory requirements.  For example, it is technically and economically possible to
dispose of oil-based drilling fluids by discharging them to the sea, but the U.S.
Environmental Protection Agency (EPA) prohibits the practice.  Therefore, that potential
option is eliminated from further consideration.  Many other potential options must be
discarded for legal or technical reasons.  Offshore operators are then left with a reduced
list of legal and technically feasible options.  Operators then choose from these waste
management options by consideration of total costs.  The total costs include capital costs,
operating and maintenance costs, transportation costs, and potential future liability costs.
Liability costs arise when a chosen option results in future environmental restoration
costs, such as those imposed under the Superfund law, or in future health and safety
costs.  This paper discusses the types of wastes generated at offshore platforms and the
U.S. regulatory requirements that govern their disposal.  Information is presented on how
selected U.S. operators manage their offshore wastes.

TYPES OF OFFSHORE WASTES

E&P Wastes

The wastes most commonly thought of as offshore wastes are those associated
with offshore E&P.  These wastes include:

- drilling fluids
- drill cuttings
- produced water
- treatment, workover, and completion fluids
- deck drainage
- produced sand
- naturally occurring radioactive materials (NORM)
- hydrostatic test water
- other assorted wastes



Human-Derived Wastes

Human-derived wastes are associated with basic human activities on offshore
facilities, and include:

- sanitary wastes
- domestic wastes (kitchen wastes, laundry wastes, sinks, and showers)
- trash.

Other Industrial Wastes

A variety of wastes that are not specific to the offshore oil and gas industry are
also generated at offshore facilities.  These could be found at numerous other industrial
facilities.  They include, for example:

- scrap metal
- wood pallets
- cardboard
- empty drums
- used chemicals and paint
- sandblasting grit and paint
- cooling water

Decommissioned Platforms

The final category of offshore waste is not a traditional waste but consists of the
platforms themselves.  At the end of the useful life span of the platforms, they must be
removed from service and somehow disposed of.

REGULATORY REQUIREMENTS FOR
OFFSHORE WASTES

Several U.S. government agencies cooperatively regulate offshore waste
management activities.  The Minerals Management Service (MMS) has responsibility for
overseeing oil and gas extraction activities on the Outer Continental Shelf, including
activities on offshore platforms (except for discharges of wastes to the sea) and
underground injection or encapsulation of offshore wastes.  The EPA has responsibility
for regulating discharges of offshore wastes to the sea. The MMS conducts inspections of
offshore discharges for the EPA in some locations. The U.S. Coast Guard has
responsibility for documenting and responding to spills of oil and hazardous materials
from offshore activities, but that is not the subject of this paper.  If offshore wastes are
brought onshore for disposal, state agencies take over the responsibility for regulating
waste management and disposal.  In the following sections, requirements for each type of
waste disposal are discussed.



Discharges to the Sea

NPDES Permits - The primary U.S. law affecting water quality and water
pollution control is the Clean Water Act.  The Clean Water Act requires that all
discharges of pollutants to surface waters (streams, rivers, lakes, bays, and oceans) must
be authorized by a permit issued under the National Pollutant Discharge Elimination
System (NPDES).  Discharges not authorized by an NPDES permit are illegal.
Individual NPDES permits can be issued to separate activities or general NPDES permits
can be issued that cover all similar activities located in the same geographic area.  For
offshore oil and gas operations, EPA normally issues general permits for broad areas such
as the Western Gulf of Mexico, Eastern Gulf of Mexico, North Slope, Alaska, or Cook
Inlet, Alaska.

The heart of an NPDES permit is its numerical effluent limits.  These limits
describe what pollutants must be monitored and what is an acceptable quantity or
concentration of the pollutants.  Effluent limits are developed by considering technology-
based limits (based on applicable effluent limitations guidelines or ELGs) and water
quality-based limits.

ELGs - ELGs are national technology-based discharge requirements.  These
standards are developed by EPA on an industry-by-industry basis, and represent the
greatest pollutant reductions that are economically achievable for an industry sector or
portion of the industry (e.g., offshore oil and gas platforms).  Selection of ELGs involves
consideration of technologies that have already been demonstrated in industrial
applications, costs and economic impacts, and non-water quality environmental impacts.
The ELGs are applied uniformly to every facility within the industrial sector, regardless
of where in the country the facility is located or the condition of the water body receiving
the discharge.

EPA has developed ELGs for most major industrial categories. For the oil and
gas industry, EPA developed separate ELGs for offshore, coastal, and onshore areas. Oil
and gas activities located onshore and in coastal waters1 (except for Cook Inlet, Alaska,
which  is treated in the same manner as offshore waters) may not discharge drilling
wastes or produced water to the marine environment.  In most cases, offshore oil and gas
facilities are allowed to discharge these wastes to the sea.  The ELGs for discharges in
offshore waters are shown in Table 1.

                                                          
1The terms onshore, coastal, and offshore can be confusing.  As a simple definition,
consider an imaginary line running along the coast of a country.  The line crosses the
mouth of rivers, bays, and inlets.  Any facility to the ocean side of the line is defined as
an offshore facility.  Any facility to the land side of the line and located on land is
classified as an onshore facility.  Any facility located in or on the water or in wetlands on
the land side of the line, is defined as a coastal facility.  (For example, a facility located in
a marsh or inside a river mouth or bay is considered to be coastal.)



Water quality-based limits - The Clean Water Act does not prohibit discharges of
materials that can be considered toxic, like metals and organic chemicals.  Instead, the
Clean Water Act prohibits the discharge of toxic substances in toxic quantities.  This goal
is accomplished through water quality-based effluent limits that make sure ambient
receiving water concentrations are low enough to maintain the designated use of the
waters (for example, fishing).

ELGs serve as a foundation for the effluent limits included in a permit, but the
ELGs are based on the performance of a technology and do not address the site-specific
environmental effects of discharges.  In certain instances the technology-based controls
may not be strict enough to ensure that the aquatic environment will be protected against
toxic quantities of substances.  In these cases, EPA must include additional, more
stringent water quality-based effluent limits in NPDES permits.  These water quality-
based limits may be numeric (EPA has published numeric water quality criteria for more
than 100 pollutants that can be used to calculate water quality-based limits) or narrative
(for example, “no toxic substances in toxic quantities”). The procedures for setting these
limits take into account the designated use of the water body, the variability of the
pollutant in the effluent, species sensitivity (for toxicity), and where appropriate, dilution
in the receiving water (discharge conditions, water column properties).

Waste streams not covered by ELGs - Not all types of offshore wastes are
covered by the ELGs (those wastes covered by the ELGs are shown in Table 1), but all
wastes discharged from the platform must be included in the NPDES permit.  For
example, wastes such as cooling water, boiler blowdown, ballast water, and others are not
mentioned in the ELGs but the general permits authorize discharge of these wastes.  The
permit writer calculates limits for these other types of wastes on the basis of best
professional judgement.

Other  NPDES permit conditions - To a large extent, facilities are responsible
for taking the steps necessary to demonstrate compliance with NPDES permit limits.
Permits instruct each facility operator on the frequency for collecting wastewater
samples, the location for sample collection, the pollutants to be analyzed, and the
laboratory procedures to be used in conducting the analysis.  Detailed records of these
“self-monitoring” activities must be retained by the facility for at least three years.
Furthermore, each facility is required to submit the results of these analyses to EPA on a
periodic basis.  For most facilities, the reporting frequency is monthly or quarterly, but in
no case may it be less than once per year.  Inspectors from EPA or the MMS visit the
offshore platforms occasionally to monitor their discharges and make sure that all
operations are in compliance with permit requirements.  Failure to meet the permit limits
can result in fines or loss of the permit.

NPDES permits may also include operational or environmental effects
monitoring requirements. Examples of these include: preparing best management
practices plans (they outline good operating practices) or spill prevention plans;
submitting an inventory of additives to drilling fluids; and conducting additional
monitoring of the discharges, sediments, or fish tissues.

E&P wastes that cannot be discharged - Some types of E&P wastes cannot be
discharged.  These include oil-based drilling fluids and cuttings, produced sand, and
NORM sludge and scale.  The prohibition on NORM disposal does not apply to the
NORM present in produced water.



Ocean Discharge Criteria Evaluation - Discharges made directly to the ocean
must undergo an additional level of review to ensure that they do not cause unreasonable
degradation to the marine environment.  Before issuing an NPDES permit for offshore
discharges, EPA must consider factors such as:

- the quantities, composition and potential for bioaccumulation or persistence of
the pollutants to be discharged;

- the potential transport of such pollutants by biological, physical or chemical
processes;

- the biological communities that may be exposed to such pollutants;

- the importance of the receiving water area to the surrounding biological
community, including the presence of spawning sites, nursery areas, and
migratory pathways;

- the existence of special aquatic sites such as marine sanctuaries and refuges,
parks, national and historic monuments, national seashores, wilderness areas
and coral reefs;

- the potential impacts on human health;

- existing or potential recreational and commercial fishing; and

- numeric water quality criteria for specific pollutants.
NPDES permits for facilities discharging into marine waters are required to

include limits, including a discharge prohibition if necessary, that prevent unreasonable
degradation of the marine environment.  If not enough information is available to
determine whether the discharge will cause unreasonable degradation, EPA determines
whether the discharge will cause irreparable harm to the marine environment and whether
there are reasonable alternatives to on-site disposal.  In assessing the potential for
irreparable harm, EPA determines whether the facility is likely to cause permanent and
significant harm to the environment during a monitoring period in which additional
information is gathered.  If potential for irreparable harm is low, EPA may allow a
monitoring program to demonstrate that the discharge will not cause unreasonable
degradation.  If data gathered through monitoring indicate that continued discharge may
cause unreasonable degradation, the discharge must be halted or additional permit
limitations established.

Environmental Impact Statements and Environmental Assessments - The
National Environmental Policy Act requires federal agencies to consider the
environmental impacts of proposed actions.  When issuing a permit for new offshore oil
and gas E&P facilities, EPA must develop an Environmental Assessment (EA) or, if
impacts may be significant, an Environmental Impact Statement (EIS).  Sometimes EPA
and MMS jointly prepare these documents.  The EIS must consider short term and long
term effects, direct and indirect effects, and beneficial and adverse environmental impacts
of the proposed activity.   MMS may add additional mitigation measures on discharges
when the EIS or EA determines there may significant impacts on resources of concern.



The MMS, through its Studies Program, performs research and monitoring
dealing with the environmental effects of offshore oil and gas exploration, development,
and production.  The results of these studies are used in the EISs.

Underground Injection or Encapsulation

In U.S. offshore areas, companies may inject E&P wastes that originate on the
Outer Continental Shelf into injection wells or encapsulate them in the well bore of wells
that are about to be abandoned.  Each application for underground waste disposal must be
authorized on a case-by-case basis by the MMS.  The general MMS requirements for
underground injection of wastes are described below.

Injection Wells - If companies inject wastes through underground injection
wells, the formation receiving the wastes must be located below the deepest drinking
water aquifer, must be isolated above and below by shale layers, and may not contain any
producing wells.  Companies must demonstrate that injection wells have mechanical
integrity (they do not leak fluids into formations other than those that are intended to
receive the fluids).

Encapsulation - Companies may use two different types of encapsulation.  In the
first type, wastes are placed directly in the well bore of a well that is being abandoned.  In
the second type, wastes are placed into a section of pipe, caps are put on both ends, and
the pipe section is lowered into the well bore.  In either case, the wells selected to receive
the wastes must not be intersected by faults that extend upward to the sea floor and must
not be located in an area   with mud flows, slumps, or slides.  The top of the encapsulated
waste must be located at least 1,000 feet (300 meters) below the sea floor.  A cement plug
of at least 200 feet (60 meters) must be placed above and below the encapsulated waste.

Alaskan Wells - On the North Slope of Alaska, E&P wastes are injected
underground.  In Cook Inlet, Alaska, oil-based drilling waste and sewage are injected.
All current platforms in Alaska are located close to shore, in locations regulated by the
state of Alaska, rather than in far offshore locations regulated by the MMS.  The Alaskan
requirements are similar to those imposed by the MMS but they include more detailed
requirements for construction and monitoring of the injection wells.  Any underground
disposal of NORM in Alaska must be done by encapsulation in sealed pipe sections.

Onshore Disposal

Although many types of offshore wastes can legally be discharged to the sea,
companies bring some types of wastes back to shore for disposal.  Some types of E&P
wastes, such as oil-based drilling fluids and cuttings, produced sand, or NORM sludge
and scale, are prohibited from discharge by the permits.  Other wastes, such as some
types of water-based drilling fluids and cuttings and some treatment workover, and
completion fluids, may not meet the permit’s effluent limits and, therefore, cannot be
discharged.

The U.S. law for management of most types of waste is the Resource
Conservation and Recovery Act (RCRA).  This law specifically exempts E&P wastes
from consideration as hazardous wastes.  This is a legal determination and does not
necessarily reflect the chemical nature of the wastes.  RCRA places no specific



requirements on E&P wastes, but leaves the authority to regulate these wastes to the
individual states.  Most U.S. states follow the federal hazardous waste exemption for
E&P wastes.  One state that receives offshore wastes, California, has regulations that
require each batch of waste to be chemically and physically tested to determine if the
waste should be classified as a hazardous waste.  Wastes that are hazardous are subject to
much stricter and more expensive disposal requirements.  Another state receiving
offshore wastes, Louisiana, requires testing of most offshore wastes brought onshore.

Most E&P wastes that come onshore in the Gulf of Mexico are brought to shore
bases in Texas and Louisiana.  They are then transferred to onshore commercial treatment
and disposal facilities that use primarily land spreading to dispose of the wastes, or
treatment of the waste and injection of the resulting liquids into injection wells.  Onshore
disposal costs in the Gulf of Mexico region (not including transportation) are commonly
in the range of $8-$11/bbl (1).  Some state regulations require that each shipment of E&P
wastes be tracked by a manifest system from the time it leaves the offshore platform until
final disposal.

Trash and other industrial wastes generated at offshore platforms may not be
discharged and must be brought back to shore for disposal.  This prohibition comes from
MARPOL 73/78 (2) and from U.S. Coast Guard regulations.  Operators haul these wastes
to shore bases where they are then sent to onshore disposal facilities.  Trash is sent to a
local sanitary landfill, nonhazardous industrial wastes are sent to industrial waste
facilities, and hazardous wastes are sent to hazardous waste facilities. Some NORM is
injected offshore but most is brought to shore for disposal at a commercial injection well
facility where the disposal cost is approximately $150/bbl (2).

Most operators have developed comprehensive waste management plans, waste
minimization programs, and recycling programs on the platforms and at the shore bases.
Some differences exist in waste management practices between geographical regions
because of extreme climatic conditions, lack of shore-based infrastructure, and regional
air management requirements.

MANAGEMENT OF
DECOMMISSIONED PLATFORMS

When offshore platforms have reached the end of their useful life they must be
removed from the production site.  Unlike the North Sea, where platform disposal has
generated a heated political debate, in the Gulf of Mexico approximately 90% of the
platforms are brought to shore where they are either refitted or turned into scrap.  The
remaining 10% of platforms are moved to locations where they can be sunk to create
artificial fishing reefs, a valuable resource.  The States of Texas and Louisiana both
operate “Rigs to Reefs” programs under which sinking of the old platforms can be done
with proper controls. In Texas, 31 artificial reefs have been created.



ACTUAL U.S. OFFSHORE
WASTE DISPOSAL PRACTICES

Information was collected from several major U.S. offshore operators concerning
their actual disposal practices.  Table 2 outlines the practices of three companies
operating in the Gulf of Mexico.  In general, most wastes authorized for discharge to the
sea are discharged with nearly all of the rest being brought to shore for disposal.
Injection of E&P wastes occurs only occasionally in the Gulf of Mexico.

On the North Slope of Alaska, current offshore activities are located near shore.
E&P wastes are all injected.  Sanitary and domestic wastes are discharged.  Trash is
hauled to shore where paper, metal, and styrofoam are recycled and the remainder goes to
a local government waste disposal facility.  Projects located farther offshore are now
being developed.  At those facilities, trash will be incinerated and all other solid and
liquid wastes will be ground and injected.  An NPDES permit will be obtained solely for
emergencies.

In Cook Inlet, Alaska, operators discharge most types of wastes authorized for
discharge.  Treated sewage and oil-based cuttings are injected.  Other wastes are
segregated at the platform and brought to shore for disposal.  Trash is taken to a local
landfill.  Those E&P wastes that could not be discharged, including NORM wastes, are
shipped to the lower 48 states for disposal.

In California, operators discharge most types of wastes authorized for discharge.
Small volumes of drilling wastes and treatment, workover, and completion fluids are
disposed through annular injection.  Other types of wastes are brought to shore and
disposed of in accordance with State rules.  In California, E&P wastes are not
automatically exempt from hazardous wastes status under RCRA so each batch of wastes
must be tested.  Operators are required to develop wastes minimization plans.

Except for the proposed offshore facilities on the North Slope of Alaska, the
actual disposal practices for trash and industrial wastes are similar in all regions.
Different types of wastes – hazardous, nonhazardous, and trash – are segregated on the
platforms.  Recycling is practices wherever possible.  These wastes are brought to the
companies’ shore bases where they are sent to specific disposal companies based on the
types of wastes.

CONCLUSIONS

U.S. offshore oil and gas operators have a variety of waste management options.
The U.S. regulatory structure is mature and is reasonably well understood by major
operators.  Wastes are discharged to the sea when in compliance with permits and other
regulatory requirements.  Those wastes that cannot be discharged are injected or are
brought to shore for disposal.  The industry has developed an effective infrastructure for



collection, transportation, and onshore disposal of wastes that are not suitable for on-site
discharge or injection.
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Table 1 - U.S. Offshore ELGs (from Code of Federal Regulations, Title 40, Part 435,
Subpart A)

Drilling Fluids and Drill Cuttings

a. Facilities located from 0-3 miles from shore, except those in Alaska, may not discharge
drilling fluids and drill cuttings

b. Facilities located more than 3 miles from shore and all Alaskan offshore facilities may
discharge drilling fluids and drill cuttings but must meet the following restrictions:

- No discharge of free oil or diesel oil is allowed [this effectively prohibits the
discharge of oil-based fluids and cuttings]

- The 96-hour LC50 (the concentration at which one half of the test organisms die
during a 96-hour toxicity test) must be at least 30,000 parts per million

- The barite component used to make the drilling fluid (not the whole drilling
fluid) must not contain more than 1 mg/kg mercury and 3 mg/kg cadmium

Produced Water

- Produced water may be discharged to offshore waters and water of Cook Inlet,
Alaska, if the concentration of total oil and grease does not exceed a monthly
average of 29 mg/L or a daily maximum of 42 mg/L

Treatment, Workover, and Completion Fluids

- Same as produced water

Produced Sand

- No discharge allowed

Deck Drainage

- Discharges are allowed but they may not contain free oil [may not cause an oil
sheen]

Sanitary and Domestic Waste

- Discharges are allowed but they may not contain floating solids
- Facilities located 0-12 miles from shore - no food waste may be discharged
- Facilities located more than 12 miles from shore - can discharge food waste if it

is ground up small enough to pass through a 25-mm mesh screen



Table 2 - Actual E&P and Human Waste Disposal Practices in the Gulf of Mexico from Three U.S. Majors

Waste Company A Company B Company C

Water-based muds All discharged Most discharged All discharged

Oil-based muds Recycled Recycled Recycled

Synthetic-based muds Recycled Recycled Recycled

Water-based cuttings All discharged Most discharged All discharged

Oil-based cuttings All onshore All onshore All onshore

Synthetic-based cuttings All onshore Most discharged All discharged

Produced water All discharged All discharged All discharged

Produced sand All onshore All onshore All onshore

Treatment, workover and
completion fluids

60% discharged; 40% onshore Some discharged; some offshore Most discharged

Domestic waste All discharged All discharged All discharged

Sanitary waste All discharged All discharged All discharged

NORM All onshore All onshore All onshore
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ABSTRACT

The chemistry of water samples and soil leaches from an oil production site and
environs in northeastern Colorado indicate that soluble salts derived from produced
waters at the site have affected soils and shallow ground water along 1000 feet of a small
drainage immediately below a produced water holding pit.  The total abundance of salts
(as estimated by specific conductance), the relative abundance of chloride, bicarbonate,
and sulfate, and the bromide/chloride ratio are particularly diagnostic for tracing the
probable source of contamination to produced water generated at the oilfield site.
Anomalously high concentrations of introduced salts may have contributed to stress and
dieoff of native vegetation along the affected reach.

Geochemical data from 1:1 (weight:weight) soil-water leaches along the
drainage and at a background site provided critical evidence regarding the source and
migration of salts.  Soil leachate analysis may be a valuable technique in determining the
presence of salts from produced waters where soil samples are available and water is not
readily available.



INTRODUCTION

In September of 1997, the authors sampled surface water, near-surface ground
water, and soils in the vicinity of a produced water pit and an associated oil production
site in Logan County, Colorado (Fig.1).  The purpose of the sampling was to determine
the origin and dispersion of unusual concentrations of soluble salts in the drainage.  The
unusual concentrations of salts were initially identified during prior sampling by
personnel of the Colorado Oil and Gas Conservation Commission (COGCC).  This study
is part of a larger effort by the U.S. Geological Survey to apply geochemical and isotopic
techniques to discriminate among various sources of salt that can contribute to soil and
water salinity anomalies in the semi-arid high plains of the Denver Basin.  The study site
was suggested by personnel of the COGCC who provided logistical support.

Geochemical techniques for detecting and identifying sources of saline ground
and surface waters are based on (1) concentrations and ratios of major and minor
constituents (1,2,3,4,5) and, (2) isotopic composition of carbon, oxygen, hydrogen,
sulfur, and strontium (6,7,8,9).  In cases where multiple sources are possible,
geochemical identification of a particular salinity source is strengthened when integrated
with complementary geophysical measurements such as electrical resistivity and/or
information on local hydrology (10).  In this study, concentrations and ratios of major
and minor constituents were used.  These techniques have been applied to samples
collected from ground water and surface water sources, but generally have not been
applied to water extracts of soil samples.  Analyses of soil leaches provide a useful
complement to analyses of local surface and ground water, particularly in undeveloped
arid-lands where access to water samples may be limited.  Soils are easily sampled on an
areal basis and provide a readily available media for either detailed site characterization
or brief reconnaissance sampling (this study).

The site investigated in this study is surrounded by undeveloped rangeland and
thus the salinity sources are limited to natural salts or salts introduced from oilfield
operations.  The natural salts are derived from weathering of the underlying soils and
bedrock including the Pierre Shale, Pleistocene alluvium and eolian sand, and Holocene
valley-fill sediments.  The relative abundance of dissolved salts may be modified by
water/rock interaction processes as water moves through the rock or soil.  However, the
limited number of possible sources simplifies source discrimination and presents a good
opportunity to study the possible effects of a particular type of anthropogenic (i.e.
produced water) source.

The concentrations of most soluble constituents in a water sample or amounts of
leachable salts on soils are affected by soil/water interactions, evaporative concentration,
or mixing with other water sources.  However, the concentration of a few constituents,
such as chloride or bromide, are less affected by soil/water reaction and are mostly
modified by evaporative concentration or mixing.  Still other chemical parameters such
as Br/Cl ratio can better retain the signature of their source during soil/water interaction,
evaporation, or dilution and are largely affected by mixing only.  Thus, the judicious
interpretation of select chemical data can indicate operative soil/water interactions,
possible extent of evaporative concentration, as well as various salinity sources and the
extent of their mixing.



DESCRIPTION OF THE STUDY SITE

The study site is located in west-central Logan County, Colorado, north of the
town of Sterling (Fig. 1).  The site occurs along a regional break in slope between a
gently rolling upland and a stream valley that is tributary to the South Platte River.  The
study site includes an oilfield production site, a produced water holding pit, and a 1000-
ft. section of a small nearby drainage that extends from near the oilfield production site
to the intersection with a large irrigation ditch (Fig. 2).  Total relief at the study site is
approximately 80 feet.

The oilfield production site covers approximately 1/8 acre along the crest of a
low, northeast-trending ridge.  It includes a tank battery, a shed enclosing a
heater/treater, and associated surface flow lines.  An injection well is located about 600-
800 feet away in an adjacent drainage.  The produced water holding pit served as an
emergency overflow for the water injection system.  The pit covered approximately 1/2
acre and was excavated on the flank of the ridge at the head of the small drainage.
Natural soil composed of eolian sand was excavated from the pit site and was used to
construct a dam for the pit.  Maximum depth of the holding pit was approximately 20
feet (low point in the pit to crest of earthen dam).  Soil in the floor of the holding pit
consisted of fine silty to clayey sand.

At the time of our visit in September, less than one foot of water remained in the
pit.  The small drainage below the holding pit included a small wetland which began
approximately 150 ft below the low end of the dam (Fig. 2).  The wetland was 100 feet
long and 15-20 feet wide (inset, Fig. 2).  Surface water flow from the wetland extended
for another 50 feet down drainage.  Farther down drainage is a series of 8 small
depressions in the drainage floor (Fig. 2), 3 of which contained some standing water.
About 15 feet from the most distal small depression (#8, Fig. 2) was a large cottonwood
tree which was nearly barren of all leaves.  A second, entirely barren cottonwood tree
was located to the northwest of the first tree (Fig. 2).  Other cottonwood trees several
hundred feet to the north and on nearby drainages less than a mile away were fully leafed
out.

At least three small tributary drainages join the studied drainage above and
below the small wetland (Fig. 2).  A small stock pond, dry at the time of our visit, is
located on one of these tributaries.  Soils in this pond bottom are comprised of silty sand
with minor granules and pebbles.  No oilfield equipment or evidence of past oilfield
operations were observed within the drainage basin of this stock pond.  No stock well
supplies water to this pond, therefore water is probably supplied by surface runoff.

A detailed geologic map of the study site is not available.  A regional geologic
map (11) and the county soil survey (12) indicate that the local bedrock is Pierre Shale, a
calcareous, sulfidic marine shale of Late Cretaceous age.  Present relief on the shale
bedrock is the result of episodic lowering of base level and downcutting of streams
during Pleistocene and Holocene time.  Erosional remnants of sandy to gravelly alluvium
of Pleistocene age (Rocky Flats Alluvium of Scott, 11) overlie shale bedrock in the study
area and generally mantle the hillslopes as colluvium (slopewash).  These alluvial and
colluvial deposits are in turn overlain by windblown sand and silt of Late Pleistocene and



Holocene age.  Eolian sand caps the ridge at the study site and occurs as patches that
locally cover portions of the hillslopes within the drainage.

 Weathered Pierre Shale is exposed in the south wall of the irrigation ditch where
it is unconformably overlain by up to three feet of drainage sediments that were
deposited along the gently sloped floor of the studied drainage.  These sediments are
dark gray, clayey to sandy, organic-rich silt of probable Holocene age.  Water seepage
was not observed at the exposed contact between Pierre Shale and overlying drainage
sediment at the irrigation ditch.

SAMPLING AND ANALYTICAL METHODS

A 2-inch diameter stainless steel soil auger was used to incrementally sample
soil over specific depth intervals.  Sampled intervals generally ranged from 4-8 inches
depending on the consistency of the sample.  The total depth of sampled profile was 78
inches for soils from the holding pit (site A1), 32 inches for soil from the stock pond (site
A6) and 7-14 inches for other sampling sites along the drainage (sites A2-A5) (Fig. 2).
Each sample was immediately packaged in sealable plastic bags for transport.

In the laboratory each sample was air dried at 35°C.  Dried soil samples were
gently disaggregated with a ceramic pestle and 200 g were mixed with 200 ml of
deionized water and stirred vigorously for about 1 minute.  These 1:1 soil:water mixtures
were allowed to stand overnight (16-20 hrs) at room temperature and were again stirred
vigorously for about 1 minute.  The mixtures were centrifuged at 8000 rpm for 40
minutes to remove particles smaller than 0.1 micron from suspension.  Solutions were
decanted and passed through 0.45 micron filter membranes to remove any residual
suspended particles.

The method used here for preparing the water leachates (1:1 weight:weight)
differs from soil water extracts often used by soil scientists to measure electrical
conductivity (EC; saturated paste, 1:1 volume:volume, or 1:2 volume:volume extracts).
The saturated paste method calls for deionized water to be added a soil sample placed in
a beaker until the surface of the soil-water mixture gives off a "sheen", meaning that a
thin surface film of water is present.  The surface film is evidence that saturation of the
soil sample has occurred.  Considerable variability in operator estimates of saturation
occur with this method.  The other two methods call for adding soil to a beaker using a
scoop of known volume then adding either an equivalent volume of water (1:1) or twice
the volume of water (1:2).  These two methods are faster than the saturated paste method
and are usually used by soil labs processing a large number of samples.  Variation in
packing of the soil sample in the scoop can cause variation in EC measurements.  The
saturated paste method provides a more representative measurement of the total soluble
salts in solution because it more closely approximates field conditions.  The method used
here (1:1 weight:weight) provides more consistently reproducible results.  The saturated
paste method uses the smallest amount of water and thus should consistently yield
highest EC measurements.



Specific conductance and pH of solutions (the latter equivalent to measurements
of soil pH (13)) were measured.  Solutions were then analyzed for alkalinity by titration
with standard acid, and for other anions by ion chromatography.  A subset of samples
was measured for cations by atomic absorption spectrophotometry.

Data for major cations and anions has an estimated precision of 5-10% (relative
standard deviation).  The accuracy of the major constituent values was estimated by
converting measured concentrations of the major dissolved species in milligrams per liter
(mg/L) to milliequivalents per liter (meq/L) and checking for equality (charge balance)
of the total milliequivalents of cations and anions.  Factors for converting the reported
mg/L to meq/L are provided in Table 1.  Charge balance was generally within 10 percent,
which is considered acceptable considering that errors are propagated when summing
numerous constituents, and that only major dissolved constituents were determined.  One
sample (A1 (26.5-32”)) was processed in duplicate to estimate the combined precision of
the method and analyses (Table 1).  The coefficient of variation calculated for the major
dissolved species in this duplicated sample ranges from 2-14%.

Determinations of bromide have an estimated precision of 10% which
approaches 30% as bromide concentrations approach the initial determination limit of 1
mg/l.  A subset of bromide analyses (asterisks in Table 1) showed peaks indicating
bromide concentrations just below the detection limit.  For these samples, inspection of
peaks and manual subtraction of the background signal provided a more reliable and
precise determination of bromide concentrations.

Three water samples were also collected for analysis.  These included a sample
of saline surface water that filled a shallow (<1 ft deep) depression in the bottom of the
holding pit and represented residual produced water (W1; Fig. 2), a sample of shallow
ground water that filled an excavated 1.5 ft-deep hole in the wetland soils (W2), and a
sample of very shallow ground water collected from a small surface depression near the
excavated hole in the wetland (W3).  Temperature, pH, and specific conductance of the
waters were measured at the time of collection.  Water samples were transported under
refrigeration in screw-capped polyethylene bottles.  In the laboratory, waters were
filtered through 0.45 micron membranes and then analyzed using the same methods as
for the water from the soil leaches.

RESULTS AND DISCUSSION

The chemical data presented in Table 1 provide an opportunity to evaluate the
source of salinity in the drainage.  This evaluation is based upon comparison of the
composition of soluble salts in the drainage (soil leaches A2-A5; waters W2, W3) with
the composition of soluble salts in soils from the stock pond located outside the drainage
(soil leaches from site A6), and with the composition of soluble salts from the produced
water holding pit (soil leaches from site A1; water W1).  In addition, produced water
geochemical data from the Department of Energy produced water  database (14) for J-
sand produced waters from nearby production wells are available for comparison (Table
2).  All wells served by this site produce from the J-sand.



Specific Conductance

Specific conductance measurements provide an indication of the total
concentration of charged species (ions) in solution.  In the case of 1:1 (weight:weight)
soil leaches, the specific conductance approximates but is probably consistently less than
the specific conductance of soil pore water measured by the saturated paste method
which is used to predict plant tolerances to irrigation water and saline soils (15)

The specific conductance of soil leaches from the stock pond ranges from 410-
740 microsiemens per centimeter (µS/cm).  These values are considerably lower than
most conductance values of soil leaches from the produced water holding pit (600-3600
µS/cm), or from the drainage (3800-4700 µS/cm).  The leachate from the stock pond soil
(background site) is fresh (<500 ppm TDS, 400-500 mS/cm specific conductance)
indicating that there does not appear to be a strong natural accumulation of salts from
evapotranspiration.  If the conductance of the water in contact with stock pond soils is
representative of that found in natural porewater of the surrounding area, then the
porewaters within the drainage below the produced water holding pit are anomalously
conductive (salty).

Soil leaches from the drainage below the produced water holding pit (sites A2-
A5) have higher specific conductance than soil leaches from the holding pit or the stock
pond (Table 1).  If water from the holding pit (W1) or natural runoff is the source of this
salt, then additional concentration mechanisms are required.  The most likely
concentration mechanisms in this semi-arid setting are evaporation and plant
transpiration, which should affect surface water and any ground water sample within
approximately 3 feet of the surface (16).  Evaporation from the surface or from a shallow
water table produces salt residues that coat soil pores or can appear as efflorescent salt
crusts on the surface.  At the time of sampling there were no major salt accumulations
observed on the surface or within the sampled soils.

The chloride concentration of water samples can be used to estimate the extent
of concentration by evaporation because chloride is largely conserved in solution and
little chloride is leachable from local soil, as indicated by leaches of the stock pond
samples (Table 1).  The two water samples from the drainage (W2, W3) contain 2-10
times more chloride than water from the holding pit (W1).  Local surface water from
outside the study area was not analyzed but the chloride concentration in (1:1) leaches of
soil from the stock pond may approximate chloride concentration of such water.  The
two water samples from the drainage contain 130-1200 times more chloride than leaches
of stock pond soils.  Such extreme enrichments of chloride from natural surface water
would require ponding and evaporation of large volumes of natural surface water, which
seems unlikely in the physiographic and climatic setting of the studied drainage.

Stress and dieoff of cottonwood trees at the lower end of the drainage could be a
response to the higher salt concentrations indicated by elevated specific conductance of
soil leaches and shallow ground water in the drainage.  The specific conductances of 1:1
soil leaches from the drainage (3800 to 4700 µS/cm) are less than the value of 6000
µS/cm that is considered stressful for growth of cottonwood (17); however, the 1:1 soil
leachate specific conductances are probably less than the porewater specific
conductances so the latter probably approach 6000 µS/cm in the soil itself.  The specific



conductance of these same solutions also indicates a very high salinity hazard to crops
(Fig. 3).

High salinity in porewater also indirectly affects plant growth through reduction
of soil permeability, the latter a result of sodium-exchange onto clay minerals and
dispersion of clay minerals into pore spaces (18).  The relative amount of sodium in the
soil or sodicity is measured by the sodium absorption ratio (SAR).  The SAR is based on
the relative concentration of sodium ion compared to the sum of calcium and magnesium
ions, where ion concentrations are again expressed in meq/L.  The operative equation is:

SAR  =  [Na]/ (0.5([Ca] + [Mg]))
1/2  

               (1)

Calculated values of SAR for soil leaches and water from the drainage range from 6.62
to 29.35 (Table 1).  These values indicate a medium to very high sodium hazard to crops
(Fig. 3).

Anion and Cation Composition

The anion composition of soil leaches from the stock pond (background site) is
dominated by bicarbonate anion, whereas soil leaches and water from the produced water
holding pit and the drainage below it have much higher proportions of chloride (Table 1).
This compositional difference is illustrated on a triangular diagram that plots each water
sample based on the (normalized) proportions of the three major anions, expressed in
meq/L (Fig. 4).  Soil leaches from the stock pond are close to the bicarbonate apex,
whereas the holding pit water and most soil leaches from the holding pit plot midway
between the chloride and bicarbonate apexes indicating increased chloride.  Water and
soil leaches from the drainage plot closer to the chloride apex.

The similar anion composition of the pit water sample and most soil leaches
from the produced water holding pit are evident on Fig. 4 (some leaches show higher
sulfate).  This similarity holds over much of the sampled depth of 6.5 feet, and despite
considerable differences in total dissolved anions (Table 1).  This similarity was
expected because produced water probably percolated downward through the bottom
soil.  Approximately one month before our visit, personnel from the COGCC noted 6-7
feet of water in the pit.  Less than 1 foot of water remained in the pit during our visit.

The uppermost soils (0-15 in.) of the holding pit yielded significantly higher
proportions of soluble sulfate than deeper soils (Table 1, Fig. 4).  This probably indicates
the presence of soluble sodium sulfate salts that concentrated in surface layers via
upward capillary action during intermittent wetting and drying of the pit bottom and the
removal of the more soluble chloride salts by downward percolating water (see more
detailed discussion of this below).

The shaded area in Fig. 4 represents the area where anion compositional data of
produced waters from nearby oil wells from Table 2 would plot.  Note that the holding
pit water lies within the shaded area suggesting that this water resembles these produced
waters.  The holding pit water contains less total dissolved solids (about 2400 ppm) than
the produced waters reported in Table 2 (about 3200 to 8700 ppm) suggesting that
dilution of water in the holding pit by precipitation runoff may have occurred, but



without samples of the water released to this pit it is not possible to determine the
original composition of this water and what changes, if any, have occurred.

 Water and soil leaches from the drainage below the pit are uniformly high in
chloride compared to bicarbonate and sulfate (Table 1, Fig. 4).  Carbonate species are
ultimately regulated in this system by precipitation of carbonate minerals similar to those
already present in the local soils.  Strong reaction of these local soils with hydrochloric
acid suggests that calcium carbonate is the dominant carbonate mineral.  All waters and
soil leaches from the drainage for which we have both anion and cation analyses are
oversaturated in carbonate minerals based on independent calculations of mineral
solubility, and thus, precipitation of calcite is favored.  The necessary calcium and
magnesium ions are probably provided by ion-exchange reactions involving clay
minerals.  In this case, the abundant sodium present in the ground water (W2, W3)
exchanges for calcium and magnesium on native clay minerals.  The SAR values
calculated for water and soil leaches from the drainage (Table 1) indicate ample potential
for such exchange.  Na-for Ca-exchange is also supported by a progressive down-
drainage decline in the Na/Ca ratio of soil leaches (Table 1).  Clays in the Pierre shale
have high cation exchange capacities on the order 30 to 80 milliequivalent per 100 grams
of rock.  The dominant exchangeable cations are Ca and Mg with some samples having
Na equal to Mg  (G. Breit, written commun, 1998).

Dissolved sulfate is also subject to modification by soil/water reactions.  In the
organic-rich wetland soils, bacterially-mediated sulfate reduction is suggested by the
presence of markedly black soil that usually indicates the presence of iron monosulfides.
Outside of the wetland, the concentration of dissolved sulfate in drainage soils is
probably regulated by lesser amounts of sulfate reduction or sorption rather than by
precipitation of sparingly soluble gypsum, because all of the analyzed solutions are
undersaturated in gypsum.

A subset of water and soil leach samples from this study were analyzed for
cations (Table 1).  Like the analysis of anion abundances, the cation compositions can be
illustrated on a triangular diagram that plots each water sample based on the
(normalized) proportions of the three major cations (calcium, magnesium, and
sodium/potassium), expressed in meq/L (Fig. 5).  The cation compositions for holding pit
water (W1) and holding pit soil leachates plot close to the sodium/potassium apex.
Produced water cation compositions (Table 2) also plot at this apex (shaded area, Fig. 5).
The stock pond leachates also plot close to this apex but have slightly greater proportions
of calcium and magnesium relative to the produced water samples.  Waters from the
drainage (W2 and W3) and soil leachates from the drainage show significant increases in
calcium and magnesium reflecting the sodium for calcium/magnesium exchange
discussed above.

SO4/Cl ratios

The relationship between sulfate and chloride in the waters and the soil leaches
provides some clearer understanding of water-rock interactions in these soils and the
evolution of the waters in the drainage.  Fig. 6 is a plot of the sulfate/chloride ratio
versus chloride.  Plots of the various soil sample leachates, the holding pit water, and the
drainage waters show systematic relations to one another influenced by precipitation of



sulfate onto soil, loss of sulfate from water by reduction to sulfide, and solute
concentration by evaporation.

The leachates from the stock pond (background) soil ("S", Fig. 6) are much
lower in chloride and have a substantially greater sulfate/chloride ratio than the oil field
produced water in the pit (W1, Fig. 6), the down drainage water samples (W2, W3, Fig.
6), and the leachates from the soils in the drainage (A2-A5, Fig. 6).  Assuming only
small effects of solid/water interactions during infiltration of water from the pit and
similarities between the soil of the pit and that of the stock pond, the soil leaches from
depths below about two feet under the pit generally could be produced by mixing water
compositionally similar to the leachates from background (stock pond) soil with the pit
water.  This is indicated by the group of points ("B", Fig. 6) that mostly fall close to or
between the two conservative mixing curves with the lowest and highest sulfate/chloride
ratios for the stock pond leachates ("S", Fig. 6) and the pit water ("0", Fig. 6).

The range of sulfate/chloride ratios in leachates from depths greater than 26
inches under the pit ("B", Fig. 6) bracket the ratio for the water in the pit (W1, Fig. 6).
The sulfate/chloride ratio of the leachates from the shallower depths substantially
increases with increasing closeness to the surface (B26"-B6", Fig. 6).  This suggests
separation of sulfate and chloride in the zone where capillary action brings more water to
the surface along the fringes of the standing water in the pit during dry periods.  Along
the fringes of the standing water, the semi-arid climate can dry the soil to the point where
most of the dissolved salt content of the interstitial water can precipitate.  Under the
ambient conditions prevalent at this site most of the year (less than 30�C), sodium
sulfate is less soluble than sodium chloride (Timpson and others, 1986).  Thus, the
sulfate salts would tend to accumulate in the drier, upper portions of the pit soil column,
especially the more central parts of the pit.  When additions of produced water raised the
water level in the pit or rainfall infiltrated the soils, redissolution of any precipitated
chloride salts would generally be faster than for sulfate salts.  The net result would
produce the observed sulfate/chloride ratio distribution with depth under the pit.  Similar
elevated sulfate/chloride ratios in leachates from the shallow portions of an abandoned
oilfield brine pit have been observed by Whittemore (written commun., 1998).

Produced water and rainwater infiltrating through portions of the brine pit where
some precipitation of salts had occurred would preferentially dissolve the chloride salts
and could result in a water leaving the pit with a lower sulfate/chloride ratio.  This water
would then move downgradient in the subsurface through the drainage.  Water close to
the surface would undergo evaporation, thereby concentrating the salts to produce
shallow groundwater like W2 or W3.  The process of sulfate and chloride fractionation
by precipitation and redissolution in the surface and near-surface soils could further
decrease the sulfate/chloride ratio in the waters of the drainage.  The process of sulfate
reduction in the continuously saturated soils of the wetland could also decrease the
sulfate/chloride ratio for the shallow ground waters in the wetland (W2, W3, Fig. 6).
Farther down the drainage from the wetland, the sulfate/chloride value increases in the
alluvium leachates (A3, A4, A5, Fig. 6) and the chloride concentrations decrease
suggesting that the shallow ground waters are mixing with low chloride, higher sulfate
waters not influenced by the pit water.



Br/ Cl ratios

Soil leaches from the drainage (A2-A5), all three sampled waters (W1-W3), and
the upper part of the holding pit soil column have sufficient concentrations of dissolved
bromide to generate analyses of reasonable precision (Table 1) and to calculate reliable
Br/Cl values.  No Br/Cl values may be calculated for the stock pond soil leaches (A6)
and the lower part of the holding pit soil column because all Br values are well below the
detection limit of 1 ppm (see Table 1 footnotes for discussion of samples with reported
values less than 1 ppm).  Bromide and chloride are very similar chemically and both are
equally conserved in solution, i.e., they are relatively unaffected by soil/water
interaction.  The Br/Cl value is also unaffected by evaporative concentration (until halite
starts to precipitate) or dilution with fresh water of very low Br and Cl content, and
therefore provides a useful indication of salinity sources (Whittemore, 1984, 1988,
1995).  The Br/Cl ratio of the water in the holding pit (0.0060) is very similar to the ratio
in water and soil leaches from the drainage (0.0050-0.0062; Table 1).  This observation
is permissive of a salinity source originating from the holding pit and supports other
chemical data that indicate compositional similarity between water of the holding pit and
water and soil leaches from the drainage.

CONCLUSIONS

Specific conductance measurements and chemical data indicate that water and
soil in a drainage below an oilfield production site are likely contaminated with salts
derived from leakage of a produced water holding pit.  The soluble salts in the studied
drainage are similar in abundance and composition to those in the produced water
holding pit and clearly dissimilar from those in a nearby stock pond assumed to represent
local background conditions.

The composition of soluble salts introduced to the drainage are modified by
processes of evaporative concentration and soil/water reaction, the latter dominated by
carbonate precipitation, ion-exchange on clays, sulfate reduction (especially in wetland),
and sulfate fractionation/adsorption in soil profile.

Based on our observations, elevated salinity of shallow ground water in the
drainage and salinization of drainage soils may have contributed to stress and dieoff of
cottonwood trees at the lower end of the drainage.  The semi-arid climate and low
hydraulic gradient of the drainage probably inhibit efficient flushing of salts by rainfall
and contribute to salt build-up that eventually could become toxic to native vegetation.

Geochemical data from soil leachates provides substantial supportive data that
would not otherwise be available to document produced water effects in this drainage.
Where water samples are not available, soil leachates alone may be sufficient to
document salinization by produced waters or other potential sources in semi-arid areas.
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Table 1
Sample Description pH† Sp. Cond.(µS/cm)HCO3 (mg/l)SO4 (mg/l) Cl (mg/l) Br (mg/l) SO4/Cl Br/Cl Na (mg/l) K (mg/l) Ca (mg/l)Mg (mg/l)Fetotal (mg/l)Na Absorption RatioTDS

LC97A1 (0-6") Sed. profile in PW pit,1:1 H2O 8.5 3600 151 1000 250 1.3 4.00 0.005 790 12 0.7 1.1 0.2 140 2,128

LC97A1 (6-11") Sed. profile in PW pit,1:1 H2O 9.0 1600 294 170 170 0.91* 1.00 0.005

LC97A1 (11-15") Sed. profile in PW pit,1:1 H2O 8.7 1650 293 230 140 0.76* 1.64 0.005

LC97A1 (15-21") Sed. profile in PW pit,1:1 H2O 9.0 1050 260 91 120 0.74* 0.76 0.0060

LC97A1 (21-26.5") Sed. profile in PW pit,1:1 H2O 9.0 920 240 80 99 0.58* 0.81 0.006

LC97A1 (26.5-32") Sed. profile in PW pit,1:1 H2O 9.0 1100 225 46 170 0.98* 0.27 0.006 230 2.8 0.09 0.14 0.7 110 560

LC97A1 (26.5-32")Dup.Sed. profile in PW pit,1:1 H2O 8.9 1150 235 51 150 0.99* 0.34 0.007 230 2.3 0.05 0.13 0.4 120 549

LC97A1 (32-38") Sed. profile in PW pit,1:1 H2O 8.9 1200 220 71 190 1.05 0.37 0.006

LC97A1 (38-44.5") Sed. profile in PW pit,1:1 H2O 8.9 1050 200 74 160 0.89* 0.46 0.006

LC97A1 (44.5-50") Sed. profile in PW pit,1:1 H2O 8.9 930 200 50 130 0.82* 0.38 0.006

LC97A1 (50-55") Sed. profile in PW pit,1:1 H2O 9.0 730 190 34 87 <1 0.39

LC97A1 (55-61") Sed. profile in PW pit,1:1 H2O 8.9 760 209 52 83 <1 0.63

LC97A1 (61-67") Sed. profile in PW pit,1:1 H2O 8.9 600 190 23 71 <1 0.32

LC97A1 (67-73.5") Sed. profile in PW pit,1:1 H2O 8.9 700 198 45 83 <1 0.54

LC97A1 (73.5-78") Sed. profile in PW pit,1:1 H2O 9.0 720 190 36 94 <1 0.38 150 1.9 0.09 0.14 0.7 73 376

LC97A2 (0-14") Alluvium in drainage, 1:1 H2O 7.9 4300 110 160 1200 6.5 0.13 0.006 730 58 92 27 0.1 17 2,321

LC97A3 (0-7") Alluvium in drainage, 1:1 H2O 7.8 3800 410 140 880 4.8 0.16 0.006 560 43 94 42 0.1 12 1,961

LC97A4 (0-7") Alluvium in drainage, 1:1 H2O 7.7 4700 295 310 1200 6.0 0.26 0.0050 640 110 170 96 0.1 10 2,671

LC97A5 (0-8") Alluvium in drainage, 1:1 H2O 7.7 3950 219 450 890 4.6 0.51 0.005 430 47 200 69 0.1 7 2,194

 

LC97W1 Surface water in PW pit 9.5± 4800 1155 230 650 3.9 0.35 0.0060 950 5.6 1.4 1 0.2 150 2,406

LC97W2 Shallow GW in upper drainage 7.1 5700 1055 94 1500 9.0 0.06 0.006 660 45 210 100 0.1 9 3,128

LC97W3 Very Shallow GW in upper drainage 7.7 25000 750 220 6800 38 0.03 0.006 3200 130 370 320 0.25 29 #####

LC97A6 (0-7") Sed. profile in stock pond,1:1 H2O 8.2 410 258 7.6 5.8 <1 1.31 83 4.7 3.7 1.4 1.5 9 233

LC97A6 (7-12") Sed. profile in stock pond,1:1 H2O 8.7 570 290 43 11 <1 3.91

LC97A6 (12-19")Sed. profile in stock pond,1:1 H2O 9.0 740 405 46 11 <1 4.18

LC97A6 (19-26")Sed. profile in stock pond,1:1 H2O 9.0 560 328 13 7.5 <1 1.73

LC97A6 (26-32")Sed. profile in stock pond,1:1 H2O 8.9 500 325 12 7.8 <1 1.54 120 8.4 0.8 1.9 4.3 17 311



FOOTNOTES FOR TABLE 1

Sp. Cond. (µS/cm) =specific conductance (microsiemens per centimeter)
mg/L- milligrams per liter.
Fetotal= total dissolved iron.
SO4/Cl and Br/Cl are weight/weight ratios.
†  Initial pH values for the separated soil leachates (all samples described as "Sed. profile in PW pit,1:1 H2O") are reported here and are strongly alkaline because of hydrolysis of volcanic glass in the
soil under the closed system conditions present within the sealed centrifuge bottles.  Upon storage and exposure to the atmosphere, pH values in the leachates were lowered to 8.3 or less due to reactions
of dissolved hydroxide with dissolved silicic acid and to uptake of atmospheric CO2.
Values of pH at the time of alkalinity titration were at or below values of 8.3 and thus reported alkalinity for soil leachates is attributed to dissolved bicarbonate species only."

±  Dissolved carbonate is present in this sample and is 206 mg/l.

*  These bromide analyses were observed to be close to the detection limit of 1 ppm using the automated procedure.  Reexamination of the peaks and manual subtraction of background values provided
a more reliable and precise estimate of bromide concentrations.

Reported major ion concentrations (milligrams per liter) were converted to milliequivalents per liter (meq/L) by multiplying values by the following factors:   HCO3 (.01639), CO3 (.01667), SO4
(.02082), Cl (.02821), Na (.04350), Ca (.04990), Mg (.08229).



Table 2
Producing Depth- top of Sample BicarbonateCa rbonateCh loride Sulfate PotassiumSodium Ca lcium TDS

formation  producing zone (feet) source mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

 Dakota J 5115  DST  #11 1250 150 3050 1542 NR 3224 49 8642

 Dakota J 4949  DST  #15 1660 121 1680 1770 NR 2592 33 7026

 Dakota J Unknown  DST  #13 2530 259 950 153 NR 1806 17 4439

 Dakota J 4696  DST  #7 2575 121 870 234 NR 1726 11 4231

 Dakota J 4709  DST  #11 2340 372 640 19 NR 1560 4 3762

 Dakota J 4696  DST  #10 2460 192 620 127 NR 1521 4 3681

 Dakota J 4691  DST  #9 2490 168 620 127 NR 1510 4 3663

 Dakota J 5004  DST  #16 950 155 770 874 NR 1345 31 3650

 Dakota J 4681  DST  #7 2238 350 630 21 NR 1499 9 3622

 Dakota J 4669  DST  #6 1575 192 584 633 NR 1404 16 3605

 Dakota J 4703  DST  #8 1795 530 620 14 NR 1456 9 3525

 Dakota J 4661  DST  #6 1729 319 525 197 NR 1284 14 3207

 Dakota J 4802  DST  #1 2284 NR 2552 451 25 2683 16 8013



Figure 1.  Index map showing the location of Logan County, Colorado and the approximate
location of the study site (X).
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Figure 2.  Detailed map of the study site showing locations of soil samples and water samples.
See Table 1 for geochemical data for water (W#) and soil leach (A#) samples.
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Figure 3.  Diagram for interpreting the salinity and sodium hazard to crops based on the specific
conductance and sodium absorption ratio (SAR) of irrigation water.  Adapted from U.S. Dept. of
Agriculture, 1954, Figure 25 (18).  Waters of this study plot off the limits of this diagram
indicating extreme conductance and/or SAR values.  Selected soil leaches are plotted for reference.
mS/cm- microsiemens/centimeter.
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Figure 4.  Triangular diagram showing the relative proportions of the three major anionic species
in waters and soil leaches of this study.  Data are normalized to 100 percent and plotted as percent
of total milliequivalents per liter.  The shaded field encloses compositions of produced waters from
nearby oil wells (Table 2) and are included for comparison.

20

20

20

40

40

60

60

80

80

80

40

60 SO
4

Cl

HC
O

3

% meq/L

+

+

+

++
+

+

+
+ +

+
+

++
+

*
*

***

o

   

#

#
# #

+  Holding pond sediment leach
    Stock pond sediment leach (background)
#  Drainage sediment leach
o  Holding pit water
    Drainage water

*

 



Figure 5.  Triangular diagram showing the relative proportions of the major cation species in
waters and soil leaches of this study.  Data are normalized to 100 percent and plotted as percent of
total milliequivalents per liter.  The shaded field at the sodium plus potassium apex shows the
compositions of produced waters from nearby oil wells (Table 2) and are included for comparison.
Holding pit soils, the holding pit water, and the drainage waters all plot very close to the Na and K
apex.
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Figure 6.  Plot of the SO4/Cl ratio versus Cl concentration for soil leachates and water samples
from this study.  Data are taken from Table 1.  Mixing curve lines between W1 and maximum and
minimum values of S are approximately located.  Evolutionary curve lines between W1 and W2-
W3 are approximate.
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ABSTRACT

Soil that has been contaminated with oilfield brine must be characterized in order
that an appropriate remediation strategy can be selected, and the progress of the
chosen remediation can be monitored.  The conventional methodology involves the
preparation of a “saturated paste” (SP) from the soil and water; the filtrate from this
mixture, the “saturated paste extract” (SPE), is then used to measure the electrical
conductivity (EC) and the concentrations of major cations.  This laboratory uses a
“1:1” mixture of soil and water to provide a more reproducible extract.  The chloride
ion concentration in this extract is determined by ion chromatography (IC), which
also provides the concentrations of nitrate and sulfate in the extract.  The
concentrations of sodium, calcium and magnesium ions in the extract are determined
by inductively-coupled plasma atomic emission spectrophotometry (ICP-AES).  The
use of an ammonium chloride solution as the extractant liberates both “soluble” and
“exchangeable” cations from the soil sample; both of these parameters may be
important to the determination of the sodicity of the soil.



INTRODUCTION

During the production of petroleum, "produced water" or brine is also brought to
the surface.  This brine is disposed of by injection into a deep geological formation,
but it is not uncommon for some to be spilled in the vicinity of the wellhead or tank
battery, or the pipelines that connect them.  As a result brine-impacted soil remains
the most common environmental problem associated with onshore wells.

Soil that comes in contact with salt will be converted to the “saline” condition.
High salinity causes the death of established plants because it is more difficult for
their roots to extract water from the soil by osmosis.  Also, since oilfield brines
typically exhibit high concentrations of sodium, brine-impacted soil will be in the
“sodic” state, in which most of the ion exchangeable cations associated with clays
have been displaced by sodium.  Sodic soils exhibit poor “structure”, characterized by
reduced hydraulic conductivity; i.e. water cannot penetrate the hard crust that forms
on the surface of a sodic soil.

It is becoming standard practice to remediate oilfield brine spills soon after they
occur.  In order that an appropriate remediation strategy can be selected, a thorough
characterization of the soil, involving both physical and chemical parameters, is
required.  Sampling and analysis of the soil may also be associated with monitoring
the progress of the remediation.  As a result, the analytical costs associated with
remediation can be substantial.

Several sets of guidelines for the characterization of saline and sodic soils have
been published (1-3).  This paper seeks to critique these guidelines, with the ultimate
objective of identifying the minimum number of measurements required to design and
monitor a remediation project, and reducing the costs associated with these analyses.

THE SOIL-WATER MIXTURE

In each of the published guidelines, analysis of the soil begins with the preparation
of a soil-water mixture; soluble salts are then extracted from the soil into the liquid
phase. As pointed out by Rhoades (1), for the sake of comparing samples from
different sites "standardization of the (soil-water) ratio is required to obtain results
that can be applied and interpreted universally".  Based on work conducted in the
1940’s and 1950’s on naturally saline croplands, the U.S. Salinity Laboratory
recommended the “saturated paste” (SP) as this standard soil-water ratio.  The SP is
meant to simulate the soil-water ratio that would be present when the soil was
saturated by rainwater.  As such it represents the minimum concentration of soluble
salts that would be present in the “soil solution”.



To prepare the SP the soil is weighed out, dried in an oven and then
weighed again, providing the dry mass of the sample and, by difference, the mass of
water in the original sample.  Distilled water is then added in increments of known
mass (or volume) with manual stirring until the “endpoint” is reached.  Different
authors provide different descriptions for this endpoint.  For example, Rhoades (1)
states that the soil paste “glistens, flows slightly when the container is tipped and
slides cleanly from a spatula”, or "consolidates easily when the container is tapped or
jarred after a trench is formed in the paste with the side of the spatula".  Deuel and
Holliday (2) recommend "a thin paste which just barely flows together to close
around a hole left by the (stirring) rod.  Both Deuel and Holliday (2) and Janzen (3)
point out that it is important that the soil-water mixture stand for at least 4 hours, at
which time the SP criteria are applied again.  And if the criteria are not met, the
mixture is adjusted by adding a known amount of additional water or soil to the
mixture.

Even without having personal experience with this procedure in the laboratory, it
is not difficult to appreciate the subjective nature of the SP endpoint.  The
unfortunate consequence of this subjectivity is that the filtrate from this mixture, the
“saturated paste extract” (SPA), is utilized is all of the subsequent physical and
chemical analyses.  Thus, if the soil-water ratio is lacking in repeatability, so will be
the electrical conductivity and the various ion concentrations determined with the
extract.  Furthermore, the recovery of a sufficient volume of extract (by filtration)
from the soil-water mixture proceeds very slowly, since there is little free water in
the sample to begin with, and the filter is plugged by the dispersed clay particles
characteristic of a sodic soil.

The solution to this problem is to add a larger (but still known) volume of distilled
water to the soil.  Rhoades (1) also recognized this possibility, and recommended such
“fixed-ratio mixtures” for monitoring, when relative changes in the soil salinity and
sodicity are of greater concern than the absolute solute concentrations.  For most
soils, a “1:1 mixture”, corresponding to an equal mass of water and soil, corresponds
to approximately twice the volume of water added to create the saturation paste.
This mixture is used with complete success in this laboratory.  In addition to
enhancing the repeatability of the extraction, the additional volume of water
dramatically reduces the time needed to acquire a volume of filtrate sufficient to
perform the desired analyses.

What are the consequences of using a greater proportion of water in
the extraction of the soil?  First and foremost, the concentration of all soluble
species in the extract is reduced.  This will obviously affect the electrical
conductivity, as discussed below.  Also, Henry and Hogg (4) point out that greater
dilution will cause deviation from the position of equilibrium characteristic of a soil
saturated with rainwater.  For example, the dissolution of calcium bearing minerals
(e.g. gypsum and calcite) will increase with increasing amounts of water in the soil.
However, one has to wonder if such effects could even be detected, given the
uncertainty in the SP endpoint as well as the notorious heterogeneity of saline soils.



THE EXTRACT

Another problem associated with the use of the saturated paste is that it is
difficult to recover the extract from the mixture.  Typically, it is necessary to
employ a sample of 300 g or more of soil to obtain 30 mL of extract by vacuum
filtration, and it may require more than an hour to obtain  even this meager volume.
On the other hand, the 1:1 mixture can provide up to 50 mL of filtrate in less than
15 minutes from only 100 g of soil.

In this laboratory qualitative filter paper (Fisher Scientific) placed in a Buchner
funnel is most commonly used for the filtration.  Infrequently, some particulate
matter is observed to pass through this paper initially, before the formation of a filter
cake.  This problem can be minimized by pouring the soil-water mixture into the
funnel all at once, so that a filter cake is established immediately.  Also, since the
volume of filtrate collected in the filter flask is typically less than 50 mL, it is
important that the flask be completely dry initially.

ELECTRICAL CONDUCTIVITY

The electrical conductivity (EC) of the soil extract is measured with a probe
(Fisher Scientific) consisting of two platinum electrodes separated by a fixed distant.
The probe is connected to a “conductivity meter” (Yellow Springs Instrument Co.).
Within this meter the resistance of the solution is measured using a Wheatstone
bridge when an alternating current is applied across the electrodes; the conductivity of
the solution is simply the reciprocal of the resistivity.  The “cell constant” of the
probe can be readily determined using a potassium chloride solution of known
concentration.  For example, at 25°C the conductivity values of 0.010 M and 0.100
M potassium chloride solutions are 1.412 and 12.90 mmhos/cm, respectively (3).

According to the U.S. Salinity Laboratory report of 1954 (5), a soil is considered
saline when the saturated paste extract exhibits an EC greater than or equal to 4
mmhos/cm (4 dS/m) at 25 °C. The EC of the 1:1 mixture, advocated as a substitute
for the SP, will be lower than that of the SPE because approximately twice as much
water will have been added to the soil.  The relationship between EC and the
concentration of a particular salt is linear up to approximately 4 mmhos/cm (Figure
1).  However, above this value the relationship is non-linear; thus, there is no easy
way to correct the conductivity of the 1:1 mixture to approximate that of the SPE.

A correlation between the EC and the chloride ion concentration in 1:1 extracts
of the soil samples is expected for any site that has been contaminated with a brine in
which the predominant anion is chloride.  In Figure 2 it can be seen that for one data
set, this correlation holds for all but two data points, both of which were subsequently



identified as being in error.  Thus, this correlation may be used for quality assurance,
to identify samples which should be retested to check for possible errors in their
preparation.

CHLORIDE ION

Since chloride ion is the predominant anion in most oilfield brines, the
concentration of this species in the soil extract should be determined specifically.
Two methods of analysis are available: potentiometry with a chloride selective
electrode, and ion chromatography (IC).  In potentiometric analyses, a voltaic cell is
created with two electrodes, the “indicating electrode” (“ion selective electrode”) and
a “reference electrode” (e.g. the saturated calomel electrode), immersed in a
conductive sample solution.  A potentiometer or high impedance voltmeter (Fisher
Scientific) is used to measure the potential generated by this cell (as only a minimal
current is allowed to flow).  The chloride ion electrode (Orion Corp.), features a thin
ionically-conducting disk, fabricated from a mixture of silver chloride and silver
sulfide, that produces a “membrane potential” in response to a difference in the
concentration of the analyte at its two surfaces (one being in contact with the sample
solution).  The membrane potential is linearly related to the logarithm of the
chloride concentration over a relatively wide range of concentrations (Figure 3).  The
lower limit of this linear range, typically corresponding to 0.0001 M (2.3 mg/L
chloride ion), effectively defines the limit of detection for the technique.

The use of potentiometry for the determination of the chloride ion
concentration in soil extracts  is attractive for three reasons.  First and foremost, the
extract need not be filtered to make the measurement.  Secondly, the linear range of
the instrument extends to concentrations higher than those observed in the extracts
of brine-impacted soils; thus, dilution of the sample solution before making the
measurement is unnecessary.  Finally, the equipment required to make this
measurement can be obtained for less than $600.  The primary disadvantage of this
technique is the possibility of interference from other anions in the sample extract.
This problem is evident in the data presented in Figure 4; concentrations determined
potentiometrically are higher than those determined chromatographically.  In this
laboratory the chloride electrode/meter is used only to estimate the extent to which
the sample must be diluted for chromatographic analysis.

Chromatographic analysis is inherently more selective than potentiometric
analysis because the different types of ions present in the extract are separated from
one another on the chromatographic column before passing through the detector
(which, for chloride ion, must be a conductivity detector).  This separation occurs in
the “column”, a tube packed with the “stationary phase”, fine particles chemically
treated in order to possess ion exchanging functional groups on their surfaces.  For
anion exchange chromatography, the functional groups are quaternary amines (e.g.
for the Ionpac AS4A-SC column, Dionex Corp.).  A high pressure pump forces the



“mobile phase”, a dilute sodium bicarbonate solution, through the column.  Anions
that interact more strongly with the stationary phase are “retained” on the column,
so that they pass through it more slowly; ideally, each anion of interest is retained to
a unique extent, so that relatively pure analyte “bands” elute from the column one
after another.  After passing through a membrane device that “suppresses” the
background conductivity the analyte bands pass through a conductivity detector.  The
response from this detector plotted against time is referred to as the
“chromatogram”; an example corresponding to the extract from a brine-impacted
soil is presented in Figure 5.  The instrument is calibrated with 1-3 standard solutions
containing known concentrations of the analyte(s).  A computer-controlled
chromatograph with autosampler may be obtained from Dionex for approximately
$25,000.  

In addition to providing enhanced selectivity, the ion chromatograph can be used
to determine the concentration of nitrate and sulfate ion in the sample extracts.  The
primary disadvantage of IC is its limited linear range, which requires that extracts of
highly contaminated samples be diluted up to 1000 times.  Also, the sample solution
must be free of particulates; thus, filtration of the sample must proceed the use of this
instrument.

In this laboratory the chloride ion concentrations of sample extracts are
correlated with the corresponding electrical conductivity values for quality assurance.
A relatively high EC value could indicate the presence of bicarbonate ion in the
sample, since this is the one anion that is not detected by IC.

ALKALI / ALKALINE EARTH CATIONS

The concentrations of Na+, Ca2+ and Mg2+ in the soil extract are used in the
determination of the sodicity of a contaminated soil.  In this regard, the most
commonly reported parameter is the sodium adsorption ratio (SAR).  With
concentrations in mmol/L, the SAR is calculated as follows (6):

SAR  =  [Na+]  /  ( [Ca2+  +  Mg2+] ) 1/2 [1]

In general a soil is considered to be sodic when the SAR value for the saturated paste
extract exceeds 13.

The SAR is affected by the substitution of a 1:1 soil-water mixture for the SPE.
For example, with sodium, calcium and magnesium ion concentrations of 80, 8 and 2,
respectively, in the SPE, the SAR value is 25.3.  When these concentrations are
reduced by a factor of 2 (as would be expected for the 1:1 mixture), the SAR is also
reduced, to a value of 17.9.  This is a 29% change.  To account for this error, a
saturated past may first be produced with the soil sample, and then the additional



water required to make the 1:1 mixture may be added afterwards.  The determined
cation concentrations are then multiplied by a “correction factor” reflecting the
additional dilution, prior to calculating the SAR value of the soil.  

Until recently, the concentrations of Na+, Ca2+ and Mg2+ have been determined in
this laboratory by atomic absorption spectrophotometry (AAS).  While very
selective (as are all techniques based on atomic spectroscopy), this technique is
plagued by an extremely low limit of linearity; the extracts of some samples had to be
diluted by a factor of 10,000.  Obviously, the repeatability of AAS analysis is severely
compromised under these circumstances.  This difficulty is now being overcome
through the use of inductively-coupled plasma atomic emission spectrophotometry
(ICP-AES).  In this technique, the sample extract is nebulized into a inductively-
coupled plasma produced from argon gas.  The temperature of this plasma, in excess
of 7000 K, is sufficient to evaporate the water, reductively decompose the salts to
gaseous atoms, and then promote the atoms into excited electronic states.  The
excited atoms immediately “relax” back to the ground state, emitting a photon of
ultraviolet or visible radiation (with a wavelength characteristic of the atom) in the
process.  The emitted photons then pass into a grating monochromator, which
disperses them according to their wavelengths, andm this correlation, and the
observed deviation is in only one direction, this discrepancy must reflect an
interference in the emission-based measurements resulting from the more
concentrated sample matrix.  In response to this observation, sample dilution by a
bservation, sample dilution by a factor of 50 is now practiced in this laboratory, prior
to ICP-AES analysis using the more sensitive wavelength 589.6 nm.

For many soils, particularly those with intermediate to low levels of
contamination, the amounts of sodium, calcium and magnesiigure 6.  The ICP-AES
data were collected (using a Perkin-Elmer Plasma 2000) at an emission wavelength of
330.2 nm, an emission line of relatively low intensity that allowed for the solutions
to be analyzed without dilution, while the AAS data were collected (using a Perkin-
Elmer model 2380) at the conventional wavelength 589.6 nm.  It can be seen that
the correlation between the data deteriorates at high concentrations.  Since dilution
error in the AAS data would be expected to cause a random deviation from this
correlation, and the observed deviation is in only one direction, this discrepancy must
reflect an interference in the emission-based measurements resulting from the more
concentrated sample matrix.  In response to this observation, sample dilution by a
factor of 50 is now practiced in this laboratory, prior to ICP-AES analysis using the
more sensitive wavelength 589.6 nm.

For many soils, particularly those with intermediate to low levels of
contamination, the amounts of sodium, calcium and magnesium that are extracted
with high-purity water will be much lower than the amounts exchanged onto the
surface of clay minerals in the sample.  The sodium ions in this “exchangeable” form
contribute significantly to the sodicity of the soil.  Thus, an assessment of the
exchangeable cations should be included in this set of analyses.  For this purpose, the
sample soil is extracted with a 0.20 M ammonium chloride solution; the ammonium



ions in this extractant efficiently displace the alkali and alkaline earth ions from the
clay particles.  This sample matrix presents no new problems to the analysis by ICP-
AES because the sample extract is again diluted by at least a factor of 50 prior to
analysis.

It is important to note that the cation concentrations determined with the
ammonium chloride extracts are the sum of the water-soluble and exchangeable
fractions.  Thus, if the exchangeable cations are the desired quantities, they must be
calculated by taking the difference between the values obtained with the two extracts.
An example set of data upon which this calculation has been performed is presented
in Table 1.  The exchangeable cations data can also be used to estimate the cation
exchange capacity (CEC) of the soil, using the expression:

CEC  =  ( [Na+]  +  ( ( [Ca2+]  +  [Mg2+] )  *  2 ) )  *  0.1 [2]

where the CEC value is in units of milliequivalents / 100 g of soil, and the
concentrations of the cations are in mg/kg (parts per million by weight).  All of the
samples in Table 1 are from a single contaminated site; thus, the variability in the
CEC determined in this manner simply reflects the fact that three separate
measurements, each with its own level of uncertainty, are utilized in the
determination.   

SUMMARY AND CONCLUSIONS

Soil that has been contaminated with oilfield brine must be characterized in order
that an appropriate remediation strategy can be selected, and the progress of the
chosen remediation can be monitored.  The conventional methodology involves the
preparation of a “saturated paste” (SP) from the soil and water; the filtrate from this
mixture, the “saturated paste extract” (SPE), is then used to measure the electrical
conductivity (EC) and the concentrations of major cations.  Unfortunately, the
“endpoint” sought in the preparation of the SP is extremely subjective, and thus the
SPE is not necessarily a good basis for the subsequent analyses.  As has been suggested
by others, a “1:1” mixture of soil and water will provide a more reproducible extract.
This approach is utilized in this laboratory.

The concentrations of the major anions can also be useful in the characterization
of the contamination.  The chloride ion concentration in the extract may be
determined by potentiometry, using a chloride selective electrode, or ion
chromatography (IC).  The former technique would appear to be insufficiently
selective in comparison to the IC, but it is still useful in estimating the extent to
which the sample solution must to be diluted in order to be compatible with the IC.
With no additional effort IC provides the concentrations of nitrate and sulfate in the
extract, and with the exception of bicarbonate and carbonate, will indicate the
presence of other, unidentified anions.



The concentrations of sodium, calcium and magnesium ions in the extract are
determined most efficiently by inductively-coupled plasma atomic emission
spectrophotometry (ICP-AES).  In addition to its multielement capabilities, ICP-AES
provides a wide linear range, thus eliminating the need for excessive sample dilution.
The use of an ammonium chloride solution as the extractant will liberate both
“soluble” and “exchangeable” cations from the soil sample; both of these parameters
may be important to the determination of the sodicity of the sample.
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Table 1.   Cation concentrations obtained by extraction of brine-impacted soil with
water or ammonium chloride (1:1 mixture in both cases).  ICP-AES analytical
wavelengths:  Na, 589.6 nm; Ca, 422.7nm; Mg, 285.2 nm.

Sodium Sodium Sodium
Sample ID Water Soluble Amm. Chloride Exchangeable

(mg/kg) (mg/kg) (mg/kg)

L1S1 6280 6650 370
L1S2 1430 1610 180
L1S3 1010 1230 220
L2S1 1380 1460 80
L2S2 1280 1540 260
L2S3 500 660 160
L2S4 345 525 180
L3S1 685 800 115
L3S2 660 985 325
L3S3 465 585 120
L3S4 1280 1290 10
L4S1 3160 3590 430
L4S2 6880 7000 120
L4S3 1170 1420 250

Calcium Magnesium Cation Exchange
Sample ID Exchangeable Exchangeable Capacity

(mg/kg) (mg/kg) (meq/100g)

L1S1 520 65 154
L1S2 530 30 130
L1S3 410 80 120
L2S1 525 85 130
L2S2 545 80 151
L2S3 495 45 124
L2S4 530 65 137
L3S1 520 100 136
L3S2 755 80 200
L3S3 575 45 136
L3S4 330 55 78
L4S1 640 55 182
L4S2 520 135 143
L4S3 840 65 206
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ABSTRACT

A geohydrologic numerical modeling investigation is underway to determine the rate of dilution
and migration of a plume of produced water in the Denver basin and extend the predicted behavior of the
plume to other similar sites through sensitivity analysis.  The plume is associated with an evaporation
facility which, between 1977 and May of 1995, disposed of over 162 million gallons of produced water
into evaporation ponds that were not properly lined.  Leakage from the ponds has contaminated an
unconfined aquifer composed of less than 50 feet of windblown silt and 10 feet of sand and gravel.

Hydraulic conductivity measurements and plume distribution, as indicated by chloride to total
dissolved solids ratios, indicate that the aquifer is heterogeneous and best analyzed using numerical
modeling techniques to describe ground-water flow and produced water transport.  An automated
parameter estimation procedure is used to optimize and quantify the ability of the numerical models to
represent the field system.  Parameter estimation is achieved through a nonlinear regression technique
which determines optimal values of system parameters, such as hydraulic conductivity, that are used to
simulate observed field conditions.  An example illustrates how model calibration is significantly
improved through the analysis of basic statistics produced during the parameter estimation process. 
Continued parameter estimation and numerical modeling will derive predictions of produced water
migration and mixing that are statistically qualified, as well as prediction sensitivities that will indicate
the applicability of plume migration results to other similar disposal sites.



INTRODUCTION

Produced water disposal is an issue of increasing concern due to the large volumes of produced
water being generated, combined with the water’s high salinity and sometimes toxic composition. 
Currently, for every barrel of oil produced in the U.S., an additional 10 barrels of produced water are
being generated, creating an annual volume of 25 billion barrels (1).  In the arid west, produced water has
mostly been disposed of in surface evaporation ponds; many of which were not properly lined and leaked
to some degree.  Given the high pace of residential development in the Denver Basin, and that shallow
aquifers are a primary water supply (2), a detailed understanding of saline produced water migration and
dilution is useful for land-use planners, developers, and industry officials.

Project Goals and Scope

A geohydrologic modeling investigation of a saline groundwater plume associated with a
produced water evaporation facility in the Denver basin is underway.  The goals of the study are to
characterize the fate and rate of migration and mixing of produced water in the shallow aquifer with
ambient groundwater, and to extend the predicted behavior of the plume to other similar sites through
sensitivity analysis.  This will be accomplished though the 1) development of viable conceptual models
describing the geohydrology of the system, 2) development of numerical models that simulate
groundwater flows and the transport of produced water through the system, 3) application of statistical
parameter estimation techniques to optimize and quantify numerical model accuracy and identify model
shortcomings, 4) numerical simulation and statistical evaluation of plume fate to predict field conditions
and their associated uncertainty, and 5) evaluation of model sensitivities to identify parameters that are
important to plume fate in similar environments, indicating the relevance of model predictions to other
produced water contamination sites.  This report will discuss work progress to date and the utility and
applications of the approach taken.

Physical Setting

The study site for this project is located 35 miles northeast of Denver, Colorado, in a small
drainage basin (1.65 mi.2) that has less than 100 ft of relief (Figure 1).  Water recharge to the area
consists of the infiltrating portion of the 14 inches of average annual rainfall and seepage from a canal
which operates 6 months a year.  No water flows at the surface, and the groundwater flows east-southeast
into a large fluvial aquifer which provides water for agriculture and a growing suburban population.  The
basin is underlain by 5 to 50 feet of unconsolidated eolian deposits which are underlain by relatively
impermeable, indurated silty sands of the Arapaho Formation.  A sandy gravel deposit of relatively high
permeability has been detected immediately overlying the Arapaho Formation in some of the wells within
the basin.  A cross section of the interpreted site geology is shown in Figure 2. 

The disposal facility is situated roughly in the center of the basin and during its time of operation
from 1977 to May of 1995, well over 162 million gallons of produced water were disposed of (3) with no
record of salt residue removal from the ponds.  A full year after the facility was closed, TDS levels in
monitoring wells ranged from 12,000 mg/L 500 feet down-gradient of the ponds, to background levels of
980 mg/L in an up-gradient well (Figure 3).  The measure of produced water contamination used in this



study is chloride to total dissolved solid (TDS) ratios, which distinguishes between the high chloride
content of produced water, and sulfate salts that occur naturally at the surface within the Denver basin.

Data Sources

Site characterization by an environmental engineering company and independent data collection
by the authors has generated the geohydrologic information used in this study (Figure 1).  Groundwater
levels and water chemistry have been sampled routinely at 14 monitoring wells since May of 1995;
lithology has been examined in 16 boreholes and 12 monitoring wells; and hydraulic conductivity
measurements have been measured in 7 monitoring wells.  The environmental company is not collecting
data throughout the drainage basin and it was necessary to collect additional data for this study. 
Additional water levels were measured in 3 wells; water samples from 5 wells were collected; the canal
flow was measured and water in the canal was sampled; and geophysical electromagnetic surveys were
conducted to delineate the plume.  The distribution of hydraulic conductivity values and chloride/TDS
ratios shown in Figure 3 indicates that groundwater flow and plume distribution vary rapidly in the
immediate vicinity of the disposal ponds.

The areal extent of the plume is uncertain due to few down-gradient monitoring wells.  However,
preliminary results of electromagnetic surveys suggest that conductive, high TDS ground water extends
0.5 miles down-gradient from the ponds, where waters become more resistive, likely due to a decrease in
TDS.

METHODOLOGY

The methodology used in this project involves estimating input parameters of numerical models
that describe groundwater flow and solute transport using modified Gauss-Newton regression. Although
not commonly used in ground water modeling, parameter estimation programs, or inverse models,
quantify and improve the accuracy of numerical modeling results.  The methods below discuss aspects of
how these tools are (and will be) used to accurately predict plume fate and indicate the applicability of
these predictions to other produced water contamination sites.  For a detailed discussion of parameter
estimation, consult Hill (4) and Cooley and Naff (5).  Poeter and Hill (6) present UCODE, a public
domain universal computer code for inversion that is being used in this study
(http://mines.edu/igwmc/freeware/ucode).

Conceptual Model Development

Conceptual models are qualitative descriptions of a geohydrologic system.  Multiple, viable
conceptual models are developed from field data, then each model is tested (and revised) using numerical
groundwater modeling and regression analysis (parameter estimation) to arrive at the most accurate
representation of the system.  The first conceptual model used in this project, and the one discussed in
this report, is illustrated in Figure 4.  The aquifer is a single layer of increasing thickness down-gradient. 
Two zones of hydraulic conductivity are delineated as K1 and K2,  based on interpreted differences of
lithology.  Recharge and canal seepage are constant throughout the model, and groundwater flows out of
the system through a constant head boundary to the southeast.  Other conceptual models to be tested



include multi-layer systems, variable recharge, and more complex basement and boundary
configurations.  Using numerical modeling and parameter estimation, each conceptual model is tested,
and revised or discarded, to identify the model(s) that most accurately represent the system.

Numerical Modeling

Two types of computer codes are used in this study to solve equations governing the flow of
groundwater and the transport of solute.  MODFLOW (7) is used to simulate hydraulic head in the
aquifer.  MT3D (8) uses the output of MODFLOW to simulate contaminant transport of the produced
water, represented by chloride/TDS ratios.  The conceptual model is divided into a grid of discrete cells,
which are assigned properties (or parameter values), such as hydraulic conductivity and thickness.  The
numerical models then calculate the resulting head and Cl/TDS in each cell.

Assigning parameter values to grid cells is done according to the geohydrology of the site as
inferred from the available data.  For the initial parameter values listed in Table 1, a MODFLOW
simulation calculates hydraulic head values for each cell in the model.  This generated the flow field
shown in Figure 5.  (A simulation using MT3D would produce a distribution of chloride/TDS levels.)  In
Figure 5, residuals are posted at five wells where head observations were recorded.  A residual is
calculated as the difference between an observed value of head and the simulated value of head at the
same location.  (Future calibration efforts will use different types of residuals, such as a head and
Cl/TDS, and a user-defined weighting factor will be added so that residuals can be compared
meaningfully.)  The sum of the squared residuals is a good measure of overall model accuracy or ‘fit’. 
The residuals for the simulation shown in Figure 5 are large, with a sum of squared residuals of 850, and
indicate that the parameters of the model need to be adjusted to produce a more accurate simulation of
field conditions.

Inverse Modeling

Traditional approaches to calibration involve the iterative process of responsibly adjusting model
parameters to achieve the closest match between simulated and observed values.  Besides being
subjective and time-consuming, traditional calibration does not provide diagnostic nor statistical means
for quantitative model evaluation.  This project will apply automated parameter estimation, or inverse
modeling, using UCODE, a universal parameter estimation code developed by Poeter and Hill (1998). 
The use of UCODE provides (1) automated determination of parameter values (e.g. hydraulic
conductivity) that optimize model fit to observations; (2) diagnostic statistics that quantify the quality of
calibration and data shortcomings and needs; (3) statistics that quantify the reliability of parameter
estimates as well as model predictions; and (4) the identification of problems with the system
representation that are not evident during traditional calibration (Hill, 1998).

The previously described MODFLOW model is used as a partial example of how UCODE helps
improve modeling results.  The process begins with identifying parameters to be estimated and
observations for calibration.  The parameters to be estimated are hydraulic conductivity values K1 and
K2, and recharge (RCH), while aquifer thickness and canal seepage are left constant at the values listed
in Table 1.  The observations to be calibrated to are five hydraulic heads measured at the locations shown
in Figure 5.  UCODE substitutes initial parameter values into MODFLOW input files, then executes
MODFLOW and calculates residuals at observation locations that are used to calculate the sum of
squared residuals.  By slightly perturbing each parameter value and re-running MODFLOW, UCODE



calculates sensitivities of simulated values to each parameter.  Using a modified Gauss-Newton method,
parameter values (K1, K2, and RCH) are adjusted in an iterative procedure to minimize the sum of
squared residuals.  This is done automatically and the resulting diagnostic statistics quantify the quality
of the optimized parameters.

Before beginning the regression, it is important to evaluate the likelihood that the problem will
converge to a solution.  If the observations are not sensitive to the parameters, or if the parameters are
correlated to one another, it may be necessary to re-define them, perhaps by modifying the boundary
between the two, or introducing a third zone of hydraulic conductivity.  The scaled sensitivities
calculated by UCODE for the initial parameter values are listed in Table 2.  The relatively equal values
suggest that the observations contain significant information regarding all of the parameter values to be
estimated.  The correlation coefficients between the three parameters varies from 0.88 (K1:RCH) to 0.99
(K1:K2) and are posted in Table 3.  One needs to be concerned that K1 and K2 may not be independently
estimated (a common problem when simulating complex natural systems with sparse data sets).  Due to
the non-linearity of the flow equations with respect to parameters, the sensitivities and correlations will
change as the parameter values change.  One way to ascertain whether K1 and K2 may be independently
estimated is to start at different initial values and if the same optimal values are obtained, then one can
conclude that the correlation is not affecting the regression results.  If correlation is a problem, the
introduction of additional observation data may eliminate the correlation, especially if the observation is
of a different type, such as a flow rate measurement (or solute concentration when using MT3D).  A
logical future modification for this project is to include canal seepage as an observation.  Also, it may be
necessary to re-define the parameters to be estimated.  Effective modifications can be determined through
more detailed analysis of the residuals including the use of graphs, statistics, and measures indicating
whether the residuals are normally distributed, all of which are provided by UCODE.  Although it may be
necessary to redefine the problem for this example, information that facilitates the process of making the
model more representative of the field site can be derived from preliminary regression analysis.

 Some of the statistics from the initial regression are listed in Table 4.  The estimated values for
the first five iterations of UCODE reduce the sum of squared residuals value by approximately half,
indicating the model better represents the system at these parameter values.  The estimated parameters of
the sixth iteration, however, result in a MODFLOW model that fails (all cells went dry due to the large
contrast in hydraulic conductivities and decease in total recharge as cells dry up), consequently the
regression did not converge to a solution.  It appears that a meaningful global minimum may exist, but
could not be located by the regression problem as posed.  Two important points may be gained from
these preliminary results.  First, the model does not adequately represent the system as it is posed and
should be revised.  Second, the adjustments made to the parameters during the regression may be viewed
as clues that indicate how the model should be revised to better describe the system.  Therefore, the next
step is to develop a model that effectively increases K2 and RCH and decreases K1, possibly through the
inclusion of a second aquifer layer or by allowing canal recharge to be estimated.  The use of parameter
estimation has rapidly identified model shortcomings and needed revisions.

SUMMARY

At this point in the study it is clear that the chosen methodology will lead to the development of
accurate and statistically defendable numerical models that describe ground water flow and produced
water transport through the system.  For the example presented, UCODE analysis has indicated that the



conceptual model needs to be revised and indicated how the model should be improved.  The
incorporation of canal flows, and chemistry and resistivity data as observations for calibration is likely to
improve parameter sensitivities and reduce correlations, and therefore improve model accuracy.

Future work will utilize the ability of UCODE to quantify parameter confidence intervals as well
as confidence intervals on model predictions.  Examination of prediction sensitivities and confidence
intervals will indicate how study results may apply to other produced water contamination sites.



Table 1.  Initial values for parameters in conceptual model used for MODFLOW simulation.

PARAMETER VALUE SOURCE
K1 1 ft/day Est. from well tests
K2 10 ft/day Est. from well tests
Recharge 6.0E-5 ft/day 5% of annual precip.
Canal seepage 1.68 cfs/mile Measured
Head at outflow 4989 ft above sea level Measured in nearby well

Table 2.  UCODE dimensionless scaled sensitivities of initial parameter values to individual
observations.

OBS. WELL K1 K2 RECHARGE
MW-1 -1.2 -6.0 3.3
MW-4 -0.2 -2.5 0.7
MW-18 15 -42 0.6
MW-16 2.5 -12 .01
MW-11 -0.4 -3.1 2
COMPOSITE 7 20 2

Table 3.  Correlation coefficients for initial parameter values.

K1 K2 RCH
K1 1.0 0.99 0.88
K2 0.99 1.0 0.89
RCH 0.88 .089 1.0



Table 4.  Updated parameter values and sum of squared residuals for the first 6 iterations of an example
regression problem.  The estimated parameters for Iteration #6 produced a model that could not
be solved by MODFLOW.

ITERATION PARAMETER SUM OF
K1 K2 RCH RESIDUALS2

Initial Values 1 10 6.0E-05 850
1 2.5 30 1.5E-4 830
2 4 62 4.4E-4 800
3 4 116 1.31E-3 718
4 0.7 202 4.0E-3 487
5 1.7 202 1.5E-2 477
6 0.1 434 1.4E-3 MODFLOW FAILED
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Figure 1.  Site location, groundwater flow regime, and location and type of data sources.  The photograph was taken
in May of 1997 looking east at an evaporation pond filled with produced water received two years prior (plus
precipitation).



Figure 2.  Site geology interpreted from well logs.  Generally, less than 50 feet of unconsolidated deposits overlie
relatively impermeable Cretaceous Arapaho Formation.  A coarse sand and gravel is present in the lower portion of
the drainage basin.



Figure 3.  Total dissolved solids (TDS), chloride to total dissolved solids ratio (Cl/TDS), and hydraulic conductivity
values for selected wells (chemical data sampled on 6/30/97).



Figure 4.  Initial conceptual model representation of geohydrologic system: flow divides on the north, south, and
west boundaries, a constant head boundary where flow exits to the east, infiltration from precipitation is constant
throughout the basin, seepage from the canal is constant throughout its length, the elevation of the impermeable
basement increases to the west, and two zones of different hydraulic conductivity have been identified as K1 and K2.



Figure 5.  MODFLOW simulation results for initial parameter values listed in Table 1.  The upper portion of the
basin is unsaturated and potentiometric contours describe the water table in the saturated portion.  The large absolute
difference between observed head and simulated head posted at the five observation locations leads to a large sum of
squared residuals value, indicating a poor model fit at the initial parameter values.  Recharge is not added to cells
that are dry.
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Abstract

The particularly high electrical conductivity of oilfield production water (brine)
makes the detection of brine related soil and groundwater contamination by
electromagnetic (EM) conductivity methods an especially reliable geophysical
application.  The usefulness of this method in rapidly providing accurate spatial and
temporal resolution of oilfield brine contamination is illustrated by several project
studies.  EM conductivity methods routinely yield a strikingly detailed picture of the
distribution of impacted soils and groundwater, far beyond that which would be
reasonable from monitoring well data alone and at appreciably lower cost.  The
reliability of this geophysical method in the delineation of oilfield brine contamination
can make it a very effective tool in oilfield property transfers and impact assessments,
and in the management of liability at oilfield lease sites by periodically documenting site
conditions through timely screening surveys.



INTRODUCTION

High salinity water (brine) is commonly encountered during the drilling of oil
wells and is often a byproduct of the extraction of oil from producing oilfields.
Typically, the brine and oil are pumped to the surface where the brine is separated from
the oil.  The brine is then reinjected into the ground through deep injection wells that
usually penetrate to the producing formation.  On occasion, brine is accidentally released
to surface soils or near surface groundwater either during drilling, or in connection with
the management of the brine wastes during oilfield production.  The release of this high
salinity water to surface soils and shallow groundwater is frequently detrimental to the
beneficial uses of these resources for domestic water usage, farming, and suitable
rangeland.  As a result, lawsuits between the landowner and the production company
over brine contamination are not uncommon.

The use of electromagnetic geophysical methods to measure ground conductivity
is an often underutilized but excellent means of delineating brine contamination.  As
such, the methods can be an invaluable aid in resolving disputes over brine
contamination, locating contaminated areas so as to facilitate clean-up actions,
evaluating sites under consideration for leasing, performing due diligence assessments as
part of property or lease transfers, and in documenting site conditions prior to
commencement of new operations.  The emphasis in this paper is not an exhaustive
technical discussion of the geophysical methodology, but rather a focus on how useful
and reliable this approach is over conventional monitoring well or boring only
approaches. Two case histories are presented to illustrate this.

BACKGROUND

Water and Soil Conductivity

The electrical conductivity of water and its relationship to salinity is well
documented and is illustrated in Figure 1. Conductivity is attributed to the electrolytic
conduction afforded by the salts.  The higher the salt content in water, the higher the
electrical conductivity.  The degrees of severity of irrigation water salinity in relation to
plant growth are also shown on Figure 1.  Good quality water has a salinity of less then
500 parts per million (ppm) total dissolved solids and a conductivity of less than 60
millimhos per meter (mmhos/m).  Moderately saline water has conductivity greater than
60 mmhos/m but less than 300 mmhos/m.  Above this conductivity, water is considered
highly saline.

The electrical conductivity of soil, either above or below the water table, is
strongly influenced by the conductivity of the fluid in the soil pores, which is in turn
primarily a function of the salinity of the fluid.  The higher the salt content, the higher the



conductivity for a given soil.  Other parameters that affect soil conductivity include
porosity and soil moisture content.  An empirical formula by Archie (1), expressed in terms
of conductivity, describes the relationship of porosity, soil moisture, and soil-pore salinity
to soil conductivity as follows.

σe = aφmsnσw

where: σe is soil conductivity
φ is the fractional pore volume (porosity)
s is the fraction of the pores containing water (soil moisture)
σw is the conductivity of the pore water
a, m are constants, 0.5 ≤ a ≤ 2.5, 1.3 ≤ m ≤ 2.5
n is a parameter experimentally determined to be approximately 2

A graph of the relationship of soil conductivity to soil pore fluid conductivity using
this formula is shown in Figure 2 for two different values of porosity: 25% (s=0.25),
corresponding to sandy soil; and 50% (0.50), corresponding to silty-clayey soil.  The
following constants were used: s=1 (saturated), a= 1.5, m= 2, and n=2.

Using Figure 2, the conductivity of saturated sandy soil with slightly saline soil
moisture (soil pore fluid conductivity of 200 mmhos/m) can be estimated at about 20
mmhos/m.  Silty-clayey soil saturated with slightly saline soil moisture is estimated to have
a soil conductivity of about 80 mmhos/m.  These values correspond to expected
background soil conductivity levels in areas unimpacted by brine contamination.  Soil
conductivity is lower than the conductivity of the soil pore fluid by itself because of the
dilution effect of the non-conductive mineral grains (and air in nonsaturated soils) within
the soil.  Figure 2 shows that soil conductivity can increase considerably above these values
when high conductivity, very saline pore fluids are present.  Figure 2 also shows that much
larger differences in the magnitude of soil conductivity are possible due to a change in
salinity compared to a change in porosity (type of soil).

In summary, when salinity is present, it is the predominant influence on soil
conductivity and will overwhelm effects due to changes in soil porosity for a given soil
moisture content.  This is what makes the measurement of soil conductivity such a useful
tool in the delineation of brine contamination.  High salinity soils can be readily
discriminated even across areas of different soil types by measuring soil conductivity.

Geophysical Measurement of Soil Conductivity

Geophysical instruments can measure soil conductivity using electromagnetic
induction. These measurements, which are made without ground contact, provide a
means of cost-effectively determining this parameter across large areas at depths to 20
feet and beyond.  These instruments measure the bulk conductivity of the subsurface soil
and groundwater over a fixed depth interval that depends on the instrument used and its
mode of operation. The instrument provides a display of the conductivity as well as
recording the data in computer memory.  By collecting data along a survey line, the



instrument provides a lateral profile of conductivity changes that reflect the average
conductivity of subsurface materials within the depth of investigation of the instrument.

Electromagnetic conductivity instruments, such as the EM31, EM34, and EM38
(Geonics, Inc., Mississauga, Ontario, Canada) consist of a transmitter and receiver coil,
and power source that can be handled by one or two persons.  During the operation of the
instrument, the transmitter coil is energized by an alternating current and radiates an
electromagnetic field into the earth.  This primary field induces electrical currents (called
eddy currents) in the earth below the instrument.  The magnitude of these currents is
proportional to the conductivity of the ground. These eddy currents, in turn, generate a
secondary electromagnetic field that is detected by the receiver coil on the instrument.
The receiver coil also detects the primary field, and uses these two measurements to
calculate the conductivity of the ground.  This reading is a bulk measurement of the
conductivity of a volume of ground beneath the instrument down to its effective depth of
penetration.

One of the real values in the use of this type of instrumentation is the high density
at which soil conductivity measurements can be collected at relatively low cost.  The
collection of several thousand readings over a 10 or 20 acre area in a day using the EM31 is
not uncommon in open terrain.  This high data density produces a high resolution image of
the soil conductivity.

More detailed information on the theory, operation, and interpretation of the EM
conductivity methods and data is provided in the following references: Benson (2); McNeill
(3) (4).

CASE HISTORY 1

At an oil well site in western Oklahoma, sparse grass growth and the discovery
of saline water at a local spring suggested that salts from the well drilling operation were
influencing shallow soil and groundwater quality.  It was believed that the salts
originated from brine and drilling fluids in a former reserve mud pit that was buried in a
trench upon completion of the production well.  Monitoring wells were installed at
numerous locations at the site in an attempt to locate and mitigate the primary source of
the saline ground water from the spring in response to a lawsuit.  The location of the
production well, monitoring wells, and other site features are shown on Figure 3.  Soil at
the site consists of sandy alluvium 2 to 10 feet in thickness underlain by sandstone.  The
water table occurs at a depth of from 5 to 10 feet.

While saline groundwater and soils were encountered in many of the monitoring
wells, no evidence of a buried trench containing drilling mud was identified.  Several
years of pumping saltwater from the wells in an attempt to mitigate contamination of the
spring was of limited success.  A geophysical survey of soil conductivity was
subsequently undertaken in a new attempt to locate the trench and the source of
contamination.  The initiation of the geophysical survey came nearly 10 years after the
completion of the production well.



The survey was conducted using an EM31 instrument to measure and map the
ground conductivity over an area approximately 1,000 feet by 1,000 feet, or about 23
acres.  This instrument was operated in the vertical dipole mode, providing a depth of
investigation of about 18 feet.  It was anticipated that the trench would have a depth of
about 10 feet.  Its length and width was expected to be between 10 and 50 feet.  Based on
the assumed size of the target, readings were taken over most of the area at 50-foot
intervals along lines crossing the area 50 feet apart.  However, in the area near the
monitoring wells, which was anticipated to be the most likely trench location, the data
density was doubled so as to improve the spatial resolution of any anomalies.

The results of the survey are shown in Figure 4 as a color contour map of the
EM31 conductivity readings.  Data recording locations are also shown on Figure 4.  The
readings clearly show an area of anomalously high conductivity (areas colored orange
and pink on the map) bounded on three sides by background conductivity readings of
about 20 mmhos/m (areas colored green or yellow on the map).  The background
conductivity values are consistent with levels expected in uncontaminated sandy soil.
The area of anomalous conductivity has values generally above 50 mmhos/m, with a
smaller area exhibiting values over 100 mmhos/m.  This smaller area with the highest
conductivity is outlined on Figure 4 and was interpreted to be the trench containing the
buried drilling mud and brine.  Subsequent excavation in this area did indeed encounter
large amounts of drilling mud, thus locating the most likely source for the saline water
encountered in the local spring.

Aside from the location of the buried trench, the key finding of the survey was
that the monitoring well investigation and associated remediation activities did not
encompass the hot spot.  Only about half of the more than 25 monitoring wells installed
and sampled at the site intersected the region of high conductivity.  None of the wells
intersected the area of highest conductivity where the drilling mud was located, even
though two of them were very close.  Had this information been available earlier,
considerable cost savings could have been realized through the use of fewer monitoring
wells, more effective and timely mitigative efforts, and reduced litigation costs.

The geophysical work resulted in the collection of over 1,200 readings of soil
conductivity.  This is a data density nearly 50 times that provided by the monitoring well
data.  The survey was completed in one field day by one person, plus a few days for
setup and processing.  It is estimated that the cost of the geophysical work was less than
one third that of the monitoring well installation and sampling.

CASE HISTORY 2

At an oilfield site in central Oklahoma, saltwater was released on farm property
after a rupture, in 1994, of a brine pipeline that crossed the northern margin of the
property.  The pipeline was used to convey oilfield brine that was coproduced during oil
production activities.  The locations of pertinent site features are shown on Figure 5.  An
industrial park is located within several fenced lots to the north of the brine pipeline.



Drainage across the area is to the south (Figure 5).  Soil at the site is predominantly silty
clay.  The water table is at a depth of about 5 feet.

A geophysical survey of ground conductivity was implemented to investigate the
distribution and source of saltwater impacts at the property as part of a program of work
that also included the use of information from monitoring wells and aerial photographs.
Monitoring well data available prior to the geophysical survey are shown in Figure 5 and
indicated high salinity along the drainage from the pipeline rupture (wells GB1, GB2,
and GB5), with low values to either side of the drainage at GB3 and GB4.  A review of
historical information, including that from aerial photographs, indicated that various
oilfield activities or incidents on the site dated to the 1940s and included the previous
handling and or release of oilfield brine.  The extent of property damage across the site
due to these activities was not well understood.  These areas are shown on Figure 6 and
include several reserve mud pits, former oil wells, and the locations of previous ruptures
to the brine pipeline.

The geophysical survey measured ground conductivity across the entire area of
about 110 acres using an EM31 instrument in the vertical dipole mode of operation.  In
this configuration, the instrument has a depth of investigation of about 18 feet.  Data
were obtained at a spacing of about 5 feet along east-west survey lines separated by a
distance of 60 feet.  Approximately 12,000 ground conductivity readings were collected
in about 4 days of surveying.

The color contoured conductivity data from the geophysical survey are shown in
Figure 7 together with the locations of all data points.  The data reveal a detailed and
variable pattern of soil conductivity across the site.  The contour map shows appreciable
areas with conductivity values of greater than 100 mmhos/m, with smaller areas with where
values exceed 350 mmhos/m (areas colored orange, red, or pink on the contour map).
These readings reflect anomalous soil conditions.  Background levels are in the range of
about 65 to 95 mmhos/m (areas colored green or yellow on the map).  These values are
consistent with saturated silty-clay soil as shown in Figure 1.

The most striking anomaly on the contour map is the prominent conductivity high
that follows the drainage south from the location of the brine pipeline.  These are the
highest readings obtained from the survey and reflect the occurrence of high salinity in the
soil and groundwater along the drainage.  This pattern correlates with the soil impacts that
would be expected from surface and groundwater flow away from brine pipeline releases
documented in 1977, 1980, and 1994 (Figure 6).

Almost as striking as the extreme conductivity high along the drainage is the
overall correlation of other anomalous soil conductivity conditions with the mapped areas
of previous oilfield operations.  A broad area of elevated soil conductivity in the
northwestern portion of the survey contains the second highest conductivity levels and
defines an area of soil impacts that are attributable to a 1979 brine pipeline release (Figure
6).  A smaller anomaly in the northeast survey area correlates to documented releases in
1987 and 1988 (Figure 6).  In addition, smaller conductivity anomalies can be correlated to
most of the former reserve mud pits dating to the 1940s (Figure 6).



The available monitoring well data (Figure 5) correlate closely with the EM31
conductivity data.  The wells at the site are screened just below the shallow water table
and therefore represent conditions within the 18-foot depth of investigation of the
geophysical survey.  Where EM31 conductivity values are high, the concentration of
chloride in shallow groundwater water quality is also high.  Chloride concentrations are
low where the EM31 conductivity readings are near background.  The agreement between
the EM31 conductivity measurements and water quality analyses from these and other
monitoring wells at the site is shown on Figure 8.  Chloride concentrations and the
laboratory-measured conductivity of monitoring well water samples are plotted versus the
EM31 conductivity reading obtained adjacent to each well.  As expected, the data cluster
about a straight line fitted through the points.

The use of geophysically collected soil conductivity measurements at this site
together with historical records provided a very detailed and cost effective means of
relating various past release events to actual property damage on the ground over time.
Monitoring wells provided correlation of measured conductivity with groundwater quality
and also indicated the reliability of the geophysical results.  A detailed picture of site
conditions was developed without costly and intrusive field investigations.

CONCLUSIONS

Soil quality impacts due to salinity contamination are readily detectable through
soil conductivity measurements.  The affect of increased salinity on shallow soil
conductivity is so pronounced that the detection of shallow soil contamination by
geophysical conductivity measurements is an extremely reliable method of
characterization.  Because these methods are non-invasive, they are very rapid and
capable of providing much higher data densities, at lower cost, than monitoring-well only
approaches.  The picture of soil quality conditions that can be developed with respect to
brine contamination is so detailed that it is difficult to imagine litigating a case without
the benefit of this information.

The geophysical surveys of soil conductivity described in the above case
histories were performed reactively, in response to lawsuits.  In each case, while the
surveys provided tangible benefits, had they been conducted even sooner and
proactively, they may have saved thousands of dollars more in investigation,
remediation, or litigation costs.  The most obvious example of the proactive use of these
methods is in the evaluation and management of liability as part of due diligence in a
property or lease transfer.  Whether the results of the survey are used as a basis for the
negotiation of the terms of the transfer or not, the data would nonetheless provide a
means of documenting conditions at the time of transfer.  Claims arising subsequent to
the transfer could then be more easily evaluated and defended at lower cost.

Proactive applications may also include the screening of newly completed
production wells, injection wells, tank batteries, brine pipelines and other facilities that
may be the source of salinity contamination.  Documenting site conditions at key
milestones in the construction or use of these facilities may provide an increased level of



protection against unfounded lawsuits.  This would be particularly useful in areas where
other sources of impacts are possible from the landowner.
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Figure 1.  Relationship of Water Conductivity to Concentration of Total Dissolved Solids

Figure 2.  Soil Conductivity from Archie’s Equation



Figure 3.  Site Features and EM31 Conductivity Measurement Locations - Case History 1



Figure 4.  Color Contoured EM31 Conductivity Data - Case History 1



Figure 5.  Site Features - Case History 2



Figure 6.  Historical Oilfield Features and Brine Releases - Case History 2



Figure 7.  Color Contoured EM31 Conductivity Data - Case History 2



Figure 8.  Correlation of EM31 Conductivity with Groundwater Quality – Case History 2
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In 1920, what is now Site 3 was impacted by brine contamination; the result of oil and

gas well exploration drilling in the area. The immediate result of the contamination was

I. ABSTRACT

de-vegetation of the impacted areas and increased surface erosion that removed the

impacted topsoil. Subsequently, no remedial efforts occurred which meant site

topography and geology controlled the evolution of the impacted areas. Since the site

was allowed to naturally develop it was readily available for analysis. The conclusions

reached include that site geology - the interbedded sandstone and shale - controls the

scar’s maturation, which consists primarily of vertical intrenchment of the scar into the

shale. The brine has remained in the upper portion of the site, even though the surface

water flow drains into a valley immediately adjacent to the site. This is because the brine

is attracted to the clays and has prevented normal surface water flow from producing

natural remediation. The combination of the brine, geology, and topography produce an

entrenched upper scar area and some additional erosional features down drainage.



II. PURPOSE AND SIGMFICANCE

The questions this paper attempts to answer include what is the nature of the brine

contamination and site geology that has prevented the natural remediation of Site 3. The

purpose for the analysis is to determine whether the site is naturally remediating and

what can be done to accelerate the process if possible.

Upon first consideration of the basic information of Site 3 one would think the

site would have fully remediated itself. Because the drilling took place from July 1, 1920

to October 1, 1920, based on well spot data, the surface was initially exposed to repeated

contaminant for probably no more than 45 days. The surface itself had a thin layer of

topsoil over a relatively impermeable shale unit that would prevent much vertical

penetration of the brine. Natural surface water flow of the site leads directly to an

adjacent drainage that would allow the majority of the brine to exit the site as runoff.

Finally, the initial contamination occurred in 1920, which allows 78 years for the site to

have removed the remaining brine and redeveloped top soil. However, Site 3 is still

barren and shows little to no signs of re-vegetation.

The original hypothesis for the site was the brine contamination was spilled and

impacted the area imediately around the well. Over time the brine spread overland by

surface water transportation and possibly through the subsurface in fractures in the

sandstone. The fracture pattern would allow vertical migration of the brine until a lower,

interbedded shale unit was encountered The brine would then travel along the sandstone

- shale interface until it returned to the surface down slope.



III BACKGROUND

A. SITE LOCATION

The Tallgrass Prairie Preserve is located in Northeastern Oklahoma, 7 miles north

of Pawhuska, Oklahoma, in Osage County (See Figures land 2). The Site 3 brine scar is

located inside the bison loop, in the Personia Quadrangle, South ½  Southwest ¼, Section

8, Township 27 North, Range 8 East (See Figure 3), 3 6 º  49’ 32” North Latitude, 9 6 º  29’

04” West Longitude.

B. Preserve and Site History

In 1915 James A. Chapman and Horace g .  Barnard purchased approximately

100,000 acres and developed the Chapman-Barnard Ranch. The ranch was operated as

grazing land but was never tilled or used for agricultural purposes. In 1989, because the

property had never been agriculturally developed, the Nature Conservancy acquired

29,096 acres of the Chapman-Barnard Ranch and lease additional acreage so its current

holdings include 38,000 acres. The Conservancy’s goal is to return the ranch to its

original condition to preserve the biosphere of the Tallgrass prairie. This restoration

work must be conducted in conjunction with the Osage Indian Nation who own the

mineral rights to the property and have ongoing oil and gas exploration and production

on the property (Shaw 1998). Because the surface rights and mineral rights are owned

by different entities, and because of past brine management practices in oil and gas

exploration, Site 3 exists today.









The Tallgrass Prairie Preserve is located in Osage County, which has a

tremendous impact on surface and mineral rights ownership. Specifically, part of the

deal made by the Osage Indian Nation with the United States govermnent upon

relocation was all mineral rights in Osage County would belong to the Nation (Bureau of

Indian Affairs 1994). This deal separated surface ownership from the mineral ownership

for the county and the Osage Nation has never relinquished full title to ownership (Shaw

1998).

For the Chapman-Barnard Ranch, the separation of the mineral rights meant the

ranch had little or no say in how oil and gas exploration and production was conducted

on the property. However, some attempt was made by the ranch to monitor the mineral

rights leasing on the property. The monitoring was conducted by regularly checking to

see when new leases were to be issued, and, if the lease might impact a significant

structure on the property, to purchase the lease. In addition, the ranch tried to observe

drilling and well completion operations, but the rights of the surface owner to protect his

property against damage was limited (Shaw 1998). Oklahoma enacted the Oklahoma

Surface Damage Act of 1982 to try to protect from excessive surface damage to the

surface by oil and gas exploration.

The result of the unprotected rights of the surface owner was that drillers were

allowed use standard industry practices such as leave unfilled excavated mud pits and

allow brine waters from the subsurface to be spread wantonly across the surface.. These

practices lasted at least until 1957 when the Oklahoma Supreme Court held a lessee could

recover for excessive crop damage done by a lessor drilling company (Mike1 Drilling Co.



V . D u n k i n , 3 18 P.2d 435 (Okla. 1957)). The combination of the above described

standard industry practices and because the contractual obligation for exploration and

production was made between the Osage Nation and the lessee, and did not involve the

ranch, the ranch had no control over drilling operations and Site 3 exists.

The history of oil and gas production on the property began in 1905 when the

Ckage Nation leased the rights of the minerals to various developers. Since that time

some 320 wells have been drilled on the preserve (Shaw 1998). According to well spot

data the Shonkah well which created the Site 3 scar was drilled between July 1,1920.

Shonkah was located at 96.476013184 North Longitude, 36.825061798 West Latitude,

drilled to a total depth of 2,529 ft. and was completed in the Burbank field. The stock

pond, located at the base of the valley from the scar, was built between 1966 and 1973.

C. TOPOGRAPHY

Site 3 currently consists of 7 brine scar impact areas in the interconnecting

drainage pathway (See Figure 4). These scars are located at the top of a naturally

occurring valley with scars 6 and 7 located slightly down slope of the other scars within

the mouth of the valley. The upper most-scar (Scar 1) is topographically 2 - 3 ft. lower

than the surrounding area except for the eastern edge which gently grades into un-

impacted vegetation. Scars 2, 3, and 4 show some topographic relief from the

surrounding un-impacted area but appear to be localized topographic lows where brine

collected down-slope.

Scar 5 shows no topographic relief from the surrounding un-impacted area and

may be a localized topographic low where brine collected. The water may have reached





scar 5 by overland flow or via the subsurface, through the sandstone, and again

outcropping in the Scar 5 area to collect and slowly filter through the shallow sandstone

subsurface.

Scars 6 and 7 are located down slope from the main scars in the drainage. Scar 6

may be the result of subsurface brine flow that again reached the surface and caused

erosion. Scar 7 is the result of physical weathering of sandstone by eroding the material

contained in the fractures between blocks of the stone. Some chemical weathering is also

apparent at Scar 7.



D. REGIONAL GEOLOGY

Site 3 is located on the Northeastern Oklahoma platform, west of the Ozark Uplift

and east of the Nemaha Ridge in a near shore marine shelf environment (See, Bureau of

Indian Affairs 1994; and Johnson 1992) (See Figure 1). It is located over the Burbank

field in the Hoover sandstone. The Hoover sandstone is middle Pennsylvanian in age,

made up of deltaic sandstone inter-bedded with marine shale.

E. SITE GEOLOGY

The site is made up of interbedded shale and sandstone with the upper most in the

sequence shale (See Figures 5 + 6). The upper shale originally covered the majority of

the impacted areas (ignoring scars 6 and 7) and was roughly 7 to 10 feet thick. The

western edge of Scars 1,2, and 3 roughly delineates the shale sandstone interface, with

the sandstone to the west, separating scar 5 from the other upper scars. Sandstone is also

exposed in the northern most corner of the site. The exposure is a result of the continued

entrenchment of the scar into the shale unit.

1. Sandstone

a. Description

The sandstone is medium grained sandstone. It has vertical fractures

throughout the layers which, when exposed to the surface creates blocks

approximately 1 cubic ft. in size or may break along bedding planes.







b. Erosion pattern

Fluids through the sandstone preferentially follow the existing fracture pattern.

In addition, when exposed to the surface, erosion will consist of first eroding out the

loose material contained in the fractures and then weathering the remaining blocks.

At the scar the weathering pattern of the sandstone can be seen along the northeastern

edge of scars 6 and 7 and along the base of the valley, at the sandstone/shale

interface, where sandstone is located above shale. in these areas a sharp vertical

break occurs. The lower shale unit has been eroded sufficiently to expose the

sandstone face. The fractures within the sandstone unit can now be eroded and

blocks of sandstone fall out of the face of the unit to create the vertical break.

2. Shale

a. Description

The shale unit is a blue-gray and massive probably consisting of smectite

clay. The shale originally covered the majority of the site and is also interceded with

sandstone to the base of the valley.

b. Erosion Pattern

The erosion of the shale units is controlled by the chemical interaction of the

smectite clay with the salt brine. As the brine interacts with the clay, the clay is

expands, breaks down and is then eroded away (See Section VII for a further

description of this process). The result is vertical erosion of the shale unit. This

erosion is especially apparent along the edges of Scar 1 where a 2 to 3 ft. lip is

present marking the impacted from un-impacted scar area. The lip is almost vertical

and if the impacted overburden is removed a competent shale unit is q u i c k l y  exposed.



F. HYDROGEOLOGY

Surface water flow is the primary method of fluid transportation across Site 3.

Vertical migration is impeded because of the low porosity of the shale across most of the

site, combined with breakdown of the clay structure, a result of the brine contamination

with the clay in the shale.

1. Subsurface Flow

Subsurface flow is possible only in areas of exposed sandstone - the northern

portion of Scar 1 and the southern portion of Scar 1, between Scars 1 and 2. In these

areas vertical migration may be possible, primarily through the fractures in the

formation. The waters might then travel vertically through the sandstone until the lower

shale unit is encountered, where the fluid could travel along the surface of the shale until

it outcrops again, possibly in the area of Scar 6. Further investigation should be

conducted to resolve this question.

G. EFFECTS OF BRINE

Brine is made up of the soluble free ions released in the process of de-watering of

clays and the dissolution of minerals in the subsurface. In oil production brine, the

concentration of the soluble salts can be 80 times greater than the concentration found in

seawater. Two types of problems result from brine contamination. First, when brine

impacts the soil the salinity of the soil is increased. Salinity is the measurement of

soluble salts in soil or in solution and a high salt content impedes plant growth. The

second problem is sodicity. Sodicity is the measurement of exchangeable sodium present

(expressed as exchangeable sodium percentage - ESP), the problem occurs as a result of



increased cation exchange - sodium for calcium, and the result is a chemical break down

of the structure of the clay (Rowe11 1994).

1. salinity

When brine is released onto the surface the salinity of the soil increases. As the

salinity increases plants are impacted in three ways (Rowe11 1994):

1. Toxicity - Sodium, chlorine, and other soluble salts contained in brine are

toxic to most plants and killed the vegetation present at Site 3.

2. Ionic imbalance - As the plants take up water brine laden water the ion

concentrations in the plant are thrown off and the plants die.

3. Reduced osmotic potential - The presence of the brine reduces the ability

of water to travel vertically up to the root zone. The result means even if

water is otherwise present in the soil in sufficient amount, plants may not

be able to retrieve the water and thus die.

The initial brine water killed all of the vegetation in the surrounding area of

the scar. Once the vegetation was dead nothing was holding the soil together and

erosion increased, removing much of the topsoil and exposing the underlying shale.

But the water had also penetrated into the shale and so the problem was not resolved

with the removal of the topsoil.



2. Sodicity

The presence of high concentration of sodium in a calcium rich soil breaks

down the soil and increases erosion (Rowe11 1994). In the case of smectite the

surface of the clay molecule is negatively charged. Free Calcium (Ca2+) ions are then

attracted to the smectite and create a layer of Ca2+ between the smectite molecules.

The result is to create a healthy soil structure. When the soil becomes saturated water

is adsorbed by the clay structure by entering between the smectite molecules and the

clay expands. Healthy clay can expand up to 0.9 nm and the attractive forces derived

from the Ca2+ will still hold the structure of the clay together. When sodium (Na+)

replaces the Ca2+ roughly twice as many Na+ molecules are needed to create the

attractive forces to hold the clay together. In addition, when the clay becomes

saturated the repulsive forces of the water allows the clay to expand more than 0.9

nm, overcoming the attractive forces now present because of Na++ (See Figure 7).

Once the attractive forces of the Na+ are overcome, the Na+ is attracted to the

individual smectite molecules and the clay structure is destroyed. When the clay

structure is broken down, a harder, dense mass exists when the clay is dry.* When the

clay is saturated, it separates more than it would if the proper structure were present.

Also when saturated, the clay is then more easily eroded, the salt contaminated water

can migrate deeper into the clay (shale), and vertical, rather than lateral breakdown

and erosion occurs. This vertical erosion is apparent in the upper scars where a 2 to 3

ft. rim exists around the scars and in the valley where the intermittent stream is

entrenched into the shale.





IV. METHODS

The analysis o f  the site involved the following methods:

Survey the perimeter of the site to establish topographic features.

Conduct a site survey and create a topographic profile to identify the effected

rock units.

Soil sampling and analysis of impacted and un-impacted site soils to

determine the nature and extent of current levels of contamination.

Review historic aerial photographs to identify the extent of contamination and

how the extent of impacted soils has changed over time.

Conduct a literature review to assist in identifying the nature of brine and its

impact.

From this series of analysis an understanding of the nature and extent of brine

impact at Site 3 will be developed.

A. SURVEYING

Surveying was conducted across the site with the use of a survey scope and pole.

In the survey process the tripod for the scope was set up and balanced. North was then

determined using a Brunton Compass, the stage of the scope was oriented toward it and

then locked down. The elevation of the stage was also collected. The scope was then

oriented on one or two separate permanent fixtures and angles and distances were



collected. In the case of location 1, the cement block - which marks the location of the

well - and a shutoff valve were used. For location 2, sample location points 03-L-004

and 03-L-005 were used. For location 3, only 05-L-001 was used (See Appendix A).

Once the base location was established, the first survey point was selected, the

angle was obtained from the survey instrument and the distance from the tripod to the

point was collected with the use of a tape measure. Subsequent locations were obtained

by moving the rod, collecting the reading from the scope, and obtaining the distance

from the previous point to the new survey point. If possible a complete circle of the

perimeter of each scar was conducted.

When obtaining survey data for

followed. The nearest survey point to

sample location points a similar procedure was

the tripod was first surveyed by obtaining the

angle and distance measurements, then subsequent distance measurements were collected

from a previous sample location point or from the tripod while the angles were obtained

from the survey scope.

When adjusting the data to correlate to relative surface elevations for data

obtained from the first: survey location the elevation from the ground to the base of the

tripod was subtracted from each reading. When correcting the data from subsequent

survey locations an elevation was first obtained off a known location, this value was then

subtracted from the new readings, after the reading was corrected the new reading was

subtracted from the relative elevation of the marker location to obtain the true relative

elevation.



After the data was corrected it was then plotted by hand, digitized and imported

into Arcview. Once in Arcview the scars were then outlined and the relative elevations

were contoured.

B. SOIL SAMPLING

Soil samples were obtained from sample location points selected and surveyed

prior to sample collection (See Figure 4). From the survey point soil aliquots were

collected randomly in. an area 3 meters from the stake. These aliquots were then

combined to create a composite and homogenized to prepare the actual sample. The

sample was then containerized in a plastic bag and labeled according to the appropriate

sample location number.

1. Sample Analysis

Jason McConnell conducted the analysis under the supervision of Dr. Tom

Harris (both of the University of Tulsa). The procedures used were established by

Dr. Harris who had determined ahead of time that three primary sets of analysis were

to be run to determine the current extent of brine contamination at Site 3. The

analysis included electrical conductivity, ion chromatography, and inductively-

coupled plasma atomic emission spectrophotometry (ICP-AES). Electrical

conductivity is used to analyze for the salinity of the soil. Ion Chromatography is

used to measure for the presence of the chlorine ion, as chlorine is the predominant

anion in most oilfield brines (Harris 1998). ICP-AES is used to measure for the

presence of sodium, calcium and magnesium ions so that the sodium adsorption ratio



(SAR) may be calculated to determine the alkalinity of the soil (Harris 1998). The

formula to calculate SAR is:

SAR = [Na+] I ([Ca2+ + Mg2+])1/2

These analytical techniques all involve hydrous solutions. To obtain the

water solutions used in all three analytical techniques a 1:1 ratio of soil to water was

used. The soil is prepared by initially drying the sample in an oven then weighing

out 100 mg. Water is then added to create a “saturated paste” which exists when the

paste “glistens, flows slightly when the container is tipped and slides cleanly from a

spatula. . . " (Harris 1998). The volume of water used is then recorded and the

remaining volume of water is added up to 100 ml. Recording of saturated paste point

is important to the ICP-AES analysis. When the saturated paste level is exceeded, as

it is when the 100 ml of water is used, the SAR value is decreased. From the

difference between the saturated paste and the 100 ml water solution a correction

factor can be calculated and applied to the SAR value to establish true SAR values

(Harris 1998).

To insure laboratory conditions were similar to those in nature, when

measuring the amounts of sodium, calcium, and magnesium a 0.20 M ammonium

chloride solution is used to obtain cation concentrations. To calculate the

exchangeable cations the difference between the water extract and the ammonium

chloride extract is determined. From the exchangeable cation data the cation

exchange capacity (CEC) can be Its formula is:



CEC = ([Na+] +(([Ca2+] + [Mg2+]) * 2)) * 0.1

Table 1 contains a summary of the obtained results.

B. ARIAL PHOTOGRAPHS

Arial photographs of Site 3 were obtained by Rick Yates and Digitized by Dr. J.

Brian Tapp (both of the University of Tulsa) from the years 1954, 1961, 1966, 1973,

1981, 1984, 1991, and 1995. These photos were sequentially reviewed to determine how

the site has changed over time (See Figure 8). The review was conducted by digitizing

pertinent parts of the photographs, importing them into Arcview, and lining them up in

sequential order.





V. RESULTS

A. SURVEY

Survey data indicate surface flow across the site (See Figure 4), starting from

Scar 1 south until it flows directly east into Scar 2 and from there into Scars

Water then flows out the southeastern edges of Scars 3 and 4 into the natural

down past Scars 6 and 7 to the pond at the base.

3 and 4.

drainage

B. GEOLOGY

Results of the s i t e  visit indicate inter-bedded shale and sandstone from the top of

the site and continuing through to the base of the drainage. A significant change in

lithology occurs at the southern edge of Scar 1 where the shale interfaces with the

sandstone to cause a dramatic turn in the flow direction off the scars. Other significant

changes in lithology occur at the northern edge of Scars 6 and 7 at the sandstone/shale

interfaces as indicted by a dramatic change in slope where the erosional slope of the

sandstone is close to 40º while the erosional slope of the shale is almost horizontal. The

final significant topographic feature occurs in the shale layers down drainage from the

scars. In these two areas the shale generally has a longer shallow slope face but the

drainage is entrenched, possibly as a result of the brine contamination reacting to break

down the clays as was described above.



C. ANALITICAL

Sample analysis results show elevated levels of electrical conductivity, chloride

concentrations, and sodium adsorption ratios in the area delineated by the scars. This

indicates brine contamination is still present and will still have a significant impact on the

site.

Figure 9 represents the results of sampling and analysis for electrical conductivity

of the soils at Site 3. Conductivity values increase with increased salinity. It is apparent

that the salt contamination is confined to the brine scar area. In addition, lower electric

conductivity levels are present in the northern most section of Scar 1 and along the

western edge of the upper scar. In both cases sandstone is present rather than the shale.

Figure 10 represents the results of sampling and analysis for sodicity (Sodium

Adsorption Ratio - SAR). As the SAR increases the cation exchange capacity increases

and the porosity of the soils decrease. From the figure is apparent elevated levels of SAR

is confined to the brine scar area. In addition, lower SAR values are present in the

northern most section of Scar 1 and along the western edge of the upper scar. In both

cases sandstone is present rather than the shale.

Some lower readings are observed within the scars in areas of sandstone exposure

(See Table 1; samples 02-L-002 and 04-L-002). These areas may be locations where the

brine no longer adheres to the mineral grains present but is transported into the

subsurface through fractures in the sandstone.









D. ARIAL PHOTOGRAPHS

The Arial photographic review indicates between 1954 and 1961 some natural re-

vegetation occurred along the eastern edge of the site (See Figure 8). This was probably

a n  area of slightly higher elevation that was not saturated by the brine as frequently or for

as long as other portions of the site. After 196 1 arial photographs indicate very little

change in the shape  the site. The 1995 photograph is obscured probably as a result of

a controlled bum in the area that impacted on the clarity of the image.



VI. DISCUSSION

The original hypothesis of surface brine migration and subsurface brine

transportation was incorrect. After more thorough analysis it is apparent that very little

surface migration has occurred. The investigation was also inconclusive as to whether

the brine was transported through the subsurface.

After analysis a new theory was developed which includes the following. The

brine and subsequent salt contaminated waters flow southwest from the wellhead, across

the shale unit, react with the shale to break down the clay structure. When the water

encountered the sandstone on the western edge the chemical weathering was replaced by

physical weathering and the water followed the fracture pattern of the sandstone. In

addition to flowing across the site the sodium and magnesium ions adhered to the clay

particles and exchanged with the calcium ions that once held the clays structurally

together.

Over time, areas which were not total submerged under brine saturated waters and

which did not have all of the topsoil removed re-vegetated and returned to normal. In

addition, some water flowed through the fractures in the sandstone and created a second

impact area Scar 5. Eventually, chemical weathering of the clays entrenched the upper

scar. Large concentrations of the brine contamination are still present on the site,

adhering to the clays and will remain until the shale unit has been eroded down to

sandstone or until radical remedial work is conducted on the site.



VII. CONCLUSION

* Survey results indicate surface water flow follows a definite pattern across the site.

l Surface water flow is controlled by the shale/sandstone interface in the upper scar.

* The presence of the brine has caused de-vegetation, a breakdown of the intra-

crystaline structure of the clays at the site and increased erosion.

* Brine has adhered to the clay on the site that has prevented water from naturally

removing the contamination over time.

l The contaminant sodium, magnesium, and chlorine ions are still present in high

concentrations across the site.

l Very little lateral migration of the scars occurred but vertical entrenchment has.

l The contamination will continue to be present until a major remediation effort occurs.
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ABSTRACT

Soil that has been contaminated with oilfield brine should be remediated to prevent
the erosion of the topsoil, and the secondary contamination of nearby surface waters and
aquifers.  The University of Tulsa, in collaboration with the National Petroleum Technology
Office of the U.S. Department of Energy, has constructed a demonstration-scale leachate
collection system (LCS) that achieves these objectives.  This demonstration, situated on a 2-acre
spill site located on the Barnard No. 1 lease in the Tallgrass Prairie Preserve (Osage County,
Oklahoma) consists of four drainage lines, each surrounded with gravel.  The salty leachate is
first collected in a 25 bbl steel tank, and is then pumped into the produced water disposal system
on the lease.  The cost of an LCS system of this size is approximately $1,500 per acre.

Nearly 56,000 gallons of leachate were handled by the system from February
through mid-July of 1998.  The concentrations of anions and cations in the leachate have
remained relatively constant throughout this period.  It is estimated that 740 pounds of salt have
been removed to date, which corresponds to approximately 3% of the original contamination.
Surface soil samples were collected in February and July.  On average, the salinity of the soil
was actually higher in July; this is a manifestation of the hot, dry weather that preceded the
second sampling.  However, the SAR of the July soil samples was significantly lower.  During
the first growing season the site experienced a significant revegetation, with knotweed being the
principle pioneer plant.



INTRODUCTION

Brine-Impacted Soil

When petroleum is brought to the surface it is accompanied by brine, also known as
“produced water”.  This waste is disposed of by injection deep underground, often into the
petroleum reservoir from which it was produced.  However, brine spills continue to be the most
common environmental problem associated with onshore petroleum production.

Soil that comes in contact with salt may be converted to the “saline” condition,
defined as when the “saturated paste extract” (SPE) of the soil exhibits an electrical
conductivity in excess of 4 mmhos/cm (4 dS/m) at 25°C (1).  High soil salinity prevents a
plant’s roots from taking up water by osmosis (2).  Oilfield brines may also convert soil to the
“sodic” state, in which most of the “exchangeable” cations associated with the clay minerals
have been displaced by sodium ions (2). A soil is considered sodic when its “sodium absorption
ratio” (SAR) exceeds 13 (1).  The SAR is calculated as follows:

   SAR  =  [Na+]  /  ( [Ca2+  +  Mg2+] )1/2 [1]

where the concentrations (in the SPE) are in units of mmol/L.  Sodic soils exhibit reduced
permeability to water.

Soil that is unable to support plant life will eventually be eroded, resulting in the
formation of a “salt scar”.  Also, the salt that leaches from brine-impacted soil will eventually
find its way to nearby surface waters and/or fresh water aquifers.  This "secondary
contamination" of water resources may be of greater consequence than the original
contamination of the soil by the brine.

Potential Remediation Strategies

At the present time the most common remediation strategy for brine-impacted soil
involves rainwater leaching.  The primary problem with this approach is that the site is likely to
experience periods of dryness.  Such conditions not only slow down the rate of leaching, but
may actually reverse the results achieved during periods of plentiful rainfall.  Once the surface
of the soil becomes dry, evaporation draws salty leachate back toward the surface.  Such
behavior has been observed by Carter and Fanning (3) in field tests conducted near Weslaco,
Texas.  The electrical conductivity (EC) of soil at the surface of the test plot decreased from 80
to 25 mmhos/cm during a wet spring, but then increased to 70 mmhos/cm during the following
hot, dry summer.

Several soil treatments have been considered to enhance the efficiency of rainwater
leaching.  The most common involves disturbing the surface, either by “disking” or “ripping”.
Disking serves to break up the hard, water-impermeable layer that will be present on the surface
of a sodic soil.  Ripping or deep plowing may bring to the surface gypsum or lime present in the



subsoil (4,5); these minerals are sources of calcium ion, which effectively suppresses the clay
dispersion and swelling, which are the root causes of the reduced water permeability.

The problem of summertime evaporation can be overcome to some extent by
applying mulch to the surface of the soil.  The effectiveness of this treatment was also
demonstrated in the study by Carter and Fanning (3).  In several test plots identical amounts of
fresh water were applied via periodic sprinkling.  In some of the experiments mulch (either
chopped shrubbery or cotton bur) was applied to the surface.  The presence of the mulch
increased salt removal to over 90% in the top 30 cm of soil, while removal from bare soil never
exceeded 80%.

The application of "amendments" (chemical additives) to the soil is performed in
order to achieve an enhanced rate of leaching.  The most widely used amendment is gypsum, a
mineral composed primarily of calcium sulfate (6,7).  Calcium ion released by the gypsum
reduces the clay swelling, and promotes the "flocculation", or agglomeration, of these particles
(2).  Thus, the tiny passageways within the topsoil are reopened to the movement of water.

Unfortunately, the “surface remediation” strategy falls short in at least two respects.
First and foremost, the salt is not contained, and is thus able to contaminate nearby surface
waters and aquifers.  Secondly, impermeable barriers to the downward movement of salt are
frequently present.  For example, at the “Texon Scar” a caliche layer several feet beneath the
surface created a perched water table that trapped salt within the topsoil (8).

In response to the shortcomings of surface remediation, an alternative technology,
the “leachate collection system” (LCS), is being developed.  In its simplest form, an LCS
consists of a drainage system for collecting the salty leachate, and a disposal well.  If rainfall is
the sole source of water for leaching, the LCS may also possess a series of dikes to collect run-
off.  This feature provides the additional benefit of salt containment.  Obviously, the LCS
strategy can overcome the problem of a geological barrier to the downward movement of salt.

To our knowledge the LCS strategy was first utilized at the Texon Scar by Weathers
and coworkers (8).  At 200 acres, this LCS is considered very large.  Dikes approximately 2 ft
high, and spaced 40 yd apart, were constructed to capture the limited amount of rain that falls in
Southwest Texas.  To collect the salty leachate perforated polyethylene drainage pipe, 4 inches
in diameter, was buried approximately 5 ft beneath the surface.  The drainage pipe was covered
with polyethylene fiber cloth to limit the inflow of soil particles.  The leachate collected by the
drainage system accumulates in one of eight sumps, from which it is pumped to an injection
well.  Capable of removing 55,000 bbl/day, the system handled over 13 million bbl of water
during the first five years of the project.  The large scale of the Texon Scar project allowed
capital costs to be reduced to an estimated $200/acre (9).

The Barnard No. 1 Spill Site

While the Texon Scar project has provided much “how to” knowledge of LCS
design, construction and operation, several shortcomings dictate the need for additional
demonstration-scale projects. First and foremost, this site is a brine scar, from which much of



the topsoil has already been eroded.  As a result, revegetation of the site may be handicapped by
the poor quality of the remaining soil even after the salinity has been reduced by the LCS.
Secondly, the higher installation costs to be expected with smaller brine spills are difficult to
extrapolate from this very large project.  Thirdly, the Texon Scar LCS was not set up to quantify
the amount of salt removed, nor have the characteristics of the soil been monitored.  Finally, no
attempt was made to couple the surface remediation and LCS strategies for enhanced
remediation.

To address these issues, the University of Tulsa, in collaboration with the National
Petroleum Technology Office of the U.S. Department of Energy, is also conducting a field trial
of LCS technology.  This study is being conducted in the Tallgrass Prairie Preserve, in Osage
County, Oklahoma, which is operated by the Nature Conservancy.  Several small oil and gas
fields are still operate within the borders of the TPP.  One such field, the “Barnard No. 1” lease,
consists of twelve production wells, two tank batteries and one produced water disposal well.  In
February of 1995 the 2-inch steel pipe connecting the produced water storage tank and the
disposal well ruptured, resulting in the release of approximately 400 barrels of brine with the
composition presented in Table 1.  The brine flowed down a hill approximately 60 yards to a
shallow ditch.  Subsequent migration of the salt laterally and further down the hill resulted in
approximately 2 acres of contaminated soil.  Two and one-half years after the spill, the site
remained almost entirely devoid of vegetation; in Figure 1, an aerial photograph of the site taken
in the November, 1997, the dark brown color corresponds to a “pioneer species” tentatively
identified as a variety of knotweed.

It is interesting to note that the Barnard No. 1 spill site did receive surface treatment
within two months of the spill.   The site was divided into quadrants, with each receiving a
different set of amendments (see Figure 1).  Two and one-half years later it was evident that
none of these treatment had achieved the desired result.  A discovery made during installation of
the LCS may provide an explanation for this observation.  As part of the installation several
ditches approximately 3 feet in depth were dug across the site.  The side walls of two of these
ditches were sampled at several different depths.  Extracts of these soil samples, as well as
samples from a “control” ditch approximately 50 yards from the spill site, were subjected to a
battery of analytical tests (see below).  The results of these tests are presented in Table 2; it can
be seen that, within the contaminated area, the chloride and sodium ion concentrations are
higher in the topsoil (first 2.5’) than in the subsoil.  This indicates that the subsoil, being less
permeable to water than the topsoil, has served as a geological barrier to the downward
movement of salt.  Thus, the geological situation at the Barnard No. 1 spill site is similar to that
encountered at the Texon Scar.

LABORATORY METHODOLOGY

This study involved the analysis of leachate samples from the collection system, and
soil samples from the spill site.  The soil samples were extracted with high purity water or an
ammonium chloride solution.  The electrical conductivity and the concentrations of chloride
ion, sulfate ion, sodium ion, calcium ion and magnesium ion were determined for the leachate



samples and the water extracts.  The ammonium chloride extracts were analyzed only for the
cations.

Soil Extraction

Physicochemical analysis of brine-impacted soil has been the subject of several
reviews, including one presented at this conference (10).  The analysis begins with the
preparation of a soil-water mixture.  The U.S. Salinity Laboratory has designated the “saturated
paste” (SP) as the standard soil-water ratio.  To prepare the SP the soil is dried in an oven and
then weighed.  High-purity water, produced with a Milli-Q system (Millipore Corp.) is then
added in increments of known volume with manual stirring until the “endpoint”, at which the
soil paste “glistens, flows slightly when the container is tipped and slides cleanly from a
spatula”, or "consolidates easily when the container is tapped or jarred after a trench is formed
in the paste with the side of the spatula" (11).

In this laboratory two problems have been encountered with the use of the SP.
First, the endpoint noted above is difficult to reproduce.  Secondly, unless an extraordinarily
large amount of soil is utilized, the volume of extract that can be recovered from the SP by
vacuum filtration is insufficient to perform all of the analyses.  To overcome these difficulties,
after the endpoint has been reached and recorded the balance of the volume of water required to
produce a “1:1 mixture” is added.  For example, if 48 mL of water is required to prepare the SP
from a 100 g sample of soil, another 52 mL of water is then added to obtain the 1:1 mixture.

Vacuum filtration of the 1:1 mixture prepared with 100 g of soil provides approximately 40
mL of filtrate in less than 15 minutes.  Qualitative filter paper (Fisher Scientific) placed in a
Buchner funnel is used for the filtration.  The soil-water mixture is poured into the funnel all at
once, so that a filter cake is established immediately.  It is important that the receiving flask be
completely dry initially.

Extraction of the soil with high-purity water accesses only those cations associated with freely
soluble salts in the soil.  In some instances a significant fraction of the cations will be
“exchanged” on the surface of clay particles.  To access these exchangeable cations, a second
portion of each soil sample was extracted with a 0.20 M ammonium chloride solution; the
ammonium ions in this extractant efficiently displace the alkali and alkaline earth cations from
the clays.

Sample Solution Analysis

The electrical conductivity (EC) of the soil extracts and the leachate samples was measured
with a conductivity probe (Fisher Scientific) and a “conductivity bridge” (Yellow Springs
Instrument Co.).  The cell constant of the probe, 1.0 cm-1, was verified using potassium chloride
solutions of known concentration.

A chloride selective electrode (Orion) and high impedance voltmeter (Fisher Scientific)
were used to estimate the extent to which the sample must be diluted for chromatographic
analysis.  A model DX-100 (Dionex Corp.) chromatograph, employing a sodium



bicarbonate/carbonate buffer solution as the mobile phase and an IonPac AS4A-SC column
(Dionex), was then used to quantify the chloride and sulfate concentrations of the diluted
sample solutions.  Prior to each use the ion chromatograph was calibrated with three standard
solutions, with the third solution containing the maximum concentrations of 13.1 mg/L chloride
ion and 14.9 mg/L sulfate ion.  These standard solutions were prepared from reagent grade salts
(Fisher Scientific), and were then analyzed against a commercial reference solution (Dionex) to
verify accuracy.

Quantitation of the alkali and alkaline earth cations in the soil extract was achieved using
inductively-coupled plasma atomic emission spectrophotometry (ICP-AES).  The sample
extracts were first diluted by a factor of 50 with 1 vol.% nitric acid to minimize sample matrix
interferences.  A Plasma 2000 (Perkin-Elmer Corp.) was used in these determinations; the
analytical wavelengths used were: Na, 589.6 nm; Ca, 422.7 nm; Mg, 279.6 nm. Prior to each use
the spectrophotometer was calibrated with three standard solutions, with the following analyte
concentrations, with the third solution containing the maximum concentrations of 69.0 mg/L
sodium ion, 60.0 mg/L calcium ion and 24.3 mg/L magnesium ion.  These standard solutions
were prepared from reagent grade salts (Fisher Scientific), and were then analyzed against a
commercial reference solution (SPEX) to verify accuracy.

RESULTS AND DISCUSSION

Installation and Operation of the LCS

The LCS installed on the Barnard No. 1 lease at the Tallgrass Prairie Preserve
features four lateral lines of 4-inch drainage pipe (flexible, slotted polyethylene) buried
approximately 3 feet beneath the surface (just beneath the topsoil-subsoil interface).  This pipe
was surrounded with approximately 3 inches (bottom, sides and top) of 1/2 inch diameter
gravel.  The dirt from the ditches was used to construct dikes immediately above the drainage
lines.  The salty leachate collects in a longitudinal line on one side of the site, and then drains
into a 25 bbl (1000 gallon) steel tank.

Approximately $7,000 was spent on the installation of the Tallgrass Prairie Preserve
LCS.  This translates into a capital cost of $3,500/acre, which is much higher than the $200/acre
cost estimated for the Texon Scar LCS (10).  However, several extraordinary expenses (e.g.
weather-related construction delays, high-quality fencing to keep buffalo off the site,
replacement of the system’s original collection tank) accounted for over one-half of this amount.
Thus, a more reasonable cost estimate for an LCS system of this design and size is $1,500 per
acre.

Following the installation of the LCS the site was disked by one of the Nature
Conservancy’s ranchhands. This treatment sought to break up the sodic layer at the surface and
thus enhance water permeation down to the drainage pipes.  Twenty roundbales of hay, donated
by the Nature Conservancy, were then spread over the site.  This amount of hay provided a 2-4
inch thick layer over most of the two acres.  As noted above, the hay serves to minimize



evaporation of water from the surface, which will cause the salt to migrate in that direction,
rather than toward the drainage system.

From the collection tank the leachate is pumped into the produced water disposal
system for the Barnard No. 1 lease.  Due to the absence of electric power at this remote
production site, pumping of the steel collection tank occurs only on those days when the
“pumper” visits the site.  Despite this limitation, nearly 56,000 gallons of leachate were handled
by the system from February through mid-July, when the lack of rain caused the system to cease
flowing.  As can be seen in Figure 2, the tank was full every day that it was pumped through this
time period.  Thus, it may be assumed that the system overflowed prior to each pumping.  On
two occasions the rate of leachate inflow to the collection tank was so high that, when the
pumping of the tank was allowed to continue for an extended period of time, nearly two tank
volumes were pumped to the disposal system.  These observations suggest that a 25 bbl
collection tank is too small for a 2-acre LCS.  However, it should be noted that the dikes
constructed on the site do not exclude run-off from the hill above the site.  Also, there is some
evidence that low-flow springs may be present at two locations within the contaminated area.
Thus, the sizing of the collection tank for an LCS may not be a simple task.

Performance of the LCS

Every week the pumper collects a sample of the leachate as it is being pumped from
the collection tank into the produced water disposal system.  As can be seen in Figures 3a and
3b, the concentrations of anions and cations in the leachate have remained relatively constant
throughout this first period of operation.

Based on the average concentrations of the ions and the volume of leachate handled
by the LCS, approximately 740 pounds of salt have been removed to date.  If it is assumed that
400 bbls of brine was spilled on the site, and that the composition of the brine was that in Table
1, this quantity of salt represents only 3% of the original contamination.  Of course, as indicated
by the relatively high salinity of a stock pond 400 yards downhill from the spill site, some
fraction of the original contamination had washed away prior to the installation of the LCS.
Thus, simply knowing how much salt is being removed by the LCS will not provide an estimate
of how long the system will have to operate.

Another means of ascertaining the performance of the LCS is to monitor the
characteristics of the soil within the system.  Toward this end, surface soil samples were
collected in fourteen locations across the contaminated site immediately after the installation of
the LCS (February 19, 1998), and during the following summer (July, 25, 1998).  The analytical
results from these two sets of samples are presented in Tables 3a, 3b and 3c.  While it was
anticipated that the salinity of the soil, as indicated by the electrical conductivity (EC), would
decrease as a result of the action of the LCS, the opposite effect was observed at some of the
sampling sites (Table 3a).  It is believed that this is a manifestation of the hot, dry weather that
preceded the July sampling date.  At this time the soil was noted to be dry, indicating that
evaporation at the surface, and thus the upward movement of salt, should have been occurring at
that time.  From these results we can conclude that monitoring only the surface soil
characteristics may be insufficient for evaluating the performance of the LCS.



It is interesting to note that, despite the higher salinity of the soil samples collected
in July, the corresponding SAR values are significantly lower (Table 3b).  In light of the salinity
data these results are difficult to rationalize.  This issue will be followed with great interest as
the next few sets of soil samples are collected and analyzed.

A comparison of the sodium and calcium ion concentrations extracted with high
purity water and the ammonium chloride solution are presented in Table 3c.  The concentrations
in the ammonium chloride extracts are always higher, but not greatly so.  This indicates that
most of the “extractable” sodium is in the freely soluble state, and thus amenable to removal by
the LCS.

Finally, it should be noted that through the first growing season following the
installation of the LCS, the Barnard No. 1 spill site has experienced a significant increase in
vegetative cover (Figures 4a and 4b).  The primary pioneer plant is a variety of knotweed.
Ragweed is also plentiful.  The densest vegetation was found on the dikes; since the dikes are
immediately above the drainage lines, the revegetation of these areas is consistent with leaching
action by the LCS.  Across the rest of the site, where leaching is believed to have been less
efficient, the revegetation may be attributed to the hay that was spread upon the site.  However,
a small section of the site that did not receive hay (due to extreme wetness at the time of
application) has revegetated to the same extent as those section that did receive hay.

The application of gypsum to the spill site is planned for December of 1998.  It is
anticipated that this inexpensive source of calcium will reduce the sodicity of the soil still
further, resulting in an increase in the water permeability of the soil, and an enhancement in the
rate of leaching.

SUMMARY AND CONCLUSIONS

The University of Tulsa, in collaboration with the National Petroleum Technology
Office of the U.S. Department of Energy, has constructed a demonstration-scale leachate
collection system (LCS) for the remediation of brine-impacted soil.  This demonstration is on
the Barnard No. 1 lease in the Tallgrass Prairie Preserve, in Osage County, Oklahoma.  In
February of 1995 the 2-inch steel pipe connecting the produced water storage tank and the
disposal well of this lease ruptured, resulting in the release of 400 bbls of brine, and in the
subsequent contamination of 2 acres of soil.  Two and one-half years after the spill, the site
remained nearly devoid of vegetation.

The LCS installed on the Barnard No. 1 spill site consists of four drainage lines,
buried approximately 3 feet beneath the surface (just beneath the topsoil-subsoil interface),
surrounded with 4 inches of gravel.  A 25 bbl steel tank serves to collect the salty leachate.
Construction was completed in February of 1998.  Approximately $7,000 was spent on the
installation of the LCS; however, several extraordinary expenses accounted for over one-half of



this amount.  Thus, a more reasonable cost estimate for an LCS system of this design and size is
$1,500 per acre.

The leachate is pumped from the collection tank into the produced water disposal
system of the Barnard No. 1 lease.  Nearly 56,000 gallons of leachate were handled by the
system from February through mid-July of 1998.  The concentrations of anions and cations in
the leachate have remained relatively constant throughout this period.  Based on the average
concentrations of the ions and the total volume of the leachate, it is estimated that 740 pounds of
salt have been removed to date, which corresponds to 3% of the original contamination.
Surface soil samples were collected in fourteen locations across the contaminated site
immediately after the installation of the LCS, and during the following summer (five months
later).  On average, the salinity of the soil at the surface was actually higher in July than in
February; this is a manifestation of the hot, dry weather that preceded the second sampling.
However, the SAR of the July soil samples was significantly lower.  Through this growing
season the site has experienced a significant revegetation, with knotweed being the primary
“pioneer plant”.
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Table 1.  Composition of produced water from the Barnard No. 1 lease (collected June 25,
1998).

     Ion   Concentration (mg/L)
Chloride 120,000
Sodium   60,000
Calcium   12,000
Magnesium    3,000

Table 2.   Concentration of salt in the contaminated soil as a function of depth.  The
topsoil/subsoil interface is approximately 2.5 feet beneath the surface.  Depth is reported in feet;
concentrations are in ppm (mg/kg).  Ditchs #1 and #2 he control ditch was approximately 50
yards from the contaminated area.

sample id chloride ion sodium ion calcium ion magnesium ion SAR
(mg/kg) (mg/kg) (mg/kg) (mg/kg)

ditch #1
0.7' 6140 2575 595 100 25.7
1.3' 4360 1875 425 65 22.4
2.0' 3270 1295 460 60 15.1
2.8' 1250 650 165 15 13.0

ditch #2
0.7' 1980 575 115 0 14.8
1.2' 2370 925 280 30 14.0
1.8' 2550 720 365 45 9.5
2.9' 1890 500 365 35 6.7

control
1.0' 67 160 560 5 1.8
2.0' 110 520 350 70 6.6
3.0' 98 720 220 70 10.8



Table 3a. Results of the analysis of soil samples collected from the Barnard No. 1 lease
contamination site.  Extracts were obtained from 1:1 mixtures of soil and high-purity water.

Sample ID EC Chloride Sulfate
(mmhos/cm) (mg/kg) (mg/kg)

Feb.-98
L1S1 16.2 12900 0
L1S2 11.0 8330 0
L1S3 3.4 803 0

L2S1 4.9 446 0
L2S2 11.0 8660 0
L2S3 2.9 2000 441
L2S4 2.9 568 0

L3S1 4.9 1440 310
L3S2 6.5 1570 619
L3S3 7.9 3340 244
L3S4 3.0 465 504

L4S1 6.1 1510 729
L4S2 6.0 774 0
L4S3 6.9 3440 0

Jul.-98
L1S1 23.0 25700 0
L1S2 10.0 6300 0
L1S3 7.0 282 23

L2S1 6.0 5570 0
L2S2 9.0 11500 0
L2S3 2.0 1040 167
L2S4 2.0 424 157

L3S1 4.5 3260 0
L3S2 4.0 2190 0
L3S3 3.0 2080 80600
L3S4 8.0 302 70

L4S1 15.0 12500 405
L4S2 33.0 28200 0
L4S3 9.0 5170 0



Table 3b. Results of the analysis of soil samples collected from the Barnard No. 1 lease
contamination site.  Extracts were obtained from 1:1 mixtures of soil and high-purity water.

Sample ID Na Ca Mg SAR
(mg/kg) (mg/kg) (mg/kg)

Feb.-98
L1S1 3010 1030 140 88
L1S2 1590 1000 95 48
L1S3 620 130 0 54

L2S1 905 205 0 63
L2S2 1990 950 45 63
L2S3 620 210 0 43
L2S4 565 95 0 58

L3S1 785 295 0 46
L3S2 1360 770 25 48
L3S3 1950 425 0 95
L3S4 685 330 0 38

L4S1 1150 1160 0 34
L4S2 1170 610 0 47
L4S3 925 895 0 31

Jul.-98
L1S1 2170 6280 325 27
L1S2 850 1430 5 22
L1S3 575 1010 40 18

L2S1 505 1380 50 13
L2S2 815 1280 55 22
L2S3 210 500 0 9
L2S4 120 345 0 6

L3S1 345 685 10 13
L3S2 265 660 0 10
L3S3 310 465 0 14
L3S4 1070 1280 65 29

L4S1 1140 3160 30 20
L4S2 3730 6880 440 44
L4S3 980 1170 10 29



Table 3c. Results of the analysis of soil samples collected from the Barnard No. 1 lease
contamination site.  Extracts were obtained from 1:1 mixtures of soil and high-purity water or
0.20 M ammonium chloride solution.

Water NH4Cl Water NH4Cl
Sample ID Na Na Ca Ca

(mg/kg) (mg/kg) (mg/kg) (mg/kg)

Feb.-98
L1S1 3010 3240 1030 1590
L1S2 1590 1490 1000 1620
L1S3 620 775 130 600

L2S1 905 765 205 575
L2S2 1990 1750 950 1460
L2S3 620 730 210 710
L2S4 565 735 95 670

L3S1 785 895 295 745
L3S2 1360 1260 770 845
L3S3 1950 1140 425 685
L3S4 685 720 330 890

L4S1 1150 1120 1160 1710
L4S2 1170 1040 610 1770
L4S3 925 845 895 1600

Jul.-98
L1S1 2170 2690 6280 6650
L1S2 850 1380 1430 1610
L1S3 575 985 1010 1230

L2S1 505 1030 1380 1460
L2S2 815 1360 1280 1540
L2S3 210 705 500 660
L2S4 120 650 345 525

L3S1 345 865 685 800
L3S2 265 1020 660 985
L3S3 310 885 465 585
L3S4 1070 1400 1280 1290

L4S1 1140 1780 3160 3590
L4S2 3730 4250 6880 7000
L4S3 980 1820 1170 1420
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Abstract
In soils and sediments composed of medium to fine grained sand mixed with

smectitic (expandable) clay, dramatic reductions in hydraulic conductivity (HC) can
result from exposure to Na-rich oil field water.  This effect can reduce infiltration
rates and prolong the remediation of brine spills.  Previous researchers have studied
this phenomenon as it applies to agricultural irrigation, sea water/fresh water
interfaces, and remediation involving surfactant injection.  Our study is designed to
determine the magnitude of the HC drop which can occur in undisturbed alluvial
sediment composed of varying amounts of sand, silt and smectitic clay due to
interaction with high sodium pore water.

The HC decreases when a highly saline pore water is replaced by a low ionic
strength pore water in the presence of smectitic clays.  The drop in ionic strength
causes dispersion of the clay particles and subsequent clogging of the pore throats of
the sediment.  Our results have demonstrated decreases in HC of over two orders of
magnitude in sediments containing less than 5% clay sized particles.  The results of
this research will be applicable to situations involving both high sodium brines, and
high sodium landfill leachate.  Recognition of the magnitude of the potential change
the in hydraulic conductivity is important in evaluating the migration and
remediation of produced water spills, as well as leaking brine pits, and injection wells.



INTRODUCTION

A critical aspect of most brine spill remediation schemes involves the flushing
of some sort of fluid through the effected soil.  This includes infiltration of water to
facilitate the reaction of gypsum or other solid additives with the native soil (1).  As
noted in the API document, Remediation of Salt-Affected Soils at Oil and Gas
Production Facilities (1) “Excessive sodium can cause soil dispersion, a condition that
inhibits water infiltration and drainage, and causes reduced soil aggregation.”  This
same phenomenon has been recognized and extensively studied in other soil science
disciplines as well.  In agricultural science a drop in infiltration following irrigation
with saline groundwater was recognized in the 1930’s (2), and has been extensively
studied through the 1950’s (3), 1960’s (4), 1970’s (5), and 1980’s (6).  This
phenomenon has also been studied as it relates to sea water/fresh water interfaces (7),
and remediation by surfactant injection (8).    

These previous studies show that this phenomenon occurs due to cation
exchange of sodium from the brine for the other cations on the exchange sites of
smectitic (expandable) clays in the sediment.  The drop in infiltration rate takes
place when the saline pore water is displaced by a low ionic strength pore water.  The
drop in ionic strength causes the dispersion of clay particles, which then become
mobile and are transported along with the flowing pore fluid.  These particles can
then clog the pore throats of the sediment and reduce the infiltration rate.  Sediments
which do not contain smectitic clay minerals are less susceptible to this phenomenon
(4).

The objective of our research is to determine the magnitude of the potential
HC reduction when measured in terms of the saturated hydraulic conductivity (HC) of
the sediment.  We also attempt to relate this decrease to the mechanisms proposed
by previous researchers.  These goals are met through the study of a high-sodium
leachate plume that is moving through the alluvium of the Canadian River.  The
leachate is associated with a closed municipal landfill near Norman, Oklahoma.  Our
results are applicable to any situation where high sodium pore fluids are replaced by
low ionic strength fluids in sediments containing both sand and smectitic clays.

METHODS

Strategy

Our experimental methods are designed to simulate the introduction and
subsequent removal of leachate or brines from the natural environment.  This
correlates to situations such as a brine spill followed by rain water infiltration or a
brine plume in the groundwater being flushed by fresh groundwater.  This strategy also
simulates situations such as a saline leachate plume moving into an aquifer, followed
by flushing by unaffected groundwater, rainfall, or massive infiltration due to flooding
or irrigation.  

Our experimental system and procedures are designed to simulate a natural
flow field as closely as possible.   One concern related to simulation experiments of
this type is the potential for inducing excessive dispersion in the sample due to
unnatural hydraulic gradients being applied to the sample in order to measure HC



changes.  As noted by Rowel, et. al. (9) the dispersion of clay particles is prevented
by a potential energy barrier.  At higher hydraulic gradients (faster flow) more kinetic
energy is present, resulting in more dispersion, when all other variables are held
constant.  This means that to simulate the dispersion and resultant HC drop possible
in the field, the test must be run at hydraulic gradients as close to field conditions as is
feasible.  The flow rate used for our tests is 4.616*10-4cm3/sec, which corresponds to
an average hydraulic gradient of approximately 0.01 (ft H2O/ft sample).  This is
approximately three times greater than the field values found near the Canadian river
(approximately 0.003 (ft H2O/ft sample)) which is quite low, but it is within reason
for many natural gradients.

Equipment

To generate the realistic hydraulic gradients described above, a custom
designed, triaxial cell based system has been constructed.  This system is based on the
constant flow method for measuring HC that was pioneered in the 1960’s (10), (11).
This measurement of HC is based upon producing a constant flow rate through the use
of a piston style pump, and measuring the pressure difference created across the
sample by this flow (Figure 1). This type of system allows continuous measurement
of HC at the low hydraulic gradients used to approximate the natural environment.
Conventional constant head and falling head measurements of HC cause gradients of
up to 3 orders of magnitude greater than those which can be achieved by a constant
flow system (12). The system was also designed to allow precise control of the
influent permeating the sample, and collection of the effluent leaving the sample
(Figure 1).

As highly saline solutions are used as the influent for a portion of the test, the
metallic components of the system have been constructed of 316 stainless steel to
help minimize corrosion and changes in the water chemistry.  The influent and
effluent reservoirs have been constructed of acrylic to allow visual observation of the
reservoir’s capacity, as well as observation of the effluent as it emerges from the
system piping.  

Samples

The sediments used for this study are from Canadian River alluvium near
Norman, OK.  This location was chosen due to proximity to the closed Norman,
Oklahoma Municipal Landfill (Norman Landfill) which is currently a test site for the
Toxics Hydrology Program of the Water Resources Division of the United States
Geological Survey (USGS).  The sediments are mainly quartz sands with feldspar,
calcite and some minor mineral fractions such as dolomite.  The coarse fraction of
the sediment, as defined by the Unified Soil Classification System (>75m particle
diameter) constitutes between 80 weight percent and 98 weight percent of the
majority of the sediments.  The remainder is fine grained (<75m), composed mainly
of smectite, illite-smectite, illite, and minor kaolinite.  The samples chosen for
testing contain approximately 3 to 11 wt% of fine particles (<0.075mm).  The
samples were collected by rotasonic coring to minimize soil disturbance and maximize
sample recovery.  The samples used for testing are kept in an undisturbed state
throughout the test to better simulate the natural environment.  



Sample Mounting

Undisturbed specimen are cut from the samples collected in the field using a
hydraulic ram, and a circular cutting device.  The resulting specimen are 2.5 inches in
diameter, and approximately 3 inches long.  The specimen are mounted in the
triaxial cell with porous stones at each end, but no filter paper so that any suspended
solids which reach the end of the sediment column can pass out of the sample with
the effluent.  The suspended solids can then be recovered for weighing, or x-ray
diffraction (XRD) analysis by centrifuging of the effluent samples.

Experimental Procedure

Our experimental strategy is designed to simulate the flow of saline water
followed by low TDS water through undisturbed soil sediments.  The sediment was
flushed at a rate of 2 pore volumes per day with the following prepared solutions in
the following order:

〈 Background ground water composed of: (166 mg/l Ca2+, 45 mg/l Mg2+, 
31 mg/l Na+, and 8 mg/l K+): 4 pore volumes (or until HC stabilized);

〈 0.1M NaCl: 4 pore volumes;
〈 1M NaCl: until effluent chemistry stabilizes (14 - 24 pore volumes);
〈 0.01M NaCl: Until effluent chemistry stabilizes (20 pore volumes); and
〈 Distilled H2O : to end of test (either chemical equilibrium or HC 

equilibrium).

Note: In order to determine the effects of a brief exposure to highly saline water the
first sample was only exposed to the 1M NaCl and the 0.01M NaCl for 2, and 5 pore
volumes respectively instead of the 14-24, and approximately 20 pore volumes
specified above.

Although the natural waters in this region have bicarbonate as the dominant
anion each of these solutions were prepared using chloride salts.  This change from
the natural environment was deemed necessary to avoid calcite scale formation
within the tubing of the test apparatus.

Samples of the effluent were collected after every 2 pore volumes of flow
through the test specimen.  The frequency of effluent sample collection was
decreased to every 4 or 6 pore volumes once the concentration of Na+ in the effluent
did not change by more than approximately 0.001M over 2 pore volumes.  These
samples were tested for pH, and suspended solids by standard laboratory methods, and
for the concentration of Ca2+, Mg2+, Na+, and K+ by atomic absorption
spectrophotometry (AA).  The effluent samples from all but the first test specimen
were centrifuged before analysis by AA to avoid false K+ readings.  The grain size
distribution, mineralogy, and exchangeable cations (on the <2m fraction) on
trimmings from each specimen, as well as the specimens themselves, are being
characterized.   



RESULTS

Three samples have been tested to determine the magnitude of the HC drop
which may be possible in Canadian River alluvium.  These samples were obtained
from areas that have not been exposed to the leachate plume.  The samples tested
were:

Sample 1: VC-F 11.1’ - 11.9’ below ground surface (bgs),  uniform sand,
clay mixture, with approximately 11.4 wt% fines (<75m)

Sample 2: VC-I 31.0’ - 31.8’ bgs, uniform sand/clay mixture, with
approximately 10 wt% fines(<75m)

Sample 3: VC-G 9.4’ - 10.2’ bgs, layered sand/clay mixture, with
approximately 3-5 wt% fines(<75m)

Hydraulic Conductivity

The hydraulic conductivity of each of the samples decreased following
introduction of 0.01M NaCl and more markedly after through flow with distilled
water.  Figure 2 shows the pattern of HC fluctuations which resulted from changes in
the influent chemistry.  The five stages of HC reactions to changes in the influent
chemistry were identified, and have been marked on Figure 2 with numbered arrows.
The five stages are:

1) The HC increased slightly at the beginning of each test, and also during
flushing with 0.1M NaCl.  Thereafter it remained steady while the sample was
flushed with 1 M NaCl;

2) The HC dropped following the introduction of 0.01 M NaCl;
3) After the initial drop during stage 2, the HC rose until the introduction of

distilled water;
4) The HC dropped precipitously following the introduction of distilled water;

and
5) The HC of Sample 1 rose in a linear fashion after dropping to approximately

Ω of its original value.  This rise was not seen in Sample 2 or Sample 3.

The hydraulic gradient applied to the sample was spiked on three occasions
during testing of the third sample.  These spikes caused a temporary increase in the
HC of the sample as can be seen on Figure 2, however the HC rapidly decreased
following the resumption of the normal gradient of approximately 0.01 (ft H2O/ft
sample).

Effluent Samples

Plots of the concentrations of Na+, K+, Ca2+, and Mg2+ are shown with respect
to the influent NaCl concentration in Figure 3 through Figure 5.  The concentrations
of K+, Ca2+, and Mg2+ rise in the effluent during influx with 1M NaCl.  This
corresponds to the expected period of cation exchange between the solution and the
clay component of the samples.  The concentration of Ca2+ and Mg2+ began to rise
once more at the end of tests 2 and 3.



As shown in Figure 6 the concentration of suspended solids in the effluent
rose slightly during stage 2 corresponding to the introduction of 0.01M NaCl,
however, significantly  larger amounts of suspended solids were seen at the beginning
of stage 4 when distilled water was added to the system.  Little or no suspended solids
were measured during stage 3, and no suspended solids were visually evident in the
effluent of sample 1 during stage 5.  Concentrations in excess of 800 mg/l were
measured in both Samples 2, and 3 with a peak of 1210 mg/l measured in Sample 2,
four pore volumes after the introduction of distilled water.

DISCUSSION

Dissimilarities due to Experimental Procedure Variations

Some differences exist between the three samples tested to date, most notably
between Sample 1, and Samples 2 & 3.  Sample 1 was not allowed to fully equilibrated
with the 1M NaCl solution.  As can be seen on Figure 3, the maximum effluent
concentration of Na+ was reached well after the influent concentration was decreased
to 0.01 M.  The incomplete cation exchange resulted in less dispersion when the
ionic strength of the permeating solution was lowered and therefore a smaller drop in
HC than for the other two samples.  Additionally, the HC drop in Sample 1 was not
permanent.  Although the mechanism behind this rise has not been determined, two
possibilities are suggested.  The first is that the clay particles which temporarily
blocked the pore throats gradually eroded, increasing pore sizes and therefore the HC.
The second mechanism was proposed by Pupisky, H. and Shainberg, I., (13).  They
attributed the initial drop in HC to the swelling of clay aggregates near the pore
throats induced by the low TDS water.  This swelling reduced the pore throat size and
thereby decreased the HC of the sediment.  The subsequent rise in HC was attributed
to dispersion and erosion of the clay blocking the pore throats, thereby increasing
pore throat size and HC.

Another difference existed between Sample 1 and Samples 2 & 3.  At the end
of the test of Sample 1 the abundance of K+ in the effluent rose.  The measured rise is
attributed to suspended solids in the effluent.  The rise in K+ at the end of the
experiment was actually an indication that the level of suspended solids in the
effluent was rising, not the K+ concentration.

Hydraulic Conductivity Changes

Five stages of hydraulic conductivity change were defined in Figure 2.  The
following are the proposed mechanisms behind each stage of the HC fluctuations:

Stage 1: During flushing with 0.1 M NaCl and 1 M NaCl the ionic strength of the pore
fluid is increasing. This increase in ionic strength causes the double layer of
ions surrounding each clay particle to decrease in thickness.  The result is that
the clay particles can more closely pack which tends to cause the clay
aggregates to shrink.  This shrinkage of the clay aggregates opens the pore
throats of the sediment, allowing more fluid flow, and therefore higher HC
values.



Stage 2: When the ionic strength of the influent decreased to 0.01 M NaCl the
opposite reaction takes place.  The double layer thickens, forcing the clay
particles apart, which tends to cause clay swelling.  Some clay particles are
pushed far enough apart that they no longer are held together by interparticle
forces, and the clay disperses.  This dispersed clay clogs the pore throats of
the sediment, reducing the HC.  The suspended solids in the effluent increased
immediately upon the decrease of NaCl concentration to 0.01M indicating
that clay is dispersing.  The suspended solids rapidly decrease following the
increase, and the HC rises (Figure 6).  This leads to Stage 3.

Stage 3: The rise in HC seen during this stage of the HC fluctuations does not take
place until after dispersed clay is no longer detected in the effluent.  This
indicates that the rise in HC is not due to clay washing out of the sample.
The exact mechanism causing this rise in HC is not known.  The mechanism
described earlier which was proposed by Pupisky, H. and Shainberg, I., (13)
requires that clay which had originally clogged the pore throats due to swelling
disperses, thereby unclogging the pore throats.  As no concurrent increase in
suspended solids occurred, this mechanism is unlikely.  In fact, the rise in HC
did occur until after the concentration of suspended had dropped below the
detection limit of approximately 10 mg/l.  It is possible that the clay particles
dispersed from the pore throats where the pore fluid velocity was  highest.
The clay particles could have then settled out of solution in the open pores
where velocities were lower.  This scenario is unlikely, however, as the overall
flow rate was 2 pore volumes per day.  The rise seen in sample 3 was less
pronounced than in the other two samples.  This may be due to a longer
flushing with 1 M NaCl than in the other two samples resulting in more
complete cation exchange.  Another cause may be that the fines in Sample 3
were deposited in layers rather than being uniformly distributed throughout
the sediment.  The finer layers may have had smaller pore throats which
could filter more suspended particles out of solution.  Small differences in the
mineralogy or grain size distribution of the samples may have also been the
cause of this difference.

Stage 4: Upon introduction of distilled water clay dispersion increases substantially.
This may be due to another mechanism operating on the clay particles in
addition to double layer expansion.  Emerson and Bakker (15) suggested that
osmotic gradients between the center of clay aggregates equilibrated with high
ionic strength water, and low ionic strength pore fluids could provide an
additional force promoting dispersion of the clay aggregates.  When distilled
water is first introduced to the sample these conditions would exist within our
samples.  With continued flushing with distilled water, however, the ionic
strength of the fluid within the clay aggregates would approach equilibrium
with the pore fluid of the sample.  The maximum concentration of suspended
solids in our effluent samples occurred within a few pore volumes of the
introduction of distilled water and then rapidly decreased.  These results
indicate that the mechanism of Emerson and Bakker may have occurred,
causing rapid dispersion within the first few pore volumes of distilled water
flushing.  As the conditions necessary for the high osmotic gradient
disappeared, the rate of dispersion decreased.  The decrease in suspended solids
may also be attributed to better retention of clays by the samples once the
majority of the pore throats have been partially or completely clogged.



Stage 5: Sample 1 was given insufficient time to reach relative equilibrium with the
1M NaCl solution.  This meant that divalent cations such as Ca2+, and Mg2+

still occupied exchange sites within the clays.  When the ionic strength of the
pore fluid decreased, these divalent cations prevented the full dispersion which
was seen in Samples 2, and 3.  As in stage 3, the volume of dispersed clay was
insufficient to permanently clog the sediment’s pore throats.  After reaching
a low value of approximately 1.04*10-3 cm/sec the HC increased in a linear
fashion.  This is likely due to clay washing out of the pore throats as indicated
by the rise in K+ measured in the uncentrifuged effluent samples.  At the end
of the test the HC of this sample was close to that measured before
introduction of 0.01M NaCl.  Because some clay did wash out of the sample
with the effluent, the HC of this sample may have actually increased as a
result of partial sodium exchange followed by dilute water.

Hydraulic conductivity reductions of as large as 2 orders of magnitude have
been measured in this research.   The samples used for this research contained only 3
- 11 wt% of particles <75m which is fairly low.  In areas which contain larger
fractions of smectitic clays, the magnitude of the HC drop could conceivably be
greater (14).

Hydraulic Gradient Spikes

Spikes in the hydraulic gradient applied to the sample took place during the
distilled water phase of sample 3’s testing.  The hydraulic gradient during the spikes
rose to a maximum of approximately 3 ft H2O/ft sample and returned to the original
gradient within 0.25 - 1 seconds.  In response to these spikes, the HC of the samples
briefly rose then quickly dropped once again.  The most likely cause of the HC rise is
rapid erosion of the clay clogging the pores by the increased hydraulic gradient.  This
would cause the type of immediate response seen in our tests.  By examining the
response to the first hydraulic gradient “spike” at approximately 65 pore volumes
(Figure 2) it can be seen that the spike did not permanently affect the HC drop within
the sample.  After approximately 20 pore volumes (10 days) the rate of HC decrease
returned to its pre-spike drop rate curve.  This indicates that a process which was not
affected by the hydraulic gradient spike is controlling the rate of HC drop within the
sample.  One possible cause is the slow drop in the ionic strength of the pore fluid of
the sample.  By combining data plotted earlier on Figures 2, 3, 4 and 5, Figure 7 was
constructed, which plots log Na+ concentration along with the log of the HC for each
sample.  The HC drop for sample 1 did not progress far enough to observe the
relationship between these two variables, but samples 2 & 3 show a strong correlation
between these two variables.  The slow drop in the ionic strength of the pore fluid
would slowly increase the average double layer thickness throughout the sample,
gradually pushing more and more clay particles to the point at which they will
disperse, and are available to clog more pore throats.

Further spikes later in the test of Sample 3 did not result in full recovery of
the HC drop curve.  This may be because the HC drop was nearing its completion and
insufficient undispersed clay remained in the sample to recover from the hydraulic
gradient spike.



Cation Exchange

The progress of the cation exchange within the sample can be determined by
monitoring the concentrations of the major ions in the effluent.  During the interval
when 1M NaCl was the influent, significant increases can be seen in the
concentrations of K+, Ca2+, and Mg2+ (Figures 3, 4, and 5).  These peaks represent
large numbers of cations being replaced by sodium on the exchange sites in the
sample.  The cation exchange approached completion when the concentrations of
K+, Ca2+, and Mg2+ in the effluent approached zero and the concentration of sodium
in the effluent became constant.

Calcite and Dolomite Dissolution

The concentrations of both Ca2+ and Mg2+ began to increase near the end of
the test.  This rise is probably caused by the dissolution of calcium and dolomite
within the sediments.  To test this theory the pH of sample 3 was monitored.  The
results of this monitoring are shown on Figure 8 plotted with the Ca2+ concentration
in the effluent.  The Ca2+ was found to rise at the same point at which the pH of the
effluent, and therefore the pH of the pore fluid, began to drop.  The dissolution of
calcite and dolomite from the sample would open up more pore space and slightly
increase the average pore throat diameter.  This would result in a slight increase in
the HC of the sample.  

pH

As a result of pH monitoring to determine if calcite was dissolving, it was
discovered that the pH of the effluent exceeded pH 10 at times during the test.  As
distilled water and laboratory grade salts were used to prepare the influent samples,
these alkaline readings were unexpected.  The unusually high pH values are most
likely due to corrosion of the 316 stainless steel components of the test system
during flushing with concentrated salt solution.  The reaction consumed H+ from
solution, raising the pH, and produced H2 gas which may have inadvertently been
observed as a slight effervescence when the effluent fluid was released from its
pressurized collection vessel.  Although pH can affect the surface charge of clays, the
artificially high pH did not appear to have any significant effect on the dispersion of
the clays in these test specimens.

CONCLUSIONS

When undisturbed samples of Canadian River alluvium were exposed to a
sequence of high sodium waters followed by low ionic strength waters, their hydraulic
conductivity(HC) dropped by more than two orders of magnitude.  The magnitude of
HC reduction increased as the degree of sodium substitution on the cation exchange
sites increased, and as the ionic strength of the pore fluid decreased.  This
phenomenon occurs due to dispersion of smectitic clays, however, the samples used
for these experiments contain very low percentages of silt and clay (<75m),
estimated to be between 3 and 11 wt% of the total specimen.  The HC reductions
were reversible only when the extent of clay dispersion was minimal.



Practical implications of these results include:

〈 The measured decreases in hydraulic conductivity are large enough to impact
the production rate of wells in effected groundwater aquifers, and change groundwater
flow paths by altering the permeability distribution in the aquifer;
〈 The drop in hydraulic conductivity has been shown to occur in sediments with
low fines contents.  This makes it even more likely that water producing aquifers
containing smectitic clays could be altered;
〈 The largest drop occurs when sodium substitution on cation exchange sites has
progressed to a large degree.  As complete sodium exchange takes time to complete,
rapid response to, and cleanup of brine spills, may help minimize the reduction in the
hydraulic conductivity of the sediment;
〈 The dispersion of the clays does not occur until the ionic strength of the pore
fluid has dropped.  If the ionic strength of the pore fluid is elevated during treatment
by gypsum, or other calcium and magnesium salts, this phenomenon may be
postponed until the sodium on the exchange sites of the clay has been removed, and
dispersion is no longer likely.
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Figure 1 Schematic of Experimental Apparatus
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The production of petroleum has in some instances produced brine
contamination of the soil. When the saline condition reaches a certain level,
the soil becomes unable to support plant life and it is subject to erosion. In
order to remediate these situations, one approach has been to add calcium
chloride at the surface in an e�ort to move the salt down through the soil.
This approach by itself is not su�cient as the salt tends to creep back to the
surface with time. A further approach is to install drainage pipes to remove
the salt. We present a computational model that simulates the remediation
of brine contaminated site using calcium chloride. It models the drainage of
salt through drainage pipes. It has been written in c++ and uses Matlab for
visualization purposes.
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INTRODUCTION

Some sites have been polluted by brine during production of the petroleum.
Soil that comes in contact with brine will be converted to a saline condition
where the soil becomes unable to support plant life and it is subjected to
erosion. In order to remediate these situations, some has tried to induce
the salt to move down through the soil while trying to restore the calcium
originally present in the clay. These e�orts can be improved with drainage
to remove the salt. We present a computational model that simulates the
remediation of a brine contaminated site using Calcium Chloride applied to
the surface of the site and drainage of salt through drainage pipes. The
computational tool has been written in C++ and uses Matlab for graphical
display.

The next section presents a comprehensive description of the problem.
The mathematical modeling of the problem and the the discretization of
the modeling equations are presented in the following two main sections.
Implementation details and the numerical results are discussed in the last
two main sections.

DESCRIPTION OF THE PROBLEM

Petroleum reservoirs typically contain a mixture of hydrocarbons and brine.
During production of the petroleum the brine is also brought to the surface.
It used to be common practice for oil �eld brine to be discharged at the
surface.

Soil that comes in contact with brine will be converted to the saline
condition. High soil salinity will result in outright death for established
plants, as well as reduced rates of seed germination and seedling growth. Such
e�ects are observed because soluble salts in the soil make it more di�cult
for plants roots to extract water by osmosis. Also, oil �eld brines typically
contain high concentrations of sodium ion. Sodium will convert soil to the
sodic state, where most of the calcium and magnesium ions normally present
on the surfaces of clay particles are displaced through ion exchange.

Soil that is unable to support plant life will be susceptible to erosion.
Thus, a signi�cant scar often develops some time after contamination of the
soil with brine. Despite such graphic evidence of contamination, historical
brine spills rarely receive the kind of attention lavished on spills of other
pollutants. In part, this lack of action derives from confusion regarding
remediation strategies that are both e�ective and economically viable. In
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such cases the primary objective of the remediation should be to reestablish
vegetation on the site as quickly as possible. The key to revegetating a site
that has remained barren for so long is to ensure that the salt moves down
through the soil pro�le.

A demonstration project will be performed on a brine scar in the Na-
ture Conservancy's Tall-grass Prairie Preserve, a 1300,000 acre tract in Osage
County, Oklahoma, in which a tall-grass prairie ecosystem is being restored.
Given that there is no source of fresh water at the site, this transport will be
driven solely by rain water. The remediation consists in introducing Calcium
Chloride ( CaCl2) in the soil. Thus, the concentration of brine will decrease
because of transport and chemical reactions.

In parallel with the pilot �eld demonstration, we present here a com-
putational tool for modeling salt transport in soil. We have incorporated the
ion exchange characteristics of the soil.

DERIVATION OF EQUATIONS

The purpose of this model is to follow the movement of the salt and the
di�erent chemical species underground. A �rst model has been presented in
[5]. The salt is initially assumed to be present in the soil after a spill. The
chemical species are assumed to be applied in a pool on the ground surface.
That will be the source term for our model. The soil will be considered as
saturated in water, i.e. only one uid phase is present in the soil.

The movement of the salt is basically driven by gravity. For every
chemical specie, the transport and di�usion is modeled using the appropriate
di�erential equation. Since the soil is a porous media, the rate of ow in
the soil is given by Darcy's Law. The conservation equation enforces mass
balance in the domain.

The concentration of the chemical species are also modi�ed by the
chemical reactions that take place in the soil. This model only considers
ion-exchange reactions between the chemical species and the soil. We do not
consider oxidation-reduction or precipitation reactions in this model.

Thus the uid ow is given by the following mass balance equation:

r � (�~v) + q =
@(��)

@t
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In this equation � stands for the density of the uid, ~v for the velocity
of the uid, � for the porosity of the soil and q for the source/sink term.

Darcy's Law gives the rate of ow through the soil as a porous media.

~v =
K

�
(rp� �grz)

In this equation, � is the viscosity of the uid, K is the absolute
permeability of the medium, p is the pressure, g is the acceleration due to
gravity and z is the vertical direction.

The velocity in the Darcy's equation is substituted with the mass
conservation equation to get the pressure equation:

r � [
K�

�
r � (p� �gz)] + q �

@(��)

@t
= 0

The transport and the di�usion of all the species is given by the
equation:

@c

@t
= �~v � rc+Dr2c +Qc

Here, c is the concentration. D is the di�usion coe�cient and Qc is
the generation term.

Chemical reactions account for changes in the concentrations of the
species in the soil.

2R �Na+ Ca2+ *) R�2 � Ca+ 2Na+ (1)

At the equilibrium, the following equation holds:

K =
[R2 � Ca] � [Na+]2

[R�Na]2 � [Ca2+]

Combined with the mole equation, yields a cubic equation. Typically, only
one root is real and this root is located close to zero.

In this model, we want to keep track of the concentrations c of the
species, the velocity ~v and the pressure p.
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DISCRETIZATION OF THE PARTIAL DIFFEREN-

TIAL EQUATIONS

The system of equations that models the transport of the di�erent chemical
species in the soil was described above. this model accounts for the chemical
reactions between these species. In this section, the discretization of these
equations would be presented.

The domain of application of our model is a spill in the tall-grass
prairie in Osage County, Oklahoma. The scar is approximately 2 acres in
size. So we assume that we have a source term on the ground. In order
to drain the water from the soil, some drainage pipes are installed. These
pipes act as a sink term to the system. It is assumed that there is a layer
of impermeable clay several feet below the contaminated site. Hence, there
is no ow possible at the bottom. The water can only exit through the
pipes. A two-dimensional model is considered to model the process. One
dimension in depth, and one dimension across the pipes. A two-dimension
grid of rectangular cells is applied to the domain. Each cell would represent
a volume of soil.

From a physical point of view, for one of these cell 
i;j , the concen-
tration and the pressure are de�ned on the center of the cell whereas the
velocities are de�ned through a surface, i.e. through the boundaries of the
cell 
i;j . The cell has a dimension hz � hx. Refer to �gure 1 for the

The horizontal length of the domain is about 100 meters, and the
vertical depth is about 2 meters. Figure 2 shows the whole domain looks.

Once we have de�ned our domain, we need to derive The discretization
of the modeling equations is achieved through the use of �nite volume. The
discretizations are obtained by integrating each of the modeling equations on
a generic cell 
i;j

The main assumption is that for the size of the domain, the density
of the uid does not vary. Therefore (@��)

@t
= 0. If the pressure is at a

steady state, one would solve the pressure equation to determine the pressure
distribution �rst. Then, determine the velocities with Darcy's law. Finally,
the concentrations are calculated from the transport-di�usion equation.

Consider the pressure equation:

r � [
K�

�
r � (p� �gz)] + q �

@(��)

@t
= 0:
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(p; c)i+1=2;j+1=2

~vi+1=2;j

~vi+1=2;j+1

~vi+1;j+1=2~vi;j+1=2

Figure 1: Detail of the grid

But since (@��)
@t

= 0 we get

r � [
K�

�
r � (p � �gz)] + q = 0:

So over the cell 
i;j it yields:

Z

i;j

[r � [
K�

�
r � (p � �gz)]]dA+

Z

i;j

q dA = 0

Assume that K has just two components Kx and Kz. Also assume
that the viscosity � remains constant. This yields the following discrete form:

�

�
[
Kzhx

hz
(Pi+1=2;j+3=2 � 2Pi+1=2;j+1=2 + Pi+1=2;j�1=2) +

Kxhz

hx
(Pi+3=2;j+1=2 � 2Pi+1=2;j+1=2 + Pi�1=2;j+1=2)] + hxhzqi+1=2;j+1=2 = 0

In this discrete form, the subscripts stand for the coordinates for which the
pressure is known ( at the center of the cell).

6




i;j

-

6

0 x

z

i

j r

surface

e
pipe

e
pipe

e
pipe

Figure 2: Grid of the domain

Darcy's law gives the distribution of the velocities. Remember that
the velocities are de�ned on the boundaries of 
i;j . Then, the center di�er-
ences using the Darcy's Law lead to, on 
i;j:

vi;j+1=2 = �
Kx

�hx
(Pi+1=2;j+1=2 � Pi�1=2;j+1=2)

vi+1;j+1=2 = �
Kx

�hx
(Pi+3=2;j+1=2 � Pi+1=2;j+1=2)

vi+1=2;j+1 = �
Kz

�hz
(Pi+1=2;j+3=2 � Pi+1=2;j+1=2)� �g

vi+1=2;j = �
Kz

�hz
(Pi+1=2;j+1=2 � Pi+1=2;j�1=2)� �g

The two previous discrete equations yield the steady-state distribution
of pressure and velocity. Now to calculate the concentrations, the transport-
di�usion equation must also be discretized. Integrate this equation over the
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cell 
i;j , to yield:

Z

i;j

[�
@c

@t
+ ~v � rc+Dr2c+Qc] dA = 0:

which can be rewritten as:
R

i;j

�
@c
@t
dA = �

hxhz
�t

(ck+1i+1=2;j+1=2 � cki+1=2;j+1=2)

R

i;j

~v � rc dA = �
hxhz
4
[vi;j+1=2 � (c

k+1
i+1=2;j+1=2 � ck+1i�1=2;j+1=2)

+vi+1;j+1=2 � (c
k+1
i+1=2;j+1=2 � ck+1i�1=2;j+1=2)

+vi+1=2;j+1 � (c
k+1
i+1=2;j+3=2 � ck+1i+1=2;j+1=2)

+vi+1=2;j � (c
k+1
i+1=2;j+1=2 � ck+1i+1=2;j�1=2)]

R

i;j

Dr2c dA = hxhzD[ 1
h2z
(ck+1i+1=2;j+3=2� 2ck+1i+1=2;j+1=2 + ck+1i+1=2;j�1=2)

1
h2x
(ck+1i+3=2;j+1=2 � 2ck+1i+1=2;j+1=2 + ck+1i�1=2;j+1=2)]

R

i;j

Qc dA = hxhxQ
k+1
i+1=2;j+1=2

:

(2)

COMPUTER IMPLEMENTATION

The model is implemented with an object oriented paradigm, and C++ is the
chosen language. This paradigm is chosen for its many advantages, including
software reuse, portability, and the ability to add to or change an object's
functionality without changing every other piece of code that uses that object.
Additionally, once an object is de�ned along with it's member functions and
operators, code using this object becomes easier to read and write. High level
operations on an object are de�ned in the class in terms of more primitive
operations, and we can thus perform high level operations on an object with
very few simple lines of code.

The core of the computational model consists of C++ classes for linear
algebra. All code was newly written for this project, except for the imple-
mentation of the general minimized residual (GMRES) iterative method for
the solution of general linear systems of equations. The GMRES code used is
described in [1], and is available on NETLIB under Templates. This imple-
mentation of GMRES was chosen because it is extremely easy to integrate
with any appropriate matrix / vector classes.
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Typically a C++ package for linear algebra includes its own matrix
and vector classes, and integration with the user's existing classes is di�-
cult. The Templates use C++ templates to implement iterative methods for
solving linear equations. Thus the Templates do not de�ne any classes, they
work with the users existing ones. They require certain functions be de�ned
on the user's matrix and vector classes, but these are functions that any such
class is likely to have already.

ARRAY AND VECTOR CLASSES

The array class is a simple class of arrays with optional array bounds check-
ing, set at compile time through preprocessor directives.

The array class has as its private data members a C++ array to store
the data and an integer variable to record the dimension. With overloaded
assignment operators, it is possible to assign one array the elements of an-
other array with the simple statement

array1 = array2;

or to assign a scalar value to all elements of an array as:

array1 = number;

It also includes functions to access the elements of an array as either
of the following:

array[i] = number;

array(i) = number;

The vector class inherits from the array class, and provides func-
tions for mathematical operations on vectors including addition, subtraction,
scalar multiplication, dot product, and 2-norm. These functions are imple-
mented using both operator overloading and explicit function calls. For ex-
ample, using operator overloading, we may de�ne various operators to have
their usual meaning in the context of vector operations, and so may write in
a C++ program statements like:

z = x + y;
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z += x;

z = a*x + y;

where x, y, and z are vectors, and a is a scalar.

MATRIX CLASSES

Approximately solving time dependent PDE's means solving many large sys-
tems of equations, which will be linear if the PDE is linear. Even if the PDE
is nonlinear, many non-linear equation solvers require the solution of several
linear systems. Therefore the linear algebra is the most important aspect
of this computational model, and is where the computer spends most of its
time.

The matrices arising in this problem are pentadiagonal, meaning there
are 5 diagonals of nonzero elements. More importantly, they are also block
tridiagonal: 0

BBBBBBBBBBB@

D0 U0 0 � � � � � � 0
L1 D1 U1 0 � � � 0

0 L2 D2 U2 0
...

... 0
. . . . . . . . . 0

...
...

. . . . . . . . . Un�2

0 � � � � � � 0 Ln�1 Dn�1

1
CCCCCCCCCCCA

Where the Di are tridiagonal, and the Li, Ui are diagonal. Therefore, addi-
tional classes of tridiagonal and pentadiagonal matrices are needed.

Three matrix classes are de�ned in order to accommodate the special
types of matrices encountered in the problem. All three have optional array
bounds checking, set at compile time through preprocessor directives. The
�rst is class matrix, which is a general class of dense matrices. It has as
its private data members a 2-D C++ array for the data, and two integers
to store the row and column dimensions of the matrix. It includes functions
and operators for many common matrix operations, such as matrix addition,
matrix-matrix multiplication, matrix-vector multiplication, LU factorization
with partial pivoting, matrix inversion, etc. The LU factorization routine is
found to be competitive with Linpack's comparable routine, although gener-
ally slightly slower. Access to matrix elements is accomplished by overloading
the () operator, and its use is as:

A(i, j)=number;
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The second type of matrix class is class tridiag. This is a class of
square tridiagonal matrices. A tridiagonal matrix is stored in three vectors,
one for each diagonal. This class includes many of the same operations as
the class matrix, rewritten to exploit the structure of the matrix. It includes
the LU factorization with no pivoting for tridiagonal matrices.

The �nal matrix-type class is the class pentadiag. This is a class of
square pentadiagonal matrices, needed because the matrices that arise from
the discretization of the PDE's are pentadiagonal. It uses a 2-D C++ array
with 5 rows of di�erent lengths, one for each diagonal of the matrix, to store
only the non-zero elements of the matrix. It includes an integer variable to
record the dimension of a matrix, and another to record the `bandwidth,' the
integer distance from the main diagonal to the upper and lower o� diagonals.

Since the pentadiagonal matrices under consideration here are also
block tridiagonal, functions in the pentadiag class are included to extract
the blocks of the matrix. The main diagonal blocks are tridiagonal matrices,
and the o� diagonal blocks are diagonal and thus may be represented by a
vector. This is particularly useful in constructing the preconditioners (see
below), as this construction naturally operates on the blocks of the matrix.

PRECONDITIONER CLASSES

The GMRES method with preconditioning is used to solve the pentadiag-
onal linear systems arising from the model. The GMRES implementation
provided in [1] includes the option of a user de�ned preconditioner. The ba-
sic idea of preconditioning is to speed the convergence of an iterative method
for solving Ax = b by choosing a matrix M and solving M�1Ax = M�1b

instead. If M = A then the method would converge in one step, and M = I

corresponds to no preconditioning at all. Note that M�1 is not explicitly
formed, instead one solves linear systems involving M . M is chosen so that
the condition number of M�1A is better than that of A, and such that solv-
ing linear systems with M is inexpensive due to some special structure of
M .

The structure of the matrices ( non symmetric and tri-diagonal block
) leads to choose a preconditioner like a block incomplete L � U factoriza-
tion. In particular, we have chosen to use the version with approximate
inverses. This preconditioner is extensively described in [3], [4]. We present
it here just for completion. This preconditioner is based on the idea of nested
factorization. We perform a Block ILU . M is given by

M = (L + S)S�1(U + S) (3)
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with L, U the strictly lower and upper parts of M , and S de�ned by

S = Diag(S0; S1; : : : ; Sn�1)
with

S0 = D0

Si = Di � Li�i�1Ui�1 , i = 1; : : : ; n� 1
�i approximate inverse of

When an object of type preconditioner is constructed, the block ILU
factorization is carried out. The GMRES implementation calls a user de�ned
function `solve' to solve systems involving the preconditioner. This `solve'
function is a member of the class preconditioner.

ION EXCHANGE

Every time step, we recompute the chemical equilibrium concentrations of
sodium and calcium based on the ion exchange that takes place between
them. That is, each time step we �rst solve the linear systems that arise
from the discretization of the PDE, Ack+1i = b where ck+1i denotes the con-
centration of species i at the next time step, and then we compute the ion
exchange amounts in each grid cell and update ck+1i . Calculating the ion
exchange amounts involves �nding a root of a cubic polynomial for each grid
cell. We use Newton's method to solve the cubic. Typically, this cubic has
only one real root, and so there is no ambiguity in the process.

MAIN PROGRAM

The main program, along with associated subprograms, �rst reads in model
parameters from a �le. It then solves the model equations and outputs the
data to �le. As currently implemented, this process proceeds as follows:

1. Read in model parameters from �le `param.dat'

2. Solve for the pressures in each grid cell (assumed steady-state)

(a) Construct the pentadiagonal coe�cient matrix A resulting from
the discretization of the mass conservation PDE.

(b) Construct the right hand side vector b based on the boundary
conditions and the source/sink terms
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(c) Construct the preconditioner matrix associated with A using the
class preconditioner

(d) Solve Ap = b for the pressures, p, using GMRES

(e) Write pressure data to �le

3. Using Darcy's Law, compute the velocities in each grid cell from the
pressure data

4. Write velocity data to �le

5. Solve for the concentrations over time

(a) Build an array of 3 pentadiagonal matrices, one for each chemical
species. These matrices do not depend on time under the current
assumptions.

(b) Construct preconditioner for each pentadiagonal matrix

(c) Begin time step; repeat while t < tMax

i. Build right hand side vectors based on source/sink function
and boundary conditions

ii. Solve the 3 linear systems for the concentration of each ion at
time t+�t using GMRES. Use values of concentrations from
previous time step as initial guess

iii. Calculate ion exchange amounts and update concentrations

iv. Write current concentration data to �le

(d) End time step

The C++ function to solve for the pressures assumes that the density
of uid and porosity of the subsurface are essentially constant, in which case
the pressure �eld is constant in time. Further, the code has the following
boundary conditions hard coded in:

p(x; zMax) = P0

at the surface, where P0 is the constant atmospheric pressure, and along the
sides and bottom of the domain we have the no-ow condition

@p

@n
= 0:

Where @
@n

denotes the normal derivative.

The code for solving the transport equation for the concentrations is
a bit more general, and can accommodate any boundary conditions of the
form

a c+ b
@c

@n
= g
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Where currently a, b, and g are constant and c represents the concentration.
It would be a simple matter to make g a function of space and time. Making
a or b time dependent would require some restructuring of the code as then
the coe�cient matrices are time dependent. It is assumed each chemical
species has the same boundary conditions.

VISUALIZATION

Visualization of the results of the model is achieved through Matlab. A Mat-
lab script reads in the pressure, velocity, and concentration data. This script
plots the pressure contours and the velocity vector �eld. For the concentra-
tions, a surface plot of the concentration of sodium at each time step is saved
as a movie frame. The progress of the model is animated step by step.

ASSESSMENT

MODEL PARAMETER VALUES

The following data was used in the model to asses its performance( [2], [6]):

� = 1.1 g/ml
Kx;Kz = 10 mD
� = 1.5 cP
D = 1.4e-4 cm2/s
P0 = 0 Pa
�t = 0.5 day
hx = 1 m
hz = 20 cm
xMax = 100 m
zMax = 2 m

We assume there are 5 drainage pipes spread throughout the bottom
of the domain. They are located at the following points on the x axis:
x =10,30,50,70,90.

We use no-ow boundary conditions on the transport equation:

@c

@n
= 0

This prevents salt from leaving or entering the domain except through the
drainage pipes or through the ion exchange process.

14



RESULTS

In order to run some experiments, we need to gather some realistic values for
all the parameters. It turns out that for some of them, we just have a rough
approximation of their values.

Unfortunately, the model is quite sensitive to the variations of some
of the parameters. This means that a small variation of the value of one
parameter can produces large change in the numerical results. Hence, we
need to get a more precise value for the constant for the chemical equilibrium
which is know to be of the order of 102. We also need a way to measure the
ow rate through the pipes. Maybe we need to run some experiments on the
�eld to determine this value.

Once we get these numbers we will be able to plug in all the param-
eters as inputs of the program, and as a result we will get the evolution of
the concentrations of the chemical species in the soil.

DEFINITION OF SYMBOLS USED

cki Concentration of species i at time step k

p Pressure
� density of uid
� porosity of the subsurface
K;Kx;Kz Permeability of soil
� Viscosity of uid
D Di�usivity coe�cient
P0 Pressure at surface
Q; q Source/Sink terms in PDE's
nx; nz Number of grid cells in x, z directions
hx; hz Grid cell size, �x;�z
xMax; zMax; tMax Extent of domain in x; z; t
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ABSTRACT

The U.S. Geological Survey is compiling information on the composition and
volume of water produced with oil and gas.  An existing database prepared by the U.S.
Department of Energy and U.S. Bureau of Mines is the foundation of the compositional
data set.  Information in this database is being reviewed to verify and evaluate the
reliability of the data.  A "grading scheme" is being developed to record our estimate of
the relative quality of the data.  This dataset is suitable for examining variations among
producing intervals and within geologic basins as shown by examples from Oklahoma and
the Williston basin.  Water volume information is being compiled from PetroROM®
production records prepared by Petroleum Information Corporation.  Compilation of the
water production records will be used to examine trends in water production from
producing units over time and to identify variations across geologic basins.  Examples
from the San Juan basin of New Mexico and the Denver basin in Colorado illustrate
applications of this data.  Reliable data on water composition and volume will be useful
for oil and gas producers in applying new techniques of handling and processing produced
water and for regulators in identifying areas sensitive to produced water disposal practices.



INTRODUCTION

The U.S. Geological Survey's Energy Resources Program performs energy
resource assessments and conducts research on fossil fuel resources.  An important aspect
of the petroleum resources is the water that is produced with the oil and gas.
Volumetrically, this water is the largest waste produced at the wellhead.  Much of the
water is used beneficially for secondary recovery; nonetheless issues related to produced
water treatment and disposal remain.   Reliable reservoir modeling, petroleum production,
disposal, and forecasting environmental risks are to varying degrees dependent on reliable
information on the amount and composition of produced water.

The Produced Water Project of the Energy Resources Program is engaged in
compiling information on the amount and composition of produced water.  There is
abundant information available on some aspects of produced water, but a national
synthesis is absent.  Collins (1) thoroughly reviewed the general compositional
characteristics of produced water.  Daly and Mesing (2) compiled a national survey of
water produced from non-associated gas wells.  Numerous published papers describe
compositional aspects of produced water in selected areas or formations while a smaller
number discuss controls on water production.  The goals of the USGS effort are to
provide data on the composition of produced water and general characteristics of the
amount of water produced from specific producing intervals and petroleum producing
provinces across the U.S.

Characteristics of water produced from an individual well are to some degree
unique as a result of heterogeneity within the reservoir, hydrodynamics of the basin, and
production history.  An account of each well or field is beyond our capability.  However,
the resolution of information at a basin scale is still considered sufficient to evaluate
some aspects of scaling potential, water incompatibility, and variations in water
production and composition with time.  The data are expected to be useful to producers,
landowners, regulators, and for the application of new technology in controlling,
handling, and treating produced water.

The initial effort of the project has focused on reviewing, updating, and "grading"
entries in an available database on produced water composition and developing methods
to compile and review water production records available through Petroleum Information
Corporation.  The "grading" of parameters is intended to record our evaluation of the
data quality without eliminating information that may be valuable for less rigorous
applications.   Typical users are expected to use the grading schemes to select data that
most closely satisfies requirements for their intended application.  The records on water
composition will be appended to additional published water analyses as well as data from
USGS files, state agency records, and company records.  Information on water volume
will also be appended with state production records.

This paper describes the initial corrections made to the compositional database
and initial efforts to compile and assess the water volume data.  A few examples are
presented illustrating derivative products and potential applications of the information.  



PRODUCED WATER COMPOSITION DATA

The USGS obtained from Geo Information at the University of Oklahoma a
digital copy of a produced water composition database originally compiled by personnel
at the Fossil Energy Research Center located in Bartlesville, Oklahoma (previously U.S.
Bureau of Mines).  This database contains 77,650 records (water samples) with 150
descriptive and measured parameters (data fields).  Tabulated data were collected from
1916 until 1981 and include compositional data of water collected from production
facilities, make-up water, and some injection wells.  Of the 150 data fields, only forty
contain greater than 10 percent of the records with valid entries (Table 1).  

A preliminary review of the compositional database identified several
inconsistencies in nomenclature and accuracy of the entries.  To produce an internally
consistent set of compositional data, several parameters are being reviewed and corrected
where appropriate.  The location, sample method, and completeness of the chemical data
for all records have been reviewed, revised and graded to provide an estimate of the
reliability of the information.  Nomenclature for the rock unit that produced the sampled
water are being standardized to conform to standard USGS usage and for consistency
within the database.

Location of Sampled Wells

The location of each sampled well is described in the database by parameters listed
in Table 1.  Nearly all records list the state and county of the well and about 54% of the
original records contained a latitude and longitude.  Latitude and longitude entries were
increased to 70% percent by applying spatial calculators that calculate the latitude and
longitude of a well at the center of a section, where a township, range and section
location is given (3; 4).  Another 22% of the records were located by assigning the
latitude and longitude of the center of the field containing the well.  Information on the
latitude and longitude of the fields containing many of the wells was included in the
original database.  The methods of locating the sampled well (given data, spatial
calculator and field location) are listed in the order of increasing uncertainty with respect
to the well location.   A column was added to the database to rank the perceived
reliability of the well latitude and longitude.   

The locations of the records with latitude and longitude are plotted on Figure 1.
Over a thousand records are contained in the database for each of the following states:
Arkansas, Colorado, Illinois, Kansas, Louisiana, Mississippi, Montana, New Mexico,
North Dakota, Texas, Utah, and Wyoming.  The states of New York, Ohio,
Pennsylvania, and West Virginia with fewer than 100 records each are underrepresented
relative to the number of oil and gas wells located in those states.

The geologic basin name and code included in the database are names based on the
usage assigned by the AAPG Committee on Statistics of Drilling.  The geologic names and
codes were verified for standard usage, corrected for spelling and entry errors, and
checked against the location of the wells based on the latitude and longitude. The latitude
and longitude were also used to assign the records to the petroleum provinces defined to
the USGS 1995 Assessment of Oil and Gas in the United States (5).



Geologic Characteristics of the Water Source

The source of the water sample collected for each record has implications for the
reliability and utility of the data collected. The name of the rock unit, sampled depth,
date of collection, temperature and pressure are particularly useful applying the water
composition data.  Knowledge of the rock unit that produced the water sampled permits
grouping of samples collected from the same unit for identification of trends that could
allow prediction of water composition within a basin.  Because producing intervals can
have distinct chemical characteristics, samples collected from wells producing from
multiple geologic units have intrinsically less value than wells producing from a single
unit.  The number of producing intervals in each well are also reported as a grading
parameter in the database.  Temperature and pressure data are useful in describing
conditions in the producing interval.  As fluids move through the well and surface
plumbing these conditions change, which can result in significant changes in water
chemistry by the time the water sample is collected.  The composition of water in the
reservoir can be estimated from information obtained at the point of sample collection,
provided that data on pressure and temperature of the producing zone are reliable and the
composition of the gas phase is known.  Depth is useful for approximating the pressure
and temperature conditions of the sampled interval in records for which that data is
absent.

Point and Method of Sample Collection

Critical in characterizing a water sample is information on the type or source of
the water analyzed.  As described above, a sample that accurately represents water
contained in the reservoir is nearly impossible to obtain.  Differences in the physical and
chemical environment at the point of sample collection relative to the environment in
the reservoir typically induce changes in the water composition through mineral
precipitation, mixing, evaporation, degassing or contamination (1, 6).  For some
applications of the data, such as input for water disposal or defining general
compositional trends, these changes in water composition are generally insignificant.
Selection of the access point for the collection of water from a producing well is thus
dependent on the purpose for which the water sample was collected.   

Many access points for collection of a water sample exist at a well/production
site.  Table 2 presents an attempt to organize into general categories the origin of some
of the samples as listed in the original database.  These categories are then graded to
reflect the degree they are representative of the water produced with the oil and gas.  The
grading scheme reflects the degree of change in composition expected because of pressure
shifts, temperature changes, separation processes, exposure to air, contamination from
drilling and workovers, and storage.  Letter grades of "B" or "C" are believed to most
closely reflect the composition of water produced with the oil and gas.

Chemical Composition Data

Eighty of the columns in the database list the concentrations of species measured
on the water samples.  Concentrations of the major ions, sodium, calcium, magnesium
potassium, chloride, bicarbonate, and sulfate are usually reported (Table 1).  Other
parameters for which there are more than 1000 entries include ammonium, boron,
bromine, carbonate, iodide, lithium, manganese, acetate, potassium+sodium, silica, and



strontium.  The only organic constituents reported are acetate (1200 valid records) and
total organic carbon (310 valid records).

"Grades" were assigned to the water composition data reflect: 1) whether
concentrations are listed for all major ions, 2) the analysis is charge balanced, 3) the pH
value, and 4) reliability of the total dissolved solids content.  A water analysis is
considered complete if concentrations are listed for calcium, magnesium, sodium,
potassium, pH, bicarbonate, sulfate, and chloride.  Although many of the water analyses
contain sodium concentrations that were calculated by difference rather than direct
measurement, the data are still treated as reasonably accurate estimates of sodium
concentration.  Charge balance is calculated by comparing the equivalents of cations and
anions (1).   A deviation in the balance of more than 10 percent is considered an
indication of suspect and incomplete data.  Hitchon and Burlotte (7) proposed using ion
ratios and the pH value to identify produced water samples contaminated by drilling and
workover fluids.   The addition of these fluids to water associated with the oil and gas can
shift the pH to values more than ten or less than three.  The reliability of total dissolved
solids (TDS) values were assessed by comparing a calculated TDS (using the sum of mass
of major cations and anions) with the TDS given in the database.  If the reported TDS
was not within 10% of the calculated value and the charge balance was within the
accepted limits, the reported TDS value was considered suspect.

Applications of the Water Composition Data

Produced water composition data is expected to aid exploration, production and
development of oil and gas resources.   Parameters such as TDS coupled with resistivity
measurements can help define pay zones.  Water chemistry is useful in assessing water
compatibility for secondary recovery and disposal, as well as the proper application of
scale inhibitors and well treatments.  Two simple applications of the water composition
data are presented below.  The first example examines the variability in the composition
of produced water from different formations and petroleum producing provinces in
Oklahoma.  The second looks in detail at the spatial variation of the dissolved solids
content of the Madison Group in the Williston basin petroleum province.

The total number of records describing produced water in Oklahoma is 9500.
Applying the grading parameters assigned through our efforts to include only wells with
defined location, samples collected from reasonably reliable sample collection points,
from the major producing units, and chemically consistent data reduced the number of
usable records to 4800.  The total dissolved solids (TDS) contents of major producing
intervals in four geologic provinces within Oklahoma are presented in Table 3.

The salinity of produced water varies among and within the Oklahoma basins.
The median TDS concentrations from nearly all units in all basins indicate that most
produced water in Oklahoma is considered a brine (>100,000 mg/L).  Water from the
Nemaha uplift province is consistently higher in TDS than water produced in the other
provinces.  The higher salinity is attributed to expulsion of brines associated with
evaporites in the adjacent Anadarko basin (8).  Some petroleum in the Nemaha uplift
province also is attributed to migration from the Anadarko basin (9).  The TDS levels in
the Morrow and Chester intervals in the Anadarko basin are markedly lower than TDS
reported for other producing intervals.   The cause of the lower TDS values is unknown,
but differences in the water chemistry of these units could require different water handling
procedures than those necessary for waters produced from adjacent intervals.



An aspect of concern in the Oklahoma data is the large range in TDS values
(Table 3).  As shown below in the example from the Williston basin, hydrologic and
geologic processes can explain variations in TDS.  However, the spatial distribution of
low TDS water within some producing units are apparently random.  The low TDS water
may be a product of mixing of water from multiple horizons in the well, contamination
by water used for treatment of the well or a result of waterflooding.   Low TDS water may
enter a producing well through a leaking casing and dilute water contained in the
reservoir, resulting in a low apparent TDS value of the produced water.  During drilling,
workovers and well tests dilute surface water is typically added to the well.  This water
may remain in the well bore and likewise dilute the formation water.   Oklahoma has a
long history of water flooding (10).  Originally, dilute surface water was used for many
water floods.   This water may have displaced the more saline water in the reservoir in
some locations, hence the low TDS of some produced water samples from formations
that typically contain brines.  As part of the review of the data, anomalous water
compositions will be compared with samples collected from adjacent wells and producing
intervals and will be graded to reflect the spatial consistency of the composition of each
sample.

Produced water collected from oil wells in the Madison Group in the Williston
basin petroleum province of Montana, North Dakota, and South Dakota has a range of
total dissolved solids contents of 1600 to 389,000 mg/L.  The Madison Group in the
Williston basin is dominantly limestone with minor shale and evaporite (11).  The unit
includes the Mission Canyon Limestone, the Lodgepole Limestone, and the Charles
Formation.   Figure 2 illustrates the large variation of TDS with depth in the basin.  The
lack of systematic variation with depth could be attributed to differences in lithology and
hydrology, or to dilution as proposed for low TDS water in some Oklahoma wells.  A plan
view map of TDS indicates a more systematic variation (Figure 3).  Low TDS contents
are characteristic of produced water near the margin of the basin while high salinities are
measured near the center of the basin.  These variations are consistent with the
hydrology of the basin as described by Gaber (12) in which freshwater recharge from the
rim of the basin is displacing saline water that is in contact with gypsum and halite in the
Madison.  Water produced from wells on the perimeter of the basin is sufficiently dilute
that is may be acceptable for water treatment techniques that could render the water
suitable for beneficial use in stock wells or for irrigation.

PRODUCED WATER VOLUME INFORMATION

The amount of water produced with oil and gas is important in understanding
reservoirs and constructing proper infrastructure for water separation and disposal.  
Water production is typically much greater for oil than gas.  Among the gas plays, coal-
bed methane producers typically produce the greatest amount of water (2).   Information
on water production is variably recorded by the oil and gas producing states and is
compiled by Petroleum Information Corporation on the PetroROM® Production Data
CD-ROMs (13).  Work at the USGS has focused on accessing and developing methods for
compiling information contained in the PetroROM® databases so that it can be
manipulated to assess water volume data at the field and basin scale.  This information
will be used to prepare derivative maps and summary tables illustrating variations in water
production in selected basins.   



Applications of Water Volume Data

The variation in the amount of water produced from various producing intervals
in the San Juan Basin is illustrated in Table 4.  The variation in the ratio of water to oil
and gas is attributed to the characteristics of the producing formation as well as the type
of resource being developed.  For example, the high ratio of water-to-gas in the Fruitland
Formation is consistent with production during early development of a coal-bed methane
play.  This is in contrast to water production in conventional oil or gas plays where the
water to oil and gas ratio is usually low during early production.    As shown below for the
Denver basin the proportion of water in the produced fluid increase dramatically with
time.  However some producing such as the Entrada Sandstone in the San Juan basin
(Table 4) produce large amounts of water early in their production history.  The cost of
handling this water has limited the development of this eolian sandstone reservoir (14).

The methods of compiling the information were further tested using production
records for the Denver Basin of Colorado, Nebraska and Wyoming.  The Denver Basin
was selected because of other USGS projects in the basin, it has a limited number of
producing formations, water production is relatively small, and production in the basin is
considered mature.  Production records considered for this compilation were from 1970
through 1997. A list of producing plays along with the commodity produced by well is
given in Table 5.  Gas wells were defined to produce more than 20,000 cubic feet of gas
per barrel of oil.

Not all of the petroleum producing wells included in the PetroROM® database for the
Denver basin included information on water production (Figure 4).  The data were
reviewed to determine if there was a bias in the data set as a function of location.   The
spatial distribution of the sets of wells reporting and not reporting water production is
similar, therefore no area of production is excluded.  Figure 4 illustrates that following the
mid-1970's the proportion of reporting and non-reporting wells is similar therefore the
data of water reporting is considered representative of the basin.  For subsequent analysis
only those wells reporting water production were included.

As of 1997 the Denver Basin had produced approximately one billion barrels of
oil and 3.5 trillion cubic feet of gas (12).  The Dakota Group produced the largest
volumes of oil, gas and water in the Denver Basin (Table 5).   The oil producing wells in
the Dakota from 1970 to 1997 total 2.15 billion barrels of water.  The cumulative ratio
of water to oil from the Dakota Group in the basin from 1970 to 1997 is approximtely
12:1, which is much close to the estimated national average  of 10:1 (15).   The amount
of water produced from oil wells in the Dakota Group relative to the amount of oil has
increased with time (Figure 5), consistent with the generally observed behavior of the
water cut increasing with time.

SUMMARY

Efforts at the USGS to compile information on the composition and volume of
water produced with oil and gas have determined that available information must be
carefully reviewed and culled prior to preparing a synthesis.  Compositional data must be
checked to verify the location and source of the sample, and the quality of the chemical
analysis.  Production volume data requires a review to determine if the data are
representative of the producing interval or province  because of differences in record



keeping and reporting requirements with respect to produced water.  With identification
and reduction of  the  uncertainty in the quality of available data, useful derivative maps
and summaries can be prepared.
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Table 1.  Partial list of descriptive and measured parameters contained in the DOE/USBM produced water composition database. The
parameters listed are those with more than 10 percent of the records containing valid entries.  Bold indicate parameters currently
reviewed and graded by USGS.

Location Well and Sample Collection
Characteristics

Characteristics of Water
Sample

Latitude and Longitude Well Name pH

Township, Range and Section Well Classification Units (mg/L or ppm)

State Name Maximum depth of well Bicarbonate

County Name and Code Formation at max. depth Barium

Geologic Basin and Code Sampled Formation Calcium

USGS Petroleum Province Depth interval of sample Carbonate

Field Latitude and Field Longitude Date of Collection Chloride

Field Name and Code Type/source of the water sample Iron

API Number Rock type in sampled interval Hydrogen Sulfide

Magnesium

Potassium

Sodium

Sulfate

Total Dissolved Solids

Specific Gravity

Resistivity



Table 2.  Partial list of sample types and access points listed in the DOE/USBM database as collection points for water.  Samples are
grouped in general categories identified by bold text.  Categories were defined by review of descriptions in Short (16).  Letter grades
assigned are in bold italics with "A" the highest and "Z" the lowest.  High grades are considered to be more representative of water
coming up the well than those sources with lower grades.

WELL HEAD  (B) DRILL STEM TEST (C) FORMATION TEST (C) DRILL/WORKOV. (Z) PIT (Z)
Flowline Tester Schumberger Fit Backwashing Lines to pit
Lead line Stem Test Haliburton FT Blowdown line Mud pit
Pipe valve Production Test Thief above perforations Blowing well Salt water dump
Wing valve Hookwall packer test Cable tool test Drill pipe Dump
Christmas tree Test above tool Fluid tester Flare line
Tree connections Test # Formation Sampler Workovers OPEN -HOLE  (E)
Produced Well test B.H. Temperature Acid swabs Bradenhead
Production Sample chamber Mud Casing
Production unit MFE TREAT/SEP.  (E) Back flowing Annulus
Production water Perforations Heater Treater After frac/acid/blowing Before frac
Bleeder Straddle packer Treater Air drilling Bottom of hole
Pump Packer Gun Barrel Blooie line Open flow
Flowing Drill pipe above tool Clear tank Top of water column Open hole
Tubing Flow line at maniford Wash tank Drain off barrel test Bottom well
At well TC valve Dehydrator Pump truck Well bore
Header Bottom cip Sump pump Siphon Tool
Platform Scrubber Suction pit Surface pipe
Platform connections SWAB (D) Gas trap Plug, plugging
Well sampler Wellhead swab Free water knockout Rotary STORAGE TANK (E)

Swab test Settle out with chemicals Air displacement Gathering tank
BAILER (D) Prod. packer swabbed Nalco treatment tank Jetted Prodution tank
Wire line bailer Filter Rat Hole Mud Test tank

Portable test separator Battery



Table 3.    Total dissolved solids concentrations of produced water from selected geologic
provinces and producing units in Oklahoma.  Median, minimum and maximum are in
mg/L.  Producing units are listed in approximate stratigraphic order.  Count is the number
of records used for the compilation.

Anadarko Basin
Producing Unit Count Median Minimum Maximum
Douglas Group 56 168,000 4,000 247,000
Kansas City Group 42 248,000 10,000 315,000
Hoxbar Group 130 106,000 2,000 256,000
Marmaton Group 67 183,000 10,000 295,000
Cherokee Group 36 209,000 5,000 313,000
Morrow Group 124 26,000 1,000 237,000
Chester Group 57 45,000 6,000 298,000
Osage Group 39 237,000 3,000 290,000
Hunton Group 86 184,000 10,000 266,000
Viola Group 24 219,000 52,000 248,000
Simpson Group 24 219,000 7,000 313,000
Arbuckle Group 38 216,000 13,000 252,000

Cherokee Platform
Producing Unit Count Median Minimum Maximum
Kansas City Group 95 149,000 6,000 290,000
Marmaton Group 34 129,000 6,000 250,000
Cherokee Group 674 154,000 4,000 304,000
Osage Group 55 173,000 84,000 259,000
Woodford Shale 39 172,000 69,000 267,000
Hunton Group 206 164,000 13,000 251,000
Viola Group 44 161,000 16,000 226,000
Simpson Group 717 171,000 8,000 282,000
Arbuckle Group 103 179,000 17,000 239,000

Nemaha Uplift
Producing Unit Count Median Minimum Maximum
Shawnee Group 69 231,000 63,000 290,000
Douglas Group 51 234,000 85,000 307,000
Kansas City Group 151 244,000 13,000 388,000
Cherokee Group 129 221,000 10,000 221,000
Osage Group 29 241,000 80,000 307,000
Woodford Shale 20 234,000 125,000 286,000
Hunton Group 116 206,000 19,000 306,000
Simpson Group 530 227,000 9,000 355,000
Arbuckle Group 26 214,000 132,000 260,000



Table 3.   (continued).

Southern Oklahoma Fold Belt
Producing Unit Count Median Minimum Maximum
Pontotoc Group 21 110,000 9,000 180,000
Hoxbar Group 46 157,000 30,000 265,000
Deese Group 86 184,000 5,000 327,000
Springer Formation 54 122,000 3,000 360,000
Simpson Group 164 114,000 2,200 282,000
Arbuckle Group 32 187,000 74,000 245,000

Table 4. Cumulative ratio of water relative to petroleum produced from oil and
gas wells in the San Juan basin, New Mexico as of 1994.  Values are considered
approximate because of uncertainty in produced water volumes.  Ratios were
summarized from PetroROM® compilations of the Petroleum Information

Corporation (13). (BOE, barrel of oil equivlent,  5600 ft3 of gas = 1 barrel of oil)

Producing Unit Water (bbls) / gas(BOE) Water (bbls) / oil (bbls)
Fruitland Formation 0.2 --

Pictured Cliffs
Sandstone

0.02 0.5

Mesa Verde
Formation

0.004 3.4

Gallup Sandstone 0.01 2.0
Dakota Sandstone 0.01 7.2
Entrada Sandstone -- 34

Hermosa Group 0.05 10



Figure 1.    Location of produced water samples in the conterminous United States that
are listed in the DOE/USBM database.  Plotted points are for those records for which
latitude and longitude are known or have been estimated.



Figure 2.   Variation in the total dissolved solid content of produced water from the
Madison Group in the Williston basin relative to the depth of the producing interval.



Figure 3.   Map view of the total dissolved solids content of water produced from oil
wells in the Madison Group of the Williston basin.  The Madison Group includes the
Mission Canyon Limestone, the Lodgepole Limestone, and the Charles Formation.



Figure 4.   Bar graph of the number of total oil producing entities and entities that
reported water production from the Dakota Group within the Denver basin per year
between 1970 and 1997.  Entities in the Denver basin are leases that include an average
of two wells.



Figure 5.   Water to oil volume ratio (bar graph) and cumulative annual oil production
(line graph) from the Dakota Group in the Denver basin.



Development of a Centrifugal Downhole Separator With In-

Situ Recycle  of Produced Water

(Initial Tests with 34.1 API Gravity Crude)

J. F. Walker, Jr., R. T. Jubin, and S. M. Robinson
Oak Ridge National Laboratory

ABSTRACT
Oak Ridge National Laboratory (ORNL) is currently developing a Centrifugal Downhole

Separator (CDHS) which will extend the application of remotely operated separations equipment
developed for the nuclear industry to in-well recovery of oil with in-situ recycle of the produced water.
These units have been successfully used for surface treatment of produced water and wastewater
generated during environmental clean-up operations.  Performance data has shown that centrifugal units
are capable of separating stable emulsions into “single-phase” streams with generally less than 1% cross-
phase contamination.

Initial testing will be conducted with a bench-scale separator to determine the separation
efficiency of various crude oils and to provide information necessary to scale up the separator.
Information from the bench-scale unit will be used in the design of a larger prototype, which will have a
much larger height/diameter ratio and will incorporate some of the components necessary for down-hole
operations.  The prototype separator will be operated in the lab to verify scale-up parameters and
separation efficiencies, as well as to provide information necessary to design a full-scale system.  The
full-scale system will be fabricated, installed in the field, and operated to demonstrate the technology.
This paper discusses the initial testing of the bench-scale separator with a crude oil having an API gravity
of 34.06°.



INTRODUCTION

Produced water is the largest generated waste stream by volume in the Gulf Coast region and is
typically a mixture of formation and injection process water that contains oil, salts, chemicals, solids, and
trace metals. In 1991, Louisiana generated over 1 billion barrels and Texas generated 7.5 billion barrels of
produced water as a result of oil and gas operations.  More than 250 million barrels of produced waster
are discharged each year to surface waters in both Texas and Louisiana (1).

Because of the tremendous volume of water generated and the specific constituents typically
present, discharge of produced water from oil and gas production operations has been increasingly
scrutinized in recent years for potential impacts on sensitive habitats.  The discharge of produced water to
the environment is regulated by the Environmental Protection Agency (EPA) in the United States.  The
maximum concentration of contaminants in produced water that can be discharged will be limited by the
latest EPA regulations under the Clean Water Act.  These rules are expected to reduce current discharges
of toxic pollutants (including arsenic, cadmium, and lead) by more than 200,000 lb/year, conventional
pollutants (such as oil, grease, and solids) by 2,800,000 lb/year, and nonconventional pollutants (such as
chlorides, ammonia, and aluminum) by about 1,500,000,000 lb/year.   Future regulations are likely to be
more restrictive and may include zero-discharge standards (2,3).

As a result of these regulations, the industry has limited options for disposal of produced water.
Traditional treatment and disposal of produced water primarily have been direct discharge to surface
waters or subsurface formations.  Zero discharge will dramatically increase the operating costs for
produced water disposal in the Gulf Coast region and significantly limit the economic life of producing
wells and fields.  The American Petroleum Institute (1) estimated in March 1995 that the initial cost for
compliance with zero-discharge guidelines would be $0.3 billion for coastal area and over $3.2 billion for
offshore areas.

Two primary alternatives exist for disposal of produced water in the future: (1) improve the
treatment of produced water prior to surface or subsurface disposal and (2) reduce the volumes of
produced water by using down-hole, or in-well, separations or reinjection.  Newer technologies being
considered by the industry for contaminant removal include hydrocyclones, reverse osmosis, membrane
filtration, gas flotation, carbon adsorption, bioreactors, chemical oxidation, stripping/extraction, and UV
oxidation (1,4,5).  These processes are complicated and expensive, and several of these unit operations
will be required to reduce the conventional, unconventional, and toxic pollutant concentrations to new
discharge limits.

Therefore, emphasis should be placed on reinjection or in-well separations/recycle of produced
water.  Successful use of reinjection has increased in the last several years, but enhanced treatment is
often required to remove oil and particulate matter to avoid damaging or plugging the rock formations.
The suitability of produced water for reinjection is determined by the enhanced recovery process, the
water quality, and the rock formation properties.  Options for in-well separations have been evaluated, but
no technology has reached maturity (6).

This project will extend the application of remotely operated separations equipment developed for
the nuclear industry to in-well recovery of oil generated by enhanced oil recovery techniques. Centrifugal
solvent extraction contactors, originally developed by the Department of Energy for nuclear fuel
reprocessing, have been successfully used for surface treatment of produced water and wastewater
generated during environmental clean-up operations (7-11).  Centrifugal contactor units with rotor
diameters of 5.5  and 8.4 cm have been previously tested at ORNL, and a larger unit has been designed
for Costner Industries Nevada, Inc., for these applications.  Performance data has shown that centrifugal
contactors are capable of separating stable emulsions into “single-phase” streams with generally less than



1% cross-phase contamination.  Centrifugal contactors, therefore, have the potential to achieve higher
capacity and separations efficiencies that traditional oil/water separator equipment.

The goals of this project are to (a) modify the centrifugal contactor design for use in down-hole
separation of oil and produced water, (b) evaluate the applicability of the modified centrifugal down-hole
separator (CDHS) for in-well operations, and (c) evaluate the potential for coupling the CDHS with
recently developed horizontal drilling technology to implement in-situ recycle of produced water for
enhanced oil recovery applications (12).  The development strategy for accomplishing these goals include
(a) conducting bench-scale mixer/settler tests to provide the design parameter for the separator, (b)
conducting bench tests with a lab-scale centrifugal unit to determine separation efficiencies with crude
oils, (c) designing and operating a larger scale prototype in the lab to examine scale-up and to identify
operational problems (i.e., buildup of solids in the rotor), and (d) conducting a full-scale field
demonstration of the CDHS system.   Figure 1 depicts the concept of installing a centrifugal separator in
an oil recovery shaft, with the separated oil being pumped to the surface for recovery and the produced
water being recycled through horizontal wells.

The separations device to be considered for in-well applications is comprised of three primary
components: a centrifugal separator and two centrifugal pumps.  The centrifuge unit itself generates a
small hydraulic head, but it would need to be coupled with two centrifugal pumps for deep well
applications.  The first pump would be used to generate sufficient head pressure to pump the recovered oil
to the surface and the second to reinject the recovered water.  In the conceptual design, the collection
rings that receive the separated oil or water phases would feed to one of two pump chambers located
below the clarifier rotor unit.  The impellers in both pump chambers as well as the rotor of the separator
could be connected to the same drive shaft.  The oil pump would be discharged through a pipeline to the
surface, while the water would be pumped from the bottom of the unit directly into the horizontal wells.

CENTRIFUGAL SEPARATOR BACKGROUND

Centrifugal contactors of various sizes (from 2- to 25-cm  rotor diameter) have been built and
operated over the past three decades at the Savannah River Plant, Argonne National Laboratory, and
ORNL for use in solvent extraction processing of production reactor fuel (13).  During this period,
modifications were made to increase the overall reliability of the contactor system with operation shifting
from  paddle-mixed contactors to annular-mixed contactors (14).  A schematic diagram of the annular-
mixed contactor is presented in Figure 2.

In previous operations with the centrifugal contactor, two immiscible liquids enter at opposite
sides of the housing. The more dense phase is typically an aqueous phase, and the less dense phase is
typically an organic phase.  The liquids are  vigorously mixed by skin friction as they flow downward in
the annulus between the housing and the spinning rotor to form an emulsion.  Baffles on the bottom of the
housing direct the emulsion into the orifice at the bottom of the rotor.  A diverter disk directs the mixture
to the outer regions of the rotor, where the centrifugal force is greater and radial separation vanes quickly
accelerate the mixture to the rotor speed.  The aqueous and organic phases are separated by centrifugal
force as they flow upward through the rotor, and the separated phases pass over and under a set of circular
weirs and are thrown by centrifugal force into their respective collector rings located in the housing.
Tangential ports transport the separate effluent phases from the collector rings.

The position of the unseparated emulsion band (the aqueous-organic interface) at the top of the
rotor must be maintained between the light-phase overflow weir near the center of the rotor and the



heavy-phase underflow weir near the periphery of the rotor to prevent cross contamination of the aqueous
and organic streams.  This is accomplished by a combination of proper sizing of the light-phase and
heavy-phase weirs and the rotational speed of the rotor.  At a given rotor speed, the emulsion thickness
increases as the throughput increases until the emulsion reaches either the organic weir or the aqueous
underflow.  When the emulsion reaches the organic weir, aqueous contamination is in the organic stream,
and when the emulsion reaches the aqueous weir, organic contamination is in the aqueous stream.  When
the contamination of each phase reaches 1%, the unit is said to be operating at maximum capacity (14).

These units have several characteristics that make them attractive for consideration in down-hole
separation of oil and produced water.  These include   (a) excellent phase separation characteristics and
the ability to break stable emulsions; (b) reliability in remote applications with >20,000 hours of
operation prior to maintenance; and (c) the ability to handle high volumetric throughput with a very low
residence time.  However, several modifications must be made to the unit prior to successful use as a
CDHS.  These include (a) lengthening the rotor to increase the throughput, (b) introducing the oil/water
mixture directly into the bottom of the rotor to limit mixing, (c) overcoming problems associated with the
accumulation of solids in the rotor, and (d) connecting the separator to down-hole pumps for pumping the
oil to the surface and for reinjecting the produced water.  Discussions with representatives from Chevron,
Phillips Petroleum, Texaco, Unocal, and the Department of Energy have resulted in the formulation of a
set of functional criteria for use in the development of the CDHS.  These functional criteria are presented
in Table 1.

BENCH-SCALE TESTING AND RESULTS

A schematic diagram of the system used in the bench-scale tests is provided in Figure 3, and a
photograph of the separator is presented in Figure 4.  The crude oil and synthetic seawater are pumped
from separate 227-L (60-gallon) tanks at set flow rates into a 4-L container equipped with a homogenizer.
The homogenizer, which operates at speeds of up to 24,000 rpm, emulsifies the two phases.  The
emulsion is then pumped into the centrifugal separator.  The organic effluent from the separator drains
back to the crude oil tank, and the aqueous effluent drains to the seawater tank.  The separator used in
these tests was provided by CINC, Inc.  The separator is a model V-2 unit equipped with a 1/6 HP motor.
It has a rotor diameter of 5 cm (2 in.) and is rated for flows up to 2 L/min.

The separator was initially tested using an organic mixture of tributyl phosphate (TBP) and
dodecane and an aqueous solution of dilute nitric acid to verify the performance of the unit.  These liquids
were utilized because previous models developed at ANL and modified at ORNL had been developed for
TBP/dodecane systems.  This model has been shown to accurately predict the throughput for
TBP/dodecane systems, with cross-phase contamination of less than 1% in units with rotor diameters
varying from 2 to 25 cm and rotor speeds varying from 600 to 6000 rpm.  A comparison of the typical
operating data and the model prediction for this organic/aqueous solution is presented in Figure 5.  As can
be seen, there is very good agreement up to rotor speeds of ~2500 rpm.  Above 2500 rpm, the actual flow
through the unit is much less than the flow predicted by the model.  The reason for this has not been
determined.  It may be that the CINC design of the rotor is such that key dimensional relationships are
different from the design of previous units.

Two crude oils have been provided by Texaco for bench-scale testing with the centrifugal
separator.  The first, Ladybug Crude, is a Gulf of Mexico crude with an API gravity of 34.06°, a specific
gravity at 60oF of 0.8547, a viscosity at 70oF of ~1030 cP, and a viscosity at 80oF of ~217 cP.  The
second, Captain Crude, is a North Sea crude with an API gravity of 19.3°, a viscosity at 70oF of ~780 cP,



and a viscosity at 80oF of ~450 cP.  The ASTM Standard Specification for Substitute Ocean Water
(ASTM: D1141-90) is being used for the aqueous phase in the bench-scale tests with these crude oils.
The chemical composition of the substitute ocean water used is presented in Table 2.  Testing has been
initiated with the Ladybug Crude.

A comparison of the predicted flow rate and the actual flow rate as a function of rotor speed and
aqueous weir diameter is presented in Figure 6.  The solid lines represent the predicted throughput with
<1% phase crossover in either the aqueous or crude oil effluent from the separator.  The data points
represent the actual measured flow rate through the unit.  As can be seen for the 0.900-in.-diameter
aqueous weir, the model predicts a throughput of ~900 mL/min at 2000 rpm and ~1900 mL/min at 3500
rpm.  The measured flows, with <1% cross-phase contamination, were 40 and 100 mL/min at 2000 and
3500 rpm, respectively.  The reason that the actual flow rate was much less than the predicted flow rate
has not yet been determined.  Again, it may be that the CINC design is such that key dimensionally
relationships are different from the design of previous units.  Since water is being carried over with the
oil, another possibility is a constriction in the aqueous underflow leading to the aqueous weir.

The actual throughput for the separator, with >1% cross-phase contamination, is also presented in
Figure 6 for both the 0.900- and 0.925-in.-diameter aqueous weirs.  The operational data for those runs
with carryover >10% represent the maximum throughput obtained prior to the crude oil carrying over the
aqueous weir (i.e., the crude oil in the aqueous effluent from the separator exceeding >1% by volume).
During these runs, the quantity of seawater carried over in the crude effluent increased with throughput.
This is presented graphically in Figures 7 and 8, which show the percentage of seawater present in the
crude effluent from the separator as a function of flow rate and rotor speed for the 11.43- and 11.75-mm
(0.900- and 0.925-in.)-diameter aqueous weir, respectively.  The quantity of seawater in the crude
increases with throughput, and there does not seem to be a strong correlation between the rotor speed and
the quantity of water present in the crude.  A comparison of the average percentage of water in the crude
(averaged for constant rpm) versus flow rate with error bars of 1 standard deviation is presented in Figure
9.  As can be seen, the percentage of water in the crude is essentially linear with respect to the flow rate
for both weirs up to flow rates of 1200 mL/min.  Above 1200 mL/min, the percentage of water in the oil
tends to level out in the 20–22% range.

The concentration of silica-gel-treated hexane extractable material (SGT-HEM), which is a
measure of the insoluble organics remaining in the water, is presented in Figure 10 as a function of flow
and rotor speed.  The concentration of SGT-HEM increases with the flow rate and tends to level out at a
maximum of ~400 mg/L.  When comparing the concentration with the functional criteria listed in Table 1,
it can be seen that the residual oil is less than the 2000-mg/L requirement and is generally in the range of
200–400 mg/L.  Therefore, the quality of water from these tests appears to be suitable for reinjection.

The functional criteria developed by the oil producers participating in the development of the
CDHS suggested the use of a separator which would fit into a 6-3/4-in. inside diameter casing.  Therefore,
the model was run to predict the maximum throughput which could be expected with a 15-cm (6-in.)-
diameter rotor as a function of rotor length and speed.  The results are presented in Figure 11.  By
comparing this figure with the functional criteria in Table 1, it appears that the functional criterion for a
throughput of 2000 to 10,000 barrels per day is achievable with a rotor length of less than 3.7 m (12 feet).
However, the data indicates that there may be substantially more water in the crude effluent from the
separator than the <1% predicted by the model.  Additional work is needed to resolve the discrepancies
between the model and the actual operational data from the Ladybug Crude.



SUMMARY

A Centrifuged Downhole Separator (CDHS) is currently being developed at ORNL that will
extend the application of remotely operated separations equipment developed for the nuclear industry to
in-well recovery of oil with insitu recycle of the produced water.  The development strategy used will
include (a) bench-scale testing with crude oils to determine preliminary separation efficiencies and flow,
(b) design and laboratory testing of a larger prototype separator that will be utilized to verify scaleup and
to identify and overcome operational problems (e.g., buildup of solids in the rotor), and (c) a full-scale
field demonstration of the developed CDHS system.  This paper reports on the current status of the
development, which is in the bench-scale testing phase.

Bench-scale testing is currently being conducted with a crude oil provided by Texaco and
designated as Ladybug Crude.  This is a Gulf of Mexico crude with an API gravity of 34.06°, a specific
gravity at 60oF of 0.8547, a viscosity at 70oF of ~1030 cP, and a viscosity at 80oF of ~217 cP.  Model
predictions for the Ladybug Crude indicate that a separator with a rotor diameter of 15 cm (6 in.) and a
length 4 ft could produce ~2000 barrels per day at rotor speeds of ~1500 to 3500 rpm.  For a throughput
of 10,000 barrels per day and a 15-cm-diameter rotor, a rotor length of 3.7 m (12 ft) would be required.

The percentage of water remaining in the organic effluent varies with the throughput of the
separator.  At low flows (~200 mL/min for the bench-scale unit), the crude oil contains ~10% water, and
near the maximum flow (~1600 mL/min), the crude contains ~20% water.  The residual oil in the aqueous
effluent stream also tended to increase with flow.  At low flows, the aqueous stream contained
~150-250 g/L SGT-HEM, and at the maximum flows, the aqueous effluent contained ~400 mg/L SGT-
HEM.  Therefore, the quality of the aqueous effluent from the separator appears to be suitable for
reinjection.
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ABSTRACT  

Currently 20-30 billion barrels of saline waste water are produced annually with
the production of oil and gas in USA. About 65% of this produced water is beneficially
reinjected into petroleum reservoirs primarily for pressure maintenance. Disposal by
deep well injection into saline aquifers accounts for about 30% of this produced water,
and the remaining waste is discharged into surface waters. Produced water salinities vary
widely, ranging from about 3,000 to more than 350,000 mg/L dissolved solids. Chloride
and sodium are generally the dominant ions, and concentrations of calcium, iron,
manganese, zinc, lead, boron, ammonia and dissolved organics, including benzene and
toluene, are relatively high. Hazardous concentrations of radium-226, radium-228 and
radon-222 have recently been reported in petroleum wastes from several states.

Because of increased demand for existing water supplies, especially in the arid
western regions of USA, and to lower the costs of waste disposal for oil companies, a 10
gpm pilot plant study was designed to investigate reclaiming produced water from
Placerita oil field, California, to meet drinking or other reuse water standards. Produced
water from this field has a relatively low salinity of 6,000-9,000 mg/L, but high
concentrations of silica (100-240 mg/L as SiO2), boron (10-16 mg/L as B) and organics
(40-120 mg/L DOC), including oil and grease (50-60 mg/L), organic acid anions (4-10
mg/L) and BTEX (~100 µg/L as C). As a result of the pilot study, a conceptual design
for a 44,000 barrels per day (bpd) treatment facility consisting of warm precipitative
softening, multi-media pressure filtration, zeolite ion exchange and reverse osmosis
would be able to generate water with the following quality: TDS, 145 mg/L; boron, 1
mg/L; ammonia, 1 mg/L; and TOC, 2 mg/L. The total cost, however, is high at about
$3,000/acre-ft; but blending this water with a marginal potable supply could lower the
resultant total unit cost to acceptable levels.



INTRODUCTION

Oil and natural gas currently are the main sources of primary energy supplying
about 65% of the energy consumption in USA (1). Exploration for and production of
petroleum generate large volumes of saline waste water termed produced water  (2). In
1993, about 25x109 and 0.3x109 bbl of produced water were produced with 2.5x109 bbl
of domestic crude oil and 18x1012 ft3 of gas, respectively (3). The volume of produced
water in 1970 was about one-third as great, even though petroleum production was
higher (4). This increase resulted because the volume of produced water relative to
petroleum increases with time, typically reaching 98% of total fluids during the later
stages of field production. The volume of wastes generated from about 26,000 wells
drilled in USA for oil and gas in 1993, including drilling mud, circulated cement, rock
cuttings, completion fluids and produced water, is estimated at 0.13x109 to 1.0x109 bbl (3
and 5).

About 65% of the produced water from onshore fields is currently reinjected into
producing zones for enhanced oil recovery (3 and 5). Deep well injection into formations
with water salinities greater than 10,000 mg/L (>3,000 mg/L, with exemption) accounts
for about 30% of total produced water. The remaining water is discharged into surface
waters, including coastal waterways, bayous, estuaries, streams, lakes and even
evaporation and percolation sumps.
 

Produced water and drilling fluids and cuttings from offshore operations,
primarily in the Gulf of Mexico, which amounted to about 1.0x109 bbl in 1990, are
typically discharged to the ocean (2 and 3). Preliminary studies on the fate of
contaminants in these wastes, which in 1990 included about 200,000 bbl of oil, indicate
that because of rapid dilution, biodegradation and evaporation of volatile components, no
adverse effects are imposed on the marine ecosystem (6). However, this conclusion
requires much more rigorous and detailed study (7).

In the last ten years there have been several research projects to investigate the
feasibility and economics of treating produced water so it can be reused for industrial,
agricultural or drinking purposes (8, 9 and 10).  Funds for such projects have become
available from governmental and private sources primarily because (1)- of increased
demand for existing water supplies, especially in the arid western regions of USA, (2)- of
the large volume of produced water available for treatment, and (3)- to lower the costs of
waste disposal for oil companies (10). In this report we will discuss the results from a 10
gallons per minute (gpm) pilot plant study designed to investigate reclaiming produced
water from Placerita oil field, California, to meet drinking water standards. Because
reclaiming produced water is dependent mainly on its chemical composition, we review
below the organic and inorganic chemical compositions of produced water from this
field and from several sedimentary basins in USA. The organic species are emphasized
because they  likely would be the most difficult chemicals to treat, especially with regard
to meeting the drinking water standards.



Chemical Composition of Produced Water

The salinities of produced waters from different sedimentary basins are highly variable
(Table 1), ranging from about 3,000 to more than 350,000 mg/L dissolved solids. The
variations can be large in waters from different areas of the same basin and even in
waters from the same petroleum field.  In any given basin, salinity generally increases
with depth (Fig. 1) but the rate of increase is obviously variable.  For entire basins (e.g.
Central Valley, California) or large areas within a basin (e.g. Corpus Christi area of
Texas) that are devoid of evaporites and dominated by shales and siltstones, the salinities
of formation waters show a general increase followed by a decrease with increasing
depth of the reservoir rocks; salinities are relatively low reaching values of 5,000 mg/L
in the deeper parts of the sections.  Finally, a trend of constant water salinities is
observed in the North Slope, Alaska, where the salinities  are remarkably similar (19,000
to 24,000 mg/L dissolved solids), considering the large areal extent of the sampled wells
and the great variation in the depth (700 to 2,800 m) and lithologies of the reservoir
rocks (11).

Chloride is the dominant anion in nearly all formation waters (Table 1)
associated with petroleum.  The proportion of chloride to total anions (generally 70 to 90
percent) generally increases as the salinity of water increases reaching values of up to 99
percent.  Acetate may comprise a high portion of total anions, especially in Na-Cl-
CH3COO type waters that are present mainly in Cenozoic reservoir rocks that are at
temperatures of 80° to 100°C.  In these waters, acetate and other organic acid anions (see
later section) can reach concentrations of up to 10,000 mg/L and contribute up to 99
percent of the measured alkalinities.  The concentration of sulfate in oil field waters is
low (generally less than 100 mg/L) even in connate waters of marine origin.

Sodium is the dominant cation in oil field waters, and it generally constitutes 70
to more than 90 percent of total cations (Table 1).  Calcium generally is the second most
abundant cation, and its proportions increase, especially in Na-Ca-Cl type waters when it
may reach concentrations of up to about 50,000 mg/L (Table 3).  The concentrations and
proportions of magnesium are generally much lower than those in ocean water and
generally decrease with increasing subsurface temperatures.  The concentration and
proportions of strontium, barium, and iron, are generally higher than those in ocean
water and generally increase with increasing calcium concentrations.  The ratios of
lithium, potassium and cesium to sodium generally increase with increasing subsurface
temperatures, but again, the proportions vary from basin to basin (11 and 12).

It is clear from the discussion above that the chemical composition of subsurface
waters, including those of marine origin, is different from that of ocean water.  Major
changes, including sulfate and magnesium depletions and bicarbonate increases occur in
the chemical composition of ocean water trapped in shallow marine sediments.  These
early changes become more pronounced with increasing depth of sediments and lead to
chemical compositions observed in oil field waters.  The concentrations of sulfate in
these waters is lower by about three orders of magnitude from that of ocean water and
the concentrations of magnesium and potassium are about one third that of ocean water. 
The concentrations of iodide, organic species, boron, barium, iron, silica, and strontium
are many times higher that those of ocean water.  The concentrations of calcium,



bromide, and carbonate alkalinity are higher that those of ocean water (11).  The
variation of major ion concentrations with increasing Cl values (increasing depth) for
samples from the Michigan basin (Fig. 2) continue the trends observed in data from
shallow waters (11 and 12).

The concentrations of metals in oil field waters, with the exceptions of Fe and
Mn, are generally low.  In the case of Pb and Zn, the concentrations are less than 100
µg/L; with the exception of fewer than half a dozen localities world-wide (13 and 14). 
The central Mississippi Salt Dome Basin is one of these metal-rich brine localities (Table
2) that is characterized by extremely high salinities (Table 1) that range to about 350,000
mg/L total dissolved solids (13 and 14).  The brines are Na-Ca-Cl type waters with very
high concentrations of Ca (up to 50,000 mg/L) and other alkaline-earth metals, but with
low concentrations of aliphatic acid anions.  The metals concentrations in many water
samples are very high, reaching values greater than 100 mg/L for lead, 250 mg/L for
zinc, 500 mg/L for iron and 200 mg/L for manganese.  The samples with high metal
contents have extremely low concentrations (less than 0.02 mg/L) of hydrogen sulfide. 
Samples obtained from the Smackover Formation (limestone) have low metal contents
that are more typical of oil field waters, but have very high concentrations (up to 85
mg/L) of hydrogen sulfide (14).

Uranium concentrations in produced water are very low because of the highly
reducing conditions (15). However, hazardous values of radium-226, radium-228 and
radon-222 have recently been found in wastes from several states (15, 16, and 17).

NATURE AND DISTRIBUTION
OF ORGANIC LIGANDS

Organic Species in Shallow Subsurface Waters

The concentration of dissolved organic carbon in uncontaminated shallow
ground waters ranges from 0.2 to 15 mg/L, with a median value of 0.7 mg/L (18).  The
high molecular weight humic and fulvic acids are the dominant organic species in these
waters comprising 20-40% and up to 90% of this dissolved carbon.  The bulk of the
remaining carbon comprises volatile and nonvolatile fatty acids, phenols, amino acids,
peptides and carbohydrates (18 and 19).   The concentration of dissolved organic carbon
in pore waters of young marine and lake sediments generally is much higher than that of
ground water and may reach values of about 400 mg/L in anaerobic sediments.  Fulvic
and humic acids are generally the most abundant components in these waters, but volatile
fatty acids, especially acetic, formic and butyric may predominate especially with
increasing depth of burial (18).

The polymcric fulvic and humic acids as well as the more simple components of
dissolved carbon contain reactive functional groups with oxygen (especially carboxylic
and phenolic groups) and nitrogen (amine and amide groups) capable of bonding with
metals (19 and 20). Thus, humic, fulvic and other acids form strong metal-organic
complexes (chelate compounds) with most polyvalent metal cations (20 and 21).  Metal-
humate and metal-fulvate complexes probably contribute significantly to metal transport



and speciation in pore waters of subaqueous sediments and in shallow sediments
undergoing early diagenesis.  It is, therefore, likely that these complexes are involved in
supergene mobilization of metals and ore-forming processes responsible for syngenetic
fixation of metals in young sediment as  well as epigenetic deposition of metals from low
temperature (less than about 50°C) ore fluids to  depths of about 1,000 m.
 

Amino acids are a ubiquitous but minor dissolved organic constituent in surface
waters, shallow groundwaters and interstitial waters of sediments (18 and 21).  Within
the water column and during early diagenesis, amino acids are subject to intense
microbial degradation and, therefore, their concentrations are normally low compared to
the relatively inert humic and fulvic acids residing in the same environment.  Typical
maximum concentrations of total free amino acids in fresh water and marine water are
approximately 1 mg/L and 0.1 mg/L, respectively, about an order of magnitude lower
than concentrations of dissolved hurnic substances.  Degens et al., (22) and Rapp (23)
report concentrations of total amino acids of up to about 0.3 mg/L in oil-field waters,
with glycine, alanine, and serine typically the dominant species.  These ligands, as well
as other naturally occurring aqueous amino acids (e.g., aspartic acid, leucine, glutamic
acid, cystine, and cysteine), form strong complexes with most polyvalent metal cations
except the alkaline earth cations (24).  Although theoretical calculations by Shock (25)
show that amino acids may survive metastably to elevated temperatures, observational
evidence (22, 23 and 26) strongly suggests that amino acids are probably not present in
significant values in natural waters above 100°C.

Organic Species in Produced Waters

The concentrations of organic species in produced waters obtained from
reservoirs at temperatures of about 20-200°C are generally much higher than in other
natural waters (27). These organic species are present in waters as anions, acids and
complexes, but are generally referred to as organic acid anions because anion species
generally predominate in oil-field waters which have pH values of about 5-7 (28). High
concentrations (up to 10,000 mg/L as acetate) of monocarboxylic (mainly acetate,
propionate and butyrate) and dicarboxylic (mainly oxalate, malonate and succinate) acid
anions are reported from many sedimentary basins worldwide, with the highest values
present in relatively young (Cenozoic age) petroleum reservoir rocks at subsurface
temperatures of 80-120°C (see 28 and references therein). Because of their abundance
and ability to form strong complexes with cations and metals such as Ca, Al, Fe, Pb, and
Zn, these organic ligands play an important role in all water-mineral interactions,
including metal transport and ore deposition in sedimentary basins (27 and 29).

Monocarboxylic Acid Anions

Data on the concentration of monocarboxylic acid anions in formation waters
from many sedimentary basins worldwide were reviewed by Lundegard and Kharaka
(28) to investigate the major controls on the distribution of these species.  The samples
were obtained from reservoir rocks ranging in age from Pennsylvanian to Pleistocene,
although most were from clastic reservoirs of Cenozoic age with temperatures from 50°
to 160°C.  The main conclusions from this review were:  (1) concentrations of acid
anions in these waters are highly variable with respect to the major known controls,
including subsurface temperature, age of the reservoir rock or the type and amount of



kerogen in source rock; (2) the highest concentration of acetate reported is by
MacGowan and Surdam (30) at 10,000 mg/L, but values higher than 5,000 mg/L are very
rare (Table 1); (3) concentrations generally vary with temperature for any given
petroleum field, and maximum values are generally present in waters at 80-120°C; (4) at
similar temperatures, concentrations are generally lower in waters from older reservoir
rocks.  While variations in source material influence organic acid anions concentrations,
the main control on these values appears to be the kinetics of their degradation and
decarboxylation (28).

The three temperature zones established by Carothers and Kharaka (31) appear
still useful in understanding the geochemistry of organic anions (Fig. 3), although some
modifications are warranted, especially if data from all other brines are included (see Fig
2A, B, p. 44, from 28).  The concentrations of organic acid anions in zone 1 (temperature
< 80°C) are low, generally < 100 mg/L, but may increase to about 500 mg/L as the
higher temperature limit of this zone is approached; the boundary between zone 1 and
zone 2 is not sharply defined (32 and 33).  The highest concentrations are present in
waters at the lower temperatures of zone 2 (80-120°C) and decrease with increasing
temperatures reaching zero at about 220°C, the low temperature limit of zone 3.  Water
samples from two geothermal wells with temperatures > 250°C at Salton Sea, California
showed no detectable organic acids, confirming their absence in the waters of zone 3.

The maximum reported concentrations of monocarboxylic acid anions in
produced waters from sedimentary basins in North America are listed in Table 3.  In the
waters of zone 2, acetate is by far the most abundant organic acid anion comprising
approximately 80-90% of the total; the abundance of other acid anions generally
decrease with increasing carbon number for an overall order: acetate >> propionate >
butyrate > valerate (28 and 31).  Formate appears to be either absent (31) or to be present
at very low concentrations in these waters (30 and 34).  The relative abundance of
acetate in zone 1 is highly variable with values that range from 0-90% of the total
organic anions, with propionate being the dominant anion in waters with low acetate.

The generally low concentrations of organic acid anions and the low relative
abundance of acetate in the waters of zone 1 are generally attributed to the bacterial
consumption of these anions, especially the acetate (31).  Bacteria are known to survive
in temperatures of up to about 130°C (35), but their operation is likely limited to about
80°C in the subsurface (36 and 37).  In a few petroleum fields the low total acid anions
in formation waters from zone 1, which have anion proportions similar to zone 2, may
result from dilution of waters high in anions that originated and flowed upward from
zone 2 and mixed with shallow and depleted waters of zone 1 (32 and 33).  The low
concentrations may also result from low rates of generation of organic acid anions from
the source rock (28).

The decrease in the concentration of organic acid anions with increasing
temperature in zone 2 is generally attributed to decarboxylation of these anions (see later
section for more details) to CO2 and natural gas (38 and 39).  The reaction for acetate is:

CH3COOH ↔ CH4 + CO2.                                            (1)



The relative abundance of C2 - C5 organic acid anions in zone 2 is likely controlled
mainly by their rates of generation from precursor molecules within the parent kerogen,
because the decarboxylation rates for these anions are rather similar (39).  The
decarboxylation rate for formate is much higher than that of acetate (40) which can
explain the low concentrations of this anion in formation waters.

Dicarboxylic Acid Anions

In comparison with monocarboxylic anions, data on the concentrations of
dicarboxylic acid anions in formation waters from sedimentary basins are much more
limited, some reported values are controversial, and the total values reported range
widely from 0 to 2,640 mg/L (30, 32, 41, 42 and 43).  Because of these uncertainties in
the reported concentrations and because dicarboxylic acid anions generally form stronger
complexes with Al, Fe, Pb, Zn and other metals than do monocarboxylic acid anions, this
section is covered in some detail.

The first reported concentrations of dicarboxylic acid anions in oil-field waters
were by Surdam et al. (41).  They reported values of up to 11 mg/L for malonic acid and
up to 26 mg/L for maleic acid, but very little geological or geographical information was
given.  Kharaka et al. (32) reported the concentrations of organic and inorganic species
in formation waters from sandstone reservoirs of Pleistocene age from 11 petroleum
wells in the High Island field, offshore Texas.  They reported succinate (up to 63 mg/L),
glutarate (up to 36 mg/L) and trace concentrations (1 to 6 mg/L) of C1 to C10 dicarboxylic
acid anions.  The concentrations of oxalate and malonate in these waters were below the
detection limit of about 1 mg/L.  Methyl succinate and 2- methyl glutarate were
identified by the GC-MS analysis employed, but these were not quantified.

Detailed inorganic and organic chemical analyses of 20 formation water samples
from six petroleum fields in central Mississippi Salt Dome basin were reported by
Kharaka et al. (14).  The samples were obtained from sandstones and limestones of
Cretaceous and Jurassic age.  The total concentrations of monocarboxylic acid anions in
these waters are low with less than 302 mg/L.  Four samples were analyzed by GC-MS
techniques for oxalate and other (C3 - C10) dicarboxylic acid anions; the concentrations
obtained were all below the detection limit of about 1 mg/L.  The concentrations of
oxalate reported by Lundegard and Trevena (4490) were also below that detection limit
in water samples from oil wells in the Gulf of Thailand.  No other dicarboxylic acid
anions were determined in these waters which contain abundant monocarboxylic anions
(up to 1,500 mg/L acetate) and that were obtained from reservoirs with relatively high
temperatures (120° to 177°C).

Barth (42) reported 38 mg/L oxalate and 10 mg/L malonate in one sample of
water from North Sea oil wells.  Because this sample was nearly devoid of
monocarboxylic acid anions and dicarboxylic anions were not detected in other samples,
she concluded that the measured dicarboxylic anions were not present in natural
formation water, attributing them instead to contamination by organics in drilling mud.

The highest concentrations of dicarboxylic acid anions are those reported by
MacGowan and Surdam (30) for water samples from about 40 petroleum wells located
mainly in San Joaquin, Santa Maria and northern Gulf of Mexico basins.  They reported



values of up to 494 mg/L oxalate, 2,540 mg/L malonate and 66 mg/L maleate, but such
high values were not observed in these waters by other investigations (34, 43 and 45).

It is clear from the above discussion that there are large variations and some
uncertainty about the reported maximum values of mono- and di-carboxylic acid anions
in formation waters. These maximum values are often used in geochemical modeling,
yielding some misleading results and conclusions. Maximum reported values together
with more reasonable and likely maximum values are listed in Table 3.

Other Reactive Organic Species

Data on the concentration and nature of organic species other than the mono- and
dicarboxylic acid anions are very few.  However, some measured concentrations of
dissolved organic carbon in formation waters are higher than those expected from
dissolved acid anions in oil-field waters suggesting that other species may be present (32
and 33).  Interpretations of the excess measured concentrations of DOC in oil field
waters, however, is difficult because the excess could be due to entrained oil or to
soluble components of oil, including benzene and toluene (32).  Degens et al. (22) and
Rapp (23) identified several amino acids, including serine, glycine, alanine, and aspartic
acid, but the concentrations were low at < 0.3 mg/L.

In formation water from the High Island field, offshore Texas, Kharaka et al.
(32) identified but did not quantify a number of species, including phenol, 2-, 3-, and 4-
methylphenol, 2-ethylphenol, 3-, 4-, and 3-, 5- dimethylphenol, cyclohexanone, and 1-, 4-
dimethylbenzene.  Fisher and Boles (34) measured the dissolved organic carbon in two
formation water samples from the San Joaquin Basin by GC-MS analysis of combined
acid, base, and neutral methylene chloride extracts.  They identified various polar
aliphatics (fatty acids to C9 with various methyl and ethyl substituents), cyclics (phenols
and benzoic acids), and heterocyclics, quinolines).  They were able to quantify, at the
ppm or sub-ppm level, phenol, methyl-substituted phenols, and benzoic acid.

Lundegard and Kharaka (28) report data collected by Kharaka in 1987 on
formation water from oil and gas wells in the Sacramento Valley, California, giving the
following organic species: phenols (up to 20 mg/L), 4-methyl phenol (up to 2 mg/L),
benzoic acid (up to 5 mg/L), 4-methyl benzoic acid (up to 4 mg/L), 2-hydroxybenzoic
acid (up to 0.2 mg/L), 3-hydroxybenzoic acid (up to 1.2 mg/L), 4-hydroxybenzoic acid
(up to 0.2 mg/L), and citric acid (up to 4 mg/L).
 

Additional dissolved organic species, including organosulfur compounds, likely
will be discovered in formation waters as analytical procedures improve. Organosulfur
compounds, including thiols (mercaptans), sulfides, disulfides, and thiophene
derivatives, have been reported in crude oil.  To our knowledge, specific organosulfur
compounds have not been identified in oil-field brines, but it is likely that such
compounds partition into the interstitial aqueous phase of carbonaceous rocks during
diagenesis (46).

All the organic compounds listed above likely are produced from kerogen and/or
from oil at subsurface conditions.  However, significant quantities of organic



compounds, as scale and corrosion inhibitors and bactericides are generally added to the
produced fluids at different stages of production (3).

PLACERITA OIL FIELD, CALIFORNIA

Placerita Oil field, which was the site for this project, is located in the County of
Los Angeles near the City of Santa Clarita, California.  This field was discovered in
1920 and, using steam injection, currently produces 3,500 barrels per day (bpd) of heavy
oil (10-13° API gravity) from Pliocene-Pleistocene sandstones at depths of 950-2800 ft.
The field also produces 50,000 bpd of produced water; 23,000 bpd are injected into
disposal wells, 19,000 bpd are used to generate steam for field operations and 8,000 bpd
are piped to a cogeneration facility (47).

The goal of this project was to select the relevant chemical and physical
methodologies to reclaim produced water from this field to meet industrial, irrigation,
and drinking water quality standards. The ultimate goal was for a conceptual design and
cost estimate for a 44,000 bpd treatment facility to generate about 33,000 bpd of potable
water. The approach used consisted of literature review, laboratory tests and pilot field
operations. This project had a technical review panel organized under the auspices of the
National Water Research Institute and a project advisory committee composed of
interested parties. Funding was provided by a diverse group that included the U.S.
Department of Energy, ARCO Western Energy, a wholly owned subsidiary of Atlantic
Richfield Company, Castaic Lake Water Agency, Electric Power Research Institute
Chemicals and Petroleum Office, Southern California Edison, the National Water
Research Institute and Kennedy/Jenks Consultants. 

Chemical Composition of Water

Water samples were collected from three production wells at Placerita and the
two main collection tanks in November, 1996. Field sampling, preservation and field and
laboratory analyses were generally according to those described in Lico et al., (48);
detailed analysis of volatile and semi volatile organic species were carried out for several
samples. The organic and inorganic compositions of the feed water is thus characterized
in detail. The data used in this report for the treated water from different units were
obtained mainly from the final report for this project (47). The senior author received
three samples from the RO feed, effluent and reject. These three samples were analyzed
for the major cations and anions and some organic species, but some of the results are
suspect because the samples were not well preserved and treated prior to analysis.

Produced water from this field has a relatively low salinity (Table 4) of 6,000-
9,000 mg/L, but relatively high concentrations of silica (100-240 mg/L as SiO2), boron
(10-16 mg/L as B) and ammonia (4-14 mg/L as NH4). Dissolved organics are moderate
(Table 5) with DOC values of 40 to 120 mg/L, that include oil and grease (50-60 mg/L),
organic acid anions (4-10 mg/L), total phenol (50-690 µg/L) and BTEX (~100 µg/L as
C). The salinity and concentration of dissolved components in produced water from this
field are low when compared to general values for produced water, but are typical of



values obtained from comparable depths from California oil fields where salinities
generally are 5,000-50,000 mg/L (11). The organic and inorganic compositions of
produced water from this field is affected by the injection of high-pH steam, especially
with regard to the relatively high concentrations of ammonia, silica and organics (49).

PRODUCED WATER TREATMENT

Treatment of produced water will vary depending on its chemical composition
and the intended water use.  In this report we will only discuss the treatment
methodologies selected for converting produced water from Placerita oil field to a
potable water resource.  There are extensive federal and state regulations for drinking
water, but the important parameters that determined the selected technologies for this
water were its salinity, hardness, silica, boron, ammonia, and organics. Reverse osmosis
(RO) membrane filtration was selected as the main treatment process because it is a
proven technology and the costs are acceptable and declining; RO is becoming the
method of choice for treating natural and waste water for industrial and municipal
services (50). Pretreatment, however, was required to prepare the produced water for
membrane filtration, and bench scale tests were carried out to determine the optimal
conditions for the various processes. The complete methodologies selected for the 10
gpm pilot plant are shown schematically in Fig. 4, and the goals for the important
parameters are listed in Table 6.

The input water for the pilot plant was obtained from an induced gas flotation
cell designed to deliver water with 0-5 mg/L oil and grease at a temperature of
approximately 70°C. Additional oil and grease (average of ~40%) was removed by
walnut shell filtration, but dissolved organics were not affected significantly by this
method. Warm precipitative softening was carried out to remove hardness by
precipitation of calcite and lower silica concentrations by precipitation of magnesium
silicate; caustic soda was used to control pH and magnesium chloride and an organic
flocculant were added to lower silica to ~4 mg/L. Cooling was necessary before the
fixed-film biological oxidation (Trickling Filter) that lowered the TOC by ~10-15%.
Pressure filtration to lower turbidity and ion-exchange softening followed; softening was
necessary to prevent mineral precipitation because the RO unit had to be operated at high
pH required to remove boron.

The solute removal by RO was very good, even though the input water pH was
high at 8.2-10.8. High pH (~10.8) was necessary to remove boron because pK1 for boric
acid at 25°C is ~9.2, and to remove silica because pK1 for silicic acid is ~9.8. Removal
of ammonia, on the other hand requires pH values lower than ~9.0 because the log10 of
the association constant for NH4OH at 25°C is ~9.3 (51). Alternative removal processes
were investigated for boron and ammonia; ammonia removal by exchange on zeolite
(clinoptilolite) was the most cost effective.

Removal of oil and grease and other organics from this water was the most
difficult, but the best results with TOC values of 2.1 mg/L, was close to meeting the goal
for organics. Some organics were removed by walnut shell filtration and trickling filter;
but the bulk were removed by RO because the dissolved organics are present mainly as



charged acid anions. Hydrocanbon species, and phenols and alcohols at high pH, would
be present as neutral compounds that likely would not be removed by RO. Significant
concentrations of ketones (~1,300 µg/L), ethylbenzene (~5 µg/L) and naphthalenes (~12
µg/L), and other unidentified organics remain in the treated water. The remaining
organics likely could be removed by biological granular activated carbon-fluidized bed
reactor, a new treatment method for removing BTEX and other trace organics from
produced water (52). However, a more comprehensive determination of individual
organic species and a mass balance approach between the identified organic species and
TOC or DOC would be required before the remediated water becomes acceptable for
drinking.

Estimated Cost

Cost estimates, based on data and experience gained from the pilot study were
developed for a 44,000 bpd (1,280 gpm) produced water treatment facilities for industrial
reuse and drinking water/irrigation reuse (see 47, for details of costs).  The drinking
water/ irrigation treatment facility would reclaim 32,600 (1,530 acre-ft/yr) of for the
flange-to-flange alternative treated water for reuse, or 32,200 bpd (1,510 acre-ft/yr) for
the blending alternative.

Total capital cost for the drinking water option are estimates to be 10.6-12.3
million (1996 dollars). These costs include both the actual construction costs and the
indirect costs associated with implementing the project.  Capital costs include costs
related to purchase and installation of process and residuals handling equipment, site
preparation, building and structural work, and other construction costs, including
bonding, overhead and profit, and contingencies to account for uncertainties and
unforeseen expenses.  Indirect capital costs include such expenses as engineering design
and construction management, financial, legal, and administrative services, interest
during construction, utility connection fees, environmental impact reports, and permits. 
These costs have been estimated at 38 percent of the construction costs in this report. 
The capital cost estimates are conceptual level estimates assume a level site and have an
accuracy of approximately 30%.
 

Annual operations and maintenance costs are estimated at 3.8 million (1996
dollars). These include chemicals, energy (electric power), labor, maintenance materials,
and residuals disposal.  In addition, a 10 percent contingency was added for
administrative and unforeseen maintenance costs.  These costs are dominated by the
costs for chemicals and sludge disposal, which together represent about 63% of total.

The total unit cost that includes operations and maintenance and capital costs
that are amortized over 20 years are estimated at $2,400-3,300/acre-ft. This unit cost was
about half of the cost estimated for reclaiming Placerita produced water using
mechanical vapor compression, including the required pretreatment or seeded slurry. The
estimated costs are significantly greater than the $300 to $1,1000 per acre-ft. range for
drinking water supply in California reported by Sheikh et al. (53). The unit cost would be
reduced by about $800/acre-ft, the current cost of disposal of produced water by well
injection. Doran and Leong (47) discussed the possibility of lowering the unit cost
further by blending the treated water with a marginal quality water with a cost of
$100/acre-ft. Blending of one part of treated water with four parts of marginal water



would produce water that meets the criteria for drinking at an acceptable cost of 560-
710/acre-ft.

Can Produced Water be Reclaimed?

Existing technologies are capable of treating produced water or almost any other
natural or waste water to meet the most stringent quality criteria for drinking water. The
relevant questions then relate to cost, sustainability, acceptability and alternative sources.
Produced water is an attractive source for reclaimed water for several reasons including:
 (1)- The huge volume of produced water available for treatment. In California about 1.9
billion barrels (250,000 acre-ft) of produced water were generated in 1995 (54) and the
yearly volume for USA is currently 20-30 billion barrels; (2)-Produced water generally is
free of intrinsic bacteria; (3)- The dominant dissolved species in produced water are Na
and Cl that are relatively easy to remediate (e.g. by RO membranes); and (4)- Disposal of
produced water is expensive and disposal costs increase relative to the value of oil with
the age of the field because the proportions of water to oil increase. The current cost for
disposing produced water from the Placerita field is approximately $0.10 per barrel
(~$800/acre-ft) for underground injection.  The cost of deep well injection in USA
ranges from $0.15 to 3.50 per barrel, depending on volume, location, thickness and
injectivity of reservoir and produced water properties (55).

The cost of treating produced water from Placerita oil field to drinking water
standards is high as was detailed above primarily because of the nature of its chemicals,
including oil, grease and other organics, dissolved silica, ammonia and boron. The cost
of treating produced water to meet the criteria for irrigation or industrial purposes would
be substantially lower; but the irrigation option could become cost effective only in
places where an equivalent volume of irrigation water is exchanged and used as potable
supply. It should be noted also that the salinity of produced water generally is much
higher than that of the Placerita oil field (Fig.1; Table 1) and costs are expected to
increase with increased salinity. The salinity of most of the produced water in USA, with
the exception of California fields, is probably higher than about 40,000 mg/L; pressure
requirements currently limit our ability to treat water of higher salinity by RO
membranes, the most cost effective treatment option available. Also reclamation of
produced water of higher salinity may not be attractive because alternative sources,
including municipal wastes, agricultural drainage water, brackish or saline ground water
or even ocean water may become more cost effective for remediation.

CONCLUSION

Exploration for and production of oil and gas generate a huge volume of
produced water waste that is generally injected into disposal wells at a substantial cost to
the petroleum companies.  Results from a 10 gpm pilot plant study, based mainly on RO
and warm precipitative softening, indicate that produced water from Placerita oil field,
California, can be reclaimed to meet drinking water standards. The organic species
proved the most difficult components to treat, and additional work is needed for a more
complete characterization of the organic species in the reclaimed water.  The total cost of
reclaiming this water, however, is high at about $3,000/acre-ft. Blending this water with



a marginal potable supply is one option that could lower the resultant total unit cost to
acceptable levels.
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Table 1.  Chemical composition (mg/L) of produced formation waters from petroleum fields located in Central Valley, CA, North Slope, AK,
Coastal Texas, TX, and central Mississippi Salt Dome Basin, MS.

Area Central Valley, CA North Slope, AKCoastal Texas, TX Central Mississippi, MS

Field Grimes Wheeler Barrow Prudhoe Chocolate East Reedy West
Ridge Bay Bayou Midway Creek Nancy

Sample # 81-NSV-15 75-WR-5 78-AK-52 78-AK-54 76-GG-7 77-GG-73 84-MS-11 84-MS-1
Well Name GOU4#2 21-28 S. Barrow 5 Arco 13 Angle #3 Taylor E-2 W.M. Geiger W. L. West
Production Forbes Tejon Barrow Sadlerochit Upper Lower Rodessa Smackover
 Zone Sandstone Group Weiting Frio
Depth (m)   2,074  2,691    728  2,820  3,444  3,662   3,486   4,428
Temp.(°C)                 65                       117                        16                         94                        118                       128                        102                       118

TDS 18,600 44,300 22,100 21,900 73,300 36,000 320,000 275,000
Li      0.32      1.95      2.1      4.0      9.9      4.2      35      74
Na  6,830  7,450  7,980  7,600 26,500 13,250  61,700  54,800
K     35.5    135      3.0     86    400     72     990   6,500
Mg     72     27     67     20    220     48   3,050   3,350
Ca    182  5,550    119    182  2,000    330  46,600  33,900
Sr     14.3    187     16.1     20.2    365     23   1,920   1,670
Ba      6.4     12    175      3.8    290     13      60      48
Fe      0.58      2.8      5.5     63     10.2      1.6     465       0.47
NH3     34     32     19     17     29     13.5      34     119
F  -----      2.0      1.6      1.5      0.8      7.3       1.5      11.5
Cl 11,000 21,450 11,800 10,600 42,700 21,000 198,000 170,000
Br     44     80     62     54     52     45   2,020   2,080
I     30     46     28     19     16     45      17      80
HCO3    359  2,210  1,710  2,930    455  1,180     206     197
SO4     <0.5     50  -----     69      2.7     42      64     161
H2S      0.07      0.11      <.1      <.1      1.2      0.04      <0.02      57.4
SiO2     31     46     11     62     87    132      28      34
B  -----    600     42    158     35     35      59     341
pH                             7.6                        6.9                        7.2                        6.5                        5.9                        6.4                         5.08                      5.48

Note:  Depth is depth below ground level of mid-point of perforation.  Temp. is measured subsurface temperature.  Production zone are those used by oil
companies. TDS is calculated total dissolved solids.  HCO3 is field-titrated alkalinity and includes organic and inorganic species.



Table 2.  Selected metal concentrations (mg/L; *µg/L) of formation waters from central Mississippi Salt Dome Basin (14).

Sample ID Fe Mn Pb Zn Al* Cd Cu*
84-MS-1 137 57.5 8.39 49.6 --- 0.49 <20
84-MS-2 97.4 38.2 0.07 1.22 59 0.05 <20
84-MS-3 61.9 10.6 0.04 0.53 133 0.02 <20
84-MS-4 346 63.9 53.2 222 267 0.83 <20
84-MS-5 407 70.2 60.5 243 42 0.81 61
84-MS-6 284 21.0 26.8 95.1 67 0.63 21
84-MS-7 261 83.5 34.6 172 79 0.86 <20
84-MS-8 194 69.3 22.8 107 132 0.67 34
84-MS-9 0.54 15.5* <0.5* 12.0* --- <0.2* <0.2
84-MS-10 84.9 44.8 0.08 0.31 --- 0.02 <20
84-MS-12 465 212 70.2 243 367 0.99 21
84-MS-14 65.3 16.4 0.17 0.28 --- 0.03 <20
84-MS-15 0.75 2.78 0.16 0.20 --- <0.02 <20
84-MS-16 223 53.2 2.28 4.10 --- 0.02 <20
84-MS-17 0.53 9.98 0.02 0.07 142 <0.02 <20
84-MS-18 0.15 3.2* <0.5* 13* --- 0.08* 0.61
84-MS-19 0.47 1.64 0.04 0.06 --- 0.03 <20
84-MS-20 0.07 1.46 0.03 0.16 --- 0.05 <20
Field Blank* 10.6 1.05 1.04 12.6 --- 0.08 <0.20



Table 3.  Maximum concentrations of mono- and dicarboxylic acid anions reported in oil field waters. For geochemical simulations, the listed
likely maximum values probably are more representative of the high concentrations in most formation waters.

Acid Anion Concentration (mg/L) References
IUPAC                             Common            Reported         Likely             (max. reported)

Monocarboxylic anions
Methanoate Formate 174 10 (30)
Ethanoate Acetate 10,000 5000 (41)
Propanoate Propionate 4,400 2000 (30)
Butanoate Butyrate 682 500 (43)
Pentanoate Valerate 371 200 (43)
Hexanoate Caproate 107 100 (32)
Heptanoate Enanthate 99 100 (30)
Octanoate Caprylate 42 100 (30)

Dicarboxylic anions
Ethanedioate Oxalate 494 10 (30)
Propanedioate Malonate 2,540 100 (30)
Butanedioate Succinate 63 100 (32)
Pentanedioate Glutarate 95 100 (27)
Hexanedioate Adipate 0.5 10 (32)
Heptanedioate Pimelate 0.6 10 (32)
Octanedioate Suberate 5.0 10 (32)
Cis-Butenedioate             Maleic               26                   50                   (30)



Table 4. Inorganic chemicals (mg/L) in produced water from selected wells and collection tanks at Placerita oil field.
The composition of RO permeate, feed and reject is also shown.

Sample        Date         site                                               TDS      pH       T °C    Li           Na       K         NH4+  Mg       Ca        Sr

96POF-11 11/20/96 PLA30 (#1) (tank) 5875 6.7 76 1.0 1532 74 14 117 269 10
96POF-12 11/20/96 Wickham Ferrier, Arco 7-31 9009 6.9 43 1.1 1941 22 4 348 752 27
96POF-13 11/20/96 Kraftlease well #6-20 8959 7.1 53 1.5 2126 61 9 319 498 17
96POF-14 11/21/96 PLA30 (#2) (tank) 6065 6.7 73 1.1 1650 74 13 116 261 9
96POF-15 11/21/96 GPM #50 LA053735 6792 6.6 32 0.8 1150 39 6 391 485 18

97POF-1 8/29/97 RO permeate 266 9.9 0.04 46 2 0.09 2 0.004
97POF-2 8/29/97 RO reject 23141 9.0 5.9 7785 306 79 20 0.5
97POF-3     8/29/97    IX eff / RO feed                           5875      9.1                  1.5         1908    78                   20        5          0.1

Sample        Ba            Mn         Fe         Al          F          Cl          Br        I          NO3       PO4     SO4    HCO3  H2S     SiO2    B

96POF-11 1.2 0.7 <0.1 0.02 3 2831 11 4 0.1 0.2 74 615 1.3 227 16
96POF-12 0.7 0.4 <0.1 0.01 6 4976 19 8 0.2 0.2 9 695 0.7 108 16
96POF-13 0.2 0.4 1.3 0.02 6 3845.5 14 4 0.1 0.3 796 993 0.7 186 14
96POF-14 1.2 0.6 0.1 0.01 4 2858 12 4 0.1 0.5 79.6 655 1.5 236 16
96POF-15 1.5 0.6 16 0.01 3 2784 10 4 0.2 0.2 0.1 1681 1.4 146 10

97POF-1 0.03 0.0003 0.01 0.2 0.01 38 0.2 0.05 <0.03 <0.02 0.4 128 23 4
97POF-2 0.1 0.07 <0.3 0.2 2 12163 51 19 <0.6 <0.7 441 1989 82 34
97POF-3     0.04          0.02        <0.1      0.02      0.5       3096      13        4         <0.2       <0.1     111     555                  15        12



Table 5.  Organic chemicals in produced water from selected wells and collection tanks (See Table 4 for s
Placerita oil field.

Oil &
MAL SUCC FORM ACET PROP BUTY MSUC IBUT VAL OXAL
grease DOC Phenol BTX ketones indanes

Sample          mg/L   mg/L     mg/L     mg/L     mg/L     mg/L     mg/L     mg/L   mg/L   mg/L     mg/L  

96POF-11 <0.3 <0.2 <0.06 12 1.5 <0.3 <0.2 <1 <0.3 0.2 64
96POF-12 <0.3 <0.2 0.08 0.8 <0.1 <0.3 <0.2 <1 <0.3 <0.1
96POF-13 <0.3 <0.2 <0.06 1.5 <0.1 <0.3 <0.2 <1 <0.3 <0.1
96POF-14 <0.3 <0.2 <0.06 11 1.5 <0.3 <0.2 <1 <0.3 <0.05 49
96POF-15 <0.3 <0.2 0.15 1.1 <0.1 <0.3 <0.2 <1 <0.3 0.1

97POF-1 <0.05 <0.2 <0.05 <0.05 <0.05 <0.05 <0.05 <0.1 <0.1 <0.05
97POF-2 <0.5 <1 <0.5 <0.05 <0.2 <0.5 <0.5 <5 <0.3 <1
97POF-3       <0.2    <0.5      <0.1      <0.05    <0.05    <0.2      <0.15    <0.8     <0.2    <0.25              

Table 6.  Chemical composition (mg/L) of produced water, and water quality goals and results.

Parameter                                    Raw Water            Goal                   Results

Total Dissolved Solids 8,000 500 145
Silica (SiO2) 200 10 2
Boron (B) 15 1 2
Ammonia (NH4) 13 1 2
Sulfide (H2S) 10 0.05 bdl
Iron (Fe) 5 0.3 bdl
Total Organic Carbon (C)           120                        1                         2      
bdl – is below detection limit



Figure 1.  Salinity distribution of formation water with depth of reservoir rocks from
several petroliferous basins in North America. Note the different trends and the reversal
of salinity with depth in California and south Louisiana (modified from 11).



Figure 2.  Generalized relative variations in the composition of major ions in produced
waters from the Illinois basin.  The normalized ratios indicate that these formation waters
are depleted in SO4, Mg and K relative to ocean water, and that they become
progressively enriched in Ca and K and depleted in HCO3 with increasing salinity (from
11).



Figure 3.  Distribution of organic acid anions in oil field waters from U.S.A. Note the
three temperature zones with the highest concentrations being in waters from zone 2 at
reservoir temperatures of 80° to 120°C (from 51).



Figure 4.  Schematic diagram showing the various pilot-plant processes for treating
produced water from the Placerita oil field.
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ABSTRACT

A novel theoretical approach is proposed to accurately predict the separation
efficiency of liquid-liquid hydrocyclones when drop breakup is present.  The principle
involves dividing the hydrocyclone into two distinct unit operations: an
instantaneous drop breakup unit followed by a separations unit.  The separation unit
is based on traditional cyclonic separation principles assuming no breakup of the
dispersed phase.  

The approach assumes the difference between the actual separation grade
efficiency realized and the theoretical grade efficiency is due to a change in the feed
drop size distribution being fed to the separation unit caused by the preceding drop
breakup unit operation. The change in the feed distribution is predicted based on the
hydrocyclone dimensions and flow conditions.   This approach allows for an accurate
prediction of the separation capabilities of liquid-liquid hydrocyclones when drop
break up is likely.  The results are compared with reported experimental results for
10-mm and 76-mm hydrocyclones using dilute kerosene-water dispersions as the feed
streams.



INTRODUCTION

Since oil retrieved form underground wells is often accompanied by significant
amounts of water, called produced water, it is necessary to provide facilities to
separate the oil and water before the oil can be processed and the water returned to
the environment.  A schematic of a typical produced water treatment facility is
shown in Figure 1.  The focus of this research is the application of various sized
hydrocyclones within the deoiling stage of the produced water treatment facility.  At
this stage, the produced water typically contains less than 1000 ppm of oil in water.
The goal is to obtain water with less than 50 ppm dispersed oil and grease.

Offshore locations in the past have used large gravity settling vessels to clean
produced water.  In recent years, because of high platform costs to accommodate
these tankage-based systems, the oil industry has turned to the use of liquid/liquid
hydrocyclones to clean produced water (1).  Because of their compactness,
insensitivity to platform motion, and simplicity of operation, the hydrocyclone may
ultimately be the unit operation of choice for oil/water separation on offshore
platforms.

Guidelines are currently in palace regarding the allowable levels of oil
discharged into the marine environment.  For example, regulatory guidelines off the
shores of the Gulf of Mexico permit a maximum average of 30-ppm oil and grease
(2).  As an oilfield matures and produces even larger quantities of water, treatment of
produced water may have a severe impact on the economics of offshore oil
production.  Thus, there is a cleat need for improved oily water cleanup technologies
that can handle increasing amounts of production water over time while consistently
meeting the discharge specifications on water purity.

BACKGROUND

Introducing the feed stream tangentially into a frustoconical device, shown in
Figure 2, produces the swirling flow within a hydrocyclone.  In the reverse flow
hydrocyclone shown, a core vortex is established and exits the hydrocyclone through
the end wall near the feed entry as the overflow stream.  It is this swirling action that
generates the very high acceleration forces causing the lighter density phase to
migrate toward the center and, thereby, be removed by the reverse flow vortex.
However, during the separation process, a drag force retards the drift of the particles
or droplets, which is proportional to the frontal area of the particle.  These factors
account for the hydrocyclone separation efficiency increase with increasing density
difference and particle diameter.

Because immiscible fluids generally have low relative densities, very intense
swirling flows are needed to separate a finely dispersed liquid phase by centrifugal
action.  Fluid shear caused by turbulence may break up large drops into smaller ones,
and in some cases, may even forma stable emulsion.  Smaller hydrocyclones have
generally been viewed as requiring higher velocities and pressure drops, and, therefore
would be more likely to breakup drops during the separation process.  This
phenomenon, more than any other, has limited the study of small hydrocyclones as
liquid-liquid separators.



The smaller radius hydrocyclones possess higher accelerations for the same
inlet flow velocity than its larger counterparts.  However, at the same time the
intense swirling may retard separation by breaking up the otherwise separable larger
droplets.  Quantifying this drop breakup process may provide insight to an optimum
unit selection.  This provides the motivation for the current study.

THEORY

Model Paradigm

In this work, the hydrocyclone is envisioned as two distinct unit operations in
series, as shown in Figure 3.  The first, a drop beak up unit, which changes the drop
size distribution from that being fed, f, to that exiting the drop break up unit, f*.
Note that this unit operation has no effect flow rate or on the overall concentration
of the dispersed phase.  It will only effect the particle size distribution of the
dispersion.  

A separation unit immediately follows this the drop beak up unit.  This unit is
assumed to behave, as a conventional hydrocyclone in which there is no drop break
up.  Its separation properties are therefore better understood and are perceived to
follow the conventional hydrocyclone scaling augments.

Drop Break up Model

The drop break up model assumed in this work is illustrated in Figure 4.  The
process is of the cascading type in which one drop breaks up into two drops of equal
volume.  So as not to violate conservation of mass, the resulting drop diameter, lnew ,
may be expressed in terms of the original drop diameter, lold , as

oldnew ll 3 2=   . (1)

This process continues until lnew > lmax , were lmax is the largest stable drop diameter
based on the flow conditions and physical properties of the dispersion.  A complete
list of assumptions made for the drop break up model is as follows:

1. Drop break up occurs instantaneously.
2. There exits a maximum stable drop diameter, lmax, such

that drops larger than lmax will continue to break up
until all of the resultant drops have a diameter less than
lmax.

3. The drop break up process is cascading and does not
violate the conservation of mass.

4. All drops experience the drop break up process.



Separation Unit

The dependence of the separation efficiency of a hydrocyclone on the
dispersion particle size distribution (PSD), motivates defining a grade purity function,

( ) ( ) ( ) ( ) lllllll dfCdfCdfCG UUFFFFu −≡ **  . (2)

The function ( )lUG  is defined as the fractional decrease of the dispersion phase feed

concentration reporting to the underflow stream for particle size l .  FC  and UC  are

the dispersion concentrations in the feed and underflow respectively and ( )l*
Ff  and

( )lUf  are the values of the distribution functions of the feed entering and underflow

stream exiting the separation unit for particle size l .  Integrating Eq. (2) over all
particle sizes yields the underflow grade purity coefficient, Uε  such that
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Since the drop break up process has now been separated from the separation
properties of the hydrocyclone, the separation properties may be predicted using
hydrocyclone-scaling principles.  Wesson and Petty(3) demonstrated that the
following two-parameter model provided a good approximation for the underflow
grade efficiency, ( )lUG , of a hydrocyclone:
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In Eq. (4), b is the sharpness of separation parameter, and 50l  is the hydrocyclone

cut size or the drop diameter at which the underflow grade efficiency, ( )lUG , has a

value of 50%.  Ali and Petty (4) observed a similar phenomenon estimating 50l  and b

to have values of 15 µm and 2(unitless), respectively, for a 76mm diameter
hydrocyclone.  



Svarovsky (5) has demonstrated that for hydrocyclones with similar
proportions and high Euler numbers, the 50l  may be scaled for different

hydrocyclones, having identical feed dispersion physical properties, as
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In the above equation ( )
X50l , ( )

XHD , and ( )
Xcu  represent the 50l  cut size, the

hydrocyclone diameter, and characteristic velocity, respectively, for hydrocyclone x.

Combining Eqs.(2) and (3) and solving for ( )l*
Ff  yields
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The function ( )l*
Ff  can now be estimated from experimental results that contain the

underflow separation efficiency and the PSD for the underflow stream, ( )lUf , using

Eqs. (4) and (5) to approximate ( )lUG .

RESULTS AND DISCUSSION

The experimental data evaluated were from experiments reported by Ali, et
al. (6).  The results were calculated using the data from 42 experiments, 25 for the
76mm and 17 for the 10mm hydrocyclone. For each experiment, the feed stream
used was a dispersion of kerosene in water with a density difference of 150 kg/m3 and
a concentration range of 200 - 300 ppm kerosene (measured by laser light
scattering).  The feed flow ranged from 60 - 100 lpm for the 76mm hydrocyclone
and 1-3.7 lpm for the 10mm hydrocyclone.  The interfacial tension was reported to
be 0.035 N/m.

Typical values of ( )l*
Ff  for the 10mm and 76mm hydrocyclones are

illustrated in Figures 4 and 5.  Note that lmax for 10mm hydrocyclone was calculated
to be 7.8 mm and 25.5 mm for the 10mm and 76mm diameter hydrocyclones
respectively..  The standard deviation of the reported results was found to be
approximately 1.5 for each of the hydrocyclones tested. Surprisingly, these values
were found not to vary significantly as a function of inlet feed velocities but generally
as an overall scatter of the experimental data.  This may indicate that the largest
stable drop size is indeed a strong function of the hydrocyclone diameter at the
current range of feed inlet velocities of 5-8 m/s.



Figure 7 shows a plot lmax as a function of hydrocyclone diameter.  Also
displayed on the figure is a straight-line fit of the results.  This function was found to
be

1.57.2 += HMAX Dl   , (7)

where the largest stable drop diameter, lmax, is expressed in µm, and DH, the
hydrocyclone diameter, in mm.

Eq. (7) allows the prediction of the underflow purity function for a given
hydrocyclone diameters between 10mm and 76mm.  The underflow grade purity
function for each hydrocyclone diameter can now be calculated using the estimated
value of ( )l*

Ff  using Eqs. (2-7).  

CONCLUSIONS

The underflow purity coefficients for a range of hydrocyclone diameters were
calculated for three log-normal sample feed distributions.  For each distribution had a
geometric standard deviation of 2, with modes of 50µm, 10µm and 5µm.  The results
of these calculations are shown in Figure 8.  

Note that for large inlet feed distributions, larger hydrocyclones possess the
highest separation efficiency.  This is because the smaller hydrocyclones cannot take
advantage of their low cut size since the largest stable drop diameter is very low in
relation to the feed mode.  However, the smaller 10mm diameter hydrocyclone is
much less effected by the change in particle size distribution of the inlet feed stream.
This is because its low cut size, approximately 4µm, allows efficient separation of the
smaller distributions when the inlet feed contains large amount of smaller drops.  

It is interesting to note also that the smaller 10mm hydrocyclone's underflow
grade purity coefficient is also less effected by changes in the feed distribution.  As
the mode was changed from 50µm to 5 µm the 10mm hydrocyclone's efficiency only
varied from 78% to 62%, a difference of only 20%, as compared to that of the
76mm hydrocyclone which showed a drop in efficiency of 70% (90 to 30).  This
indicates that the smaller unit may be more suitable for operations in which the feed
distributions vary greatly.

Research on drop break up in liquid-liquid hydrocyclones is continuing at the
FAMU-FSU College of Engineering.  Experiments a currently being designed to test
the accuracy of Eq. (7) for intermediate sized hydrocyclones, specifically diameters
of 15mm, 25mm and 40mm.  Additional results for a variety of hydrocyclone
diameters will allow for a higher order curve fit to be applied to the data used to
generate Eq. (7).
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Figure 1.  Typical Produced Water Treatment Facility



Figure 2.  Reverse Flow Hydrocyclone



Figure 3.  Hydrocyclone Model Paradigm.



Figure 4.  Drop Break Up Model.



Figure 5.  Typical f*(l) for 10mm Hydrocyclone.



Figure 6.  Typical f*(l) for 76mm Hydrocyclone.



Figure 7.  Maximum Stable Dropsize vs. Hydrocyclone Diameter.



Figure 8.  Underflow Grade Purity Coefficient vs. Hydrocyclone Diameter.



New Flotation Pump Developed for

Produced Water Treatment
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ABSTRACT

The treatment of produced water is becoming one of the biggest world wide economic
and environmental concerns.   Oil and Gas Producers are looking for economic ways to treat the
produced water for disposal or re-injection.  The need for efficient equipment to clean the
produced water has led to much research and a variety of methods have been developed to treat
this water.  Both onshore and offshore locations require equipment to treat produced water with
flow rate capacities from 500 BPD up to 500,000 BPD.  Supplying the needs for such equipment
has kept companies to looking for new and creative ideas.  One such idea being developed by
Monosep is a flotation pump.  This pump creates the micro-fine bubbles needed for flotation
equipment.  This paper will provide the background and development of this new flotation pump.



INTRODUCTION

Offshore platforms and onshore locations with space limitations require compact and
efficient flotation systems to clean the produced or processed water.  Oil and Gas Producers are
looking for new technology to increase the efficiency and/or reduce the size of the flotation
equipment.  Monosep has developed a new flotation system to meet these needs.  This break
through in technology is centered on a new type of pump that creates the micro-fine bubbles
needed for flotation.  The pump dissolves the gas into the water creating extremely small gas
bubbles.  The pump is called a Dissolved Gas Flotation (DGF) Pump. Monosep has installed the
flotation equipment and have reports of excellent results.  The pump is patented by a major pump
manufacture. A patent for the process system for produced water treatment is pending for
Monosep.

The following paper will present the development of this technology.  First, the
background and importance of the flotation process will be discussed.  Second, the mechanical
aspects of the pump will be explained, followed by the results of the shop testing and the field-
testing.  This presentation will close with a brief summary and Monosep’s outlook for the DGF
PUMP.

FLOTATION PROCESS

Flotation systems are used for a variety of applications throughout the world.  This
process floats solids, oils and other contaminates to the surface of liquids.  Once on the surface
these contaminates are skimmed off and removed from the liquids.   Oil and gas production
facilities have used flotation systems to remove the oils and solids from their produced and
processed water for many years.

The key to good flotation is both gravity and the creation of millions of very small
bubbles.  Based on Stokes Law, the size of the oil droplet and density of the droplet will effect the
rate of rise to the surface. The larger and lighter the droplet the faster it will rise to the surface.
By attaching a small gas bubble to an oil droplet it will decrease the density of the droplet which
will increase the rate at which it will rise to the surface.  Therefore the smaller the gas bubbles
created the smaller the oil droplet floated to the surface.  Therefore the key to flotation is to create
as many small bubbles as possible.  How the bubbles are introduced into the water stream is also
important.  The bubbles need to fill up the cells entirely.  The retention time of the produced
water in the treatment equipment is important.  The average retention time for a vertical unit is
about 4 minutes and 6 minutes for a horizontal unit.

There are a few different types of flotation systems.

1. There is a Dissolved Air Flotation (DAF) system.  In this method the air is compressed
and dissolved into the water stream.  These bubbles are very small and give good results,
but the system requires a compressor and a saturation tank.  This system is not suited for
offshore platforms due to space and maintenance requirements.



2. There are Induced Gas Flotation (IGF) systems.  These IGF systems can be mechanical
or hydraulic.

a) The mechanical system uses a motor and paddle assembly to basically shear the gas
out of the water.  As the paddle spins in the water it agaiates the cell with small
bubbles.  This system requires a good bit of maintenance.  The motors, bearing, and
paddles need to be greased and oiled.

b) The hydraulic system uses a recirculation pump to drive an eductor, which induces
fine gas bubbles into the water.  Each flotation cell is filled with many micro-fine gas
bubbles.  The recirculation pump recycles from 25% to 125% depended on the
equipment design.

3. There is a Gas Sparging system.  This system uses a porous SST tube to sparge small gas
bubbles into the water.  The gas bubbles are very small and provide good results.  The
sparging tubes however are prone to plugging with scale and/or hydrocarbons.

These methods have been in the industry for many years.  Monosep is now introducing a
new hydraulic method for flotation without the need of eductors.  The recirculation pump used in
this system dissolves the gas bubbles within the pump and associated piping.

NEW DGF PUMP CONCEPT

About the DGF Pump

The impeller in the DGF Pump is designed with dual sides.  One side is designed to drive
the liquid like a normal centrifugal pump and the other side is designed to draw in a vapor into
the pump and mix it with the liquid.  In addition to the new impeller a special seal was invented
to extend the life of the pump.  With these innovations the pump creates a sub-atmospheric
pressure region within the pump’s seal chamber.  As the impeller draws in the vapor it is mixed
with the liquid being pumped and compressed into micro-fine bubbles. Because of the close
tolerance between the backvanes of the impeller and the backplate of the pump the vapor is
sheared into fine bubbles and then they are compressed in the sub-atmospheric pressure region of
the pump.  These fine bubbles become dissolved into the liquid within the discharge piping of the
pump.  The result of this process provides similar size bubbles to Dissolved Air Flotation
systems.  The bubble size in this new DGF Pump is estimated to be 1 micron or less.

Flow and Pressure

The flow rate of the liquid in the discharge piping and the backpressure on the pump are
key factors to creating the smallest bubbles possible.  The way the pump is piped up to a process
tank or vessel is very important.  An optimum velocity of the pump piping should be 1 to 2 feet
per second.  Also a minimum saturation time of ten (10) seconds is needed in the discharge piping
before the backpressure valve.  An optimum backpressure on the pump is between 55 and 65 PSI.
To calculate the discharge piping size and length the follow formula can be used.



Q = V * A
Q = flow rate
V = velocity of fluid media
A = area of pipe

Multiply the Velocity by 10 seconds to calculate the length of pipe needed before the
backpressure valve.

This new flotation pump has been applied to the processing of produced water.  The
liquid driven by the pump is produced water; the vapor drawn into the pump to be dissolved into
the produced water is produced gas.  In the clarification of produced water the elimination of
oxygen for the treatment system is essential.  Therefore produced gas is used for the flotation
vapor.  Gas vapor has more infinity to oil and will attach to an oil droplet easier than oxygen.
Most importantly oxygen will precipitate iron oxide into the produce water stream which has a
tentecy to become oil wet and contaminate the discharge.

SHOP AND FIELD TESTING

The first time Monosep tested the DGF Pump was in an existing unit.  A vertical
(CYCLOSEP with a sparging system) rental unit was fitted with the new DGF Pump at the shop.
The internal sparging tubes were removed and the existing external piping for the sparging
system was utilized.  The liquid used in the vessel was fresh water.  The vapor inlet of the pump
was open to the air for this test.  The results were fantastic.  The vessel was quickly filled with
billions of micro-fine bubbles which turned the water milky white.  The ½”piping for the
sparging system provided the right amount of backpressure on the pump to allow the air to
dissolve into the water.  These great results lead Monosep to have a few more pumps built for
testing.

The next test was done on a horizontal unit (VEIRSEP with an eductor system).  The
existing eductor piping was used and the eductors were not removed.  The results were poor
because the backpressure on the pump was not enough.  The water traveled through the piping
too fast for the air to dissolve into the water.

A small test unit was used for further testing.  The unit was about 2-½ foot by 2-½ foot
by 4 foot tall.  This box was built on legs and had plexi glass sides so that the bubbles could be
seen.  The pump suction came off the bottom and the pump discharge was piped down into the
water from the top.

The first test was with one ½” down comer.   The results were not very good.   The next
test was with four ½” down comers.  The end of each down comer was capped and a 1/8” hole
drilled into the cap as an orifice to create the necessary backpressure on the pump.  In this test the
pump did not produce any bubbles because the backpressure was too great.  Next the holes were
drilled to ¼” and the pump worked great.  The next test was with 3/8” holes and the bubbles were
not as good as with the ¼” hole.  Our conclusion was that four (4) ¼” orifices provided the right
amount of backpressure on the pump.



Monosep next began to design a new vertical unit (SPINSEP) especially for the DGF
Pump.  Before the construction on the new unit began a client agreed to retrofit an existing
sparging unit offshore with the DGF Pump.  The installation went fine and the results where very
good.  The discharge water quality of the new DGF Pump was better than the previous sparging
system.  The client was very pleased.

Before the new vertical unit was finished another client agreed to retrofit a sparging unit
on an offshore platform.  Again the results were very good.  So before the new test unit was
finished, two DGF Pumps were in service offshore and proving to work very well.  On these units
the backpressure on the pump was controlled by valves keeping the pressure around 60 psi.  .

The new test unit was designed with two manways on opposite sides of the vessel and
plexi glass covers were made so that the bubbles could be seen and filmed.  The first test was
with fixed orifices ranging from ¼” to 3/8”.  Both internal and external orifices were used.  The
bubble size was not consistent so the orifices were removed and the ball valves were used to
regulate the backpressure.  This method gave good results.  The results where taped on video
camera.  The piping was redesigned with globe valves to replace the ball valves for better control.
Again the results were great and a tape was made to show the billions of fine bubbles.

Once the valves where pinched off to provide the right backpressure, clouds of micro-fine
bubbles filled the vessel.  The clear water became milky white.  A small red sign was placed in
the water about 8” from the plexi glass.  Before the pump was turned on the sign was clearly
visible.  Within a few moments after the pump is turned on the sign becomes hard to see due to
the billions of fine bubbles clouding up the water.  The bubbles are so small they begin to float
sideways and downwards.  The bubbles became suspended in the water rising very slowly to the
surface.  It was noted that rust particles and oils from the steel floated to the surface because of
the very fine bubbles.

After these great results Monosep rented this test unit to an offshore client who is
achieving 8 to 12 PPM discharge.  The field tests are proving that the DGF Pump system can
work as good if not better than IGF units.  A new horizontal (Veirsep Plus) was temporally fitted
with the DGF Pump.  The discharge of the pump was piped into the drain valves near the bottom
of the vessel.  Again the results were very good.

FUTURE TESTING

Another existing horizontal rental unit is being permanently fitted with a DGF Pump.  A
new horizontal rental unit will be built with both the traditional eductor system and the DGF
Pump system.  We hope to test the unit offshore to see the difference between a proven IGF
system and the new DGF Pump system.  By turning a few valves the same produced water can be
treated using an IGF eductor system or the DGF Pump system.

Monosep is looking to test this new technology in other oily water treatment applications.
Many refineries have API pits to treat the processed water.  This process water contains oil and
solids.  These pits are not very efficient by offshore standards.  By adding the DGF Pump into the
pit the flotation should greatly improve the performance of these pits.  Steel mills and paper mills
use flotation technology to remove oils and solids.  Monosep hopes to test this new technology in
these and many other applications in the next few years.



SUMMARY

The future of the Dissolved Gas Flotation Pump looks very clear.  With several units in
operation providing excellent results Monosep is moving forwards by expanding the supply of
this new pump to our customers.  Several new units will be built, and we are looking at many
retrofit situations.  We are looking at supplying our equipment for more than just produced water.
Any water with oils, solids, or contaminants that can be floated to the surface can be cleaned with
the DGF Pump system.
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ABSTRACT

Off-shore produced water often contains water soluble organics (WSO) that,
using the current analytical protocols, are included in the measured Oil and Grease
(O&G).  This can result in elevated O&G concentrations even when essentially all free
and emulsified oil is removed.  In many cases, the WSO are comprised of cyclic,
partially saturated, organic acids (naphthenic acids).  Current practice to remove these
acids is to add phosphoric acid based formulations to reduce the pH, thereby protonating
the acids.  The protonated acids partition into the oil phase and are removed.  This
practice can be expensive, accelerates equipment corrosion and can pose a health and
safety problem.

Biological treatment is an alternate approach for removing WSO.  In cases where
relatively high molecular weight WSO are present, a coupled advanced oxidation-
biological treatment system can be used.  The residual WSO from biological treatment
can be oxidized down to low levels.  Presented are results of laboratory-pilot testing of
these two approaches.



INTRODUCTION

Achieving effluent Oil and Grease (O&G) discharge limits for off-shore
produced water can be difficult for waters containing significant concentrations of water
soluble organics, such as naphthenic acids that show up in O&G analyses, but are soluble
and not readily removed in conventional deoiling processes.  One approach that has been
used to achieve O&G discharge limits is to acidify the produced water/oil mixture to
protonate the acids which then partition to the oil phase and are removed with the oil
during physical oil/water separation processes.  This can add considerable expense, for
chemicals (phosphoric acid) increases corrosion and can pose a potential safety problem.

One alternative to removing WSO in produced water is biological oxidation.  In
this option, the organics are biologically oxidized to harmless end-products CO2 and
water.  Presented in this paper are results of several projects where treatment of “mock”
produced water containing different molecular weight size naphthenic acids was
investigated and laboratory-pilot testing of samples from a platform in the Gulf of
Mexico were conducted.  Both O&G (or TPH) removal and toxicity reduction were
examined.  The potential of an integrated ozone-biological treatment was also
investigated.

HOW THE GAC-FBR PROCESS WORKS

Produced water is pumped upwards through a bed of granular activated carbon at
a velocity sufficient to fluidize the media. A thin film of microorganisms grows to coat
each carbon particle.  This biofilm degrades water-soluble organic contaminants in the
water.  The contaminants are transformed to harmless end products, carbon dioxide,
water and some new biomass.

By regulating the fluidization flow and initial charge of GAC added to the
reactor and controlling the height, the bed is allowed to expand to, a thin and highly
active biofilm can be maintained.  Excess biomass is sheared from media at the top of the
bed and returned to the bed.  A schematic of the GAC-FBR is depicted in Figure 1.

Key features include:

• Large surface area for biomass attachment;
• High biomass concentrations;
• Short hydraulic residence times (minutes);
• Elimination of plugging or channeling (no backwash required); and
• Biomass carrier can be tailored to optimize performance (i.e., GAC).



This results in the following advantages being realized:

• Small “footprint” skid-mounted units
• Low installation costs;
• Extremely low operation and maintenance costs;
• High removal efficiencies from time zero, since the GAC adsorbs

contaminants during start-up when biological removal is not sufficient to
remove the contaminants;

• Once the biofilm is established, the system performs as a biological reactor;
contaminants such as BTEX, PAHs and solvents adsorbed onto GAC during
start-up are, to a large extent, desorbed and degraded (bioregeneration) once
an active biofilm is established; and

• Dual biological and adsorptive removal mechanisms promote robust
performance during perturbations in contaminant concentrations,
interruption in feed, etc.

Initially, there are a limited number of microorganisms (biomass) in the system.
This initial biomass level was generally insufficient to biologically oxidize the bulk of
the hydrocarbons entering the system.  During this period, two removal mechanisms are
operative:  1) hydrocarbons are reversibly adsorbed onto the GAC, and 2) the
microorganisms present degrade a portion of the hydrocarbons.  Eventually, a sufficient
amount of biomass accumulates due to growth of the microbes.  Once the biomass
concentration reaches a critical level, the mass of contaminants entering the system can
and are primarily removed by biological oxidation.  A majority of the hydrocarbons
adsorbed onto the GAC carrier during start-up are subsequently desorbed due to the
reversal of the driving force.  As the hydrocarbons diffuse back through the biofilm, they
are degraded and the adsorptive capacity of the GAC is “bioregenerated”.  Adsorption
capacity for helping handle peak loads, and process perturbations is, therefore,
recovered.

PRELIMINARY TESTING USING A “MOCK”
PRODUCED WATER

System Description

A Model 30 (30 gpm maximum flow rate) fluidized bed reactor was shipped to
the Shell Development Company, Westhollow Technology Center in Houston, TX.  This
system was installed within a closed-loop produced water deoiling test system, directly
after the deoiling equipment.  In the closed loop system, the produced water was made by
injecting combinations of Bullwinkle crude oil, naphthenic acids and BTEX into a
stream of simulated sea water.

Before being introduced into the FBR the “mock” off-shore produced water was
sent through a high-shear valve to create droplet sizes less than 50 µm and help promote
dissolution of soluble components.  Normally the produced water continued through a



hydrocyclone to remove the larger droplets; the hydrocyclone was by-passed during
several portions of the experiment.  After treatment in the hydrocyclone the water was
either passed through an induced gas floatation cell or by-passed directly to the fluidized
bed reactor (Figure 2).  Oil addition to the closed-loop system was initially only possible
for one shift per day.  The “mock” produced water was stored in two, 2000-gallon tanks.
This water was continuously recycled through the treatment train and only changed out
once during the test period.  Also worth noting is that only sodium chloride was added to
make the 3% TDS solution used.  The only other minerals present were those in the tap
water.

System Start-up

The GAC-FBR was biologically inoculated with a small amount (5% of total
GAC added) of GAC which had an attached biofilm.  This “pre-seeded” GAC had a
biofilm that consisted of a consortia of salt tolerant, naturally occurring bacteria that was
acclimated to a produced water similar in composition to the produced water.

Biological GAC-FBRs treating freshwater waste streams at normal OLRs usually
take from 10-20 days to achieve a mature biofilm capable of removing the organics in the
influent water (i.e., bed height increases to the control height (the point at which a
mechanical shearing device is used to remove excess biomass).  For this work, however,
the height of the fluidized bed did not significantly increase during the initial several
weeks.  The “mock” off-shore produced water was only produced during one 8-hour shift
per day.  This coupled with the relatively low soluble TPH in the severely limited
organic loading rate (OLR) that could be applied over a 24-hour period and, therefore,
amount of biomass that could be grown.

After approximately two weeks of operation and little observable growth,
addition of BTEX, mixed with Bullwinkle crude oil added directly into the FBR recycle
line to increase the applied OLR.  An increase in biomass was noticeable within several
days.  The system was operated in this fashion for 45 days.

Samples were collected over a two-week period, near the end of the 45 days, to
characterize the performance of the GAC-FBR under these conditions.  During this
period, greater than 99.5% of the added BTEX was degraded in the GAC-FBR process
(Table 1).  Over 98% of the TVH measured in the influent was removed.  The removal of
volatile hydrocarbons alone cannot account for the total consumption of oxygen (36.5
mg/L) observed.  Degradation of semi-volatile and non-volatile compounds in oil that
were dissolved in the water also occurred.  Total petroleum hydrocarbon (TPH) removal
was not measurable during this period.

Samples of GAC were taken immediately after the cessation of BTEX addition
(Table 2).  Analysis of  BTEX adsorbed onto samples of the GAC biomass carrier, taken
from the GAC-FBR, showed less than 0.1% of the cumulative BTEX, fed during the
start-up period, was adsorbed onto the GAC.  This verifies that removal of the organics
in the produced water was due to biological oxidation.



Treatment of Naphthenic Acids (MW-211)

The feed to the GAC-FBR was then switched to a mixture of JT Baker
naphthenic acid and Bullwinkle crude (80% JT Baker and 20% Bullwinkle crude).  The
JT Baker naphthenic acid was a darkish straw colored liquid, with a molecular weight of
approximately 211.  The mock produced water was generated in the same fashion as
before and then treated in the hydrocyclone for free oil removal.  Treatment in the GAC-
FBR at a flow rate of 5 gpm followed.  Due to the limited amount of flow that could be
forwarded to the GAC-FBR system, hydraulic limitation of the oil dissolution and free
oil removal system, exceptionally high influent naphthenic acid concentrations were used
to allow reasonable applied OLRs to be attained.  Results can be extrapolated to lower
(more typical) naphthenic acid concentrations, and lower HRTs.  Due to the limited
supply of naphthenic acid available, there was little time for acclimation of the
organisms to this new substrate. An acclimation period to a new waste or substrate is
usually accompanied by a gradual increase in the removal capacity of the
microorganisms.  The results presented below can, therefore, be viewed as conservative.

For this “mock” produced water, there was very little visible “free” or
undissolved organics; the ratio of soluble TPH to total TPH was quite high.  Soluble
TPH is defined here as the fraction of petroleum hydrocarbons which, after extraction
with Freon, are not removed by silica gel.  Compounds remaining in the Freon are
considered to be the soluble fraction.

Performance of the GAC-FBR was good from the onset of addition of the JT
Baker naphthenic acid/Bullwinkle crude mixture into the influent stream.  Samples taken
just hours after starting the addition of this naphthenic acid showed almost half of the
TPH was removed.  During the first day of operation, soluble TPH concentrations were
removed by an average (4 sample sets) of 35.0 mg/L; total TPH removal was essentially
the same (Table 3).  Overall, soluble TPH was removed at a rate of 1.35 mg TPH/L-min.
The ratio of oxygen consumption to soluble TPH removed during this period was 1.33
mg oxygen/mg soluble TPH.  On the second day, removal of both total and soluble TPH
increased to approximately 45 mg/L or 1.77 mg/L-min.

During the latter part of the second day and all of the third day, the flow to the
FBR was decreased to 2.5 gallons per minute.  Performance of the GAC-FBR improved;
soluble TPH removal averaged 64%.  Of the 116.5 mg/L TPH measured in the influent
97.6 mg/L was soluble (84%).  As observed previously, there was negligible removal of
the non-soluble fraction of TPH (Table 3).  Cumulative oxygen consumption increased
during this period; 1.78 mg DO per mg of TPH removal.  This represents an oxygen
consumption to soluble TPH removal ratio of 1.78 for the periods when oxygen
consumption was measured.  The removal rate for soluble TPH was calculated to be 1.38
mg/L-min.

Treatment of Bullwinkle Crude

When the supply of JT Baker Naphthenic Acids was exhausted, Bullwinkle
crude only was added to the “mock” produced water fed into the GAC-FBR.  The
solubility of this crude was quite low; addition of  the Bullwinkle resulted in an



abundance of free oil in the produced water and very little soluble TPH.  Of the 32 mg/L
TPH added, less than 5 mg/L was soluble.  In order to determine if the emulsified oils
could be removed in the GAC-FBR, this was fed directly to the biological treatment
system without passing through the hydrocyclone or IGF unit.  The free oil does not
appear to be readily available for degradation by the biofilm in the FBR system.  Over a
four-day period tested, approximately 33% (11.1 mg/L) of the added TPH was removed.

Treatment of High Molecular Weight Naphthenic Acids
(Martinez)

The properties of naphthenic acids can vary greatly with molecular weights
ranging from 210 to >350.  A mixture of Martinez naphthenic acid (MW ca. 360) and
Bullwinkle crude (1:1) was added to the mock produced water fed to the GAC-FBR.

Addition of the Martinez/Bullwinkle mixture resulted in significant free oil in
the produced water. Of the 97 mg/L TPH added, less than 10% was soluble.  It appeared
little of the undissolved, free oil and naphthenic acids were available for biodegradation.
An average of 7.7 mg/L of the TPH was removed in the GAC-FBR.  The Bullwinkle and
Martinez mixture resulted in influent concentrations of Bullwinkle approximately
equivalent to the previous operating conditions.  The addition of acids to the influent did
not increase the removal of TPH, thus it could be construed that little of this high
molecular weight naphthenic acids were either soluble or bioavailable.

Summary – Treatment of “Mock” Produced Water

Based on the results from the work presented above, it is obvious that in some
cases biological treatment may be sufficient to achieve O&G removal (and reduce
toxicity).  In other cases, due to the nature of the WSO (i.e., high MW or inherent
susceptibility to biological attack), more aggressive treatment may be required.

Although a significant amount of useful information can be developed using
synthetic or “mock” produced waters.  Information relating to reduction in toxicity and
meeting treatment end points.  Samples from several off-shore locations were obtained
and examined using laboratory-pilot scale (up to 50 bbl/d) reactors.  These results are
presented below.

TREATMENT OF PRODUCED WATER FROM
PACIFIC CRUDE

Barrels of off-shore produced water from an off-shore platform near Santa
Barbara, CA were obtained for treatability testing in the GAC-FBR.  Primary analysis of
the produced water is provided in Table 4.  BTEX constituted less than 2% of the total
water soluble organics as measured by COD; other volatile hydrocarbons (TVH) made
up an additional 1-2% of the COD.  The remaining COD was comprised primarily of
acetate, propionate, and butyrate (77%, 13.2%, 5.2%, respectively).  The total solids
concentration of the sample was approximately 2.2%.



The GAC-FBR process performed well on this produced (Table 4).  During this
study, effluent concentrations of organic acids (acetate, butyrate, propionate) and BTEX
were all below detection limits (3 mg/L for the combined organic acids and 5 µg/L for
BTEX).  Overall, effluent quality was good; effluent DNPOC concentrations ranged
from 26 to 35 mg/L.

Results of Menidia acute toxicity bioassays performed showed no detectable
toxicity in the GAC-FBR effluent after treatment with zeolite to remove excess
ammonia.  Observed LC50 of the GAC-FBR effluent was 100%.  Toxicity of the
produced water, before biological treatment, had an LC50 of <10% after removal of
ammonia (with zeolite).  This indicates considerable reduction in toxicity due to removal
of organic contaminants was achieved by biological treatment.

Dissolved oxygen (DO) consumption, a result of the biofilm oxidizing the
organic acids and hydrocarbons in the produced water, was commensurate with the
observed mass removal of organics.

PRODUCED WATER FROM THE GULF OF MEXICO

Water was subsequently obtained from a platform in the Gulf of Mexico.
Treatability testing was conducted to determine O&G removal efficiency at several
applied organic loading rates and HRTs.  Samples were also sent to ENSR (Denver, CO)
for conducting toxicity testing.

Influent and effluent from the GAC-FBR were tested for:

• Mysid shrimp, 48-H acute
• Sheepshead minnow, 48-H acute
• Inland silverside minnow, 48-H acute
• Microtox bioluminescence
• Ion analyses

These water samples were taken prior to any deoiling and prior to phosphoric
acid addition.  Essentially, all the naphthenic acids present in the PW are, therefore, in
these samples.  The produced water was filtered through yarn filters to remove
emulsified oils with droplet sizes greater than 50 microns.  This was done to mimic the
approximate removal of O&G through conventional deoiling systems used on platforms
(Induced Gas Flotation and/or hydrocyclones) if they are operated without any
phosphoric acid addition.  Results of analyses of major ions in the produced water are
presented in Table 5.



Results of Biological Treatment of Gulf of Mexico Produced
Water

Four quasi-steady-state experimental runs were conducted between 6 March and
17 March.  Results are presented in Table 6.  Removal of O&G during a several day
acclimation period (HRT = 12.3 minutes) was relatively poor (26%), but increased with
time.  The HRT was decreased to 6.2 minutes and the first steady-state run performed.
Removal efficiency was 33% for O&G.  A further reduction of the HRT to 3 minutes
resulted in the O&G removal efficiency decreasing to roughly half or 14 percent.
Finally, the HRT was increased back to 12.3 minutes.  After two days of operation, the
system was sampled; removal of O&G was 64% with an effluent concentration of 24.3
mg/L.  The average removal rate of O&G for the final three experimental runs was 3.48,
3.0 and 3.52 mg/L-min, respectively.  Based on a removal rate of 3.33 mg/L-min, an
influent O&G of 67 mg/L and effluent of 29 mg/L, a retention time of approximately
11.5 minutes would be required for achieving discharge criteria.

Results from Microtox™ analyses performed by ENSR are presented in Table 7.
Samples from Runs #1 and #2 above were analyzed.  Significant reduction in EC50 values
for both samples was observed; the largest reduction surprisingly observed for Run #2.
Samples from Run #3 were not tested but it is anticipated that greater reductions in
toxicity would be realized due to the greater level of O&G removal.

Results of acute toxicity testing conducted using Inland Silverside Minnows,
Mysid Shrimp and Sheepshead Minnows are presented in Tables 8 through 10,
respectively.  Toxicity based on 24- and 48-hour LC50 values for Menidia were observed
to be decreased as a result of biological treatment (Table 8).  Results for Mysid Shrimp
were mixed with slight increase observed for both 24- and 48-hour LC50 values for Run
#1; a significant reduction in toxicity was, however, observed for Run #2.  The
Sheepshead Minnows LC50 values were not affected by biological treatment.

Ozonation of Biologically Treated Effluent

Effluent from Run 3 was collected and batch ozonated in a 20-liter column.
Results indicated that the residual O&G concentration could be decreased to below 10
mg/L if needed.  The concentration of O&G versus the applied ozone dose is presented
in Figure 3.  The removal of O&G versus the applied dose is presented in Figure 4.
Removal appears to be directly proportional to the applied ozone dose.

Summary

Results from the treatment of a mock produced water made from tap water and
sodium chloride, demonstrated that it is possible to biologically oxidize naphthenic acids
of average molecular weight of 211.  The observed first order rate of degradation was
approximately 1.8 mg/L-min.  Removal of non-soluble oils and naphthenic acids did not
occur to any significant extent.  By contrast, the rate of removal of oil and grease in
actual produced water from the Gulf of Mexico was almost twice (3.33 mg/L-min) that
observed using the mock produced water.



Based on the results obtained, a treatment time of just under 12 minutes would
be required to reduced O&G from 67 to 29 mg/L.  If further reduction in O&G
concentration is needed, ozonation of the biologically treated effluent can achieve O&G
concentrations of below 10 mg/L.

Toxicity testing was performed on untreated and biologically treated produced
water samples from both the Gulf of Mexico and Pacific Coast.  For produced water
from the Pacific Coast, essentially complete reduction in toxicity was achieved based on
Menidia beryllina (Silverside Minnows) testing.  For produced water from the Gulf of
Mexico, significant reduction was observed based on Microtox and Menidia toxicity
assays, but not with Mysid shrimp or Sheepshead minnows.



Table 1.  Average Performance of GAC-FBR over Ten-day Period Treating “Mock” Off-
shore Produced Water Amended with BTEX and Bullwinkle Crude.

Compound Units Influent Effluent % Removal
Total Volatile Hydrocarbons (TVH) µg/L 14,240 227 98.5
Benzene µg/L 3,920 <1 >99.9
BTEX µg/L 10,320 12 >99
Oxygen consumption – 36.5 mg/L.

Table 2.  Results from Thermal Desorption Analysis of GAC Taken from GAC-FBR
Treating Produced Water.

Date
Benzene on GAC
(Total g in FBR)

BTEX on GAC
(Total g in FBR)

Cumulative BTEX Added
(g )

11/30/94 0.188 2.720 3,500
12/2/94 0.096 1.080
12/12/94 0.094 0.980
12/14/94 0.073 0.890

Table 3.  Summary of Performance of GAC-FBR Treating 80/20 Mixture of Naphthenic
Acid and Bullwinkle Crude.

TPH (mg/L) Soluble TPH (mg/L)

Run No.

Flow
Rate

(gpm) Influent Effluent � Influent Effluent �
1 5.00 85.3 55.0 30.3 62.0 27.0 35.0
2 5.0 104.6 59.6 45.0 89.2 43.4 45.8
3 2.5 116.5 41.9 74.6 97.6 25.8 71.8

Table 4.  Toxicity Reduction from Off-shore Produced Water with GAC-FBR - Pacific
Coast.

Influent Effluent % Removal
Benzene (µg/L) 3,260 <1 >99.9
BTEX (µg/L) 6,500 <3 >99.9
DNPOC (mg/L) 468 29.5 94
Acetate (mg/L) 660 <3.0 >99.5
LC50 <10% 100% --
*Assay conducted using Menidia.  All Samples treated
with zeolite to remove ammonium.
***OLR = 22 kg COD/m3-d.



Table 5.  Results of the Major Ions Analysis of the Produced Water Samples from the
Gulf of Mexico.

Parameter Units Concentration
Bicarbonate (as CaCO3) mg/L 367
Boron (as B) mg/L 32.6
Boron (as Borate) mg/L 117
Bromide mg/L <100
Calcium mg/L 2,090
Carbonate (as CaCO3) mg/L <5
Chloride mg/L 58,300
Magnesium mg/L 1010
Potassium mg/L 163
Sodium mg/L 31,000
Strontium mg/L 167
Sulfate mg/L <67

Table 6.  Summary of Performance of Laboratory-Pilot GAC-FBR for Removal of Oil
and Grease from Produced Water from the Gulf of Mexico.

Oil and Grease
Run No.

HRT*
(min) Influent Effluent % Removal

1 6.2 65.8 44.2 33
2 3.1 67.6 58.3 14
3 12.3 67.6 24.3 64

*based on empty bed with active bed depth of 6.0 feet.

Table 7. Results of Microtox™ Analyses Conducted on Biologically Treated and
Untreated Produced Water Samples from the Gulf of Mexico.

Run No. Sample 5-minute EC50 (%) 15-minute EC50 (%)
1 Influent 26.46 21.06

Effluent 26.85 25.95
2 Influent 23.27 18.05

Effluent 33.68 28.12

Table 8.  Calculated 24- and 48-Hour LC50 Values for Acute Toxicity Testing of
Untreated (influent) and Biologically Treated (effluent) Produced Waters using Menidia

beryllina (Inland Silverside Minnows).
Run No. Sample 24-hour LC50 48-hour LC50

1 Influent 13.31 12.53
Effluent 15.64 13.45

2 Influent 15.61 14.31
Effluent 18.56 16.10



Table 9.  Calculated 24- and 48-Hour LC50 Values for Acute Toxicity Testing of
Untreated (influent) and Biologically Treated (effluent) Produced Waters using

Mysidopsisbahia (Mysid Shrimp).
Run No. Sample 24-hour LC50 48-hour LC50

1 Influent 11.52 9.21
Effluent 9.20 8.54

2 Influent 15.54 8.66
Effluent 17.86 16.04

Table 10.  Calculated 24- and 48-Hour LC50 Values for Acute Toxicity Testing of
Untreated (influent) and Biologically Treated (effluent) Produced Waters using

Cyprinodon variegatus (Sheepshead Minnows).
Run No. Sample 24-hour LC50 48-hour LC50

1 Influent 35.36 35.36
Effluent 36.34 35.15

2 Influent 35.36 35.36
Effluent 34.74 34.74



Figure 1.  GAC-FBR Schematic.
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Figure 2.  Schematic of Closed-loop Deoiling Test System at the Shell Development
Center Site.
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Figure 3. Effect of Ozone Dose on Oil & Grease Removal.
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 ABSTRACT

 In the Appalachian basin there are limited disposal alternatives and resources
available to stripper oil well producers for disposing of produced fluids (brine).  Under
the National Pollutant Discharge Elimination System (NPDES) of the Clean Water Act,
discharges from stripper oil wells are allowed if the minimum technology standards
established by the state are met.  Natural chemical, physical and biological processes in
wetland systems present a potential treatment system for reduction of certain metals, oil,
and BTEX.  Wetlands are relatively simple for operators to construct. They do not
require the operation and maintenance of conventional treatment systems.  Three
demonstration wetland treatment systems for produced fluids were constructed and have
been in operation in Pennsylvania since 1995.  This paper presents the findings and
recommendations of this demonstration project.  Limited technical information exists on
use of wetland systems to treat produced fluids.



 INTRODUCTION

This report presents information on a demonstration project using constructed
wetlands to treat brine produced from stripper oil wells in northwestern Pennsylvania.
This project is a cooperative effort by three independent oil operators and the
Pennsylvania Department of Environmental Protection (DEP) to examine the feasibility
of using passive constructed wetlands to treat brine from stripper oil wells to meet
NPDES permit discharge limits.  This report covers the period of time when the first
facility was constructed in the fall of 1995 through July 1998.

Collectively, the oil wells in northwestern Pennsylvania constitute a significant
economic benefit to the region.  Individually, these wells provide limited economic
return.  On the average, the oil wells produce about 40 barrels of oil per year and brine at
a ratio of 3:1 brine to oil.  At current market prices, stripper oil well producers have
limited resources and there are a limited number of economically feasible options to
manage produced water.  In 1993, the Department of Environmental Protection Oil and
Gas Management Program, in cooperation with three independent oil operators, initiated
a cooperative effort to examine the feasibility of using constructed wetlands to treat brine
from stripper oil wells (1).

Constructed wetlands were selected for evaluation as a possible alternative for
treatment of brine from oil wells because:

• They would be a low costs item to construct and operate, and could be constructed
by the operator;

• Once constructed, daily operation and maintenance would be minimal;
• Chemicals, pumps and other equipment would not be needed;
• Wetland vegetation is common around land surface discharges of brine; and
• Based on the use of wetland treatment for other wastewater, there is a potential that

it would also work for brine from oil wells.
 

 The three facilities addressed in this report are: the Project 5/Timberline site in
Cranberry Township, Venango County; the Rouse Farm site in Brokenstraw Township,
Warren County; and the Walton site in President Township, Venango County.  The three
demonstration sites were constructed and placed into operation as follows: Project
5/Timberline Site - winter 1996; Rouse Farm Site - summer 1996; and Walton Site – fall
1995.
 

 Funding for this project was provided by oil and gas operators, a legislative
initiative grant and the Department of Environmental Protection.
 

 Constructed Wetland Treatment Systems
 

 In recent years, constructed wetlands have been used to treat or partially treat
different types of wastewater discharges including discharges form coal mining and other
mineral mining operations, stormwater runoff, landfill leachate, sewage, agricultural



runoff and others (2).  Sometimes the constructed wetlands are the only means of
treatment and other times they are a component of a larger treatment system.
Constructed wetland treatment systems use natural processes to remove pollutants from
wastewater.  It is a technology that is still developing, especially as it applies to the
treatment of brine from oil wells.
 

 A constructed wetland is a shallow basin or series of basins with substrate that is
planted with vegetation (2).  The substrate may be soil or a mixture of soil and crushed
stone which acts as the growing media for the vegetation.  The vegetation must be
tolerant of saturated soils and compatible with the wastewater being treated.  The
wastewater enters one end of the wetland and exits through an outlet structure that
controls the depth of water in the wetland.  As the wastewater travels through the basin,
natural processes such as aeration, chemical precipitation, adsorption, settling, filtration,
and biological degradation treat the wastewater.
 

 The primary advantage of a constructed wetland treatment system is the low
operation and maintenance costs.  The major limitation is suitable land area to place the
system.
 

 In general terms, there are three types of constructed wetland: surface flow;
subsurface flow; and a hybrid system (2).  In a surface flow wetland, the water surface
and flow path is above the substrate.  The layer near the surface tends to be aerobic,
while the layers near the substrate tend toward being anaerobic.  In the subsurface flow
wetland, the flow path is horizontally through the substrate to take advantage of the
anaerobic conditions in the substrate.  A hybrid system utilizes surface or subsurface
flow systems in combination with other types of treatment.
 

 Minimum Treatment Requirements
 

 Produced fluid or brine is salt water that is present in subsurface formations or is
generated when fresh water is introduced into the formations.  It is characterized as a
saline solution high in total dissolved solids, sodium, calcium and chloride.  Other
common constituents are iron, barium, magnesium, and organic compounds such as
phenol, benzene, toluene, and xylene.
 

 Brine from oil wells varies in quality throughout the oilfields of northwest
Pennsylvania.  Brine associated with waterfloods is typically weak brine whereas brine
associated with primary production is stronger brine.  Other constituents in the brine also
vary.  For example, the iron concentration in the brine at the Rouse farm site in Warren
County averaged 7 mg/L while the average iron concentration at the Drake site in
Venango County was 22 mg/L.
 

 Under the National Pollutant Discharge Elimination System (NPDES) program
of the federal Clean Water Act, discharges from stripper oil wells in the Appalachian
Basin are allowed if the minimum technology standards and water quality standards
established by the state are met.   In Pennsylvania, the minimum effluent limitations for
produced fluid or brine from an oil well treatment facility are as follow (3):
 

 



 
 

 Minimum Effluent Limitations
 Parameter  Monthly Average  Instantaneous Max.

   
 Total Suspended Solids  30 mg/L  60 mg/L

 Oil and Grease  15 mg/L  30 mg/L
 Iron (total)  3.5 mg/L  7 mg/L

 pH  Between 6.0 and 9.0 standard units  
 Alkalinity  Greater than acidity  

 
The minimum treatment technology is:
 
• Gravity separation and surface skimming or equivalent technology for oil and grease

removal.
• Flow equalization to ensure optimum treatment efficiency of the facilities.
• Chemical addition for pH control and metals removal, if necessary.
• Aeration or equivalent technology for reducing volatile petroleum hydrocarbons and

oxidation for metals removal.
• Settling (retention) or filtration for removal of solids, including oxidized metals.

 
 The water quality standards to protect stream uses in Pennsylvania are contained

in 25 Pa. Code Chapters 16 and 93.  Produced fluid or brine discharges must be treated
or managed in such a way as to not violate these water quality standards for the receiving
stream.  More stringent or additional limitations on other parameters (e.g., total dissolved
solids, specific conductance, osmotic pressure, heavy metals, organic compounds, etc.)
are imposed as needed to protect the water quality of the receiving stream.
 
 Two of the sites were approved under the Pennsylvania’s general NPDES permit for
discharge from stripper oil wells and the other was approved under an individual NPDES
permit.
 
 

 PROJECT 5/TIMBERLINE SITE
 
 

 The Project 5/Timberline site is located in Cranberry Township, Venango
County.  This facility treats brine from stripper oil wells located on Big Sandy Oil
Company’s Project 5/Timberline lease.  The wells were drilled in 1979 and 1980 and are
about 500 to 800 feet deep.  Oil is produced from the Upper Devonian, Venango 2nd
sand.  There are about 40 oil wells on the lease, which are on timers and pumped daily.
During the day, each well is pumped for about thirty minutes.  All the wells are piped to
a central oil separator.  Oil from the separator flows into the oil storage tank and the
produced fluid (brine) is piped directly to the constructed wetland treatment system.  The
lease is operated year round except for extremely cold temperatures.
 

 The passive wetland treatment system at this site (see Figure 1) is permitted to
treat and discharge up to 7,350 gallons (175 bbls) of brine per day.  The average flow is
about 4,200 gallons (100 bbls) per day.  Treated brine is discharged at a rate of about 3



gallons (11.4 L) per minute.  The facility consists of four basins in series.  Each basin is
lined with a 20 mil polyethylene liner to prevent groundwater contamination.
 

 The first basin of the system functions as an equalization basin to equalize the
volume of brine flowing through the system, and as an oxidation/sedimentation basin. It
also acts as secondary containment and separation for any oil that may by-pass the
separator.  The basin dimensions are 18 feet (5.5 m) by 28 feet (8.5 m) at the fluid
surface.  The basin was constructed with a sloped bottom with a maximum depth of brine
of about two feet (0.6 m).  Freeboard is about six inches (15 cm).  The basin outlet is a
two-inch (5 cm) PVC pipe with an oilfield “T” inlet.  The bottom of the “T” extends to
about the bottom of the basin.  At this site there is no need for a valve on the outlet pipe
to equalize the flow through the facility because the discharge is relatively constant
throughout the day.  The first basin has a storage volume of about 5,500 gallons (131
bbls).
 

 The second and third basins were constructed as aerobic basins with a rock lined
channel connecting the two basins.  The first basin is 20 feet (6.1 m) wide by 32 feet (9.8
m) long.  The depth of brine varies with an average depth of 1 foot (0.3 m).  The basin
has a storage volume of about 4,800 gallons (114 bbls).   Freeboard is about four inches
(10 cm).   A rock-lined channel connects the second and third basin.  The channel is
about 18 inches (0.5 m) wide and 20 feet (6.1 m) long with a slope of about 20 %.  The
third basin is 11 feet (3.4 m) wide and 26 feet (7.9 m) long.  The depth of brine in this
basin varies from about one inch (2.5 cm) for the first half of the basin and up to six
inches (15 cm) in the second half.  The freeboard is about three inches (7.6 cm).  This
basin has a storage volume of about 800 gallons (19 bbls).  The outlet of the third basin
is a four-inch (10.2 cm) corrugated flexible PVC pipe.  Both basins have about six inches
(15.2 cm) of soil substrate and were initially planted with common reed (Phragmites
australis).  None of the vegetation in the second basin grew.  In the third basin a few
stalks initially showed a few green shoots, but they also withered.  Vegetation test plots
were later established (see vegetation test plots). The connecting channel is step up to
provide cascade aeration as the brine flows over the rocks.  The third basin was designed
to minimize the depth and maximize the surface area to enhance aeration and settling.
 

 The fourth and last basin was constructed as an anaerobic or successive
alkalinity-producing system basin.  It is 30 feet (9.1 m) by 40 feet (12.2 m) with a brine
depth of about two feet (0.6 m).  It has a storage volume of about 18,000 gallons (429
bbls).  It was built with a bottom withdrawal so that there is vertical flow through the 6-
inch (15 cm) limestone substrate.  Two-inch (5 cm) slotted PVC pipe was placed on the
bottom of the basin with a riser outlet.  The pipe was covered with about six inches (15
cm) of limestone.  The height of the riser controls the fluid level in the basin.  The basin
has about 6 inches (15 cm) of freeboard.
 

 The fourth basin outlets to a buried 40-barrel tank equipped with a submersible
pump.  A pump is needed at this site because there is 1,800 feet (549 m) of discharge line
to the Allegheny River.
 

 This facility has been in operation since December 1996, except for short
periods during the winter months when the operator shuts down the lease to avoid
damage caused by freezing of fluids in the pipes.  Sample collection at the site started on
December 18, 1996.



 

 Brine Characteristics and Treatment Requirements
 

 The untreated brine at the Project 5/Timberline site was strong brine when
compared to brine from other oil producing areas.  The average total dissolved solids
were 45,260 mg/L and the average chloride concentration was 20,650 mg/L (see Figure.
3).
 

 Iron (total) concentration was moderately high in the untreated brine with an
average of 24 mg/L and a maximum of 40.5 mg/L (see Figure 4).  The dissolved fraction
of the iron was about 71 percent of the total.  All influent brine samples were above the
permit limits (3.5 mg/L monthly average and 7 mg/L instantaneous maximum) and
treatment was needed to meet limits.
 

 The pH ranged from 6.6 to 7.0 with an average of 6.8.  Alkalinity ranged from
162 to 348 mg/L with an average of 254 mg/L.  Average acidity was 45 mg/L with a
range of 0 to 104 mg/L.  The pH, alkalinity and acidity were within permit limits and
appeared to be within a suitable range for passive treatment.
 

 The average total suspended solids (TSS) concentration of the untreated brine
was 54 mg/L with one other sample at 1,196 mg/L.  The TSS was above permit limits in
all samples except two and treatment was needed to meet permit limits (30 mg/L monthly
average and 60 mg/L instantaneous maximum).
 

 The oil separator worked well for the majority of the time.  The average oil and
grease concentration in the brine at the outlet of the separator was 19 mg/L with a range
of 2.8 to 57 mg/L.  About half the time, the oil and grease level in the brine from the
separator outlet was above permit limits (15 mg/L monthly average and 30 mg/L
instantaneous maximum) and treatment was needed to meet permit limits.  On one
occasion, there was a malfunction at the separator and a spill of oil entered the system.
 

 Other metals and organic compounds that were elevated in the untreated brine
were barium, manganese, phenols, benzene, toluene and xylene.
 

 Discussion of Treatment Results
 

 In general, the treatment system was capable of producing an effluent that
complied with permit limits.  During the first six months of operation, the passive
treatment system removed iron but not sufficiently to meet permit limits.  Modifications
were made to the system in May 1997 by adding more aeration.  Iron was removed to
below permit limits for the next 5 months.  Iron levels started to increase in late
November through February when cold weather set in.  Total suspended solids were in
compliance in 22 of the 25 samples.  The first two samples that exceeded the permit limit
occurred during the first six months of operation when there was also a problem with
iron removal.  The other occurred when the surface of the basin was frozen.  The pH,
alkalinity and acidity were in compliance with the permit limits in both the untreated
brine and the effluent.  Oil and grease was reduced to below permit limits in all samples
except one.  Benzene, toluene and xylene were reduced on an average of 75 %, and
ethylbenzene was reduced by 83 %.  Phenol was reduced by 30 %.  Barium was



essentially unchanged and manganese tended to increase.  Treatment performance was
further increased after the vegetation test plots and enhanced aeration was added in June
1998.
 

 The first basin served several functions.  As an equalization basin it buffered
flow variations through the system.  The oilfield “T” outlet was effective in reducing oil
concentrations and containing any oil that by-passed the separator.  The aeration
provided at the inlet along with the detention time of the basin resulted in an incremental
decrease in iron, benzene, toluene, xylene and ethylbenzene.
 

 The second and third basins (aerobic basins) along with the connecting rock
lined channel did not initially provide very much treatment until modifications were
made to enhance aeration.  These units were modified to provide thin film aeration to
maximize air-brine contact (4).  Iron concentrations were significantly reduced.  The
greatest reduction of benzene, toluene, xylene and ethylbenzene occurred in these basins.
Addition of the vegetation test plots along with the increased aeration further increased
the treatment performance.
 

 The fourth basin was constructed as an anaerobic basin.  It was supposed to add
alkalinity by dissolving the limestone in the bottom of the basin.  The alkalinity would
then be used to neutralized acidity and precipitate metals.  Based on inlet and outlet data,
there was an average decrease of 28 mg/L of alkalinity through the basin rather than an
increase.  The basin did function as a polishing basin but would have probably performed
better if the outlet was near the surface rather in the bottom were the solids were
accumulating.
 
 Following is a detailed discussion of the treatment results:
 

• pH.  The permit limit for pH is 6 to 9 standard units.  The pH values were within
permit limits in both the influent and effluent.  Influent pH ranged from 6.6 to 7 with
an average of 6.8.  Effluent pH ranged from 6.7 to 7.4 with an average of 6.9.  There
was a slight increase (0.2 s.u.) in pH through the 2nd and 3rd basins (aerobic basins)
and a slight decrease (0.1 s.u.) through the anaerobic basin.  The pH increased in the
fourth basin during the summer months when the algae were present.

• Alkalinity.  In the permit, alkalinity must exceed acidity.  Excess alkalinity is also
needed to buffer acidity resulting from iron precipitation.  Influent alkalinity
concentrations averaged 254 mg/L with a range of 162 mg/L to 348 mg/L.  Effluent
alkalinity averaged 189 mg/L with a range of 104 mg/L to 278 mg/L.  In general,
there was an incremental reduction of alkalinity through each of the basins in the
treatment system.

• Iron.  The permit limit for total iron is 3.5 mg/L monthly average and 7.0 mg/L
instantaneous maximum.  Influent total iron concentrations ranged from 9.8 mg/L to
40.5 mg/L with an average of 24 mg/L. The dissolved fraction of the iron was about
71 percent.  For the first six months of operation, the treatment system was reducing
the iron concentration, but not by enough to meet permit limits.  In May 1997 the
system was modified to add more aeration.  Cascade aeration was added to the outlet
from the separator and outlet of the first basin.  The flow path in the connecting
channel and third basin was modified to maximize thin sheet flow across the basin.



As a result iron oxidation and settling were enhanced in the first three basins.  After
aeration was added, total iron started meeting permit limits until late November and
early December.  In June 1998 further removal of iron occurred when the vegetation
test plots were added (see Figure. 4).

• TSS.  The permit limit of total suspended solids (TSS) is 30 mg/L monthly average
and 60 mg/L instantaneous maximum.  The average TSS concentration of the
untreated brine was 54 mg/L with one other sample at 1,196 mg/L.  The TSS in the
effluent was below permit limits in all samples except three.  The average effluent
TSS was 18 mg/L.

• Oil & Grease.  The permit limits for oil & grease are 15 mg/L monthly average and
30 mg/L instantaneous maximum.  Oil & grease concentrations from the separator
averaged 19 mg/L and ranged from 2.8 mg/L to 57 mg/L.  Oil & grease
concentrations from the final effluent averaged 3.3 mg/L and ranged from <0.5 mg/L
to 17 mg/L.  The treatment system effectively reduced oil and grease levels to below
permit limits in all samples except one.   When the separator malfunction and an oil
spill resulted, the first basin with the oil field “T” outlet was effective in containing
the spill and preventing oil from passing into the rest of the treatment system.

• Benzene.  The instream human health criterion for benzene is 1 µg/L and the criteria
for protection of aquatic life are 148 µg/L (chronic fish criteria-CFC) and 640 µg/L
(acute fish criteria-AFC).  Influent benzene concentration averaged 3,376 µg/L and
ranged from 110 to 5,400 µg/L.  The effluent averaged 758 µg/L and ranged from
<0.5 to 2,190 µg/L (see Figure. 5).  The largest reduction (52%) occurred through
the second and third basins.  The reduction through the first basin was 10% and 15%
through the fourth basin.  Benzene showed an average reduction of 77 % through the
facility.

• Toluene.  Toluene has an instream human health criterion of 7,000 µg/L and the
criteria for protection of aquatic life are 330 µg/L (CFC) and 1,650 µg/L(AFC).
Influent toluene concentration was an average of 3,245 µg/L and ranged from 410 to
5,050 µg/L (see Figure. 6).  The average effluent was 775 µg/L and ranged from <1
to 2,280 µg/L. The average reduction in toluene was 76 %.

• Xylene.  Xylene has a instream human health criterion of 300 µg/L, and the criteria
for protection of aquatic life are 211 µg/L (CFC) and 1,055 µg/L (AFC).  Influent
xylene concentrations averaged 2,256 µg/L and ranged from 530 to 4,490 µg/L.  The
effluent averaged 652 µg/L and ranged from <0.5 to 1,854 µg/L (see Figure. 7).  The
average reduction in toluene was 71 %.

• Ethylbenzene.  Ethylbenzene was below human health (3,000 µg/L) and aquatic life
(580 µg/L CFC and 2,900 µg/L AFC) criteria.  It was reduced by 78% from an
average of 193 µg/L in the influent to an average of 33 µg/L in the effluent.

• Phenols.   The instream human health criterion for phenolics is 5 µg/L and the
criteria for protection of aquatic life is 20 µg/L (CFC) and 100 µg/L (AFC).  Influent
phenol concentrations averaged 164 µg/L and the effluent averaged 114 µg/L (see
Figure. 8).  The average reduction was 30 %.

• Barium.  The instream human health criterion for barium is 2 mg/L and the criteria
for protection of aquatic life are 4.1 mg/L (CFC) and 20.5 mg/L (AFC).  The impact



on barium was not consistent.  Sometimes there was a decrease and sometimes there
was not.  The barium in the influent averaged 59 mg/L with a range of 11 to 138
mg/L.  The effluent averaged 49 mg/L with a range of 7 to 96 mg/L.

• Manganese.  The instream human health criterion for manganese is 1,000 µg/L.
About 44 % percent of the time in the influent, it was just above criteria.  In the
effluent, it was above criteria 54 % of the time.  In 73% of the samples, there was a
small increase in manganese through the system.  The average influent concentration
was 883 µg/L with a range of 328 to 1,540 µg/L.  The average effluent was 1,098
µg/L with a range of 482 to 1,980 µg/L.  The increase in manganese is probably due
to the leaching of manganese from the soil used as the substrate in the second and
third basins.  Manganese is relatively soluble at pH below 8 and in the presence of
iron.

• Chlorides, TDS and Osmotic Pressure.  The relative concentrations of chlorides (see
Figure. 3), total dissolved solids and osmotic pressure in the untreated brine varied
somewhat but were generally unaffected.

 ROUSE FARM FACILITY
 
 

 The Rouse Farm site is located in Brokenstraw Township, Warren County.  This
facility treats brine from stripper oil wells located on Gas & Oil Management Inc.’s
Rouse Farm Lease.  Oil is produced from the Glade formation.  There are about 25 oil
wells on the lease which are on timers and pumped each day.  During the day, each well
is pumped for about 15 minutes.  The wells are piped to a central oil separator.  Oil from
the separator flows into the oil storage tank and the produced water (brine) is piped
directly to the constructed wetland treatment system.  The lease is operated until winter
temperatures cause freezing in the collection lines at which time the lease is shut in until
spring.
 

 The passive wetland treatment system at the Rouse Farm site (see Figure 2) is
permitted to treat and discharge up to 1,000 gallons (23.8 bbls) of brine per day.  Treated
brine can be discharged at a maximum rate of 0.69 gallons (2.6 L) per minute.  The
facility consists of three basins in series.  Each basin is lined with a polyethylene liner to
prevent groundwater contamination.
 

 The first basin in the treatment system functioned as an equalization basin to
equalize the volume of brine flowing through the system.  It also acted as secondary
containment for any oil that bypassed the separator.  This basin also started the process
of oxidizing and settling the iron.  The basin dimensions at the water level were 20 feet
(6.1 m) by 24 feet (7.3 m).  The depth of brine was three feet (0.9 m) with about two feet
(0.6) of freeboard.  It held about 8,000 gallons (190 bbls) of brine.  The basin outlet was
a two-inch (5 cm) PVC pipe with an oilfield “T”.  The outlet pipe was equipped with a
valve that can be used to equalize the flow through the facility and control the discharge
rate from the facility.
 



 The second basin was constructed as an anaerobic or successive alkalinity-producing
system.  It is 18 feet (5.5 m) wide by 24 feet (7.3 m) long at the water level and 2.25 feet
(0.7 m) deep with about one foot (0.3 m) of freeboard to the emergency spillway.  It was
built with a bottom withdrawal so that there is vertical flow through six inches (15 cm)
of compost and six inches (15 cm) of limestone in the bottom of the basin.  This basin
holds about 6,000 gallons (143 bbls) of brine.  Two-inch (5 cm) slotted PVC pipe was
placed on the bottom of the basin with a riser outlet to the third basin.  An anaerobic
basin is supposed to add alkalinity through sulfate bacteria reduction in the compost and
by dissolving the limestone.  The alkalinity would then be used to buffer acidity
generated from precipitation of the iron.
 
 The third basin was constructed as an aerobic basin.  The purpose of an aerobic basin is
to provide aeration, precipitation and settling.  It is 14 feet (4.3 m) wide by 24 feet (7.3
m) long. It has a standing brine depth of 1 foot (0.3 m) over the compost and holds about
8,000 gallons (190 bbls) of brine.  About six inches (15 cm) of compost was placed in
the bottom of the basin to serve as substrate for the wetland vegetation.  The basin was
initially planted with bare root cattails but they did not grow.  Later, two clumps (with
soil) of cattails were added in the one corner but eventually died after two years.  The
outlet pipe is two-inch (5 cm) steel pipe with an oilfield “T.”  The inlet to the “T” is
about a foot (0.3 m) below the surface.
 

 After leaving the third basin, the treated brine flows through a small PVC
container that is used for collecting samples.  Effluent from the treatment facility is piped
through a buried 2-inch diameter PVC pipe approximately 30 feet (30.5 m) long to
Brokenstraw Creek.
 

 The facility at the Rouse Farm was put into operation in August of 1996.  It was
operated into December when the lease was closed for the winter.  It was put back into
operation in April 1997 after repairs to the separator were made and operated through
December 1997 when the lease was again closed in for the winter.  It was placed back
into operation in May 1998.  Maintenance during this time included removal of oil from
the first basin on two occasions when there was a blow-by of oil through the separator,
and backflushing the second basin in August 1997 when the outlet system became
clogged.  Sample collection at the site started on September 18, 1996.
 

 Brine Characteristics and Treatment Requirements
 

 The untreated brine at this site was also a strong brine when compared to brine
from other oil producing areas.  The average total dissolved solids were 44,600 mg/L and
the chloride concentration was 21,240 mg/L (see Figure. 9).
 

 Total iron in the untreated brine was low with an average concentration of 6.8
mg/L and a range of 4 to 11.7 mg/L (see Figure. 10).  The dissolved fraction of the iron
was about 57 % of the total.  Therefore, minimal treatment was needed to meet the
permit limits of 3.5 mg/L monthly average and 7 mg/L instantaneous maximum.
 

 The pH ranged from 6 to 7.5 with an average of 6.8 and was within permit limits.
Alkalinity ranged from 36 to 130 mg/L with an average of 79 mg/L. The pH and
alkalinity appeared to be within a suitable range for passive treatment.



 
 Total suspended solids in the untreated brine met permit limits about 40 % of the

time.  The average concentration was 31 mg/L with range from 10 to 90 mg/L.
Therefore, minimal treatment was needed to meet permit limits of 30 mg/L monthly
average and 60 mg/L.
 

 The majority of the time, the oil separator worked well.  The average oil and
grease concentration in the brine at the outlet of the separator was 20 mg/L with a range
of  6.6 mg/L to 29 mg/L.  While the oil and grease concentration was less than the
instantaneous maximum permit limit of 30 mg/L it would need treatment to consistently
meet the 15 mg/L monthly average permit limit.  On occasion, there was a build up of
pressure in the collection lines leading to the separator which would cause a blow-by of
the separator into the first basin of the treatment system.  Treatment was also needed to
address this situation.
 

 Other metals and organic compounds that were sometimes elevated in the
untreated brine were barium, lithium, manganese,  phenols, benzene, toluene and xylene.
 

 Discussion of Treatment Results
 

 The constructed wetland treatment system at the Rouse Farm was capable of
producing an effluent that met the iron and oil & grease permit limits.  The pH and
alkalinity were in compliance with the permit limits in both the untreated and treated
brine.  TSS met permit limits about 60% of the time.  Reduction in benzene (94%),
toluene (95%), xylene (88%) and ethylbenzene (93%) also occurred.  Phenols and
barium were minimally affected.  Manganese tended to increase slightly most probably
from leaching of the compost used in the substrate in the second and third basins.
 

 The first basin with the oilfield “T” outlet was effective in reducing oil
concentrations and containing the oil that bypassed the separator on occasions.  The flow
into the basin varied considerably and, as an equalization basin, it functioned well to
buffer the variation in flow that was discharged from the separator.  As an oxidation and
settling basin, it provided an incremental decrease in both total and dissolved iron.
Additional data are being collected to assess the effect of this basin on other parameters
and the performance of the second basin.
 

 The second and third basins were initially designed to treat a brine with very
high iron concentration which would generate acidity that would need to be neutralized.
The second basin, an anaerobic basin, was supposed to add alkalinity through dissolution
of the limestone.  The alkalinity would then be used to neutralize acidity.  Instead, the
iron concentration was low and only minimal treatment was needed.  Consequently,
while the detention time allows for additional settling, the need for an anaerobic basin is
questionable.  Additional data are being collected to assess its performance.
 

 The third basin was constructed as an aerobic basin.  It provides another
incremental decrease in iron, benzene, toluene, xylene and ethylbenzene.  The suspended
solids are sometimes above permit limits at the basin outlet and modifications are
needed. Vegetation that was initially planted did not grow, and the basin should be



replanted based on the results of the vegetation test pots.  This should help with filtering
of the solids.
 
 Following is a detailed discussion of the treatment results:
 

• Oil & Grease.  The permit limits for oil & grease are 15 mg/L monthly average and
30 mg/L instantaneous maximum.  Oil & grease concentrations were reduced from
an average of 20mg/L in the influent to an average of 2.2 mg/L. The treatment
system effectively reduced oil and grease levels to below permit limits in all
samples.  When the separator was by-passed and an oil spill resulted, the first basin
with the oil field “T” outlet was effective in containing the spill and preventing oil
from passing into the rest of the treatment system.

• pH.  The permit limit for pH is 6 to 9 s.u.  The  pH values were within permit limits
in both the influent and effluent.  Influent pH was an average of  6.8 with a range
from 6 to 7.5.  Effluent pH averaged 7.3 with a range from 6.4 to 8.4.  During the
summer months, the pH increased in the third basin when algae were present.

• Alkalinity.  In the permit, alkalinity must exceed acidity. Influent alkalinity
concentrations were an average of 77 with a range from 36 to 130 mg/L. Effluent
alkalinity averaged 68 mg/L with a range from 36 to 104 mg/L.  Adequate data was
not available for brine entering the anaerobic basin and therefore it was not possible
to assess if the anaerobic basin was contributing alkalinity to the process.

• Iron.  The permit limit for total iron is 3.5 mg/L monthly average and 7.0 mg/L daily
maximum.  The iron in the effluent was in compliance with the instantaneous
maximum permit limits in all samples, but exceeded the monthly average on two
occasions.  Influent iron concentrations ranged from 3.9 mg/L to 11.7 mg/L with an
average of 6.8 mg/L (see Figure. 10). The dissolved fraction of the iron was about 57
percent of the total.  Effluent concentrations ranged from 1.3 mg/L to 5.5 mg/L with
an average of 2.4 mg/L.

• TSS.  The permit limit for total suspended solids (TSS) is 30 mg/L monthly average
and 60 mg/L instantaneous maximum. In the first three month of operation in 1996,
TSS was in compliance in five of six samples.  In the operating months of 1997,
there were problems meeting the TSS limits because the outlet system of the second
basin became plugged. The basin was pumped and backflushed in late summer
resulting in suspension of the organic matter used for substrate.  Algae also
developed in the third basin during the summer and contributed to the TSS.  The
influent TSS averaged 31 mg/L with a range from 10 mg/L to 90 mg/L.  Effluent
TSS averaged 43 mg/L with a ranged from <2 mg/L to 184 mg/L.

• Manganese.  The concentration of manganese increased through the system in 13 of
the 15 samples.  This is probably due to leaching of manganese from the organic
substrate in the second and third basins.  The average influent concentration was
1,044 µg/L and average effluent concentration was 1,800 µg/L.

• Barium. The instream human health criterion is 2 mg/L and the criteria for protection
of aquatic life are 4.1 mg/L (CFC) and 20.5 mg/L (AFC).  Overall the effect on
barium was not consistent.  The majority of the time there was a decrease but other



times there wasn’t.  The barium in the influent averaged 7.4 mg/L with a range of 2.6
to 23.5 mg/L.  The effluent averaged 5.6 mg/L with a range of  <0.01 to 9.7 mg/L.

• Lithium. The instream human health criterion for lithium is 900 µg/L.  Influent
lithium concentrations averaged 1,399 µg/L and the effluent averaged 1,061 µg/L.
The average reduction was 24 %.

• Phenols.   The instream human health criterion for phenolics is 5 µg/L and the
criteria for protection of aquatic life are 20 µg/L (CFC) and 100 µg/L (AFC).
Influent phenols concentrations averaged 97 with a range of 25 to 188 µg/L (see
Figure. 14).  The effluent averaged 78 µg/L with a range of 12 to 163 µg/L.  The
average reduction was 20 %.

• Benzene.  The instream human health criterion for benzene is 1 µg/L and the criteria
for protection of aquatic life are 148 µg/L (CFC) and 640 µg/L (AFC).  Influent
benzene concentration averaged 655 µg/L with a range from 140 to 1,300 µg/L.  The
effluent averaged 29 µg/L with a range of <0.05 to 250 µg/L (see Figure. 11)
Benzene showed an average reduction of 96 % through the facility.

• Toluene.  Toluene has an instream human health criterion of 7,000 µg/L and the
criteria for protection of aquatic life are 330 µg/L (CFC) and 1,650 µg/L (AFC).
Influent toluene concentrations were an average of 820 µg/L with a range of 200 to
1,600 µg/L.  The average effluent was 33 µg/L with a range of <0.5 to 280 µg/L (see
Figure. 12).  The average reduction in toluene was 96 %.

• Xylene.  Xylene has an instream human health criterion of 300 µg/L, and the criteria
for protection of aquatic life are 211 µg/L (CFC) and 1,055 µg/L (AFC). Influent
xylene concentration averaged 661 µg/L with a range of 289 to 1,100 µg/L.  The
average effluent was 26 µg/L with a range of <0.5 to 250 µg/L (see Figure. 13).  The
average reduction in toluene was 61 %.

• Ethylbenzene.  Ethylbenzene was below instream human health and aquatic life
criteria. The human health criterion for ethylbenzene is 580 µg/L and the criteria for
aquatic life protection are 2,900 µg/L (CFC) and 3,000 µg/L (AFC).  It was reduced
93% from an average of 75 µg/L in the influent to an average of 5 µg/L in the
effluent

• Chlorides, TDS and Osmotic Pressure.  The relative concentrations of chlorides (see
Figure. 9), TDS and osmotic pressure in the untreated brine varied somewhat but
were generally unaffected by the treatment system as it passed through the second
and third basin.

WALTON SITE

The Walton site is located in President Township, Venango County.  This was
the first facility constructed and placed into operation.  The facility treats produced
fluids (brine) generated from about 35 stripper oil wells on Drake Well’s Walton lease
(now North American Oil and Gas).  Oil is produced from the Red Valley sand.   The oil
wells were typically pumped on a Monday, Wednesday, Friday schedule for about 45



minutes.  A central generator provides the electricity.  The wells are piped to a 50 bbls
central oil separator.  Oil from the separator flows into the oil storage tank and the
produced water (brine) is piped directly to the constructed wetland treatment system.
The lease is operated year round except when winter conditions prevent operations.

The passive wetland treatment system at this site was permitted to treat and
discharge up to 1,000 gallons (23.8 bbls) per day. Treated brine can be discharged at a
maximum rate of 0.69 gallons (2.6 l) per minute.  The facility consists of three basins in
series.  Each basin is lined with a 20 mil polyethylene liner to prevent groundwater
contamination.

The first basin was designed as an equalization, oxidation and settling basin.
Initially, the volume of brine generated during one day of pumping the wells was greater
than the allowable discharge rate for a day.  The brine had to be collected in the first
basin and released at a controlled rate of not more than 0.59 gallons (2.2 l) per minute.
At this rate, the equalization basin would drain down and have storage capacity to
contain the volume of brine when the wells were pumped again two days later.  The
basin dimensions were 30 feet (9.1 m) by 11 feet (3.4 m) at the crest of the emergency
spillway and the depth was three feet (0.9 m).  Freeboard was about one foot (0.3 m).
The basin outlet is a two-inch (5 cm) PVC pipe which outlets off the bottom of the basin.
A PVC valve was attached to the end of the outlet pipe to regulate the flow through the
facility.  The basin has a storage volume of about 5,100 gallons (121 bbls).

The second basin was constructed as an aerobic basin.  It was 15 feet (4.6 m) by
15 feet (4.6 m) and contained about one foot (0.3 m) of substrate. The volume of the
basin was about 1,700 gallons (40 bbls).  The outlet was a rock-lined channel about two
feet wide (0.6 m) and four feet (1.2 m) long.  The depth of brine in this basin just
covered the substrate.  It was planted during the dormant season with common reed
(Phragmites australis) but the majority of the plants did not grow and the others only
had a few live shoots.

The third basin was constructed as an anaerobic or successive alkalinity-
producing system basin.  It was 15 feet (4.6 m) by 15 feet (4.6 m) with a brine depth of
about two feet (0.6 m).  It has a storage volume of about 3,400 gallons (81 bbls).  It was
built with a bottom withdrawal so that there is vertical flow through the six-inch (15 cm)
compost substrate and six-inch (15 cm) limestone substrate.  Two-inch (5 cm) slotted
PVC pipe was placed on the bottom of the basin with a riser outlet.  The pipe was then
covered with the limestone and compost.  The height of the riser controls the fluid level
in the basin.  The basin has about two feet (0.6 m) of freeboard.  The third basin
discharges to a lined plunge pool then to a tributary to Pithole Creek.

 Brine Characteristics and Treatment Requirements
 

 The untreated brine at the Walton site was slightly stronger than the brine at the
other two sites and varied with the wells that were pumped. The average total dissolved
solids were 64,600 mg/L and the average chloride concentration was 34,800 mg/L.
 

 Total iron concentration in the untreated brine averaged 22 mg/L with a
maximum of 40 mg/L.  The dissolved fraction of the iron was about 85 % of the total.



Therefore, treatment was needed to meet the permit limits of 3.5 mg/L monthly average
and 7 mg/L instantaneous maximum.
 

 The pH ranged from 6.1 to 6.8 with an average of 6.5 and was within permit
limits.  Alkalinity was an average of 82 mg/L with a range from 8 to 144 mg/L.
 

 Total suspended solids in the untreated brine met permit limits about one third of
the time.  The average concentration was 37 mg/L with a maximum of 76 mg/L.
Therefore, minimal treatment was needed to meet permit limits of 30 mg/L monthly
average and 60 mg/L.
 

 The oil separator worked well at this site.  The average oil and grease
concentration in the brine at the outlet of the separator was 7 mg/L with a maximum of
12 mg/L.  Compliance with the instantaneous maximum permit limit of 30 mg/L and the
15 mg/L monthly average permit limit was routine with the 50 barrel separator.

Discussion of Treatment Results

The Walton facility was placed into operation in the fall of 1995 and for the first
year of operation showed intermittent success with meeting the treatment objectives.  In
1997, the lease changed ownership and was inactive or being reworked.  In 1998,
modifications were made to the system and are still being evaluated.  Since this was the
first facility placed into operation, much experience was obtained on what not to do and
what to do.  Following is a discussion of these experiences and proposed remedies:

• Surface water and shallow soil water should be intercepted and diverted around the
facility.  Runoff from rain and snowmelt overloaded the hydraulic capacity of the
system and accumulated underneath the basin liner resulting in reduced capacity of
the basin.  Additionally, the basin can be constructed with a drain below the liner
that outlets through the berm of the basin.  This drain can also be used to check
whether the liner is leaking.

• The well pumping schedule and flow volumes should be recorded and used to
determine the size and capacity of the systems.  This information should include the
numbers of wells, duration of pumping, and minimum, maximum and average flow
rates.

• For the outlet of the equalization basin, use an oilfield “T” with a near surface outlet.
Avoid placing the outlet near the bottom of the basin because this is the area where
solids accumulate.   If the oil separator is extremely effective, a weir outlet could be
used.

• While dissolved oxygen is present at the surface of a basin, it rapidly declines with
depth.  Provisions to maximize aeration should be incorporated into the design of the
inlet and outlet of the basins. When oxidation is a primary consideration, surface
area of the basin should be maximized to promote aeration rather than constructing a
small, deep basin.



• A basin should be constructed to maximize the detention time.  Placement of the
inlet and outlet should avoid short circuiting.  Baffles or a large length to width ratio
can also be used.

• An aerobic basin needs to be constructed so that the flow path is across the surface
of the basin rather than through the substrate where anaerobic conditions develop.
Soil should be used for the substrate for vegetation rather than mushroom compost,
which is less dense.  The soil tends to promote surface flow and provides a growth
media for the vegetation. Vegetation needs to be established in the aerobic basin.

• Inlet and outlet works need to be constructed so that they can function during the
winter months.  Small diameter pipes exposed to winter temperatures should be
avoided because the fluids may freeze during intermittent operation.

• Basin side slopes should be mild rather than vertical or steep so that the liner can be
covered with soil to protect the liner from sunlight and to allow for safe access.

Vegetation Test Plots

Initially, all three sites were planted with common reed (Phragmites australis).
Two sites were planted during the dormant season.  The plants were transplanted from
nearby wetlands.  The vegetation did not grow except for a few small shoots at the Drake
site.  Later, a clump of cattails (Typha) was added at the Rouse Farm site.  This clump
survived for two seasons before dying.

In June 1998, vegetation test plots were established at all three sites to determine
if vegetation could be established in the basins.  Three species were chosen: smooth
cordgrass (Spartina alterniflora), common reed (Phragmites australis), and narrow leaf
cattails (Typha angustifolia).  These three species were chosen for the test plots because
of their reported tolerance to salinity: smooth cordgrass (Spartina alterniflora) - brackish
to salt water up to 35 ppt; common reed (Phragmites australis) – fresh to brackish water
up to 20 ppt; and narrow leaf cattails (Typha angustifolia) – fresh to brackish water up to
15 ppt (5).

The smooth cordgrass (Spartina alterniflora) was obtained from a commercial
supplier in Maryland.  The common reed (Phragmites australis) and narrow leaf cattails
(Typha angustifolia) were obtained from a commercial supplier in Meadville,
Pennsylvania.

The smooth cordgrass (Spartina alterniflora) was the most successful.  It was
still growing four months after planting and developing new shoots.  Initially after
planting, there was some wilting of the leaves but this stopped a few weeks later.  The
common reed (Phragmites australis) and narrow leaf cattails (Typha angustifolia) were
planted as bare root stalks trimmed to about two feet in length.  Both plants started to
turn brown within two weeks of planting.

The common reed (Phragmites australis) and narrow leaf cattails (Typha
angustifolia) were obtained from a fresh water wetland.  The smooth cordgrass (Spartina
alterniflora) was grown in two-inch peat pots with fresh water.  A saltwater acclamation
process was not used and should be considered.



CONCLUSION

This project represents the first generation of constructed wetlands in
northwestern Pennsylvania to treat brine from stripper oil wells.  The Project
5/Timberline represents a system that can be applied to operations where contaminant
levels in the brine are elevated.  The Rouse Farm systems appears suitable for operations
were minimal treatment is needed such as operations associated with waterfloods where
the brine has been diluted with injection water.

Design and sizing of a system is largely based on knowledge of the chemistry of
the brine, understanding of the treatment processes and judgment.  Additional work is
needed to better understand the chemistry and biological process occurring in the
wetland treatment systems and to develop design criteria (especially loading rates and
detention times).  As can be seen from the vegetation test plots, vegetation plays an
important role in the treatment process, and additional work is needed to establish
vegetation and test other species, in particular, ones that can reduce pollutant
concentrations by plant uptake of pollutants.  Use of clay liners also needs to be
examined.

RECOMMENDED GUIDELINES
FOR CONSTRUCTED WETLANDS

Based on the experience with the three sites, the following guidelines are
recommended as a starting point for planning, constructing and operating constructed
wetlands for treatment of brine from stripper oil wells.

Planning

The scope of the constructed wetland treatment project should be determined.
Factors that should be considered are the number and location of the wells on the lease,
pumping schedule, amount of brine generated, location of separator, brine
characteristics, and proximity to a stream for a discharge point.

The pollutants needing treatment should be determined based on technology
standards and water quality standards.  In Pennsylvania, a meeting with Oil and Gas
Management program staff is recommended to discuss stream classification, effluent
limitations, and permits that are needed.

The brine should be tested to determine the concentrations of pollutants present
and to determine if the brine is suitable for a passive treatment system.



The flow rates, including variations such as minimum, maximum and average
flow need to be determined.  The flow rate is needed to size the basins and determine
adequate detention times.  The flow over a 24-hour period and variations during days of
the week should be determined.  These volumes and rates will depend on how the lease
is operated and the number of wells pumped.

A suitable area to place the system should be determined.  There needs to be
sufficient area to contain the basins with sufficient elevation drop to allow for gravity
flow.  A receiving stream needs to be nearby for the discharge point.

In Pennsylvania, there is a general NPDES permit for discharges from stripper
oil wells, which is simpler to use than an individual permit.

System Design

Generally, the constructed wetlands were found to be effective in reducing iron,
oil & grease, total suspended solids, and volatile organic compounds.  Alternately
constructed wetlands did not significantly affect chloride, total dissolved solids, barium,
and phenols.  A different type of treatment would be needed to remove these
contaminants.

Iron and the organic compounds were sequentially reduced with each step of
treatment.   Important factors in the passive treatment process include: sufficient aeration
and dissolved oxygen; sufficient alkalinity to buffer acidity generated in removing the
iron; and adequate detention time to allow for settling.

The chemistry of brine and levels of contaminants are important in determining
the type and size of wetland system to be used.  Iron concentration in the untreated brine
appears to be the controlling factor for sizing the wetlands and determining the number
of basins.

The total and dissolved fractions of the iron should be determined to assess
treatment needs.  A high percentage of dissolved iron indicates the need to oxidize iron.
A low percentage of dissolved iron indicates a need to emphasize settling.

Oil Separation

The oil separator should be examined to determine if it is working efficiently or
if there is a need to provide additional treatment.  Also determine if there is any potential
for separator by-pass or malfunction where a spill of oil may occur to the first basin.

Oil separation should be the first step of the treatment system so that any oil is
removed and does not enter or interfere with the subsequent treatment processes.

If the separator is not very effective, further separation should occur before
extensive aeration to avoid creating an emulsion.

If oil bypasses the separator or a spill occurs, the oil should be promptly
removed so that it does not flow to other parts of the system or interfere with treatment.



Equalization Basin

The primary function of the equalization basin is to buffer flow variations into
the system and regulate the discharge rate.  It should be sized to contain the amount of
brine generated during the desired operating period so that it can be released at a rate not
to exceed the maximum allowable discharge rate specified in the permit.

If a valve is needed to regulate the flow from the equalization basin, locate the
valve so that it is accessible for cleaning and adjusting.

Use an oilfield “T” outlet so that any oil that bypasses the separator is contained
in the basin.  The inlet to the “T” should be about four inches from the surface to avoid
discharging any oil that may enter the first basin, while at the same time not discharging
from the bottom of the basin where the solids are accumulating.

Oxidation and settling begin in the equalization basin and efforts to enhance
these processes need to be incorporated into the design of the basin.  For example,
incorporate provisions for aeration at the inlet and maximizing the flow path to the outlet
to allow for settling.

Aerobic Basins

Physical, chemical and biological processes in a typical aerobic wetland work to
treat a wastewater as it passes through it.  Physical processes include settling of
suspended solids and filtration by vegetation growth.  Chemical processes include
oxidation/hydrolysis reactions and precipitation of metals, volatilization of organic
compounds, and adsorption of metals onto the substrate.  Biological processes include
contaminant uptake by plants, adsorption of organic compounds onto plants, microbial
degradation of organic compounds, and microbial oxidation of iron.  The design of an
aerobic wetland needs to take advantage of the processes that will treat the type of
wastewater being considered.  At this point, the design of a constructed wetland to treat
brine tends to rely more on the physical and chemical processes rather than biological
processes.

The primary purpose of the aerobic basin is to provide for the transfer of oxygen
from the atmosphere to the brine and to provide detention time for settling of solids.

The inlet to the aerobic basin should be constructed to promote aeration of the
brine as it enters the basin. If multiple aerobic basins are being used, aeration should be
provided at the inlet and outlet of the basins.  Methods to transfer oxygen to the brine
include cascading over rocks, a splash pad, or flow over a weir.

The depth of fluid in the basins should be shallow to maximize the surface area
open to the atmosphere for oxygen transfer.  Dissolved oxygen decreased with the depth
of a basin and was reduced rapidly.  Deep basins with small surface area should be
avoided.



Vegetation should be established in the basin.  The planting pattern should be
arranged to control the flow through the basin and promote filtering of solids.

The vegetation must be tolerant of the salt content of the brine.  Based on the
results of the vegetation test plots, the smooth cordgrass (Spartina alterniflora) appears
to be suitable for the brines with higher salinity.  The common reed (Phragmites
australis) and the narrow leaf cattails (Typha angustifolia) may be suitable for brine
associated with waterfloods where the salinity is low.

For the substrate, on-site soil is preferred to mushroom compost.  The soil
promotes surface flow which aids aeration, whereas the compost tended to have flow
within the substrate were anaerobic conditions exits. The compost also tended to become
suspended when disturbed because of the lighter density.  In order to support vegetation,
sand may need to be added to the soil.  The substrate should be six to 12 inches to
support the vegetation.

Anaerobic Basins

Anaerobic wetlands are designed to generate alkalinity and limit the transfer of
oxygen to wastewater.  Successive alkalinity producing systems are a form of anaerobic
wetland and are commonly used to treat acid mine drainage.  At the demonstration sites,
the pH of the brine averaged 6.5 or 6.8.  So far, the anaerobic or successive alkalinity
producing systems did not show substantial increases in the alkalinity in the situations
where they were used.  Another means to add alkalinity may be needed.

Other

Each basin should have an impermeable liner, such as a high density
polyethelyene, to prevent groundwater contamination.  Certain PVC liners will need to
be covered by soil in order to prevent degredation from sunlight.

The inlets to the basins should be located to maximize the flow path from the
inlet to the outlet.  If the basin is an aerobic basin, the inlet should maximize aeration and
surface flow.  Aeration can be maximized by providing a series of cascading steps or thin
film flow.  The outlet should be an overflow structure designed to maintain the desired
water level in the basin.  If the basin is a settling or polishing basin, the inlet and outlet
should be located to maximize the detention time.

Short Circuiting should be prevented.  This may be accomplished by
constructing a series of baffles set up so that the waste follows a long circuitous path
from the inlet to outlet.

Surface water runoff and water infiltrating though the soil from areas upslope
from the wetland basins should be diverted around the wetlands to prevent overloading
of the treatment systems during rain storms and snowmelt. These diversions also keep
water from collecting behind and under the liners in the basin. A subsurface drain should
also be provided under the liner to drain any water that may accumulate under the liner
and to monitor liner integrity.  The drain can outlet through the berm used to construct
the basin.
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ABSTRACT

Hydrocyclones are widely used to separate immiscible phases based on
differences in density, size and shape.  Early uses in mineral processing, coal
beneficiation, desanding, and degassing are historical milestones in the application of the
hydrocyclone as a separator and classifier.  Deoiling hydrocyclones have recently made a
significant commercial impact on offshore platforms as a compact liquid/liquid separator
and are presently being evaluated for liquid/liquid separation in downhole and subsea
production of oil and gas for the next century.

High-capacity hydrocyclones with cut-sizes in the range of 12-15 microns and
feed rates larger than 100 λpm are presently employed in deoiling applications.  The use
of low-capacity, high-performance mini-hydrocyclones with cut-sizes as low as 4
microns and feed rates less than 5 λpm can be used in series with larger hydrocyclones to
significantly improve the clarification of produced water.  The purpose of this
presentation is to summarize performance data on a class of 10 mm-diameter deoiling
hydrocyclones and to discuss their potential use for cleaning produced water on offshore
platforms.



INTRODUCTION

Hydrocyclones have been used for liquid/liquid separation and for degassing
liquids for more than forty years (1) and may ultimately be the unit operation of choice
for oil/water separation on offshore platforms and on the ocean seabed because of their
compactness and simplicity of operation.  Furthermore, the use of lightweight,
noncorrosive, high-strength, advanced-polymer composite materials in hydrocyclone
manufacturing may provide an additional incentive for the use of this unit operation on
offshore platforms.

Regehr (2) was apparently the first to study the use of hydrocyclones for deoiling
dilute dispersions of oil in water.  Hydrocyclones were, however, studied much earlier as
liquid/liquid separators and as mass transfer contacting devices by Tepe and Woods (3),
Hitchon (4), Simkin and Olney (5), and many others (see Ref. 1).  The hydrocyclone has
also been developed for removing light contaminants, such as wax, hot melts, and
styrofoam, from recycled paper (6).

Both reverse-flow and forward-flow hydrocyclones have been considered for
liquid/liquid separations (2,7).  Sliepcevich and Sheng (8) developed hydrocyclones for
liquid/liquid separation which promote coalescence of oil on selected internal surfaces
made of hydrophobic materials.  Mensing and Stoeffler (9) developed a compact reverse-
flow oily water separator with a core plate located on the axis to assist in the flow
reversal of the inner vortex.  A hybrid option of their device, which simultaneously
removes the core vortex by a reverse flow and a forward flow from opposite ends of the
hydrocyclone, was also developed.  These concepts were employed earlier by Freeman
and Boadway (10) for degassing liquids.

Colman and Thew (11) developed a double-cone hydrocyclone (CT-cyclone) for
cleaning very dilute oily water streams.  The double-cone feature of the CT-cyclone was
also employed earlier by Freeman and Boadway to control the flow reversal process in
degassing hydrocyclones.  Bednarski and Listewnik (12) developed a deoiling
hydrocyclones with a rod positioned on the axis to assist in the flow reversal process, and
to prevent the core fluid from contaminating the clean water underflow during upsets.
Gay et al. (13) developed a hybrid between a forward-flow hydrocyclone and a centrifuge
to separate oil and water.  The outer wall of this separator rotates to spin-up the feed
stream, which is introduced into the separator as a tangential wall-jet.

Although the hydrocyclone as a liquid/liquid separator is not as pervasive in the
process industries as its counterpart for either solid/liquid or gas/liquid separation, it has
nevertheless been studied extensively and numerous examples of its utility appear in the
literature.  The successful use of hydrocyclones to clean produced water on offshore
platforms (14) has renewed interest in this unit operation as a liquid/liquid separator.
Jones (15), Choi (16), Simms et al. (17), and Ali and Petty (18) have quantified the
performance of some high capacity commercial designs (also see Ref. 19 and 20).
Potential improvements in produced water treatment facilities by staging small (10 mm-)
and large (76 mm-) hydrocyclones have been noted by Wesson and Petty (21).

An intense study of deoiling hydrocyclones was conducted at Michigan State
University under the auspices of the Hydrocyclone Development Consortium (HDC,
1990-1995).  The overall goal of the MSU/HDC study was to further develop a compact



hydrocyclone oil/water separator capable of meeting current and future environmental
standards for discharge of produced water into the ocean.  The focused technical goal for
HDC was to develop a high capacity deoiling hydrocyclone separator with an effective
cut-size of 10 microns.  This paper summarizes the separation performance of a 10 mm-
diameter hydrocyclone, which exceeds the foregoing separation objective for a
kerosene/water dispersion.

HYDROCYCLONE DESIGN

The mean residence time provides an estimate, albeit approximate, of the time
available for a light particle to migrate into the reverse flow vortex of a deoiling
hydrocyclone and, thereby, be removed with the overflow stream.  The migration time to
the centerline of the flow field can be estimated by calculating particle trajectories within
the hydrocyclone.  For small particle sizes, the controlling parameter for separation is a
relaxation time, defined by (22)
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In Eq. (1), λ denotes the diameter of the particle; µC, the viscosity of the continuous
phase; and, ρC-ρD, the density difference between the continuous phase and the light
dispersed phase.  For produced water, τs may range from 10-5 to 10-4 sec.  If Ls represents
the length of the reverse flow core vortex, then a critical particle trajectory for an λ100-
diameter particle would have initial coordinates and final coordinates of (RH, 0) and (0,
Ls), respectively.  Because particle trajectories for the same size particle do not cross, all
particles having a diameter equal to λ100 will be recovered in the overflow stream
regardless of their initial coordinates.  In the absence of turbulence mixing, the critical
trajectory concept provides a practical means of evaluating the separation performance of
a hydrocyclone.

Dimensional analysis anticipates a relationship between the relaxation time for
the λ100-diameter particle, τs(100); the radial migration distance for the critical trajectory,
RH; the axial migration distance for the critical trajectory, Ls; and a characteristic velocity
scale, uC.  The dimensionless mean fluid velocity ( >< u /uC) depends on a flow
Reynolds number, the geometric ratios characteristic of the hydrocyclone design, and
velocity ratios imposed on the influent and effluent streams.  If uC is identified as the
tangential velocity near (RH, 0), then uC = αFuF.  uF is the bulk average velocity of the
feed and αF (0.5 ≤ αF ≤ 1) is an empirical coefficient which depends on the design of the
feed entry and on the inlet Reynolds number:
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A characteristic Stokes’ number can be defined as follows (20,22)
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τs(λx) is the relaxation time for a cut-size diameter of λx.  Stk (λx) will depend on the
geometric ratios related to a specific design, a characteristic Reynolds number, and the
influent and effluent flow ratios.  For the CT-hydrocyclone, Stk(λ50) at large values of
ReF (> 150,000) approaches an asymptotic value of 3 × 10-4, which is close to Stk(λ50)
reported for Rietema’s optimal cyclone for solid/liquid separation (23).  Simms et al. (24)
studied a commercial version of the CT-hydrocyclone at room temperature and observed
increases in Stk(λ50) by more than a factor of four as the concentration increased from
1,000 ppm to 5,000 ppm.  At higher temperatures, the effect was more pronounced.  They
attributed these results indirectly to drop coalescence and subsequent breakup of unstable
drops in the high shear fields characteristic of hydrocyclone flows.

If drop breakup occurs, the measured λ50 cut-size of the separation will increase
as the mean particle size in the feed increases.  The cut-size can be estimated
experimentally by measuring the particle size distributions, fF(λ) and fu(λ), and the
concentrations (cF and cu) of the feed stream and the underflow stream.  With this
information the underflow purity coefficient εu and the underflow grade purity coefficient
Gu(λ) can be calculated as follows
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The cut-size λ50 of the separator is defined by Gu(λ50) = 0.50.  Gu(λ) depends on the
hydrocyclone design, flow parameters, and dispersion properties.  It measures the ability
of the separator to prevent a certain size particle from appearing in the underflow stream.
Gu(λ) can be determined from experimental data by numerically differentiating the
cumulative distribution functions and using the definition of Gu given by Eq. (5).  The
experimental data for Gu can be represented analytically by using the following empirical
equation
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The three dimensionless constants a, b, and c can be determined from the experimental
data by using three cut-sizes:  Gu(λ35) = 0.35, Gu(λ50) = 0.50, and Gu(λ75) = 0.75.

An approximate comparison in separation performance between two
geometrically similar hydrocyclones can be made by assuming that the Stokes number for



hydrocyclones with different diameters is approximately the same.  Thus, for equal feed
velocities, it follows directly from Eq. (3) that
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The foregoing scaling argument anticipates that a 10mm-diameter hydrocyclone (D1 =
10mm) would have a cut-size of about 4 to 5 microns inasmuch as λ50 ≈12 microns for a
76mm-diameter hydrocyclone (18).

High-capacity hydrocyclones with cut-sizes in the range of 12-15 microns are
typically used in deoiling applications.  Wesson and Petty (21) noted the potential
importance of using low-capacity, high performance mini-hydrocyclones for cleaning
produced water.  They proposed that an assemblage of large (70 to 76 mm diameter) and
small (10 mm diameter) hydrocyclones could be employed to clarify oily water.  Such a
strategy takes advantages of the small cut-sizes of the 10 mm-hydrocyclone and the small
overflow rate of the 76 mm-hydrocyclone.

The hydrocyclone tested in this study was an acrylic Dorr-Oliver Dorrclone®-
Model A.  The hydrocyclone was modified by the addition of a steel tailpipe.  For liquid-
liquid separations, Bradley (1) recommended that the equivalent diameter of the feed
entry should be between 0.20 DH and 0.33 DH.  The optimal hydrocyclone developed by
Rietema (23) for solid-liquid separation specifies DF = 0.28 DH.  Figure 1 shows that the
geometric scales for both the 10 mm modified hydrocyclone and the 76 mm CT-cyclone
fall within these guidelines.  The actual extended length of the cyclone is not defined
explicitly inasmuch as a tube of comparable diameter was attached to the underflow tube
as a withdrawal means; therefore, no boundary constraint was imposed on the reverse
flow vortex.

EXPERIMENTAL PROCEDURE

The experimental flow loop used in this study is shown in Figure 2.  A
kerosene/water mixture was employed as a model dispersion.  The density difference
between the continuous and disperse phase was 170 kg/m3, and the concentration varied
from 300 to 800 ppm (measured by light scattering).  The interfacial tension, which was
measured by using a pendant drop technique, was 0.035 N/m.  The feed flow rate was
varied from 1 to 4 λpm.

Kerosene was injected into the main circulation loop.  After a stable particle size
distribution of kerosene in water developed, a slip stream was fed to the test loop.  The
concentration and the particle size distribution (psd) of the feed, the underflow, and the
overflow streams were measured by using a flow stop technique and laser light
diffraction.  The pressure, flow rate, and temperature readings were recorded.  In
addition, the nature of the core vortex was observed and recorded for each flow
condition.  The concentration and psd data from the feed and the underflow are processed
to compute the mean feed size λF, the underflow grade purity coefficient Gu(λ), the cut-
sizes λ50 and λ75, and the overall underflow purity coefficient εu.



The performance characteristics of the 10 mm-diameter hydrocyclone used in
this study and in the earlier study of Wesson and Petty (21) are significantly different
than the larger diameter deoiling hydrocyclone.  Most significantly, the 10 mm
hydrocyclone has a critical overflow ratio QO/QF for stable performance larger than 0.5;
whereas, the 76 mm diameter deoiling hydrocyclone has a stable overflow ratio between
0.02 and 0.04 for DO/DH = 3/76.

SEPARATION PERFORMANCE

Figure 3 shows the influence of the feed pressure PF on the underflow purity
coefficient εU for QF = 2 λpm.  For PF equal to 3 bars absolute, the separation process in
the hydrocyclone undergoes a transition.  No clarification (i.e., εU < 0) occurs for feed
pressures larger than 4-5 bars.  For PF < 2.9 bars, a thick stable air core surrounds the axis
of the flow field and εu > 0.  However, for PF > 3.1 bars, the air core was barely visible.
This observation suggests that the appearance/disappearance of an air core is related to
the dissolution of air on the axis where the pressure is low due to the swirling flow in the
hydrocyclone.

Figure 4 shows the effect of the overflow ratio (QO/QF) on the underflow purity
coefficient εU for QF = 2 λpm.  Clarification (i.e. εU > 0) of the underflow stream occurs
for QO/QU > 0.65.  Figures 5 and 6 show the effect of mean particle size in the feed
stream, λF, on the separation performance.  The λ50 data supports the hypothesis that drop
breakup may occur within the hydrocyclone inasmuch as λ50 > 4 microns and increases as
λF increases.  However, the data show that the apparent λ50 still remains below 10
microns.  This is a significant result and provides ample motivation to further develop the
mini-cyclone technology for produced water treatment.

Figure 7 indicates that the hydraulic performance of the mini-hydrocyclone is
similar to the larger 76 mm-diameter hydrocyclone.  Note that (PF-PO) ∝ 2

FQ  for higher
feed rates.  For equal inlet feed velocities, the feed flow rate to the mini-cyclone is about
58-times smaller than the capacity of the larger 76 mm-hydrocyclone.  A 76 mm
hydrocyclone can process about 100 λpm for (PF-PO) ≅ 5 bars, whereas the mini-
hydrocyclone can only process about 4 λpm at the same pressure drop. The inlet feed
velocity for the mini-hydrocyclone at 6 λpm is 26 m/s.  Clearly, such a large velocity
would reduce the particle size of the dispersion significantly.  Thus, mini-hydrocyclones
operating at an inlet velocity comparable to the inlet velocity of the 76 mm-hydrocyclone
requires a (PF-PO) ≅ 3-4 bars.  This is a significant practical result if the source of oily
water is at a relatively low pressure, such as ballast water on ships.

CONCLUSIONS

For feed rates between 2 and 3 λpm and for overflow to underflow split ratios
larger than 0.65, the modified 10 mm-hydrocyclone has a 50% separation cut-size below
10 microns for kerosene in water dispersions.  Thus, this type of deoiling hydrocyclone
may give a consistent underflow purity coefficient above 95% for produced water.



The 10 mm-diameter hydrocyclone with an overflow diameter of 2.4 mm (see
Figure 1) is not a scaled down version of the larger diameter, higher capacity
hydrocyclone.  Indeed, to attain the reported separation performance for the 10 mm-
hydrocyclone, QO/QU must be larger than 0.65 whereas stable split ratios for 76 mm-
diameter hydrocyclones are smaller than 0.04.

It is most significant that the onset of clarification (i.e., εU > 0) correlates with the
appearance of an air core on the axis of the 10 mm-hydrocyclone.  For a constant feed
rate, the absolute pressure of the feed stream must be reduced to obtain εU > 0.  This
surprising effect of the cavitation number on the separation performance of deoiling
hydrocyclones may provide an important clue on how to develop high-performance,
high-capacity hydrocyclones for cleaning produced water.
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The abilities of the UNIFAC group contribution method and a number of other empirical
correlations to predict the infinite-dilution activity coefficients (γ i

∞ ) of organic compounds in
water are evaluated.  A database of 119 priority organic compounds in organic-aqueous systems
was assembled for the evaluations.  The database included six classes of hydrocarbons:
aliphatic, monocyclic aliphatic, monocyclic aromatic, polynuclear aromatic, chlorinated, and
oxygenated hydrocarbons.

The evaluations suggest that several recent γ i
∞  models provide simple and reasonably

accurate predictions for trace concentrations of organic compounds in water (25% average
absolute deviation in γ i

∞ ).  As such, these γ i
∞  models should find many useful applications in the

environmental field of wastewater treatment and water reuse.



INTRODUCTION

Environmental regulations governing trace concentrations of priority pollutants in water
have become increasingly strict.  These regulations in the fields of water reuse and wastewater
management have contributed to the industrial significance of predicting the trace concentrations
of organic compounds in aqueous systems.  Typically, trace organic solutes are described in
terms of thermodynamic properties such as Henry’s constants, octanol-water partition
coefficients, and aqueous solubilities. The trace organic concentrations can also be calculated
directly from infinite-dilution activity coefficients.

Experimental methods used to measure the infinite-dilution activity coefficients suffer
from serious limitations [1-3]; accordingly, the use of generalized property models to calculate
trace organic concentrations is attractive.  Predictive models, such as the modified separation of
cohesive energy density model (MOSCED) proposed by Thomas and Eckert [4] and UNIQUAC
functional-group activity coefficients (UNIFAC 1993) proposed by Gmehling and coworkers [5]
are typically employed to predict infinite-dilution activity coefficients.  However, these models
are generally inadequate for predicting infinite-dilution activity coefficients of organic-aqueous
systems.  Thus, a need exists for generalized models capable of predicting the infinite-dilution
activity coefficients of various hydrocarbons in water with greater accuracy.

The objectives of this work are to (a) evaluate the ability of existing models for
predicting infinite-dilution activity coefficients of organic-aqueous systems, including UNIFAC
1993 [5], the Medir-Giralt (MG) correlation [6], the Dutt-Parasad (DP) correlation [7], and the
modified regular solution (MRS) equation [8] using a representative database of priority
hydrocarbons in aqueous solution and (b) compare the accuracy of the UNIFAC model and the
MRS equation in estimating trace concentrations of hydrocarbons in water.

MODEL EVALUATION

The ability of existing models to predict infinite-dilution activity coefficients of organic-
aqueous systems was evaluated using a representative database.  The database is composed of
chemicals in the following six classifications:  aliphatic hydrocarbons, monocyclic aliphatic
hydrocarbons, monocyclic aromatic hydrocarbons, polynuclear aromatic hydrocarbons,
chlorinated hydrocarbons, and oxygenated hydrocarbons.  All infinite-dilution activity
coefficient data were determined based on solubility data with the exception of the chlorinated
and oxygenated hydrocarbon data, which were measured by either gas-liquid or liquid-liquid
chromatography [8].

The 1993 UNIFAC Model

Group contribution methods, such as the ASOG [9] and the 1993 UNIFAC (UNIFAC-
93) [5] models, can be employed to estimate activity coefficients and other excess
thermodynamic properties of liquid mixtures when experimental data are unavailable.  In the
UNIFAC-93 model, the activity coefficient expressed in two parts, combinatorial and residual:
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The combinatorial part is a function of the molecular size and shape of the mixture components
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where r is the molecular volume parameter, q is the molecular surface area parameter, and x is
the liquid mole fraction.  The residual part is a function of temperature dependent interaction
parameters
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where T is the system temperature and a,b,and c are functional group interaction parameters.
Details of Equations 2 and 3 are given by Gmehling and coworkers [5].

Table 1 presents an overall summary of the performance of UNIFAC-93 model applied
to the database considered in this study.  With few exceptions, the predictions from this model
are unsatisfactory.  The deviations may be attributed in part to the inability of UNIFAC to
precisely represent intrinsic molecular structure (neighboring effect) [9].  In addition, poor
predictions in the infinite-dilute region, may be due to (1) the lack of reliable data in this region
resulting in unreliable interaction parameters, and (2) the inability of the model to duplicate the
large change in the slope of the infinite-dilution activity coefficients over a small range of liquid
mole fractions [8].

MG and DP Correlations

In contrast to theoretical models, several empirical schemes have been developed to
correlate infinite-dilution activity coefficients in aqueous systems.  Medir and Giralt developed
the MG correlation [6] for hydrocarbons in water with first order molecular connectivity as the
correlating parameter.  The general form of the correlation is given as,

2
1MD3C      1

1
2C      1C      1ln +ϑχ+=∞γ (4)

where ϑχ1
1  is the first order molecular connectivity of the organic solute and 1MD  is the dipole

moment of the organic solute.  A similar correlation was presented by Dutt and Parasad with the
DP correlation [7], using solute molar refraction, RM1, as an input parameter, where

1MR2C      1C      1ln +=∞γ (5)

A summary of the evaluation results for the MG [6] and DP [7] correlations is given in
Table 1.  The results show the correlations provide reasonable predictions for the infinite-
dilution activity coefficients of the organic solutes considered.  However, for the chlorinated



hydrocarbons where temperature dependence (293-323 K) is shown, larger deviations than the
MRS equation [8], described below, are observed.
The MRS Equation

The general form of the infinite-dilution activity coefficient of an organic solute (1) in
water (2) may be expressed as

∞γ+∞γ∞γ R
1ln      C

1ln   =   1ln (6)

where ∞γ R
1  represents the residual contribution of the activity coefficient, and ∞γ C

1 is the
combinatorial contribution, as given by the Flory-Huggins model.  The residual portion in the
regular solution equation is modified as
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where v1 is the molar volume, ρ is density, R is the universal gas constant, T is the system
temperature, ∆ is the property difference between the organic solute and water, and C1-C3 are
regressed parameters.  Following the studies of Kier and Hall [10] and Medir and Giralt [6], the
first order molecular connectivity was employed as a correlating variable.  The modification
seeks to provide simple structural characterization for the residual portion in the regular solution
equation.  The Flory–Huggins and Staverman-Guggenheim expressions are commonly used for
the combinatorial portion.  In a manner similar to the MOSCED model [4], an amended Flory-
Huggins expression was adopted in this evaluation since it gives better results for the systems
considered in this study.  The combinatorial portion is then expressed as
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where C4 is a regressed parameter.  The expressions given by Equations 7 and 8 constitute the
MRS equation [8].  Values for the regressed parameters for the various classifications of organic
solutes are presented in Table 2.

A summary of results for the MRS equation is presented in Table 1.  As indicated by
these results, average absolute deviations (log basis) are less than 2.3% for the organic solute
classifications, with the exception of the value for oxygenated hydrocarbons which is slightly
higher.

Discussion

The leading predictive methods, such as the MOSCED and UNIFAC-93 models, are
generally inadequate for predicting infinite-dilution activity coefficients of aqueous solutions.
Thus, a need exists for improved models, such as the MRS equation.  The comparisons among
the various models (Table 1) shows that, the MRS equation provides improved predictions
relative to the UNIFAC-93 model and the empirical correlations, MG and DP.



While the MRS equation is less general than the UNIFAC-93 model, it provides better
overall predictions for  the infinite-dilution activity coefficients of aqueous systems.  The MG
and DP empirical correlations contain fewer regression parameters and may be recommended for
some classes of organics; however, the MRS equation provides better overall representation of
the systems considered in this study.  Additionally, the MRS equation provides a built-in
temperature dependence lacking in the other empirical correlations.

ESTIMATION OF TRACE CONCENTRATIONS

Comparisons were made of the accuracy of the UNIFAC-93 model and the MRS
equation in estimating trace concentrations of representative organic solutes in water from each
of the organic classifications considered earlier.

For a given temperature and pressure, the equilibrium trace liquid mole fraction of a
hydrocarbon in water, may be calculated as
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where p is system pressure, and p° is vapor pressure.  This relation is based on the assumption of
low-pressure operations, where ideal gas behavior applies to the vapor phase.  Table 3 presents
the comparisons of infinite-dilution activity coefficients and trace liquid mole fractions predicted
by UNIFAC-93 model and the MRS equation with available literature data.

As indicated by Table 3, the MRS equation provides reasonable predictions of both
infinite-dilution activity coefficients and trace liquid mole fractions for a wide range of organic
solute structures.  For some solutes, UNIFAC-93 model yielded better predictions than the MRS
equation; nevertheless, the MRS equation is more accurate for most of the systems.

CONCLUSIONS

The use of molar density, first order molecular connectivity, and dipole moment as
correlating variables appears to be adequate for describing structural dependence of the residual
portion in the MRS equation.  For the classes of organic solutes considered, the MRS equation
compares favorably with existing models, including the 1993 UNIFAC model.  The quantitative
results suggest that the MRS equation provides simple and reasonably accurate predictions of
infinite-dilution activity coefficients and trace concentrations of organic solutes in aqueous
systems.
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Table 1.  Comparison of ∞γ1  Model Predictions

% Average Absolute Deviation in ln γγ∞∞(NPTS)
Solute Class MRS UNIFAC 93 MG DP

Aliphatic hydrocarbons 2.0 (45) 21.9 (45) 3.4 (45)  6.4 (45)
Monocyclic aliphatic hydrocarbons 1.3 ( 9) 13.7 ( 9) 1.8 ( 9) 2.0 ( 9)
Monocyclic aromatic hydrocarbons 2.2 (20)  7.6 (20) 3.2 (20)  2.5 (20)
Polynuclear aromatic hydrocarbons 2.3 (16) 10.4 (16) 2.6 (16)  4.0 (16)
Chlorinated hydrocarbons 2.0 (15) 34.4 (15) 6.6 (15)  4.6 (15)
Oxygenated hydrocarbons 6.1 (14) 19.4 (14) 7.7 (14) 10.5 (14)

Overall statistics 2.5 (119) 17.9 (119) 4.1 (119) 5.3 (119)

Table 2.  The MRS Model Parameters

Solute Class C1 C2 C3 C4

Aliphatic hydrocarbons -69,310 170 0.900 1.375
Monocyclic aliphatic hydrocarbons -76,972 301 0.930 1.487
Monocyclic aromatic hydrocarbons -59,373 -104 0.970 0.875
Polynuclear aromatic hydrocarbons -93,901 216 0.995 1.511
Chlorinated hydrocarbons -63,292 -323 0.963 0.000
Oxygenated hydrocarbons -52,513 156 0.878 1.245



Table 3.  Comparisons of Model Predictions for Representative Organic Solutes

% Deviation

ln γγ1
∞∞ Mole Fraction (x1)

Organic Solute MRS UNIFAC-93 MRS UNIFAC-93

ALIPHATIC HYDROCARBONS
     Ethane   2.8  17.4 - 16.9 -  68.3
     Butane - 1.4 -33.0   15.0  2597.8
     2,2-Dimethylpropane   1.1 -28.5 - 11.6  2337.5
MONOCYCLIC ALIPHATIC
HYDROCARBONS
     Cyclohexane   2.8 - 1.0 - 27.3    12.3
     Methylcyclohexane   2.9 - 9.7 - 31.2   247.4
     Cyclopentane   0.9  19.1 -  8.7 -  85.4
MONOCYCLIC AROMATIC
HYDROCARBONS
     Benzene - 2.9 - 0.7   25.3     5.4
     Toluene - 0.3 - 0.2    2.7     1.8
     m-Xylene   1.0 -12.5 -  9.8   262.2
POLYNUCLEAR AROMATIC
HYDROCARBONS
     Naphthalene   0.6  25.3 -  6.4 -  93.9
     1-Methylnaphthalene - 0.5 -15.1    6.5   564.3
     Phenanthrene   3.3 -14.8 - 37.9   758.4
CHLORINATED
HYDROCARBONS
     Chloroform   1.5 - 3.0 -  9.6    22.2
     1,1,2-Trichloroethane - 3.7 -41.1   31.0  1914.4
     1,1,2,2-Tetrachloroethane - 0.3 -20.9    2.5   469.1
OXYGENATED
HYDROCARBONS
     3-Pentanone - 5.2 - 4.9   29.0    27.4
     Propylacetate  11.0 - 6.1 - 46.6    41.5
     Phenol -13.9 -40.0  144.1  1340.5
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ABSTRACT

As the traditional pollutants of BOD5, solids, and COD have been significantly
reduced and controlled, regulatory attention has shifted towards the toxicity of pollutants.
Two of the most toxic and variable refinery process wastewater streams, Crude Desalter
(CD) effluent and Sour Water Stripper (SWS) effluent, were treated by an Aerated
Submerged Biological Filter (ASBF) reactor, a type of biological treatment during this
study.

The ASBF reactors were operated at six different COD loading rates.  The COD
loading of the CD reactor ranged from 3.5 to 13.9 gm COD/m2⋅d.  The SWS reactor COD
loading ranged from 13.0 to 33.2 gm COD/m2⋅d.  The percent COD removal varied from
approximately 50% to 85% for the units treating both crude desalter and sour water
stripper wastestreams.

Effluent toxicity was also monitored during this study.  Overall, the reduction in
toxicity improved with loading rate for the CD reactor.  The SWS showed improvement
in reducing toxicity with varying loading rates, but the reduction was not directly
correlated to increased loading rate.



INTRODUCTION

The 1987 Amendments of the Federal Water Pollution Control Act produced a
new emphasis on the toxic effects of effluents discharged into aquatic environments.  The
amendments state that "...it is the national policy that the discharge of toxic pollutants in
toxic amounts be prohibited" (1).  In the United States, the water pollution control efforts
have progressed from controlling "traditional" pollutants (oxygen demanding and
eutrophying materials) to controlling pollutants that adversely impact water quality,
aquatic life, and human life through toxic effects.  Industries, specifically refineries, have
sufficiently reduced and controlled traditional pollutants (BOD5 to 30 mg/L and
suspended solids to 30 mg/L).  Now they must focus on reducing the amount of
pollutants that are toxic to aquatic and human life.

A coalition of Oklahoma refineries has conducted cooperative Toxicity
Identification Evaluations (TIE) and Toxicity Reduction Evaluations (TRE) to comply
with the toxicity regulations and discharge permits.  The methods used in the cooperative
TRE to reduce toxicity of petroleum refinery process wastewater include the following:
(1) solvent extraction, (2) adsorption by activated carbon, (3) chemical oxidation, and (4)
biological oxidation.

During the TRE, biological oxidation has been successful in reducing the toxicity
of Crude Desalter (CD) wastewater, one of the most toxic and variable refinery process
wastewater streams.  The crude desalter wastewater contains hydrocarbons, the toxic
component of oil.  The toxic properties of crude oils appear to be related to the amount of
hydrocarbons present (2).

Desalting of crude oil is a primary process in a refinery because crude oil
entering a refinery contains small amounts of emulsified brine, free oils, ammonia,
phenol, suspended solids, and hydrocarbons.  The emulsified brine in the crude oil may
range from 0.1 - 2.0 volume percent and the brine may contain up to 25 weight percent
salt (mostly a sodium chloride) (3).  The salt content of the brine in the crude oil ranges
from 10 - 250 lb per 1000 barrels.  A salt content of 20 lb per 1000 bbls is considered a
maximum that can be tolerated in crude oil, but desalting operations are generally aimed
at a much lower value (4).  A high salt content can not be tolerated because inorganic
salts, particularly chlorides, break down during processing and cause serious corrosion
and fouling of equipment. (4).

The desalting process generates a wastewater containing high concentrations of
salt, oil, BOD5, COD, emulsions, hydrocarbons, and other water soluble materials.  In a
refinery, the desalter effluents often contribute a significant portion of the total refinery
BOD (3).

Previous work (5) on treating various refinery wastestreams has also identified
wastewater from a sour water stripper as toxic wastestream.  Untreated, stripped sour
water is a complex mixture of organic compounds consisting of some fractions that have
been shown to be acutely toxic (6).

This study investigated the ability of an ASBF to treat CD and SWS wastewaters
and produce a less toxic or non-toxic effluents.  An ASBF incorporates the best features



of both fixed film and completely-mixed suspended growth units allowing instantaneous
dilution of concentrated influents and maintenance of a high bacterial concentration (7, 8,
9).  An ASBF is a compact unit with no moving parts, is comparatively easy to operate,
and requires no effluent recirculation or sludge recycling for efficient operations (10, 11,
12).  In addition, an ASBF can handle typical refinery effluents as well as shock loads of
solvents and high strength phenolic wastes that commonly occur in oil refineries and
upset other types of biological processes (10, 11, 12).

Materials and Methods

The ASBF reactor is a hybrid of fixed film and activated sludge biological
reactors.  The ASBF reactors used in this study were plexiglass units with a cross section
of 24.1 cm x 24.0 cm, 22.8 cm depth, and an empty bed reactor volume of 10.16 liters.
The reactors contained fixed plastic media, similar to biological towers, for
microorganisms to attach to a specific surface area of 138 m2/m3 and a porosity of
approximately 98.7%.  The microorganisms were also suspended in the liquid,
encompassing the media, similar to activated sludge.  Air diffusers were positioned on
the bottom of the reactor at angles under a perforated plate located 1 cm above the bottom
of the reactor.  Compressed air at an average rate of two L/min was introduced through
four 10 cm long air diffusers to provide air to maintain an aerobic environment for the
microorganisms and to provide adequate mixing of the waste and microorganisms.
Completely mixed conditions were verified by performing a “dilute-in” tracer study.
Figure 1 is a schematic of the ASBF unit.

The ASBF was initially seeded with organisms taken from an aerated lagoon
from a refinery.  To acclimate the biofilm to either the CD wastewater or SWS
wastewater the feed solution was changed to a mixture of crude desalter and sour water
stripper wastewater.

Data were collected only during steady state conditions for at least two weeks.
Steady state was established by several successive low effluent COD readings and
approximately a 10% variation in effluent COD.

Experimental Procedures

To determine the treatability of the crude desalter and sour water stripper
wastestreams utilizing the ASBF, the unit was operated at room temperature (19-25o C)
utilizing six different COD (organic) loading rates for waste wastestream (Table 1).  The
loading rates were obtained by varying the flowrate, instead of the COD concentration of
the influent.  The COD concentration of the influent waste was unpredictable and varied
with refinery operations.  Almost all of the CD wastewater samples used in the research
were collected from CD unit #1 in the refinery.  The last sample came from CD unit #2
because a fire at the refinery inactivated unit #1.  The CD wastewater from CD unit #2,
used for the 4.5 g COD/m2*d COD loading, had a weaker COD than the previous
samples.  During all the loadings, settleable solids were wasted from the bottom of the
ASBF every other day to avoid excessive solids accumulation.

The wastewater collected from the refinery was analyzed prior to introduction to
the ASBF and during steady state runs.  The experimental procedure of the steady state
runs included several chemical tests conducted to characterize the wastewater, establish



the operation efficiency of the reactor, and determine correlations with toxicity.
Flowrate, DO (Dissolved Oxygen), and pH were analyzed every day.  COD (Chemical
Oxygen Demand), chloride, and solids were analyzed every other day.  Other parameters
such as BOD5 (5-day Biochemical Oxygen Demand), soluble metal, alkalinity, ammonia
nitrogen (N-NH3), organic nitrogen (N-organic) and sludge chloride (after sludge
digestion) were analyzed twice during each loading rate study.  The sulfide concentration
was analyzed at least four times during each organic loading study.  The samples for
these analytical tests were collected for approximately 2 weeks during each loading rate
study when the reactor reached steady state.

Analytical Methods

An Orion Research Oxygen electrode model 97-08-00 was used to determine
dissolved oxygen at the bottom of the ASBF.  The pH of the influent and effluent was
measured by a pH meter model Accument type 900 from Fisher Scientific that was
standardized at pH 7.0 and 4.0 before using.  Chemical methods developed by the Hach
Chemical Company in Water Analysis Handbook (13) were used to determine COD,
sulfide, chloride, and alkalinity of the samples.  Chloride tests were performed on the
influent, effluent, and digested sludge to track the salt concentration through the ASBF
reactor.  BOD5, solids, ammonia nitrogen, organic nitrogen, sludge settling test, and
sludge digestion were conducted according to Standard Methods for the Examination of
Water and Wastewater (14).  Metal analysis on the influent, effluent, and digested sludge
was conducted at the Soil, Water, and Forage Testing Laboratory in the Agronomy
Department, Oklahoma State University.  For metal analysis the samples were filtered
through Whatman no. 42 filter paper and then concentrated nitric acid (HNO3) was added
to the filtrate to maintain the pH < 2.  In addition the samples were stored at 4oC prior to
analysis.  The samples were analyzed for the following soluble metals:  calcium (Ca),
copper (Cu), iron (Fe), potassium (K), magnesium (Mg), sodium (Na), selenium (Se), and
zinc (Zn) using an Inductively Coupled Plasma Emission Spectroscopy (ICAP).

In order to determine the toxicity of the influent and effluent to aquatic life, a
static bioassay was performed twice for each loading condition.  The bioassays were
performed using Ceriodaphnia dubia (15).  The bioassays were set up using seven
containers for Ceriodaphnia with each container containing a different concentration of
feedwater and dilution water.  The dilutions used were 1, 3, 10, 30, 50, and 100 percent
by volume.  Very hard water was used for dilution water since test organisms were
cultured in very hard water and thus the dilution water was known to be non-toxic to the
test organisms (15).  Furthermore, it was determined that the hardness of the dilution
water as well as the samples were comparable.  Water used for dilutions was passed
through a Phototronix RGW-5 (Reagent Grade Water) system, then rehardened with
CaSO4 (240 mg/L), MgSO4 (240 mg/L), NaHCO3 (384 mg/L), and KCl (16 mg/L) (15).
A blank set using only dilution water was also run to ensure no mortality resulted from
exposure to dilution water.

Wastewater Characteristics

The wastewater from the participating refinery was shipped to Oklahoma State
University in 200 liter (55 gallons) Teflon® lined barrels once a month. The
characteristics of the wastewaters are listed in Tables 2 and 3.



The level of nutrient addition to the refinery wastewater required by the
microbial population was determined every time a new batch of feedstock was brought
from the refinery.  This was done by running a 5-day Soluble Biochemical Oxygen
Demand (SBOD5) analysis and calculating the nitrogen and phosphorous requirements.
The nutrients already present in the refinery wastewater were determined by analyzing
for nitrogen and phosphorous.  To enhance growth conditions, nutrients were added to
the influent to obtain a SBOD5: N: P ratio of 100: 5: 1 (16).

RESULTS

The performance of the ASBF was judged by its ability to reduce the organic
load to the unit using gross measurements like COD.  The toxicity data showing
increased LC50 values for the effluent also was used to determine treatment efficiency.
Due to the complex nature of the wastestream, it was virtually impossible to trace
reduction of any single compound through the ASBF.  The variability in the wastestream
coming directly from the process unit also made it difficult to maintain the loading rate at
a specified level.  Even though the COD of the feedstreams were measured as often as
possible, the variability (Figures 2 and 3) was such that it was difficult to alter the flow
rates into the reactor frequently enough to maintain a constant loading condition.

Normally, steady state conditions were reached within two to three weeks after
changing the flow rate which was used to effect a change in organic loading.  This was
the time required for the microorganisms to become acclimated to the new loading
condition.  The steady state was operationally defined as having the COD removal
efficiency vary 10% or less for a week prior to the start of data collection.  The ASBF
performed well and remained at steady state as long as there was no major variation in
the waste or the flow rate.

Crude Desalter

Each of the six different runs corresponded to different organic loading rates.
Figure 3 shows the variation of influent and effluent COD of the crude desalter
wastestream for each loading during the entire study.  The average effluent COD
concentration at steady state of the overall study was 202 +/- 49.8 mg COD/L.  With
respect to the highly variable influent (225 to 2080 mg/l COD) (Table 2), the effluent
concentration was practically constant at 200 mg/l COD.  Due process variability influent
COD concentrations in the final 3 runs were not as high as the influent concentrations in
the initial 3 runs.  Effluent concentrations of the final 3 runs were comparable to the
effluent concentrations of the initial 3 runs with a 10% variation.  The lowest achievable
effluent COD of any run seemed to be 200 mg/L COD, regardless of the influent
concentration.  This suggests that all the biodegradable matter was utilized leaving only
the refractory portion (200 mg/L COD).  The base effluent COD (200 mg/L COD) is
shown in Figure 3.  Thus, the low base effluent COD and the low influent COD in the
final 3 runs are the reasons for the lower COD removal as shown in Figure 3.  Figure 4
shows the average percent COD removal in each run.  Because the only value of effluent
COD that can be achieved regardless of the influent COD is the base effluent COD of
200 mg/L, the percent removal of total COD is not particularly informative.  Near 100
percent conversion of biodegradable COD is indicated at all loadings tested.



The percent COD removal in the 13.7 g COD/m2*day loading appeared low
compared to the percent COD removal at 7.5 and 10.5 g COD/m2*day loadings due to the
less variable influent COD and the base effluent COD of the loading.  The 13.7 g
COD/m2*day loading also had a low HRT as a result of the low COD influent
concentrations, the high flowrates, and large amounts of waste needed to reach the COD
loading.  The low HRT (6.3 hrs) caused suspended solids to be washed out with the
effluent.  During this high loading (32 g COD/m2*day) the average effluent solids
concentration was 42.8 mg VSS/L with average waste sludge solids concentration of
573.6 mg VSS/L and average suspended solids concentration inside the ASBF of 282.0
mg VSS/L.  Even with a low HRT, solids washout, and low influent concentrations the
same low effluent concentration was achieved as in all the other loadings, illustrating the
ruggedness of the system.

In spite of the difficult circumstances that occurred during the 9.6 g COD/m2*d
loading the same low effluent COD concentration was achieved.  At the beginning of the
run, the airflow to the ASBF was accidently turned off for over 12 hours.  Next, the
electricity and heat in the building in which the ASBF was located were turned off for 24
hours for maintenance reasons.  Finally, the ASBF was put on feeding only maintenance
for 3 days during Christmas break.  Thus, the ASBF is very stable under taxing
environmental conditions and low COD effluent was still produced.

The solids data from the 9.6 gm COD/m2*day loading showed that the
microorganisms in the ASBF were dying, sloughing off the media and being suspended
in the liquid until wasting.  The average effluent solids concentration was 59.0 mg
VSS/L, average waste sludge solids concentration was 1091.8 mg VSS/L, and the
average solids concentration inside the unit was 189.2 mg VSS/L.  Thus, there was a
larger amount of solids in the effluent and the waste sludge in the 9.6 g COD/m2*d
loading than in the 13.7 g COD/m2*d loading.  This suggests the microorganisms did not
have enough substrate to survive at the lower loading rate.

Even though the CD wastewater used in the 4.5 g COD/m2*d loading came from
unit #2 instead of unit #1, the same low base effluent COD was achieved.  The crude
desalter wastewater from unit #2 was weaker, in terms of COD, than the waste from unit
#1, but it did not to impact the effluent COD concentration.  Also, the percent COD
removal in the 4.5 g COD/m2*d was within the allowable 10% variation from the percent
COD removal in the 3.5 g COD/m2*d loading because the influent COD concentrations
of the loadings were similar.

During the 4.5 g COD/m2*d loading, the trend of microorganisms dying,
sloughing off the media, and being suspended in the liquid continued.  Thus, at this
loading as in the 9.6 g COD/m2*d loading, the substrate concentration was not high
enough for the microorganisms to survive.  The solids data indicated the organisms that
were suspended in the liquid settled to the bottom when the air was turned off and
appeared in the waste sludge.  The average effluent solids concentration was 13.2 mg/L,
and average waste sludge solids concentration was 1382.2 mg/L with the average solids
concentration inside the unit of 372.2 mg/L.  The washout of the effluent mass at the high
loading and the increase in suspended solids and waste sludge mass with decreased
loading rate are presented.

The effect of organic loading on COD removal efficiency are shown on Figure 4.
Upon first inspection, the removal efficiency appears to be independent of the loading.



This independent phenomenon is possible because even at low HRT or different influent
concentrations the same effluent concentration was achieved.  In addition, the position of
the 3.5 g COD/m2*d loading points in Figure 4 indicates that the biofilm may have been
immature and the unit may not have been at steady state.  Figure 4 also shows two
distinct phases in the data corresponding to the initial 3 runs and the final 3 runs.  The
phases seem to be due to the variation in influent COD concentrations between the initial
3 runs and final 3 runs.   The different influent COD concentrations coupled with the base
effluent COD concentration causes the difference in percent COD removal.

Other than COD removal rate, the other characterization tests show the
performance of the ASBF.  The average BOD5 removal of was 80% and the average
effluent BOD5 was 18.6 mg/l.  As expected, BOD5 removal in the ASBF was higher than
the COD removal due to the refractory components in the waste, which do not create an
oxygen demand in the BOD test, but do create an oxygen demand in the COD test.  The
low effluent BOD5 concentrations indicate that most of the biodegradable portion of the
waste is consumed.  The high BOD5 removal is an excellent feature of the ASBF and
makes it an excellent candidate for a petroleum refinery process treatment system which
is discharged directly into the receiving stream.

The chloride characterization test was conducted to monitor the toxic effects of
the high salt content in the CD wastewater.  The chloride concentration in the influent
and effluent varied around 2000 mg/L for the loading of 13.7 gm COD/m2⋅day to around
4000 mg/L with spikes as high as 8000 mg/L for the loading of 4.5 gm COD/m2⋅day
(Figure 5).  The chloride concentration of the sludge was determined to track the chloride
concentration through the ASBF.  The variation in the influent chloride concentration can
be attributed to differences in crude oil and unit process performance in the refinery.  The
chloride concentration in the influent and effluent was approximately the same while the
sludge concentration was noticeably higher than both.  The high sludge concentrations
could be due to the chlorides adsorbing to the sludge.

The chloride concentration in the influent and effluent were definitely not high
enough to produce toxic effects in the microorganisms in the ASBF.  The toxic chloride
concentration for activated sludge is 15,000 mg/L that was not exceeded in the influent or
effluent concentrations (17).

The toxicity results indicated the ASBF reduced the toxicity of the influent that is
increased the L50 (Table 4) in the vast majority of the samples tested.  An initial aeration
toxicity test using an ASBF reactor fed CD wastewater but containing no microorganisms
was conducted.  It confirmed the belief that the biological activity in the ASBF and not
simple aeration removed the toxic components.

Sour Water Stripping

The ASBF was operated at six different Chemical Oxygen Demand (COD)
loading conditions (Table 1).  The loading rates were changed by varying the flow rate
and keeping the substrate concentration as constant as possible.  The substrate conditions
varied from time to time (Table 3), depending on the refinery operating conditions, as
shown in Figure 2.  Hence the loading rates could be kept only within a particular range
rather than an exact value.



The average percentage COD removal ranged from 90% at a loading rate of 12.0
gm COD/m2⋅day to 49% at the highest loading rates of 32 gm COD/m2⋅day (Figure 6).
The average percentage SBOD5 removal followed a similar pattern as COD and ranged
from 90 to 64%.

At lower loading conditions the ASBF gave maximum reduction of all monitored
parameters except ammonia.  At the higher loading conditions the reductions were
smaller because the unit was approaching its maximum organic loading capacity.  At a
high loading rate such as 32.0 gm COD/m2⋅day, difficulties were encountered in
maintaining steady state conditions indicating that the unit was approaching maximum
organic loading capacity.

Based on the results obtained from this study, a number of conclusions can be
drawn about the performance of the ASBF used to treat SWS wastewater.  At the lower
loading rates higher removal efficiencies were obtained than at higher loading rates.  The
toxicity of the ASBF effluent is less than the influent, for the majority of the samples, as
shown by the increase in LC50 (Table 5).  The relationship for the pH dependence of
acute ammonia toxicity is that the acute ammonia toxicity is equal to the LC50 value at a
pH 8.  This relationship is used for pH's 8.0 and above.  The pH of the ASBF unit
effluent was always greater than or equal to 8.0.  For pHs' above 8.0 the theorectical toxic
LC50 concentration of un-ionized ammonia for Ceriodaphnia has been determined to be
3.0 mg/L (15).  The concentration of the un-ionized ammonia in the effluent (2.4-3.4
mg/L) was close to the theoretical toxic concentration.  Since the pH of the effluent is
higher more of the ammonia exists in an un-ionized form and may be the dominant
fraction that causes toxicity in the effluent.

CONCLUSIONS

Wastewaters coming directly off the refinery process units were treated in this
study. With CODs and BOD5s were at least two to three times greater than those of
municipal wastewater.  Therefore, results similar to a municipal plant should not be
expected and taken as a sign of poor reactor performance.  The ASBF has potential in
terms of treatment ability due to its ease of operation relative to other biological systems,
its ability to withstand a certain amount of influent substrate variation and demonstrated
ability to remove wastesteam toxicity.

In most cases studied, the acute toxicity removal produced by the ASBF was
substantial.  Even though the acute toxicity of the waste treated by the ASBF is reduced,
the chronic toxicity of the waste may not be reduced.  In the future, chronic toxicity tests
need to be conducted on the CD wastewater to confirm its chronic toxicity tendencies.
The results indicated that at chloride concentration higher than 5000 mg/L toxicity will
occur.  Thus, the chloride concentration of the CD wastewater must be monitored to
prevent chloride toxicity in the receiving stream.  The large chloride concentration in the
sludge may create some waste disposal problems.

The COD removal from the ASBF treating the CD wastestream was in the range
of 50% to 89% with BOD5 removal of approximately 88%.  For the unit treating SWS
wastestream the COD removal ranged from 49% to 90% with the BOD5 removal ranging
from 64% to 90%.



Additional research should include developing a kinetic model that incorporates
toxicity units.  The model is needed since current regulations emphasize toxicity units.
The model is needed since the regulations emphasize toxicity instead of BOD5 or COD
concentrations.  This will be a difficult challenge because the composition of the process
wastes, such as crude desalter and sour water stripper, vary with normal variation in
process operations.  The variation in waste causes a variation in the toxic constituents of
the waste.  There is still much research to be done for further understanding of biological
kinetics and the toxic components of industrial wastewaters.
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Table 1. Reactor Organic Loading Rates and Hydraulic Residence Times.
Sour Water Stripper Crude Desalter

Organic Loading
Rates

(gm COD/m2⋅d)

Hydraulic
Residence Time

(hrs)

Organic Loading
Rates

(gm COD/m2⋅d)

Hydraulic
Residence Time

(hrs)
12.9 31.3 3.5 24.9
14.0 30.4 4.5 11.6
19.8 16.5 7.0 43.7
21.0 18.9 9.6 11.4
24.0 13.5 10.5 21.9
32.0 12.4 13.7 6.3

Table 2. Influent Crude Desalter Wastewater Characteristics.
Parameter Minimum Maximum
COD, mg/L 225 2080
SBOD5, mg/L 117 290
NH3-N, mg/L 6.5 18.0
Org-N, mg/L 0.5 5
Sulfide, mg/L 0.03 0.33
Chloride, mg/L 1300 8400
Alkalinity (as CaCO3), mg/L 50 1000
pH, S.U. 6.5 8.4

Table 3. Influent Sour Water Stripper Wastewater Characteristics.
Parameter Minimum Maximum
COD, mg/L 1240 2800
SBOD5, mg/L 633 2040
NH3-N, mg/L 2.38 72.5
Org-N, mg/L 0.8 5.8
Sulfide, mg/L 0 0.15
Phenols, mg/L 174 327
Alkalinity (as CaCO3), mg/L -- --
pH, S.U. 5.65 10.10



Table 4. Toxicity Measurements for Ceriodaphnia (Crude Desalter).
Bioassay 1 Bioassay 2Loading

gm/m2⋅d Inf./Eff. 24 hr. LC50 48 hr. LC50 24 hr. LC50 48 hr. LC50

4.5 Inf.
Eff.

45.18
45.18

14.23
38.73

65.25
61.24

38.73
54.19

9.6 Inf.
Eff.

57.47
100

30.00
86.60

57.47
61.24

41.95
61.24

13.7 Inf.
Eff.

100
100

70.71
100

69.20
100

57.47
75.00

3.5 Inf.
Eff.

77.5
32.5

70.00
<1

70
77

57.47
75.00

7 Inf.
Eff.

38.5
70

14.5
70

65
100

20
100

10.5 Inf.
Eff.

36.25
100

36.25
100

17.25
100

17.25
100

Table 5. Toxicity Measurements for Ceriodaphnia (Sour Water Stripper).
Bioassay 1 Bioassay 2Loading

gm/m2⋅d Inf./Eff. 24 hr. LC50 48 hr. LC50 24 hr. LC50 48 hr. LC50

12.9 Inf.
Eff.

2.0
16.0

7.0
10.0

19.8 Inf.
Eff.

8.0
32.0

14.0
26.0

32.0 Inf.
Eff.

7.0
23.0

5.5
9.5

21.0 Inf.
Eff.

52.0
42.0

6.2
17.0

14.0 Inf.
Eff.

17.2
38.0

6.1
34.0

24.0 Inf.
Eff.

7.4
38.0

15.5
100



Figure 1. Reactor Schematic.
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Figure 2. Sour Water Stripper Influent and Effluent COD vs Time.



0

500

1000

1500

2000

2500

0 50 100 150 200 250 300 350 400 450

Days

C
O

D
, m

g
/L

Influent

Effluent

Figure 3. Crude Desalter Influent and Effluent COD vs Time.
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Figure 4. Percent COD Removal vs Organic Loading for Sour Water Stripper.



Figure 5. Chloride Concentrations in Crude Desalter Wastestream for Final Three Organic Loadings (13.7, 9.6, and 4.5 gm COD/m2⋅day).
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Refinery Wastewater Management Using
Multiple – Angle Oil Water Separators
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Abstract

In this work, an overview of oil-water separation as used in the petroleum refining
industries is presented along with case studies.  Discussions include impact of solids, legal
aspects, and differing types of systems currently in use along with advantages and
disadvantages.  Performance information on separators is presented with emphasis on new
multiple-angle coalescing plate technology for refinery wastewater management.

Several studies are presented including a large (20,000 US gpm flow rate) system
recently installed at a major US refinery.  The separator was constructed by converting two
existing API separators into four separators and adding multiple-angle coalescing plates to
increase throughput and efficiency.  A year of operating experience with this system indicates
good performance and few problems. Other examples provide information on separators
installed in the United States and other countries.
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oil-water separator, coalescence, refinery, wastewater,



Background and Introduction

Oil has been refined for various uses for at least 1000 years. An Arab handbook written
by Al-Razi in approximately 865 A.D. describes distillation of “naft” (naphtha) for use in lamps
and thus the beginning of oil refining (1). The main product of early commercial-scale
refineries was kerosene, used as a substitute for whale oil.  Gasoline and heavier fractions were
considered waste disposal problems (2). 

Oil production and oil refinery wastewater streams have caused environmental
problems for many years. In the 1950's Soviet refineries were discharging wastewater
containing up to 4000 mg/L of oil on a regular basis (3).  As late as 1973, German law required
only 95% removal of oil.  This has the implication that of 100 L of fuel oil entered a refinery
separator, 5 L could exit with the outlet water, rendering about 5 million L of  water
undrinkable (4).

Refinery effluent water contains various hydrocarbon components including gasoline
blending stocks, kerosene, diesel fuel and heavier liquids.  Also present may be suspended
mineral solids, sand, salt, organic acids and sulfur compounds.  The nature of the components
depends on the constituents of the inlet crude oil as well as the processing scheme of the
refinery (5).  Most of these constituents would be undesirable in the effluent water, so it is
necessary to treat the water to remove the contaminants.

Legal Considerations

In 1965, a United States District Court found that an accidental discharge of aviation
gasoline into navigable waters did not constitute a violation of the Rivers and Harbors Act of
1899 because gasoline ‘was not such as to impede navigation”(6).  A few years later, in 1973,
the United States Supreme Court ruled that the Congress did intend the regulation of pollutants
under both the Rivers and Harbors Act and the Clean Water Act (6).                                          
                                                 © Kirby S. Mohr, 1998

In the United States, refinery outfall water quality is governed by National Pollutant
Discharge Elimination System (NPDES) permits granted under the Clean Water Act. 
Administration is generally by the various state environmental agencies under the supervision
of the United States Environmental Protection Agency (EPA).

In addition to regulating outfalls from the process sewers, the Clean Water Act passed
in 1972 required the EPA to set up a stormwater management program to manage the
stormwater discharge from industrial and construction sites under NPDES permits.  This
includes sites that have any rainwater effluent from outdoor storage of either raw materials or
finished goods.  Included in individual permit applications are a quantitative requirements for
“oil and grease”, TSS, COD, pH, BOD, total phosphorous, TKN, and nitrate plus nitrite
nitrogen.  Sampling for contaminants is mandated, and samples must be collected from the
discharge resulting from a storm greater than 0.1 inch, and at least 72 hours from the latest



measurable storm event (7).  All US refineries have NPDES permit requirements they must
meet to remain in operation.

Toxic and Other Undesirable Effects of Oil on Life

Undesirable effects of hydrocarbons in water include taste and odor contamination in
addition to toxicity.  Petroleum hydrocarbons in concentrations as low as 0.5 mg/L can impart a
perceptible unpleasant taste (5) whereas concentrations as low as 10 to 100 µg/L can adversely
affect aquatic organisms (8). Napthenic acid from refineries can have a toxic effect on plant and
animal life at concentrations as low as 0.5 mg/L (5).  Hydrocarbons, especially aromatic
hydrocarbons, are toxic and/or carcinogenic to humans and animals as well as to aquatic life
where feeding or reproductive behavior may be altered. Cattle drinking water containing oil are
often affected by diseases of the alimentary tract (5).

Gasoline is particularly high in aromatic content because aromatic compounds such as
benzene and toluene are high octane blending components (2).  Most of the components of
gasoline are very volatile and tend to evaporate from roadways and parking lots (9) and are
therefore not present in stormwater runoff.  However, some of these components may still be
present in refinery wastewater streams.

Sources of Oily Wastewater and Collection Systems

Wastewater in refineries (other than domestic waste) originates from either process
water streams or rainwater, although some coastal refineries will also have ship’s ballast water
to treat as well (10).   The size of most refinery separator systems is determined by the
stormwater flow (11).

In some older refineries, the wastewater system was designed to collect all wastewater
streams into a single sewer system and direct them together to oil separators, which were
sometimes very simple pits and sometimes API separators (2).  This sewer design had the
undesirable effect that generally oil-free waters, such as lawn and roof runoff, were mixed with
more contaminated process sewers and storm runoff water from diked areas, tank car and truck
loading facilities.

Ballast water from ships contaminated with light hydrocarbons such as gasoline will
contain only small amounts of hydrocarbons until the tanks are almost pumped empty because
of separation within the tank, but ballast from tanks containing heavy fuel oils may be expected
to have hydrocarbons dispersed throughout.   Ballast water may also contain solid particles of
silt, sand, clay, and rust (10).

Another possible source of oil in water is cooling water.  In many refineries, cooling
water systems are closed-loop designs, but some refineries still use once-through systems,
particularly coastal refineries and those on large lakes and rivers.  One large US inland refinery
uses 5.05 m3/sec (80,000 US gpm) of water from Lake Michigan for once-through cooling
water (12).  A real possibility of environmental contamination from once-through cooling water



systems exists, and many refinery engineers are considering the risks of contamination and
possible safeguards against problems (13).  

Oil in Refinery Wastewater

Oil in a refinery wastewater stream may exist in one or more of three forms (14):

Free oil: This is defined as oil in the form of separate oil globules of sufficient size that they
can rise as a result of buoyancy force to the top of the water.  Separators may readily be
designed to remove this type of oil.

Emulsified oil: This is oil in the form of much smaller droplets or globules with a diameter
of 20 microns or less which form a stable suspension in the water.  According to the API, a true
emulsion will not separate by gravity “regardless of how long a true oil-water emulsion stands
under quiescent conditions.” For design purposes, the term emulsified oil may also be applied
to emulsions where the droplets are so small that they will not rise at a rate that allows a
practical size separation device.  It is possible to design enhanced gravity separators to treat
waters containing this type of oil, but generally it is only practical for small flow rates (15).

Dissolved oil: Truly dissolved oil may not be removed by gravity separation and other
methods must be adopted.  Such means include biological treatment, adsorption by activated
carbon or other adsorbents or absorbents.

Separator Efficiency Required

It is generally accepted that a sheen will form on the surface of the water if
hydrocarbon concentrations are more than 15 mg/L (16).  The presence of a sheen is not
acceptable under the conditions of the Clean Water Act, so it is necessary to remove
hydrocarbons to an effluent concentration of 15 mg/L or less.  The Clean Water Act allows
local authorities to set more stringent requirements; and regulations in the Puget Sound,
Washington area require an effluent concentration of 10 mg/L or less (17).  Some countries
have even more stringent rules; for example Canada requires 5 mg/L or less for inland water
discharges (18).

In a survey done by the API in 1985 (14), fewer than half of the separators designed
according to the API design method were generating effluent qualities less than 100 mg/L. 
Approximately one third of the separator effluents contained hydrocarbons in excess of 200
mg/L, so API separators are generally not acceptable as final treatment systems.  API separators
are designed for removal of 150 micron and larger droplets, so it follows that either a
substantial percentage of the incoming droplets are smaller than 150 microns or the API
separators do not perform as well as they are designed to do.

It is sometimes possible, under favorable conditions to achieve effluent oil contents of
10 mg/L or less with pure gravity separation, but where regulations require oil contents



consistently below 10-20 mg/L, systems in addition to gravity separation are normally installed
(13).    Enhanced gravity systems such as those including coalescing plates or air flotation
systems may be used or additional downstream processing may be required.

Separation by Gravity

Separation of oil from refinery wastewater is carried out almost exclusively by gravity
separation using flotation of the oil droplets in the water, either natural or enhanced.  Natural
gravitational separation is carried out in American Petroleum Institute (API) separators and in
large tanks.  Enhanced gravitational separation is accomplished in centrifugal units, air flotation
and flocculation units, and in the various types of coalescing plate separators (14).  Other
possible methods of separation such as distillation, reverse osmosis, or adsorption may be
generally too expensive or energy intensive to be used in treating the large flow rates
encountered in refinery wastewater.

The hydrocarbons in the influent of a refinery separator are present in a spectrum of
droplet sizes (14).  The hydrocarbon content of the separator effluent is made up of those small
droplets that are not removed by the separator.  The droplet size that must be removed to attain
a given effluent concentration depends on the specific gravity of the hydrocarbons in the inlet,
amount of hydrocarbons present, and the average droplet size present in the inlet stream (19).

To calculate the required size of a gravity separator, it is first necessary to calculate the
rise velocity of the oil droplets.  The size of the separator is then calculated by considering the
path of a droplet entering at the bottom of one end of the separator and exiting from the other
end of the separator.  Sufficient volume must be provided in the separator so that the oil
droplets entering the separator at the bottom have time to rise to the surface (and be captured
there) before the water carrying the droplets exits the opposite end of the separator.

The droplet rise velocity is given by Stokes's law (20):

Where:             Vp = droplet settling velocity, cm/sec
G   = gravitational constant, 980 cm/sec2

µ    = absolute viscosity of continuous fluid (water), poise
          dp  = density of particle (droplet), gm/cm3

dc  = density of continuous fluid, gm/cm3

D   =  diameter of particle, cm

From the above equation it may be seen that the most important variables are the
viscosity of the continuous liquid, density difference between the continuous liquid and the
droplet, and the droplet size.  After these are known, the rise velocity and therefore the size of
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separator required may be calculated. Stokes's equation was originally developed to describe
the motion of solid particles falling in a liquid, so a droplet rise velocity is a negative number. 

Conditions for validity of the Stokes’s Law calculation are:

1) Particles are spherical,
2) Flow is laminar, both horizontally and vertically, and
3) Particles are the same size.

For separation of oil droplets from water, these conditions can be met because:

1) Oil droplets are spherical because surface tension (more properly interfacial tension between
the water phase and the oil) minimizes the surface area, making the droplets spherical.
2) In an enhanced gravity separator, flow is laminar because the separator is designed to retain
the Reynolds Numbers under the laminar limit.  It should be noted that this is very difficult or
impossible to attain in an API separator due to the large size of such separators.
3) The oil droplets will not be the same size, unless specifically made in a single size in a
laboratory, so it is necessary to do numerous rise rate calculations for the various sizes expected
to be present in the influent.

The viscosity of the water is readily obtained from literature data. The design of such
separators often requires design over a wide variety of temperatures (and therefore viscosities)
to account for summer and winter conditions.  Flow rates and hydrocarbon content of the water
must be determined or estimated for the particular system.

Types of Separators Typically Used in Refinery
Wastewater Management

Many types of separation methods have been used to remove oil from refinery
wastewater with varying degrees of success (19).  Some of the systems currently in use are:

• API separators
• Flocculation units
• Dissolved and Induced Air flotation (DAF and IAF) units
• Coalescing  plate separators
• Multiple angle separators

API Separators

The design of API separators is based on the criteria developed for the API during a
three-year study begun in 1948 at the University of Wisconsin.  These criteria were developed
to be voluntary guidelines for designing separation systems.  API separators are designed to
remove 150 micron and larger droplets and to generate effluent oil concentrations down to
about 150 mg/L (14).  Because this does not meet the requirements of the Clean Water Act,
API separators are usually not adequate to meet environmental requirements for discharge.  In
addition, the large size required by the API separation design criteria leads to Reynolds



Numbers on the order of 104 to 105, ensuring that turbulence is present, thus contributing to
mixing and subsequent re-entrainment of oil droplets (21). API separators are normally
provided as part of the refinery operation because of the large amount of recoverable oil in
refinery wastewater (19).

Oil droplets rise according to Stokes’s law, but considerable turbulence and short-
circuiting usually prevails in an API separator (22).  For this reason, an API separator will
usually not perform as well as predicted by Stokes’s law, because Stokes's law is only valid
under laminar flow conditions.  Variable turbulent and/or short-circuiting operating conditions
can also result in variable effluent oil and grease concentrations.

Rebhun and Galil (23) reported oil removals by an API separator in an oil refinery to
be about 70%, with effluent hydrocarbon content averaging about 75 mg/L, although the
content varied widely.  Subsequent treatment with flocculation and a Dissolved Air Flotation
(DAF) unit reduced the concentration to about 20 mg/L.  To make this separation, about 40
mg/L of aluminum sulfate (alum) was required and 300 m3/day of sludge was produced.

Hydrocarbons in effluent water from API separators have been reported to be as low as
20 mg/L, but average about 35-60 mg/L with quantities up to 115 mg/L reported (13).  A
schematic of a typical API separator is illustrated in Figure 1.

Flocculation Units

Chemical flocculation units may be used where it is desirable or required to remove
additional suspended solid particles not removed by gravity separation and/or to remove
particulate sulfides in the water.  The flocculants used are generally aluminum or ferric salts. 
They are added to the water and the resulting mixture gently agitated and circulated until the
floc reaches a settleable size.  This must be carried out at somewhat elevated pH conditions of
8.5-9.0.  Oil, solid particles and precipitated sulfides are enmeshed in the ferric or aluminum
hydroxide floc thus generated (13).

Kalbfus (24) discussed results of treatment of oil refinery effluent in European
refineries and mentioned as an example that in one refinery the n-C16H34 concentration exiting
the API separator was 80 µg/L, and chemical flocculation decreased this to about 0.4 µg/L. 
Subsequent biological treatment decreased this to about 0.2 µg/L and all hydrocarbons down to
0.5  µg/L.

Advantages:

Some sulfides are removed along with the oil and solid particles and some removal of
oxygen demand is accomplished.  It is possible to attain relatively low levels of hydrocarbons in
the effluent water.

Disadvantages:

Large quantities of hydrocarbon containing sludge are produced because about 100
mg/L of flocculant chemical is required (13).  Purchasing the flocculant chemicals can
constitute a substantial operating expense.  Oil removed in this step is difficult to recycle
because it is mixed with the inorganic components of the sludge.



Air Flotation Separators

Air flotation separators, both dissolved air flotation (DAF) and induced air flotation
(IAF) separators utilize air bubbles attached to the oil droplets to aid flotation of the oil.  DAF
and IAF are reported to be effective in treating some wastewater containing hydrocarbons close
in specific gravity to water that are difficult to remove by gravity.  The air bubbles reduce the
net specific gravity of the hydrocarbon air composite droplets, thereby increasing the rise
velocity of the droplets. 

To assure maximum effectiveness in an air flotation separator, it is necessary to provide
chemical coagulation and flocculation (22).  Tests reported by Morrison (11) indicated no
improvement in the operation downstream of a coalescing plate separator and suggested that the
use of flotation is not recommended.

Advantages:

Heavy oils and solid particles may be removed effectively by the use of DAF OR IAF
systems and low levels of hydrocarbons may be attained.

Disadvantages:

The capital cost of the equipment may be high, and purchasing the flocculant chemicals
can constitute a substantial operating expense.  Oil removed in this step is sometimes difficult
to recycle because it is emulsified.

Coalescing Plate Separators

Coalescing plate separators and other enhanced gravity separators were developed to
reduce the distance the droplets must travel before capture, therefore reducing the size of the
separator required (25).  During the late 1950’s, J. Cornelissen of Shell Oil at the Pernis
refinery in the Netherlands developed the “tilted plate” type separator. The design was
developed because conventional API separators required too much space and were not
sufficiently efficient.  The system was subsequently licensed to a Dutch firm for sale (25).

API publication 420, Section 2.1.5 (14) includes an example size calculation for an
API separator treating a flow rate of 4490 US gpm, 105 degrees F, and a hydrocarbon specific
gravity of 0.92.  The calculations in the example indicate that 6 channels, each 18 feet wide and
105 feet long and with a water depth of 6 feet will be required.  Calculations performed using a
Facet International, Inc. proprietary computer program indicate that with the use of 720 cubic
feet of multiple angle coalescing plate media a better separation can be accomplished in two
channels, each 15 feet wide and 21 feet long and with a water depth of 6-1/2 feet.  The program
assumes the use of proprietary media spaced at a nominal ½”.

Advantages:

Advantages of coalescing plate separators over API separators are improved separation
of both oil and sludge, laminar flow between plates, efficient flow distribution not disturbed by
wind, easy removal of sludge, self-cleaning properties, compact size, and low construction cost.
 Solid particles larger than 10 microns are almost completely removed (11). Hydrocarbon



content in effluent water from coalescing plate separators has been reported to be as low as 10
mg/L, but averages between 10 and 30 mg/L (13).

Disadvantages:

Disadvantages include plugging if overloaded with solids, careful sealing required
around the coalescing plates, and possible overflows of water and oil over the plates.

Multiple Angle Separators

Multiple angle separators were developed to correct some of the problems associated
with the use of coalescing plate separators, notably plugging with solid particles. Multiple angle
separators utilize coalescing plates that are corrugated in two directions instead of only one.  A
typical multiple angle plate pack is shown in Figure 2. In testing after initial development of the
multiple angle separators, it was found that oil removal was also enhanced over standard
coalescing plate separators (26).  It is thought that this is due to enhanced shedding of oil film
from the plates, but no research has been completed to substantiate this mechanism. 

Advantages:

Multiple angle separators are designed to ensure low Reynolds numbers and therefore
laminar flow.  In laminar flow regimes, Stokes’s Law requirements are met and oil and solids
removals are predictable.  Multiple angle separators are efficient at removing the oil droplets
from the water as a film on the underside of the plates well as shedding the accumulated oil
film to the top of the separator for removal and recycling. Other advantages of multiple-angle
separators include low operating and maintenance costs because operation is by gravity.  Short
travel distances along the plates for solid particles before the particles can be dumped to the
bottom of the separator help eliminate plugging by solids particles.  Low concentrations of
hydrocarbons in the effluent water may be attained (27).

Disadvantages:

Multiple-angle coalescing plate separators are sensitive to upstream conditions and not
suitable for use in systems where the inlet water is provided by a centrifugal pump.  They
become large when the average inlet droplet size is small, the hydrocarbons to be separated are
close in specific gravity to that of water, or the operating temperature is low (27).  These are
disadvantages of all gravity type separation type systems.

A typical installation of multiple-angle coalescing plates in an underground vault is
shown as Figure 3. Some specific examples of the application of multiple angle separators are
provided below.

Examples of Operating Systems

Stormwater from a large US refinery:

In 1996, it was decided that the stormwater processing facilities in a large US refinery
were not adequate to properly treat the flow expected during a large storm.  The system
consisted of two API type separators, each 18 feet wide and approximately 80 feet long.  The



original design for these separators was for a total of 8000 US gpm total, and it was desired to
increase the design flow to 20,000 US gpm.  The hydrocarbons to be removed are basically
those expected to be washed off of soils within the refinery which have come into contact with
oil over years of operation (28).

The two API separators were converted into four cells by adding multiple angle
coalescing media packs 90 inches tall, divider walls, and additional inlet/outlet piping so that
the previous separators were cut approximately in half.   New inlet perforated plate flow
distributors were added and an existing horizontal pipe skimmer was relocated.  Figure 4
provides a plan view of the revised system.

Each separator cell was provided with a total of 408 cubic feet of effective multiple
angle coalescing media.  The normal flowing water level is 68 inches, but additional media was
provided above the normal water line to process any flow that might occur in excess of the
design flow.  Performance would not be expected to meet the 10 mg/L effluent design criteria
in case of a flow greater than design, but some removal would be expected. 

Performance to the date of this writing has been very satisfactory.  The average effluent
concentration, based on data for a period from 1997 to early 1998 was approximately 6.77
mg/L.  The flow weighted average was 4.85 mg/L (29).

Wastewater from an Asphalt Refinery:

In 1996, problems were experienced with unduly high concentrations of petroleum
naphtha and phenols in a wastewater stream at Chevron USA’s asphalt refinery in Seattle, WA.
 An oil-water separator system including a vertical tube coalescing pack was installed (30).

 The effluent from the separator is cooled and treated with ozone for phenol removal in
a large tank and subsequently passed through a treatment train including an API separator and
an IAF unit before being discharged directly into Puget Sound.  The original ozone injection
point downstream of the separator was discontinued and the ozone injected directly into the
tank. This was done because the flow rate is variable and treatment is difficult to control when
the ozone is injected into the flowing stream, (30).  A schematic of this system is included as
Figure 5.

After installation of this system, effluent hydrocarbon problems continued and were
traced to an incorrect choice of coalescing media.   The vertical tube media chosen for the oil-
water separator was not as efficient as necessary and not chemically compatible with the
naphtha in the water stream.  The naphtha gradually dissolved the media and caused it to warp
and sag.  The separator effluent water usually contained more hydrocarbons than the
downstream processing system could effectively deal with and the media had to be replaced
monthly because of the chemical attack (31).

The vertical tube coalescing media was subsequently replaced with more efficient
multiple angle coalescing plates.  The chemical attack problem was solved by the use of
coalescing plates molded of polyoxymethylene plastic, generically referred to as acetal.  At the
time of this paper’s writing the acetal plates have been in service for over a year and exhibit no
signs of chemical attack.  The phenol content of the effluent is consistently less than 1 mg/L
(30).



Wastewater from refinery tank farms:

In early 1998, two existing stormwater treatment vault-type separators, similar in
design to API separators, in the tank farm at a large refinery in the Puget Sound, Washington
area were fitted with multiple angle coalescing plates to enhance the separation efficiency. 
Each separator is eight feet wide and sixteen feet long and was fitted with 224 cubic feet of
high efficiency media.  Design conditions were an estimated 100 mg/L of hydrocarbon inlet
with a requirement for 10 mg/L or less outlet hydrocarbon content.  The design conditions were
chosen based on refinery experience and an estimation of what the “worst case” conditions
might be.  The 10 mg/L or less requirement was necessary to meet the Washington State
regulations as described in the Stormwater Management Manual for the Puget Sound Basin. 
Although the separators have only been in service a brief time, preliminary data indicates that
the separators are performing satisfactorily (32).

Wastewater from Nigerian refinery units:

In 1993, wastewater treatment units were installed at the Yola and Makudi refineries in
Nigeria.  These units were designed as two-stage units with a combination sludge trap and gross
oil recovery stage followed by a multiple angle coalescing stage to perform the fine separation. 
Each system consisted of two separators in parallel for ease of maintenance, and the two
systems share a common recovered oil tank.  The systems were designed in modular fashion for
ease of shipment and installation.  Figure 6 shows the layout of these systems (33). The units
were designed for water flows up to 250 M3/hr, 500 mg/L of 0.90 specific gravity
hydrocarbons in the influent, and effluent quality of 15 mg/L or less. The units are deemed to
be operating satisfactorily (33).

Wastewater from a Spanish Refinery:

In 1997, multiple angle coalescing plate type wastewater treatment units were installed
were installed at a refinery in Algeciras, Spain.  These units were designed as pressure vessels
to avoid possible losses of hydrocarbons to the atmosphere.  The systems were designed with
large oil storage capacity to accommodate possible unplanned releases.  Figure 7 shows the
layout of these systems.  The units were designed for water flows up to 60 M3/hr with as much
as 5 M3/hr of 0.90 specific gravity hydrocarbons.  Design effluent hydrocarbon content was set
at 15 mg/L or less at any inlet hydrocarbon concentration less than 1000 mg/L.  The units were
designed to remove all droplets greater than 47 microns. The units are deemed to be operating
satisfactorily (33).

Wastewater from a Refinery in the Philippines:

The 1959 vintage water treatment system at a large Philippine refinery was redesigned
in 1996 and a multiple-angle coalescing system, a dissolved air floatation (DAF) unit, and a
biological wastewater treatment system were added.  The existing API pits were upgraded to
DAF chambers and the impounding basin was dug out and re-lined.  The upgraded system was
required to process about 2500 gpm of process water from the refinery, tank bottoms, and
ships’ ballast water in addition to 5000 gpm of stormwater from the refinery and tank farm.  
The new system was designed to remove not only oil, but also some suspended solids, phenols,
and BOD/COD at flows up to a design maximum of 10,000 US gpm.



Any excess flow is diverted to a retention pond for later processing. In the event flow
exceeds the capacity of the retention pond, excess water is passed directly to the ocean by an
underflow arrangement to ensure the pond retains any large amounts of hydrocarbons.  Figure 8
is a schematic of the overall system.

Flow into the pre-separation basins was designed for normal conditions of 5000 to
6000 mg/L of oil but can reach 72000 mg/L during the 7-10 day per year service period.  It was
expected during the design that water exiting the pre-separation basins would be about 3500
mg/L. 

The multiple-angle coalescing plate system was designed to produce an effluent quality
of 50 mg/L or less.  The multiple-angle separator system, designed as a pretreatment system for
the DAF section, consists of 5 concrete chambers, each with 36 Facet International MPak
separator packs arranged in two rows of 18 packs each.  The plate packs were mounted in
“cages”, each cage containing 6 packs.  The cages were designed to “anchor” the packs in the
event of high flows and also to facilitate easy cleaning.

Normal operating flow rates have ranged from 900 to 3000 gpm.  Operating data from
samples taken during the Spring of 1998 are shown in Table 1 in the Appendix

Even though the influent concentration was much more than the design concentration,
the average multiple-angle separator effluent of 46 mg/L was still less than the design goal of
50 mg/L.  Some of the good performance can be attributed to the less than design flow rates.

The DAF system was designed for an influent hydrocarbon concentration of 50 mg/L
or less, with a suspended solids concentration of less than 100 mg/L.  Table 2 in the Appendix
shows the performance of the DAF system.

The DAF system performance has also been satisfactory, with effluent quality better
than design requirements in all cases.  The lower than design flows probably also helped the
performance of the DAF system.

Some difficulties in removing high gravity, high viscosity oil from areas of the system
using belt style skimmers were encountered, but an alternative system using floating oil
skimmers proved successful and the overall system is now operating within design
specifications (34).

The Future of Wastewater Treatment in Refineries

Responsible industries like the oil refining industry will certainly continue to improve
operations to minimize the amounts of hydrocarbons in wastewater streams. Some
hydrocarbons will still enter wastewater streams because of small spills and leaks, and it will be
necessary to recover these to further reduce the amount of hydrocarbons in refinery effluents.

It is expected that new designs, and refinements of old designs will be used to provide
better treatment, and a great deal of engineering effort will be expended to minimize energy and



chemical use.  This will provide benefits in cost reductions as well as reductions in chemical
sludge (and therefore waste disposal costs) produced.  The ideal treatment system would be one
that would not require any energy to operate, would require no chemical addition, and would
not generate any sludge while recovering 100% of the hydrocarbons in the waste stream.  While
it is not likely that we will ever be able to design such ideal systems, we can already
approximate these systems with the use of today’s sophisticated enhanced gravity separation
systems.

Summary and Conclusions

Major improvements in treatment of refinery wastewater have been made in the
decades since the design of the first API separators and further improvements can be expected. 

The removal of hydrocarbons from refinery wastewater may be accomplished by
various designs that have been developed over the last fifty years since the original API studies
were completed.   These designs have various advantages and disadvantages.  It is up to the
design engineers to determine which systems are most effective in any given situation, and it is
likely that the designs offering the best hydrocarbon recovery with lowest operating and
maintenance cost will be chosen most frequently.

Because API separators do not provide effluent quality sufficient to meet the
regulations in many countries, especially the United States, it is often necessary to utilize other
technologies to enhance the operation of separators and remove oil to less than the levels that
would generate a sheen.  In many instances as illustrated above, multiple-angle coalescing
plates provide a good solution for many refinery effluent problems because they exhibit
predictable performance acceptable to regulatory engineers, operate by gravity and thus require
no energy input, and have no moving parts, therefore requiring minimal maintenance.
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Table 1. Multiple-Angle Coalescing Plate Separator Performance, Philippine refinery

Oil Content, mg/LDate of Sample
Influent Effluent

Percent Removal

January 25, 1998 12,315 38 99.69%
February 8, 1998 9,875 23 99.77%
March 15, 1998 38,000 69 99.82%
April 22, 1998 23,768 54 99.77%
May 15, 1998 17,159 45 99.74%

Average 20,223 46 99.77%
Design 3,500 50 98.57%

Table 2. Dissolved Air Flotation (DAF) Unit Performance, Philippine refinery

Oil Content, mg/LDate of Sample
Influent Effluent

Percent Removal

January 25, 1998 38 4 89.47%
February 8, 1998 23 3 86.96%
March 15, 1998 69 7 89.86%
April 22, 1998 54 8 85.19%
May 15, 1998 45 6 86.67%

Average 46 6 86.96%
Design 50 10 80.00%
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Figure 1. API separator

Figure 2. Typical multiple angle coalescing pack

Figure 3. Typical vault installation using multiple angle separator plates

Figure 4. Simplified flow schematic - 20,000 gpm refinery API refit

Figure 5. Flow schematic - Chevron refinery wastewater

Figure 6. Nigerian refinery units

Figure 7. Spanish refinery unit

Figure 8. Philippine refinery wastewater flow
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INTRODUCTION

The Corrales Elementary School is situated in the Village of Corrales, New Mexico. The
school lies within the District boundaries of the Albuquerque Public Schools. The current
student population is approximately 580. Adding faculty and staff raises the total population
to approximately 660.

The Village of Corrales is a rural setting not served by a municipal sanitary sewer or
domestic water systems. Because of this, onsite liquid waste disposal and a domestic water
system (wells) are necessary. The school site is within 2500 feet of the Rio Grande River and
abuts the Corrales Riverside Drain. The Elementary School was served by a conventional
septic tank and leachfield. Due to the relatively high population, discharging to this existing
system, and the proximity to shallow groundwater table (6'), additional treatment of the
effluent was necessary. In order to bring the site into compliance with current New Mexico
Environment Department (NMED) regulations, it was decided after much study, to redesign
and modify the  existing system to include a constructed wetlands for treatment and a new
absorption field for discharge. A conventional wastewater treatment system was deemed not
feasible for many factors, high cost and intense maintenance being a few reasons. Artificial
constructed wetlands offered an attractive alternative for treating the domestic wastewater
at the school site.

II. SYSTEM DESCRIPTION

The site continues to be served by two 8,000 gallon septic tanks. The septic tanks
(pretreatment) remove the solids (primary sedimentation) from the domestic wastewater. The
effluent then discharges by gravity to a duplex lift station. The lift station pumps the effluent
approximately 900 feet to the east, to a previously undeveloped portion of the school site.
Pumping occurs through a 4” forced main to the constructed wetlands site for further
treatment.

The forced main discharges into a concrete distribution box. The distribution box splits the
flow equally between the four independent wetlands cells. Each cell is approximately 110 feet
long by 30 feet wide. Each cell is trapezoidal in section with 2: 1 side slopes. Each cell is
lined with a 40 mil polyethylene membrane to prevent leakage to the native soils. The cells
are filled with 24 inches of gravel (18 inches of coarse gravel on the bottom, topped with 6
inches of pea gravel at the surface).



III.

IV. DISCHARGE PERMIT

The effluent is distributed to the cells from the distribution box. The flow is distributed within
each cell via a four inch drain pipe header. The effluent is collected at the downstream end
of each cell by another perforated four inch PVC drain pipe header.The treated effluent is
collected from each cell and collectively discharged into a sampling manhole. From this point,
the treated effluent flows by gravity to the absorption field which is located to the north of
the four cells. An overflow weir was built into the sampling manhole for maintaining proper
water levels needed for maximum retention time and for future access to the treated effluent.

WETLANDS CRITERIA

The design of the system anticipates full buildout of the school. Full facility buildout would
consist of approximately 650 students and 80 faculty and staff. This results in a design flow
of 13,300 gallons per day. The school operates five days per week. In order to provide a
minimum of seven day retention time, the design volume becomes five times the (13,300)
gallons which equals 66,500 gallons. The anticipated flow will only be approximately 10,000
gallons per day; therefore, an overflow weir was incorporated into the sampling manhole to
maintain a maximum water su r face  level at two inches below the surface of the pea gravel.
This adaptation, combined with the actual flows being less than the design flows, affords
retention time in excess of the seven days referenced above. The longer retention time
allows for enhanced treatment of the effluent.

Wetland cells are traditionally constructed in a rectangular shape. There are two different
schools of thought ( Kadlec and Knight 1995). The first being to orient the long axis of a cell
parallel to the direction of flow. The other is to orient the cell with the long axis
perpendicular to the direction of flow. For this particular project, the former orientation was
used. This provides a longer distance and hence longer travel time from the distribution
header to the collection header, maximizing contact time in the wetland cells.

Pursuant to the Water Quality Control Commission (WQCC) Regulation 3109, t h e
wastewater discharge plan application was submitted to the Ground Water Section o f  the
New Mexico Environment Department for review and approval (which did not include an
aeration system). After the review process, public hearings and public comment, the
Discharge Permit (#DP-1099) was issued by the New Mexico Environment Department
(NMED) on September 24, 1996. As usual, the Discharge Permit included “Conditions for
Approval”. As cited by Kadlec and Knight (1 995), wetland treatment systems may require
two or three growing seasons (years) before optimal design efficiencies are achieved.
Because of this concern NMED thus imposed strictpe$ormance conditions, which did not
allow for the time element needed for plants to establish and hence help oxygenate the
cells. In response to this condition by the NMED, it was determined to design and
incorporate a method that could reduce the Total Nitrogen levels in each cell. Incorporating
an aeration system into the approved design was considered for this project already under
construction. Fortunately, the Contractor had not progressed to the point whereby the design
could not be modified easily without incurring excessive expense and costly delays.



V. THEORY FOR WETLAND NITRIFICATION & DENITRIFICATION

With the strict conditions that the State Environment Department imposed on the project for
rapid results, and lower the total nitrogen levels even more than what was anticipated, it was
determined that a design change or modification was needed and warranted. The dilemma that
we faced was how to reduce high levels of total nitrogen from the wetland cells within the first
few months of the start-up operations. In the past, a few consultants had been successful in
reducing ammonia levels in effluent wastewater by conversion with oxygen, but they then had
a bigger problem with high levels of nitrates that exceeded the NMED WQCC Regulations
for nitrate discharge levels After much research and presumptions, a working hypothesis was
drawn-up to address this problem and be utilized for the modified parameters of the
wetlands:

1) Existing effluent; total nitrogen concentration levels are > 70.0 mg/l
2) Required treated effluent; totai nitrogen levels must be <30 mg/l and

groundwater total nitrogen concentration levels < 10 mg/l
3) To accomplish this; secondary treatment is necessary - Nitrification and

Denitrifkation is needed within the cells according to my theory.
4) Theory: If each cell can be aerated sub-surfacely (>2.0 mg/l DO) slowly

(. 30 cfm) and not agitate or disrupt the hydraulic flow and filtration
process, then Nitrification/Denitrification may occur within the same
wetland cell simultaneously. If the nitrogen reaction sequence does not
stop at the nitrite/nitrate step, but would continue and include the
denitrification step than we could achieve the lower discharge requirements

of the State.

Untreated effluent entering each of the wetland cells has carbonaceous and nitrogenous
oxygen demands (CBOD & NOD) placed upon the constructed wetlands (Kadlec & Knight,
1995). After effluent has infiltrated the wetland cells, several competing processes affect the
concentrations of oxygen, biochemical oxygen demand (BOD), and nitrogen conversions.
Dissolved oxygen in the cells is constantly being depleted to meet the oxygen requirements
of major four (4) categories; sediment-litter oxygen demand, respiration requirements,
dissolved carbonaceous BOD, and dissolved NOD, thus the need for timed continuous air.

N O D  is exerted primarily by ammonium nitrogen (Knight & Kadlec, 1995) and by
mineralization of dissolved organic nitrogen. The oxidative reduction of BOD in a rough
formula of reaction is as follows:

B a c t e r i a

BOD + 02 --- CO2 + H2O

This is a general (generic) version of the aeration respiration reaction. However, carbon
compounds maybe converted in a number of other pathways in the wetland cells.



VI. AERATION SYSTEM

VII.

After much research, it was determined that no aeration system existed as a package, that
would meet the conditions and demands of the criteria set forth by the design and needs of
my theory Thus, began a search for products, parts and other materials that could be used
in the fabrication and assembly of the aeration system. Since the wetland site is relatively
remote, electricity would need to be brought in by the power company at a substantial cost.
Because of this, solar powered air pumps were selected in the design to aerate the cells. The
pumps, oil-less diaphragm air compressors, were sized such that one pump could aerate a
single cell. The electricity is generated by solar power panels and stored in batteries. Air is
pumped into both the distribution and collection ends of each cell. This is accomplished by
a separate pipe that feeds each end of the cell sub-surfacely. Each pipe system is also
provided with valves so that the discharged air can be directed to either the front and/or back
end of the cells. In addition, they regulate the levels of air flow to each grid.

Air is delivered into each cell using a 1/2 inch diameter pvc piping. Once inside the cell, air
is injected to the wastewater using 1/2 inch Netafim tubing in a nominal IO-foot by lo-foot
grid pattern. The tubing has built-in one-way emitters at 12 inch center spacing. The grid was
installed at six inches above the bottom of each cell. The front end grid aerates the incoming
effluent from the distribution header to the approximate midpoint (50 feet) of the cell.The
back end grid aerates the effluent from the approximate mid-point of the cell to the collection
header (north end). Air is pumped to each cell at an average rate of 0.30 cfm/cell for 60
minutes every 8 hours, 3 times per day. This level of aeration will change as the conditions
and demands change. Monitoring the dissolved oxygen with probes and actual sampling,
along with other analylites is performed on a weekly basis and adjustments are made only
after results from the laboratory are confirmed. This weekly monitoring is administered for
research purposes and for confirmation of regulatory compliance during the start-up period.

The pumps, controls, sampling equipment, and on-site records/logs of results are housed in
a 6 foot by 8 foot structure, equipped with roof top mounted solar panels. The shed is
located at the north end of the cells, between the wetlands and the absorption field. From this
centralized location, adjustments in the aeration levels can be made within clear view of the
wetlands cells.

NITRIFICATION AND DENITRIFICATION

It is my theory, and with the results to support it, that the rapid startup and superior
operations of the wetlands, in treating effluent water, is due to several conditions.

1. The current 4 cell layout consisting of 24” of select gravels has essentially created a
large - submerged biofilter with massive specific surface area for nitrification and
denitrification. The gravel bed is suppling more than adequate specific surface area
for the colonization of nitrosomonas, nitrobacters and other bacterial species that can
reduce total nitrogen. Most of these species are facultative aerobic and anaerobic
microbes. Low hydraulic loading rates combined with subsurface aeration, gravel



activated the bed reactor so it can support large populations of beneficial microbes.

2. The aeration system is providing the necessary dissolved oxygen to promote rapid
nitrification. Denitrification can still occur with certain bacterial species at 2 mg/l
D.O. This is confirmed by sample testing results. Water quality test indicate the
wetland cells are performing much like an aerobic biofilter, similar to treatment
conditions found in aquaculture recirculating system biofilters.

3. Inoculation of nitrifying microbes and sludge reducing forms have quickly started the
bio-filtration process within the wetland gravel bed. These forms can rapidly reduce
TKN and TN under current conditions within the treatment cells.

If biofilters are quick started with pure strains of nitrosomonas and nitrobacter, ammonia
conversion will occur within 2 days and NO2-N to NO3-N conversion can occur within two
weeks, with f u l l  nitrite conversion in 30 days. In this case, constructed wetlands, complete
conversion is occuring within 5 to 7 days and occuring simultaneously within the same cells.

Most of the raw influent water is entering the treatment cells as NH3-N (unionize ammonia
thus the reason for low NO3 values in the influent water as the ammonia is in the unconverted
form. A total conversion is occurring within the aerated wetland cells as indicated by verified
sample results.

What is occurring within the constructed
(Ammonia)
NH3-N -> Nitrosomonas ->

|
Nitrifying bacteria

wetland gravel bed is as follows:

NO2 -> Nitrobacters ->

-> NO3 -> Spore forming anaerobes -> N 2 + CO2

Nitrogen + (Energy) Carbon ->O2+ CO2 ->Nitrogen assimilated into
bacterial biomass

The subsurface aeration system is meeting and addressing the oxygen requirements of
carbonaceous (CBOD5) to reduce total nitrogen compounds. Carbonaceous BOD5 is a
measure of BOD5 excluding the oxygen consuming process for conversion of ammonia to
nitrites (NO2) then to nitrite (NO3) at 5 days. This conversion process can occur at D.O. level
as low as 0.6-0.7 mg/l.

Suspended solids within the effluent water are also being consumed by sludge reducing
bacteria, thus the marked reduction in NH4-N from 41 mg/l to as low as 2mg/l. Aerobic and
facultative anaerobic microbes can result in at least 60% reduction of net solids. Further
reduction is occurring as some species of microbes within the Waste and Sludge group can
utilize the oxygen in converting nitrate (NO3) resulting in total removal of nitrogen. In this
process certain facultative anaerobes can substitute for free oxygen, deriving oxygen from
NO3 in the reduction process.



The constructed wetland gravel bed (bio-filter) performance and reactions are occurring in
this manner.

At 20ºC the solubility of oxygen in water is 3.2 mg/l, thus if,

Sn > 3.2 mg/l

then the reaction is oxygen flux limited. In this regime the rate of nitrification is solely
dependent upon the rate of diffusion of oxygen into the wastewater and since the rate of
diffusion is constant at a given temperature the removal of nitrogen is similarly constant.
Additionally, oxygen added to the effluent stream will improve the nitrification rate.

When the bulk waste water ammonia nitrogen concentration falls below 3.2 mg/l at 20ºC,
then the removal rate of ammonia becomes ammonia concentration controlled, i.e. rate is
proportional to [NH 3-N]  where 0.5<n<1. In this regime the rate of ammonia removal falls
exponentially. Thus a lower removal per square foot of media surface is observed.

This phenomena can be seen by examining the nitrification design curves published by the
EPA. With effluent ammonia nitrogen concentrations in excess of 4 mg/l, the rate of removal
per square foot of media surface is constant, however below effluent ammonia levels of 3 mg/l
the rate of removal per square foot media surface falls rapidly. It should be carefully noted
that until the EPA curves indicate a linear fall in the rate of removal, the decrease observed
is in fact exponential.

In the Corrales Constructed Wetlands situation, the rate of nitrogen removal is quite rapid
with incoming NH4-N values as high as 64.5 and TKN maximum at 91 mg/l reduction will be
very rapid. In order to determine maximum loading capacity of the reactor bed the following
equation could be applied to model nitrogen removal capacity.

M V  = AL x E x RA
100 x SSA

Where: MV = Filter bed volume (CF)
AL = Applied load pounds NH3-N/d
E = Nitrification efficiency required %
RA = Specific surface area required per pound NH3-N oxidated per

day (determined for gravel bed at 2000-4000 SF)
SSA = Specific surface area of mixed gravel media SF/CF (ft2/ft3).

As more data becomes available, we can improve and possibly model reactions within the
cells. My feeling is that performance will continue to improve as the wetlands mature. At this
point, subsurface aeration and the addition of select microbes are the key to success within
the wetlands system at Corrales.



VIII. PLANT DESIGN AND SELECTION

IX.

Traditionally, a small handful of plants are selected for planting in a constructed wetlands.
Three of the more commonly used plants are the common reed, cattail, and hardstem
bulrush.. However, two of them, common reed and hardstem bulrush, are quite invasive and
do require annual harvesting (labor intense). Therefore after consulting with others, I selected
other less invasive wetland plants that would also add color to the facility. In addition, they
are known to provide some ancillary benefits in terms of wildlife habitat in the Corrales
Bosque setting. The plant list for this project consists of the following:

Yellow Water Iris (Iris pseudacorus)
Blue Water Iris (Iris versicolor)
Wild Rose (Rosa nutkana)
Water Celery (Oenanthe javanica)
New Mexico Sunflower (Helianthus maximiliani)
Softstern Bullrish (Scirpus validus)
Common Cattail (Typha latifolia)
Variegated Sweet flag (Acorus calamus variegatus)
Sweet Flag (Acora calamus)
Mississippi Mud Cane (Arundo donax)

Vegetation cannot be optimally selected for wastewater treatment with the currently existing
information available (Kadlec & Knight, 1995). More testing is needed for maximum usage.
A planting grid is included in this write up. Planting was completed in October, l996. The
plants were designed and planted on an 18" staggered grid system. The plants were arranged
to provide groupings of plants which range from the shorter plants at the edges to the taller
plants at the center. The Yellow and Blue Water Iris were specifically selected to provide
color as well as attract butterflies, in addition to their excellent treatment capabilities. The
Sweet Flag and New Mexico Sunflower were selected because they are not only effective in
treating effluent, but also for their native characteristics and flowering colors. The plants will
also provide a carbon source for the microbial activity for the denitrification process.

The constructed wetlands offer an attractive alternative for treating domestic wastewater.
While providing a carbon source for the cells and treating the effluent by microbial root
action, the plants selected will also provide an attractive garden. The elementary school and
the Corrales Community will be able to enjoy the colorful blooming throughout the spring,
summer, and fall months. With the addition of the aeration, the plants should flourish quickly
and beautifully and utilize more nutrients in the effluent.

PERFORMANCE CRITERIA AND RESULTS

The Discharge Permit clearly states discharge tolerances for the treated effluent and
groundwater monitoring. " Discharge effluent from the wetland cells to the manhole
sampling point, can not exceed 30 mg/l of total nitrogen sum (sum = nitrate as nitrogen
plus total Kieldahl nitrogen). In addition. the nitrogen levels in the groundwater, from



the various monitoring wells installed around the site, shall not exceed 10 m g / l  of total
N itrogen ".

The Corrales Constructed Wetlands along with the aeration system was placed into full
operation in December, 1996. Since that time, sample analyses have indicated levels well
below the maximum values as referenced above and stipulated in the Discharge Permit. From
the very start-up o f  the system, the treated effluent levels have exceeded al l  expectations.
Total Kjeldahl nitrogen levels in the incoming effluent range from 50 to 90 mg/l, while
the treated effluent at the downstream end of the wetland cells shows TKN levels reduced to
<2.0 mg/l. Incoming effluent nitrite/nitrate level results indicate non-detected (ND) and the
downstream treated effluent results show non-detected also. Total Nitrogen levels are less
than 2.0 mg/l (<2.0 mg/l) after treatment. These results have been confirmed by NMED with
their sampling and analysis performed by the State Laboratory Division.

Besides the fact that these performance results are during the start-up period (less than 6
months old), they were also during New Mexico’s cold winter months, November thru
March. This being the coldest time for temperatures and also the slowest time for microbial
growth and activity, the performance for bacterial treatment should be sluggish (Hammer
1989, and Kadlec, 1993). During monitoring, it has been discovered that the aeration system
tends to keep the effluent temperature (effluent at inlet . 14 degrees Celsius) in the aerated
portion of the wetland cells at much higher range (8 to 10 degrees Celsius) compared
to the non-aerated portion (4 to 6 degrees Celsius) of the wetland cells during the cold
months. With this added benefit of an insulation value (dissolved oxygen), microbial
efficiency and activity during the winter months have been increased, when a slow down and
very little activity with the microbial process are normally experienced.

The performance of the Corrales Constructed Wetlands is based on sample results from a
contracted U.S. E.P.A certified laboratory, Assaigai Analytical Laboratories, Inc. with
confirmation (QA/QC) from the State of New Mexico Environment Certified Laboratory,
SLD. All water and effluent sampling has been collected by environmental inspectors,
certified for sample collection by the State of New Mexico Environment Department. The
collection techniques were ail performed as per U.S. E.P.A. protocol and the Standard
Methods for the Examination of Water and Wastewater. This ensures NMED compliance and
confirmation of performance.

During the construction of the wetlands, a sampling plan was designed and implemented as
required by the NMED. It was discovered that easy collection of effluent, untreated and
treated was necessary for proper monitoring purposes. Immersion of a collection device into
the wetland beds would cause disturbance of the bed sediments (Hammer, 1989). “Ideally the
effluent should flow into the sample tube at the local velocity of the effluent in the cell itself
This is labeled isokintic sampling (Hammer, 1989), and is necessary to prevent extraneous
resuspension. To minimize the disturbance of sediments and errors in the sampling collection,
sampling ports and monitoring wells were installed in each of the cells. One at the inlet, one
at the outlet, and one in the middle of the cells. With these in place, sample collection is easy
and convenient.



X MICROBIAL POPULATION

XI NITROGEN REMOVAL

Wetlands require a period of adaption to reach a stationary state in which monotonic time
trends are absent (Kadlec and Knight, 1995). This period includes vegetative till-in, root and
rhizome development and growth, and microbial community establishment. The concept of
a wetland as a microbial filter creates the impression that establishment of the microbial
population is the sole determinant of adaptation in most wetlands. In this case, the authors
believed that to be true. With the oxygen being generated by the aeration system,
development of the microbes was needed. The gravel media would act as the environmental
substrate to which the bacteria would attach. Microbial populations are know to adapt rather
quickly to their environment, and hence, a short adaption period is expected.

The addition and use of added microorganisms for the start-up period is necessary for quick
results and population addition. Each group of microorganisms included in the wetlands have
been specifically selected for their ability to remedy certain issues included in the wetlands.
This increases the potential in the reduction of many forms of nitrogen and pathogens with
a high degrees of success. The removal success is based on the microbial activity with high
levels of available dissolved oxygen and long residential time, > 7 days.

Nitrogen compounds are among the principal constituents of concern in wastewater
(Metcalf and Eddy, 1991). The nitrogen is very complex and difficult to understand and/or
control. Environmental factors that control nitrogen transformations are numerous and not
always understood.

The most important forms of nitrogen in the Corrales Constructed Wetlands are ammonium
(NH4), nitrite (NO2), nitrate (NO3), and nitrous oxide (N2O). For purposes of this write-up,
ammonium (NH4) will be refered to as ammonia (NH4 )  with respect to all results. The
Corrales Constructed Wetlands does not have any nitrates present in the incoming effluent,
which is anticipated due to the fact that it is fed with septic tank effluent. The treated effluent
exiting the wetland cells also has no nitrates present. A total nitrification/denitrification
process takes place within the wetland cells itself. The treatment process of the slow sub-
surface aeration within each cell creates the perfect environment for simultaneous microbial
nitrification and denitrification (theory) and the production of nitrous oxide (N2O) and
microbial biomass.

CORRALES ELEMENTARY SCHOOL - CONSTRUCTED WETLANDS
SOLAR POWERED AERATION SYSTEM

OXYGEN REQUIREMENT

The modified system for the constructed wetlands project was designed to use solar power
for the operation of a subsurface aeration system which enhances and accelerates the naturally



II. EQUIPMENT SELECTION

occurring processes (removal of total nitrogen) in the wetlands environment. The design of
the aeration system was based on a dissolved oxygen requirement of at least 2 milligrams per
liter (mg/l) in the effluent wastewater. This amount of oxygen is the minimum required to
sustain microbial activity (Peavy, Rowe, and Tchobanoglous 1985, 83). This oxygen mass
requirement was converted to an equivalent atmospheric air volume for the 5,000 foot
elevation of the wetland location. This equivalent air volume was used to determine the
required volume of air necessary to support nitrification.n The required volume of air was
based on the assumption that one-third of the volume of the gravel tilled wetlands cells would
consist of interstitial space.

The volumes of individual cells were calculated by the Average End Area Method (Kadlec
& Knight, 1995). The total volume of any cell was 7, 176 cubic feet (cf), and the volume of
the interstitial space was approximately 2,392 cf per cell. The Ideal Gas Law (Kadlec &
Knight, 1995) asw used to convert a mass of one mole of air to an equivalent volume of air.
This volume was used to determine the volume of air, in cubic feet per minute (cfm), for each
cell. An air pressure value of 12.10 pounds per square inch, Absolute (psiA) (Ingersoll-Rand
Company 1973,34-134), was used in the Ideal Gas Law. The calculated air flow for each cell
is 0.342 cfm for a twenty-four hour day cycle to achieve the required level of treatment.

The selection of system components was based upon research and supplier recommendations.
The supplier, Keeton Industries, Inc. also provided some necessary electrical wiring
diagrams. There were several constraints that had to be overcome in designing the aeration
system to deliver the required concentration of dissolved oxygen. First, finding aeration
tubing to deliver the air at equal pressures and volumes to all points within the aeration grid
in each cell. Second, finding pumps capable of delivering 0.342 cfm at an emitter pressure
of 12.97 psia, 0.87 pounds-per-square-inch, Gauge (psig), and operate on DC voltage. Third,
the system should deliver equal amounts of aeration to each cell, each day, every day possible.
The performance of the designed system described below met and exceeded the design
requirements and parameters. The concentration of dissolved oxygen (DO) in the wetland
cells does vary with temperature, dissolved salts, and biological activity (Kadlec & Knight).

III. SYSTEM DESCRIPTION

A locally manufactured utility building was used to house the solar power system. Interior
lighting was supplied by two single tube 12 VDC fluorescent fixtures directly powered by the
batteries. Four (4) parallel wired 64 watt solar power panels were mounted in a manufactured
frame, on the roof of the structure. Although each panel produces 17.5 VDC at 3.66 amps
at load, the system operates on 12 volts DC. This power is transmitted to the system
controller which maintains a charge on two (2) 225 amp-hour batteries, provides power
control to the pumps, and monitors the system. The batteries are sealed lead-calcium
gel-filled deep cycle type made for solar power service. The batteries provide direct power
to four (4) timers, which regulate the aeration pump operations. The gel cell batteries can
supply up to five (5) days of operating power for the pumps without being recharged, and can



do this for an estimated 200 times of total drain down; no-recharging cycles. The timers can
repeat up to three (3) daily events every day. The aeration pumps deliver approximately
0.575 cfm at 0.65 psig static head pressure.

The airflow is metered through eight (8) flowmeters with four (4) manifolds. Two (2)
flowmeters are mounted on each manifold. Each manifold is connected to one aeration
pump. Each flowmeter regulates air flow to a corresponding aeration grid within each
wetland cell. Each flowmeter has an internal scale marked 0-40 Standard Cubic Foot per
Hour (SCFH), for which each increment represents 0.0165 cfm at 0.87 psig (0.0165 cfm is
the amount of air that each pump will produce at the existing static head pressure, 0.87 psig).
After each of the eight flowmeters A check valve has been installed after each of the eight
flowmeters to prevent backflow.

An airline condensation problem developed between the aeration pumps and the air manifolds
during testing. This problem was solved by placing brass draincocks in the air lines, and
adding another one and one-halffeet of airline at the pump to place the draincocks at a lower
elevation for periodic drainage. Clear, flexible, reinforced high-pressure PVC tubing was
used to connect all of the aeration components together. All eight air lines are bundled into
a 4 inch ID PVC pipe that exits the shed through a cutout in the building floor and via a
trench.

IV. AERATION GRID SYSTEM AND SUPPLY

These air lines, one-half inch (ID) rigid PVC (Schedule 40) pipe, are buried approximately
two and one-half feet deep with a metalized warning tape placed six inches above them. This
type of rigid pipe was used to prevent accidental damage to the air lines, in the event that
some work is needed in the wetlands enclosure during periodic maintenance. All air supply
piping was pressure tested for 8 hours at 25 psi, to ensure that a tight seal was achieved
during installation. Each of the four wetland cells have two subsurface aeration grids, one for
the south half and one for the north half of each cell. The untreated effluent enters the wetland
cells through an inlet manifold, made of 4 inch ID perforated PVC pipe, placed six inches up
from the bottom of the cell at the south end of the cell. The south aeration grid is placed at
the same height as the inlet manifold. The treated effluent exits through an outlet manifold,
made of the same material, placed 4 inches up from the bottom of the cell at the north end.
The north aeration grid is placed at the same height as the outlet manifold. The south
aeration grid consists of 8 lines, on 6 foot centers from south to north. The north aeration
grid consists of 5 lines, on 10 foot centers from north to south. Both grids have three lines
at 10 foot centers from east to west. All of the aeration grids are set in five feet from the east
and west sides of the cells. They are also set in five feet from the inlet/outlet manifolds. The
grids are numbered clockwise, one to eight, starting at the south end, east cell, stopping at
the north end, east cell. Each pair of grids in each cell is supplied with air from one pump.

This arrangement allows for more flexibility in distribution of dissolved oxygen for greater
nitrification/denitrification of the effluent. Each airline is marked with a stick-on number,
wrapped in clear sealing tape, corresponding to the number of the aeration grid that it serves.



Special irrigation tubing with one-way emitters is used to solve the air distribution problem.
The aeration grids were tested for approximately 30 minutes at 30 psig, and to verify that
each emitter was functioning. The current aeration schedule is one hour on - seven hours off
for each grid, and at present both grids in each cell are being aerated at different pressure
levels, The rotometers for the southsides of each cell are set for 14 SCFH (0.23 cfm) and the
north end rotometers of each cell are set at 7 SCFH (. 11 cfm).. This lower rate supports and
maintains the required levels of dissolved oxygen of at least 2.0 to 6.0 mg/l.

VI. Conclusion:

More research and studies are needed with this theory of sub-surface aeration process. The
Corrales Constructed Wetlands project results supports the authors’ theory of simultaneous
Nitrification and Denitrification within the wetland cells. The analysis results are conclusive.

Currently, the authors have just completed retrofitting an existing wetlands project (Los
Padillas Elementary School, 4 years old) with the same technology (subsurface aeration).
Preliminary test results (1 month of operation) already show a significate reduction of sludge
levels and total nitrogen levels within the wetlands and evaporation pond. Shortly, we
anticipate seeing the same reduction levles at Los Padillas as we see at the Corrales project.
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v I. CALCULATIONS

biective: Determine cfm needed to s u p p l y  sufficient oxygen to cells to
enhance/support nitrification/denitrification of effluent.

analytical Methodology: (I) Find cfm based on Volume of Liquid in Cell
(II) Find cfm based on Daily Design Discharge
(III) Compare required volumes with pump output to ensure

that the pump can supply the required amount of air flow

r 1i-t I: Find cfm based on Volume of Liquid in Cell
I Find Volume of Typical Cell (Average End Area Method)

Elev (ft) (sf)Area (cf)Vol xv01(cf)
5004.70 3,300

7,176
5006.70 3,876

7,176

a Find Volume of Liquid of Typical Cell for Amount of Aeration Needed
nterstitial Space of Gravel filled assumed to be 1/3 of total volume)

Liquid Volume = Total Volume of Cell * 1/3
7  176fi3 * 1/3
= 21392 fi3

2) Convert MicrobiaI Oz mass needed to lbm/ft?
icrobial Oz mass needed = 2 mg/l as dissolved Oz (assumed per 24-hr)

2 mg OJl= 4.4092 x lO& lbm OJl = 4.4092 x lOA lbm OJ3.5315 x 10m2 fi3

1 Find lbm Oz required per cell (per 24-hr)
km 02/cell = 4.4092 x lO& lbm 02/3.5315 x 10s2 fi3 * 2,393 ft3

= 0.2987 lbm O2

3 Convert lbm Oz to lbm Atmospheric Air
lssume Oz comprises one-fifth of Atmospheric Air)

:_m air = lbm Oz * 5
= 1.4933 lbm air/cell(/24hr)

Convert lbm/cell to cfmkell
d Find fi3 of air (Ideal Gas Law)
y lea1 Gas Law: pV=nRT
h = pressure (psfA) = 12.10 M’in2,A * 144 in2/fi2 = 1742.40 lbf7fi2
V = Volume (ft3) = unknown
. = mole (in lbm) = I mole&

niversal Gas Constant = 1545.33 f?~lbf71bm*mole*0R
I- = Temperature (OR) = 7O’F = 529.67’R



Jve for V:
)V=nRT = V = nRT/p = 1 mole * 1545.33 ft*lbt?‘lbm*mole*“R * 529.67’R

1742.40 lbf7ft2 = 469.76 ft3

9) Convert Volume of one mole air (ff) to ft?/lbm
xole air = 28.97 ibm

I_/lbm = 469.76 fi3/28.97 lbm
= 16.2155 fi3/lbm

TJ Find Air Flow required for 24-hr (ft?/24-hr)
+3/24-hr = f13/lbm * lbm

= 16.2155 ft3/lbm * 0.2987 lbm
= 4.8428 ft3/24-hr

Convert Air Flow f@/24-hr to cfm
24 hours = 1440 minutes

n = ft3/24-hr * 24-hr/ 1440 min = 4.8424 ft3/24-hr * 24-hr/l440 min
= 3.363 x 10d3 fi3/min

! n-t II: Find cfm based on Daily Desigu Discharge

7) Convert Daily Design Discharge from gallons/day (gpd) to liters
: sily Design Discharge = 19,800 gpd = 18,737.79 1

31 Find lbm/l/cell/day(24-hr)
Convert mg/l to lbrn/l

rom 3) above 2mg/l= 4.4092 x lo4 lbm/l

Find lbm OJceWday
kn OJcell/day = 4.4092 x l@ lbm/l * 18,737.79 1

= 0.08262 lbm O&ell/day

Convert lbm/cell to cfmkell
Convert lbm Oz to lbm Atmospheric Air

ssume O1 comprises one-fifth of Atmospheric Air)
bm air = lbm Oz * 5 = 0.08262 lbm Oz * 5

= 0.413 1 lbm air/cell(/24hr)
5

1) Find Air Flow required for 24-hr (ft?/24-hr)
’ )rn 6) d) fi3/lbm = 16.2155 ft3/lbm
:,/24-hr = fi3/lbm * lbm

= 16.2155 ft3/Ibm * 0.413 1 lbm
= 6.6986 fi3/24-hr



Lj Convert Air Flow ft?/24-hr to cfm
24 hours = 1440 minutes

*rn = fi3/24-hr * 24-hr/l440 mm = 6.6986 ft3/24-hr * 24-hr/l440 mm
= 4.6518 x 10m3 ft3/min

art III: Comparison

‘91 Hydrostatic Pressure against emitters in cells
=P”+p*g*h

P = Pressure at depth = unknown (lbtXn’,Absolute)
p , = Reference pressure = 12.10 psiA (lbflin2,Absolute)

= fluid density = 62.4 lbrn/fi3 /32.2 Wsec2 = 1.9379 slugs
g = gravitational acceleration = 32.2 fI./sec2
’ = fluid depth = 2.0 A

P=PO+p*g*h
= 12.10 lbf7in2 + 1.9379 slugs 32.2 ft/sec2* * 2.0 ft
= 12.10 lbtXn* *+ 124.8 lbf7fi2 I 144 in* I tI = 0.87 lbf%n2

= 12.97 lbfYin2 psia = 0.87 psig

+mns SUDD~Y aDnroximately 0.45 cfm @ 0.87 psig

9 Comparison
Gn based on Volume of Liquid in Cell = 3.363 x 10m3 fi3/min
cfin based on Daily Design Discharge = 4.652 x 10m3 fi3/min

45 fi3/min >> 3.363 x 1 Oo3 fi3/min
~.45 ft3/min >> 4.652 x 10v3 fi3/min

9 Conclusion
, c
purn&sl have suflicient air flow to support microbial activie
TllrnD selection was ok and annroval for use in aeration application
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GREENHOUSE GAS EMISSION REDUCTIONS
FROM U.S. LANDFILL GAS UTILIZATION

PROJECTS:
LANDFILLS TO THE RESCUE

Michael J. McGuigan, P.E., W. Gregory Vogt, Don F. Bredice 1

ABSTRACT

The landfill gas-to-energy (LFGTE) industry has experienced significant activity over the
past two years as projects rushed to take advantage of the Section 29 tax credits prior to their
expiration.  Todate, there are more than 200 landfills economically using LFG nationwide, with an
additional 500 landfills large enough to support a project if an energy customer could be secured. 
There are approximately  200 in various stages of development.  With the Section 29 tax credits
expiration on June 30, 1998, the successful LFG utilization project developers will be those who
recognize that these changes are permanent departures from past practices, and those who will seek
to exploit opportunities created by these changes.  

LFGTE and LFG control projects can provide cost effective GHG emission reductions.  With  landfills
being the country’s leading controllable methane source, and methane being  21 times more potent
a GHG gas than carbon dioxide (CO2), controlling LFG can bring large dividends. 

This paper will quantify the GHG emissions reductions potential from LFGTE projects.  Estimates
of CO2 equivalent reductions from operating and projects under development, as well as other sites
large enough to technically support a utilization project will be prepared.  The cost per ton of CO2
equivalent controlled will be provided for LFGTE projects.  A summary of activities being conducted
by the Solid Waste Association of North America (SWANA) to quantify the LFG industry’s potential
contribution to the national GHG emission reduction effort will be presented.

With Global Climate Change issues receiving both national and international action, landfill methane
control may prove to be one of the best strategies to help meet these objectives.  

Keywords: greenhouse gas, landfill gas, landfills, methane, section 29 tax credits,
1605(b) reporting
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BACKGROUND

The economics viability of future LFGTE projects will be negatively impacted by the lack of an
extension to the Section 29 tax credits.  These credits ($1.06/MMBtu in 1996) have stimulated much
of the development activity experienced by the LFG industry over the past several years. 

If a mechanism was created to monetize the environmental benefits of LFGTE projects, additional
project development would be stimulated.
 
1605(b) Reporting

In the Climate Change Action Plan, President Clinton outlined a series of voluntary programs aimed
at returning U.S. emissions of greenhouse gases (GHG) to their 1990 levels by the year 2000.  Section
1605 (b) of the Energy Policy Act of 1992 established one element of this plan: the Voluntary
Reporting of Greenhouse Gases Program (GHG Program).  The GHG Program is administered by the
Energy Information Administration (EIA) of the U.S. Department of Energy.

The six major greenhouse gases are:

• Carbon Dioxide (CO2)
• Methane (CH4)
• Nitrous Oxide (N2O)
• Hydorflorocarbons (HFCs)
• Perfluorocarbons (PFCs)
• SF6

Under the GHG Program, any individual, business, or group can report details and results of any
projects or programs they have established to reduce GHG emissions.  As the name suggests, the GHG
Program is voluntary.  Principal benefits for participating include:

• Gaining recognition for environmental stewardship.

• Establishing a record of emissions for public reference.

• Demonstrating support for voluntary approaches to meeting national environmental
objectives.

• Obtaining new information on emission reduction methods through technical
exchanges between Program members.

• Informing the public debate about activities aimed at achieving GHG emissions
reductions.

• Demonstrating progress towards meeting commitments to reduce GHG emissions
via a voluntary program.



Methane Emissions Reductions from Landfills

The United States Department of Energy (DOE) has produced a guidance document entitled "Sector
Specific Issues and Reporting Methodologies Supporting the General Guidelines for the Voluntary
Reporting of Greenhouse Gases under Section 1605(b) of the Energy Policy Act of 1992."  Section
3.8 of the guidance document is entitled "Estimating Methane Emissions Reductions from Landfills."
 Entities can reduce methane emissions from landfills through two general approaches:

• Modifying waste management practices to reduce the amount of waste landfilled.

• Recovering methane and using it as an energy source or flaring it.  Using or flaring
recovered methane is the only method currently available for reducing emissions
from current landfills and from landfills that will contain degradable waste in the
future.

Landfill methane emission reductions can be reported by the landfill owner if the owner undertakes
emission reduction projects, or if the owner contracts with a third party to collect and market the
recovered gas.  In the latter case, an agreement on which party will report the reductions is needed (to
track possible multiple reporting).

Establishing the Reference Case--The guidance documents state that there is no reliable method for
estimating landfill methane emissions which would have been emitted from a landfill in the absence
of emission reducing projects.  Therefore, a reference case is not required for landfill emission
reduction projects.  Emission reductions can be estimated directly as the quantity of methane
recovered by the system.

Estimating Emission Reductions--The most accurate method for estimating methane reductions is
actual field measurements.  By measuring the quantity of LFG and its methane concentration, accurate
estimates of emissions reductions are possible.  These types of field measurements can easily be
accomplished by installing a flow meter and methane meter at the blower/flare station. 

In some cases, engineering estimates of methane emissions avoided can be determined, based on the
fuel requirements of the utilization project.

The guidance documents recognize that the measured methane emission reductions is a overestimate
of actual methane reduced.  In the absence of a LFG collection system, some methane produced is
oxidized as it migrates out of the landfill.  Withdrawing the gas with a collection system reduces the
amount of oxidation.  Since no single oxidation adjustment factor is available at this time, the actual
quantity of methane collected should be used as the estimate of emissions reduced.

Kyoto Protocol

The parties to the United Nations Framework Convention on Climate Change agreed to a Protocol to
reduce GHG emissions by harnessing the forces of the global marketplace to protect the environment.



Parties agreed to reduce their GHG emission below 1990 emission levels over a 5 year period from
2008 to 2012 as follows: (2)

• European Union - 8 percent.
• United States - 7 percent.
• Japan - 6 percent.

U.S. GHG Emission Reduction Goals

The U.S. GHG emission levels in MMT (million metric tons) are as follows:  (2)

1990 1990
Gas MMT MMT

Carbon Equiv. CO2 Equiv.

Carbon Dioxide 1,373 5,034
Methane      187    686
Nitrous Oxide      38    139
HFCs and PFCs      19      70
Total 1,617 5,931

Using the above emission levels as a baseline, it was assumed that U.S. emissions would increase 36
percent by the year 2008 to 2012 with no reduction measures taken.  The estimated 2010 U.S.
emissions would be 2,200 MMT Carbon equiv. which would equate the U.S.’s goal of 7 percent
reductions to 154 MMT Carbon equiv.

GHG EMISSION REDUCTIONS FROM LANDFILLS

GHG emission reductions from U.S. LFGTE projects have not been well documented by the industry.
 As part of SWANA’s efforts to support an extension to the Section 29 tax credits, an estimate of the
GHG emission reductions from LFGTE projects was prepared.  As shown on Table 1, estimates from
both existing and planned projects are presented.

Existing LFGTE Projects

The last survey of the LFG industry identified 152 operating LFTE projects nationwide. (4) 
Characteristics of these  LFGTE projects are compiled based on their end use (electrical generation
or gas sales).  To estimate their GHG emission reductions, the following assumptions were used:

• Plant Availability - 90 percent on-line at the facilities capacity, i.e., assume no LFG
production shortfalls.

• Average Heat Rate - 12,000 Btu/kWh LHV.

• Average LFG Quality - 450 Btu/cf LHV.

• Global Warming Potential - 21.



Assuming all of the 152 projects are operating at their rated capacity, the following energy production
and GHG emission reductions, are generated:

• Electrical Generation Capacity - 517 MW. 

• Direct Gas Sales - 82 Mmcfd.

• Electrical Generation - 4,100,000 MW/yr.

• Methane Consumed - 1,300,000 tons CH4/yr.

• CO2 Equivalent - 32,000,000 tons.

• Carbon Equivalent - 8.7 million metric tons (MMT).

Note that many of these projects came on line prior to 1990.  In subsequent analyzes, emission
reductions from pre-1990 projects will not be included.

Assuming that the cost for the GHG reductions for the GHG emission reductions at the same rate
($1.06/MMBtu) that the Section 29 tax credits are value.  The cost/ton for the CO2 equivalent
emissions is $2.02/ton CO2.

Planned Projects

A similar analysis is presented for planned LFGTE projects.  203 LFGTE projects were identified to
be in various stages of development. (5) Assuming all of the 203 projects are developed and operated
at their rated capacity, the following energy production and GHG emission reductions, are generated:

• Electrical Generation Capacity Potential - 494 MW.

• Direct Gas Sales - 210 MMcfd.

• Electrical Generation - 3,900,000 MW/yr.

• Methane Consumed - 1,600,000 tons CH4/yr.

• CO2 Equivalent - 40,000,000 tons.

• Carbon Equivalent - 11.0 million metric tons (MMT).

Future Potential Projects

In addition to the existing and planned projects, with proper economic incentives, most landfills with
over 1,000,000 tons of waste in-place are large enough to support a project.  EPA’s LMOP estimates
400-500 landfills may be large enough to support such an effort.

Assuming 400 additional LFG projects were implemented from 1999 through 2008, all 755 LFG
projects could provide over 1,600 MW of electrical capacity, and 32 MMT of carbon equivalent



reductions.  With a U.S. reduction goal of 154 MMT of carbon by the year 2010, LFG utilization
projects with some economic incentives could provide approximately 20 percent of the U.S. national
reduction goal.

RECOMMENDATIONS

Several recommendations follow from this analysis:

• The LFG industry needs to develop a database of LFGTE and LFG control projects
nationwide.  EPA’s LMOP has undertaken this effort.  The industry needs to support
EPA’s activities for accurate and timely informational support.

• Support SWANA’s efforts to monitize GHG emission reductions.

• Report GHG emission reductions via EIA’s 1605(b) reporting system.

• Support renewable energy legislation efforts.

With the support of the LFG industry, landfills may become one of the nation’s best GHG emission
reduction strategies.
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Fuel Cell Defined

Reduction in greenhouse gas (GHG) emissions is one of the themes of the 5th
International Petroleum Environmental Conference. The application of fuel cell power
generation for on-site exploration, production and refining offers an important option
for achieving this goal . . . . while reducing fuel consumption and making available high
value co-products.

In principle, a fuel cell operates like a battery in that it supplies DC power. A fuel cell
supplies electricity through two electrochemical reactions, one at the anode involving
hydrogen and one at the cathode involving oxygen, without combustion. Unlike a
battery, a fuel cell does not store energy or require recharging. Batteries store chemical
energy and convert it into electrical energy on demand, until the chemical energy has
been depleted. Depleted secondary batteries may be recharged by applying an external
power source while primary batteries must be replaced. Fuel cells will operate
continuously as long as they are externally supplied with a fuel and an oxidant. Fuel
cells will produce energy in the form of electricity more efficiently than engines and
turbines, and use significantly, less fuel with virtually no pollution. The only by-
products are pure drinkable water, and small amount of carbon dioxide.Fuel cell power
plants are modular, easily siteable and quiet.

Fuel cells are the most efficient of power generators, as well as environmentally benign.
Accordingly, these power plants promise flexibility, cost saving, and options for
greenhouse gas mitigation. Fuel cell technology is a paradigm breaker, and will
revolutionize the way we think about electric power and heat generation for dispersed
and baseload applications.

Currently, several types of fuel cells are available or are in advanced development,
classified by the type of electrolyte, including:

. Phosphoric Acid (PAFC)

. Molten Carbonate (MCFC)
-  Alkaline (AFC)
-  Solid Oxide (SOFC)
. Proton Exchange Membrane (PEM) or Solid Polymer (PEFC)

The two most basic approaches to fuel cell power plants are shown in Figure 1.
Traditionally, an external fuel processor is used to generate hydrogen for fuel cell use.
In the case of the MCFC this step is incorporated into the fuel cell stack. The difference
between these two approaches impact power plants design, especially the balance of
plant.

Variations in balance of plant (BOP) equipment will have a substantial impact on power
plant operations, efficiency and cost. The typical BOPs represent about two-thirds of
the initial capital cost of the fuel cell plant.

2
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CONVENTIONAL FUEL CELL POWER PLANT

ERC FUEL CELL POWER PLANT

Figure 1. Two Types of Fuel Cell Power Plants

Using fuel cells in exploration, production and refining applications implements energy
plants of a simple design that are readily siteable in remote area. However, there are
important considerations in selecting among fuel cell technologies.Because most fuel
cell systems require a hydrogen fuel, reformers add cost and complexity. High
temperature MCFC systems such as the Direct Fuel Cell (DFC) reform higher
hydrocarbons directly within the anode, significantly simplifying the fuel processor’s
duty to that of producing a clean methane-like fuel.. The DFC is also highly tolerant of
ever-present poisons, such as carbon monoxide and carbon dioxide, which must be
managed in other systems. And the DFC is the highest efficiency advanced power
generator available, enabling significant savings in fuel costs.

Direct Fuel Cell Concept

The DFC power plant is based on ERC's internal reforming carbonate fuel cell
technology. The principal reforming reaction and the electrode reaction which take
place in the DFC stack are shown in Figure 2. A methane fuel is converted to hydrogen
and carbon monoxide over nickel catalyst in the fuel cell anode compartment. The
anode reaction produces H2O and CO2 as a result of the reaction of hydrogen with the
carbonate ion in the electrolyte. Oxygen and carbon dioxide react at the fuel cell
cathode regenerating the carbonate ions.

3
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Reforming Reaction
CH4+ H 2 O

Anode Reaction
Hz + CO,=+ H20 +CQ+2e*

ANODE

Cathode Reaction CATHODE
cOa+ ll2 02 + 26+ co,=

FIGURE 2. DIRECT CARBONATE FUEL CELL REACTIONS
Continuous Removal of Hydrogen by the Anode Reaction
Allows Complete Reforming of Methane Within the Stack

Methane conversion to hydrogen at the anode proceeds to completion because the
product hydrogen and carbon monoxide are removed cominuously by oxidation to
water and by the shift reaction, respectively. Because stack waste heat is used for the
endothermic reforming reaction, the DFC is more efficient than conventional fuel cells,
which operate on externally reformed fuel.

FUEL SYSTEMS

A key benefit of fuel cell power plants is fuels flexibility.. Natural gas is the fuel of
choice; however, operational performance is similar utilizing a variety of available fuels
including diesel and jet fuels. Renewable fuel such as landfill and digester gases and
biomassderived feedstocks (ethanol, biogas) also perform well with the DFC.

Performance of the DFC using natural gas has been characterized in demonstrations
conducted in the U.S., Europe and Japan. One of the more significant tests was
performed in a 2-MW proof-of-concept demonstration in 1996/7 at Santa Clara, CA.
The Santa Clara Demonstration Project (SCDP) was the first full-scale utility
demonstration of the carbonate fuel cell system. Specific advantages of the system
were validated, including high fuel to electricity efficient very low emissions, reactive
power capability and high reliability and availability.
the SCDP power plant.

Table 1 shows the key results for
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Table 1. Performance of 2-MW DFC Power Plant
Highest System Efficiency in a Simple Cycle Power Plant

Power Output 1 .93 MW (ac), 2.19 MW (dc)
Heat Bate (LHV) 7,820 Btu/kWh (44% efficiency)’
Emissions SO x 0.003 lb/MWh

NO x 0.0004 lb/MWh
Noise 60dB (A) @ 100 ft.

The commercial DFC plant has been packaged, resulting in a reduction in footprint to
one- ninth that of the SCDP. Its specifications have been established, derived from the
SCDP results, and further development and testing of carbonate fuel cell stacks. A
family of plants will be commercially available after the turn of the century, including
nominally 300 kW, 1.25 MW and 2.5 MW plants. These plants will feature operational
specifications shown in Table 2.

Table 2. Commercial MW - Scale DFC Plant Specifications
SOx and NO x Emissions are Negligible

Power Output
Heat Rate (LHV)
Emission SOx

NO x
C O 2

Noise
Availability
Start-up time, cold start to rated power
Ramp Time, from hot stand by
Operating Pressure

1.25,2.50 MW
<6,800 Btu/kWh
0.003 lb/MWh
0.0004 lb/MWh
770 lb/MWh
60dB(A) @  100 feet
95%
20 hours
10 minutes
Atmospheric

Emissions reductions with the DFC plant is significant, and may contribute to
regulatory compliance, and cost savings. For example, a 10-MW DFC plant, with an
electric efficiency of 55%,  will release less than half the CO2 of a conventional diesel
plant, with an electric efficiency ranging from 20-25%. This’ represents over
60,000,000 pounds of CO2 not emitted per year. Additionally, the consumption of
methane, which could be recovered for refining operations otherwise vented to the
environment, represents potential fuel savings as well as emission credits income.

In response to the need for power generators that operate with high energy density
logistic fuels, design studies and subscale equipment tests have been conducted toward
the development of carbonate fuel cell power plants using diesel fuel (DF-2).

The development of fuel processors for middle distillate fuels, such as NATO F-76, has
not kept up with the pace of fuel cell and stack development in general. Unlike
gasoline, middle distillates are more difficult to reform due to their high aromatics
content and higher end-point, which promote carbon (soot and tar) formation, and
causes catalyst, and heat exchanger fouling. Diesel fuel may have as much as 1% by

1 Includes auxiliary fuel required to compensate for heat loss of an unpackaged, proof-of-concept
plant.
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weight sulfur. To preclude deactivation of the reforming and fuel cell catalysts sulfur is
removed. The logistic f u e l  processor system concept is shown in the block flow
diagram of Figure 3. The two principle processes are desulfurization and preconversion
tomethane.

Desulfurization

The key step in processing logistic fuels for fnel cell applications is desulfurization, I t
is similar to desulfurization technology employed in the refining industry, and is readily
adapted to refinery on-site DFC power generation. Sulfur compounds in these fuels,
which can be present up to 0.5 wt.% according to Federal Specification VV-F800D for
Diesel Fuel, must be reduced below 1 ppm to maintain the catalytic activity of
downstream catalysts. Commercial suppliers are preparing to reduce sulfur levels to
0.05 wt.% in diesel fuel to meet U.S. clean air regulations.

A commercially available HDS catalyst has been demonstratedin a two-stage reactor at
ERC. The present desulfurization approach is based on utilizing advanced
hydrodesulfurization catalysts to convert the sulfur compounds to hydrogen sulfide in a
single stage reactor. The H2S is moved by absorption in a Zn0 bed. This hydrotreating
step also lowers the aromatics content of the fuel, making it easier to preconvert to
methane without carbon formation.

Hydrogen

Diesel HDS
Reaction

SUliiU
Absorption

Process
Gasadiabatic

Performer System

Processing Stream

FIGURE 3. LOGISTIC FUEL PROCESSING FOR DFC
Desulfurization is Followed by Adiabatic Prereforming to Methane

Prereforming For Fuel Flexibility

To use diesel, an adiabatic preconverter is added to the natural gas fuel treatment
system to convert the hydrocarbons. Since the DFC plant reforms methane and
methane-like gases internally, diesel fuel preconversion is simplified to that of
producing a methane-like gas. (Because other tie1 cell technologies use hydrogen fuel,
they cannot employ a simpler and less costly prereformer.)

6
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Adiabatic prereforming is a well-known process step, and is widely used in hydrogen
production based on naphtha and natural gas. The endothermic stream reforming of
hydrocarbons can be considered to be irreversible for all hydrocarbons above methane
which are converted directly to carbon oxides and hydrogen with no intermediate
products. This reaction is followed by the exothermic methanation and water-gas shift
reactions. A high methane content is achieved, this makes operation on diesel fuel
appear to the fuel cell as operation on natural gas, with a small variation in the gas
composition. This facilitates the use of the same fuel cell design for logistic fuels as for
natural gas maximizing dual use, and building on technology already developed for the
commercial sector.

The anode exit gas containing some unreacted hydrogen as well as carbon dioxide is
combusted with excess fresh air in a catalytic reactor. The reactor exit stream contains
both carbon dioxide and oxygen, which are needed for the fuel cell cathode reaction.
The cathode exit gas contains sufficient heat for raising the steam required for the
adiabatic fuel preconverter.

3 - M W  Logistic Fuel Fixed DFC Power Plant
Design ~

A preliminary design of a 3-MW logistics fuel power plant has been established.
design was based on ERC's commercial 3-MW natural gas fuel cell power plant
modification for operation on logistic fuels.

The
with

A block flow diagram of the fixed base logistic f u e l  DFC power plant design is shown
in Figure 4. Only minor modification to the commercial natural gas DFC power plant
were required to accommodate the logistic fuel processor. The changes required are
primarily to the heat recovery unit for generation of the higher pressure superheated
steam needed by the logistic fuel processor, and to the oxidizer to allow utilization of
fuel gas from the logistic fuel processor when natural gas is unavailable. The key
characteristics of the multi-fuel plant design include:

Standardized, pre-engineered, highly modularized plant configuration with all

components truck-transportable.

Multi-fuel operation capability on logistic fuels and natural gas.

Net plant efficiency greater that 56% on diesel - leading to a 40% reduction in

fuel consumption as compared with diesel engine generator sets.

Negligible air emissions

Low or no makeup water requirement.

Quiet operation

The baseline plant operates with a continuous supply of water; a variant design features
a closed-loop water recovery configuration. With the water recovery option the plant
recovers water from the process by cooling the exhaust gas from the fuel  cell anode to

7
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FIGURE 4. 3 MW LOGISTIC FUEL DFC POWER PLANT BLOCK FLOW DIAGRAM.
Dual fuel Operation Can Be Achieved With The Addition Of a Logistic Fuel Processor

near ambient temperature and condensing out excess water. The anode exhaust gas is
cooled by process heat recovery followed by an air cooler. The condensate is pumped
to a feedwater tank where it is stored with the process condensate from the logistic fuel
processor and used as feed water to the deaerator for boiler feedwater makeup. The
cooled anode gas is compressed and then reheated before being fed to the oxidizer.

The plant’s rated power output for both the baseline plant design and the plant design
with water recovery is about 2.8 1 MW on diesel fuel and 2.86 MW on natural gas fuel.
Nearly all of the difference between these two values is due to the auxiliary power
requirement of the logistic fuel processor.

The net generation efficiency (LHV) of the baseline plant design is 56.3% on diesel fuel
and 58.5% of natural gas. The generation efficiency (LHV) of the plant design with
water recovery is 57.3% on diesel fuel and 58.6% on natural gas. The efficiencies of
the plant design with water recovery are higher due to the greater concentrations of
carbon dioxide and oxygen in the oxidant, resulting in higher fuel cell voltage.

Air emissions in the fuel cell exhaust gas exiting the exhaust stack are negligible, and
the only liquid effluents are blowdown water from the steam generation system and
reject water from the water treatment system.

Cost of Fuel Cell Plant

There exists a myth that the primary metric for fuel cell economics is capital
that there is a market-driven cost ceiling. Although capital cost is important

8
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one of several key economic drivers for buyers and users - and it is usually secondary
to the cost of energy produced or other value received from the system. That capital
cost is the key financial criteria evolved from the time when fuel cell were viewed
simply as small power plants and compared with multi-megawatt central generation
options.

For most fuel cell customers, the most meaningful economic driver is not first cost. It is
total cost of energy produced and/or the value of energy received over the project’s life
- including its form, quality, availability, and reliability.

Quantifying "value received” is not necessarily simple and depends on individual
customer operations. But calculating the cost of energy produced is straightforward.
The primary ingredients are capital cost, O&M, and fuel cost (largely a function of

conversion efficiency). For fuel cells, stack replacement is factored into capital O&M
cost. Once capital cost gets within striking distance, the cost of electricity generated by
fuel cell is far more sensitive to the costs of installation, operation, fuel and
maintenance because of their small size.

As the DFC progresses through its demonstration and field trial programs, costs are
decreasing rapidly. This is a function of significant advances in design, materials
selection and manufachning process improvement. The DFC plant cost will range
between $1,250 and $1,500/kW, installed, when full-scale production is achieved.

The cost of electricity is derived from a set of assumptions, which include:

-  Stack Replacement Cost
(every 5 years2)

. Balance of plant life

. Capital Recovery factor
- Load Factor
l  O&M Cost (unmanned plant)

Fixed
Variable

$380/kW

3oyears
15%
95%

$2 1,000/yr.
$89,000/yr.

Not included in these figures are three key considerations. The DFC is a wgeneration
system, producing electricity and high quality heat at a rate of 4 million Btu/hour and at
a temperature of 700ºF.  This is a high value commodity applicable for heating, woling,
and process applications that is otherwise vented to the atmosphere. Additionally,
because the DFC emits virtually no GHG, owner/operators are eligible for emissions
credits associated with S O x  NOx and in the future, CO2

And lastly, the DFC plant retains it high efficiency over a broad load range. Unlike
wnventional generation systems that lose efficiency rapidly when off their peak design
operating point, the DFC plant exceeds 50% efficiency down to less than half load, not
wnsidering thermal efficiency. If a user/operator requires the heat generated by the

2 ERC is currently conducting work under an U.S. Department of Energy grant that will double
fuel cell stack life.
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exothermic fuel cell process, total system efficiency exceeds 80% - higher than any
generation source available.

The cost of electricity is directly related to fuel cost. Present natural gas fuel costs
range from about $2.50 per MMBtu to $4.00 per MMBtu. With a DFC plant electric
efficiency of 55%, the cost of electricity today ranges from 4.2 to 5.1 cents/kWh.

Path to Commercial Availability

ERC's formal commercialization program began in 1990 with the selection of the DFC
power plant by the American Public Power Association (APPA) for promotion to the
over 2000 municipal utilities comprising APPA's segment of the utility sector. Since
that beginning, the APPA core group expanded to be the Fuel Cell Commercialization
Group (FCCG) to include representation from all markets, utilities and other power
generation equipment buyers.
ERC and the FCCG have entered numerous cooperative efforts, all derived from the
spirit of the collaborative initiative. ERC has shared technical data, test experiences
and system design requirements with the group. Each of the buyers/members have
executed confidentiality agreements to allow a free transfer of information enabling a
robust interchange to hone the MW-class power plant to a market-acceptable product.

The FCCG-FCE collaboration is precedent setting in that a buyer’s group is actively
participating in the design, demonstration and commercial introduction phase of a new
technology product into a conservative, risk-averse industry. ERC would welcome
participation of tbe petroleum industry in tbe FCCG. The benefits of membership
significantly exceed the modest dues investment for those interested in direct access to
DFC technical information and state-of&e-art power plant systems.

ERC is aggressively proceeding to commercialize DFC systems as soon as possible.
Private sector funds have financed the established of a state-f-the-art manufacturing
facility that is supplying DFC stacks and modules for field trials worldwide. DFC field
trials are planned to demonstrate fuels flexibility, environmental benefits, and plant
performance under a wide variety of grid-connected and dispersed on-site settings.

This year the first commercial-grade 250kW DFC stack was tested, incorporating much
of the knowledge acquired from the Santa Clara Demonstration Project. With over
3,000 hours of operation, this test reflected a DFC stack of power output, and
concominant increase in efficiency. One additional full-size stack will be tested this
year to demonstrate the balance of the improvements derived from the SCDP. A full-
scale fuel cell module, incorportaing a compliment of four stacks, will be tested next
year. This will validate the design and system performance features of a nominal 1.25
MW fuel cell module that will be integrated and tested with a balance of plant set in
2000. Following this field trial, the DFC will be market available.

Concurrent with the MW-class pre-commercialization activities, ERC s working its
European partner Motoren -und Turbine - Union
Dailmer Benz, to complete development of a

Friedrichshafen GmbH, a division of
300 kW compact fuel cell plant.

10
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Employing a DFC stack, this power plant incorporates much of the balance of plant in
the fuel cell stack enclosure, significantly simplifying plant design. The 300 kW plant
will be the subject of an U.S. field trial in 1999, and will be commercially available
there&xx.

- End-
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ABSTRACT

A laboratory investigation was performed to study the feasibility of using phenol as
the cometabolite in a granular activated carbon biofilter used to remove air-phase 1,2-
dichloroethane (DCA).  Phenol has been shown to be a suitable cometabolite in the aerobic
decomposition of other volatile organic compounds, including trichloroethene (TCE).   In this
study, an initial investigation was made of the feasibility of using phenol pre-loaded onto
granular activated carbon to remove DCA.   Results of this study indicate that pre-loading of
phenol may avoid the enzyme competition that causes the low removal of chlorinated organics
normally achieved by air-phase biofilters.  The technique of pre-loaded growth substrate
requires further research and refinement.



INTRODUCTION

Biofiltration is a promising technology for the control of low-concentration air
emissions of biodegradable volatile organic compounds (VOCs).  Biofilters use naturally
occurring microbial populations in biofilms, immobilized on support media, to degrade or
transform contaminants in an airstream (1).  This process can be optimized to achieve high
removal efficiencies of many contaminants with low energy consumption.

Biofilters are used to remove a variety of contaminants under various conditions.
Ethanol vapor has been removed from the effluent air of a foundry (2), and gasoline vapors
from a soil vapor extraction project have been treated (3,4).  A simulation model for treating
toluene, ethylbenzene, and o-xylene (TEX) due to gasoline leakage from underground storage
tank has been developed by Wu (5).  Besides these compounds, biofilters have also been used
to treat chlorinated solvents such as trichloroethylene, trichloroethane, and tetrachloroethylene
 (6,7,8,9).

Chlorinated solvents can be cometabolically degraded to non-toxic products under
aerobic conditions by microorganisms using methane, propane, toluene, or phenol as their
primary/growth substrate (6,9,10,11).  The cometabolic reaction is a process that requires
primary or growth substrate addition to the reactor either concurrently with the contaminant
of interest or in discrete serial phases of addition of growth substrate and contaminant of
interest.  Hsiao, et al (10) and Segar, et al 1995 (8) have  shown that the microorganisms
grown on the primary substrate can produce oxygenase enzymes.  The enzymes utilize
molecular oxygen (O2) and reducing energy [in form of NAD(P)H] to oxidize both  the
growth substrate and the cometabolic substrate.  The primary substrate provides carbon to the
microorganisms, and the microorganisms in turn use the primary substrate to biodegrade the
interest compound.  Normally, there is a competitive inhibition of enzymes between the
primary substrate and the contaminant compound.  This problem has a profound effect on the
degradation process (6, 11), resulting in removal efficiencies as low as 30% (8).

The compound 1,2-dichloroethane (DCA) is a common environment contaminant,
used primarily in the manufacture of vinyl chloride and solvents that remove grease, glue, and
soil; in upholstery and carpets cleaners and in textile cleaning (12).  It is also added to leaded
gasoline to prevent engine knock (13).  DCA is a clear, colorless, heavy, flammable, oily
liquid that is sparingly soluble in water and soluble in most organic solvents.  1,2-
Dichloroethane is not found naturally in the environment.

The aerobic degradation pathway of DCA is shown in Figure 1.  The degradation
process depends upon temperature, humidity, pH, nutrients, and inhibitor compounds (1, 2,
14).  An acclimated seed is also required for biological removal.

The objective of this study was to investigate the efficiency of a biofilter system
containing granular activated carbon (GAC) in removing DCA; phenol was used as the
primary/growth substrate.  The biofilter was operated at a residence time of ten minutes, with
the primary substrate pre-loaded onto the carbon.  Samples were taken for analysis of DCA
and phenol.  Pre-loaded phenol was used in an attempt to avoid competitive enzyme
inhibition.  As discussed above, enzyme inhibition substantially lowers removal efficiencies
of the interest compound when the growth substrate is added concurrently.



MATERIALS AND METHODS

Biofilter System

A bench-scale biofilter was constructed of Plexiglas pipe with an inside diameter of
3.1 cm and a length of 119 cm.  The column contained seven sampling ports spaced between
18.5-22.5 cm apart.  The ports were used for gas sampling.

Figure 2 shows a schematic of the experimental apparatus.  The gas stream flowed
from bottom to top of the biofilter.  The contaminated air was synthesized by injecting a stock
solution of 1,2-dichloroethane into a controlled air stream that passed through the biofilter
bed.  The inlet air was controlled by a mass flow meter (model FM 4575 made by Linde). 
The air flow rate was set at 120 - 175 ml/min.  The stock solution was pumped continuously
using a syringe pump (2200 series - High Capacity Pump from Harvard Apparatus) into a
heated mixing zone.  The mixing zone was a glass bulb wrapped with heat tape.

An aqueous stream that contained nutrients flowed from top to bottom of the
biofilter.  The nutrient solution was continuously pumped into biofilter using a peristaltic
pump (Model 7014-20 Master Flex by Cole-Palmer). 

Filter Media

Granular Activated Carbon (GAC) was used to support the sorption and
biodegradation of 1,2-dichloroethane.  The type of GAC used was 30 - 8 mesh size (0.6 - 2.36
mm) NORIT GAC 830. It was obtained from NORIT AMERICAN Inc. (Atlanta, Georgia).
 The GAC was rinsed with distilled water three times to remove fines.  The carbon was then
dried in a 100oC oven for 24 hours.  After cleaning and drying, the carbon was placed in a
brown bottle and stored in the refrigerator.

Reagents

All reagents used in this study (1,2-dichloroethane, phenol, and methanol) were
reagent grade and were obtained from Fisher Scientific, Pittsburgh, PA, USA.

SAMPLING AND ANALYTICAL METHODS

1,2-Dichloroethane Gas Sampling

Contaminated gas (1,2-dichloroethane) samples were measured using the electron
capture detector (ECD) of a Gas Chromatograph (5890 Series II from Hewlett Packard) which
was equipped with an Integrator (3396 Series II from Hewlett Packard).  The samples were
withdrawn from the seven ports on the biofilter.  Gas tight syringes (1802N Syringe 25 uL,
Hamilton Company) were employed to collect the samples.  A 10 uL gas sample was injected
onto a DB-5 fused silica capillary column, with a film thickness of 0.25 um, inner diameter



0.25 mm and length 30 m (J&W Scientific,  Folsom, CA).  Injection was made in a split mode
(Ratio = 45:1), with an injection temperature of 225oC, column temperature of 175oC, and
detector temperature of 124oC.  Helium gas was employed as the carrier gas, with flow rate
of 45-ml/min and column head pressure of 25 psi.  A 95:5 mixture of argon and methane was
used as the ECD make-up gas.

A standard curve of 1,2-dichloroethane was developed using the head space of stock
standard solutions and Henry=s law constant, Hs = 0.0457, to calculate the resulting gas
phase concentration in each standard sample (15,16,17).  The stock standard solutions were
made using a two step dilution.  The first (intermediate) dilution consisted of dissolving 1,2-
dichloroethane into methanol (reagent grade) in a 100-ml flask.  The concentration of 1,2-
dichloroethane ranged between 10 - 5000 ppm.  The second step was to transfer 1 ml of the
intermediate solution into 50-ml vials (crimp top sealed with an aluminum cap over a septum)
which contained deionized water; the vials were then properly clamped.  The solutions were
allowed to rest for two hours to allow the liquid-gas to equilibrate, then the gas samples were
injected into the GC.  The two-hour period was based upon the preliminary study that showed
equilibrium was reached in two hours.  The standard curve was updated or checked twice a
week (Monday and Friday), before running samples on the GC, with a minimum of three data
points (lowest, middle, highest concentrations) from the standard solution (standard solution
made up new from the methanol dilution).  The methanol dilution was replaced every week
on Monday.  The standard curve was updated or checked with only one point every
Wednesday.  The lowest correlation coefficient for a standard curve was r2 = 0.97.

Phenol Sampling

The phenol samples were taken from the aqueous sampling port.  Analysis of these
samples was carried out utilizing a UV-Visible Spectrophotometer (HP-8452 A with Diode
Array).  The wavelength used for this measurement was 270 nm (8,18,19).  The phenol
standard curve was updated as needed every once a week (Monday).  At least two phenol
standard concentrations were checked.  The phenol standard curve was made using a series
of dilutions of reagent grade phenol in water (from 1 mg/L to 60 mg/L).

Humidity and Temperature

The humidity and temperature of the biofilter were checked three times a week
(sampling days) at the influent, port 3 and effluent.  Figure 2 shows the sampling locations.
The humidity and temperature were measured by using Digital Thermometer / Hygrometer
(Model DTH1, Davis Instruments, Baltimore, MD).

PRELIMINARY STUDIES

Determination of the Adsorption/Desorption of 1,2-Dichloroethane
onto Granular Activated Carbon

The adsorption of 1,2-dichloroethane onto granular activated carbon was studied
using two different methods.  The first method was called the isotherm study.  A preliminary
study conducted before the 1,2-dichloroethane isotherm study was called the equilibrium



study.  The equilibrium study was used to determine the time needed for 1,2-dichloroethane
to adsorb onto the pre-loaded GAC.  The GAC was loaded with 20 mg phenol per gram of
GAC in the 50 ml screw cap vials.  The vial was shaken for twenty four hours. 

Next, the test was performed using Nephelo culture flasks from Fisher Scientific.  A
liquid solution of 1,2-dichloroethane, with a known concentration (558 mg/L), was placed in
the side arm, then a known amount of GAC (50 mg) was placed in the bottom of the flask.
 The flask was then sealed with a rubber septum.  The 1,2-dichloroethane evaporated into the
gas phase and was adsorbed onto the GAC while the flasks were shaken.  Gas samples were
taken at five different adsorption periods (1, 4, 12, 24 and 48 hours).  Five different flasks
were used for each time period.  The gas samples were analyzed by injecting 10 uL into the
gas chromatograph.  A control test also used for this study.  The control flask contained only
1,2-dichloroethane.  The control flask was used to monitor the total gas phase concentration
of 1,2-dichloroethane (558 mg/L) in the flask.  The equilibrium study showed that 1,2-
dichloroethane would completely adsorb onto the GAC in 4 hours.

The next step was the isotherm study.  The isotherm study of 1,2-dichloroethane was
done using a known concentration of 1,2-dichloroethane (558 mg/L) and different weights
of granular activated carbon (0 - 100 mg) that had been pre-loaded with phenol. These
materials were placed in Nephelo culture flasks.  The flasks were shaken for four hours. A 10-
uL gas sample was withdrawn from the flasks and injected into the GC.  The data analysis for
the isotherm study was done by using both the Freundlich and Langmuir Low Isotherms.

The second phase of investigation was to study desorption of 1,2-dichloroethane from
GAC.  This test was run six times during the biofilter operation.  The study was initiated by
taking a small sample of granular activated carbon from the top and bottom of the biofilter
(1.5 grams from each location).  The granular activated carbon was placed into a 40-ml glass
vial that contained 20 ml of methanol (Reagent Grade); the vial was then sealed with a
Teflon7 lined screw cap.  Next, the vials were shaken for 64 hours based on the method
devised by Kim (1997).  After shaking, the vials were allowed to rest for two hours before the
sample was taken.  The volume of gas and liquid sampled from the vials were 10 uL and 1
uL, respectively.  The samples were collected using either a gas tight syringe (Hamilton 1802
N syringe 25 uL) or liquid syringe (Hamilton 701 Standard microliter syringe).   The samples
were injected into the GC for determination of DCA concentration.

Determination of the Adsorption/Desorption of Phenol onto
Granular Activated Carbon

Adsorption of phenol onto the GAC was studied using two methods.  The first
method was an isotherm study, and the second method was desorption of phenol from the
granular activated carbon.  A preliminary equilibrium study was used to find the length of
time required for phenol to adsorb onto GAC.  Another preliminary study was done to find
the extent of phenol volatilization (volatilization 2 to 3 days= period of time).  This was
performed in 500-ml flasks containing phenol at a concentration 57.5 mg/L.  The flasks were
open to the atmosphere and aerated (0.5 L/min).

The equilibrium test was performed using 50 ml glass vials with Teflon7 lined screw
caps.  The phenol solution (50 mg/L) and 0.1 gram of GAC were placed into the vials, then
the vials were shaken for varying period time (1, 4, 12, 24 and 48 hours). The vials were filled



to give a head space free condition.  After shaking, the phenol concentration was measured
in the solution using a UV-Visible Spectrophotometer.  The result of the equilibrium study
showed phenol would adsorb onto GAC within a 24 hour period.  The next step was the
isotherm study.

An isotherm for phenol was constructed by placing 0.1 gram of clean granular
activated carbon into vials that contained various known concentrations of phenol solution
(50 - 200 mg/L).  The 50-ml vials were shaken for a 24- hr period with head space-free
conditions.  The 24-hr period was chosen based upon the previous equilibrium experiment
(equilibrium of phenol to adsorb onto GAC).  After shaking, the phenol concentration in the
solution was measured using a UV-Visible Spectrophotometer.  The data from the isotherm
study was analyzed by using the Freundlich and Langmuir Low Isotherms.

The second method used in the phenol study was desorption of phenol from granular
activated carbon.  This test was run six times during the biofilter operation. The GAC was
pre-loaded with phenol (20 g/L) before the biofilter experiment started. This study was
conducted utilizing the same sample used for desorption of 1,2-dichloroethane. Methanol was
used to desorb both the 1,2-dichloroethane and phenol from the GAC.  The liquid samples
were also analyzed using a UV-Visible Spectrophotometer. 

Breakthrough Study

Prior to reactor start-up, a control (breakthrough) study was performed by running
the contaminant of interest (1,2-dichloroethane) to the biofilter that was packed with cleaned
GAC (pre-loaded with phenol).  There was no biological growth on the filter material.  From
the control study, the amount of 1,2-dichloroethane adsorbed onto pre-loaded GAC was
determined as 7.5 mg phenol per gram of GAC.  This parameter was needed at the conclusion
of the study to determine the amount of 1,2-DCA that could have been removed through
adsorption, rather than cometabolism.

Reactor Start-Up

The seed microorganisms for this experiment were obtained from the Conoco, Inc.
Refinery Wastewater Treatment Plant in Ponca City, Oklahoma.  This seed is acclimated to
phenol; influent phenol can reach 30 mg/L at the treatment plant.  The microorganisms were
acclimated to higher phenol concentrations in an aerated 4-liter reactor.  The reactor was fed
synthetic wastewater composed of influent wastewater from the refinery activated sludge unit
supplemented with phenol.  The feed solution was made in a 100-ml flask and consisted of
4 mg phenol in 100 ml of solution.  The feed solution was added twice a day. A 100-ml
portion of activated sludge was wasted from the 4-liter container before the addition of phenol
and nutrients.

The experimental system (see Figure 2) was assembled, using the GAC that had been
preloaded with phenol.  The biological growth was started by recirculating the acclimated
seed (activated sludge) through the biofilter for two days.  At the end of two days, a growth
of biofilm on the GAC base was evident.

The experiment was run at a 10 minute residence time (empty bed contact time). The
10 minute residence time was chosen based on the longest residence times reported by



researchers using similar systems, which typically ranged from 1-12 minutes.  The influent
concentration of DCA was nominally 800 ppm (actual values ranged from 700 ppm to 1100
ppm).  
 

RESULTS AND DISCUSSION

Results of the adsorption/desorption studies indicated that phenol could be adsorbed
onto the granular activated carbon in sufficient concentration to serve as a cometabolite for
a biofilm used to remove 1,2-dichloroethane.  It was also shown that the phenol could be
desorbed from the carbon, enabling it to serve as the growth substrate for the biofilm. It was
further determined that 1,2-dichloroethane could be adsorbed onto carbon that had been pre-
loaded with phenol.

The biofilter performance is shown in Figure 3.  The DCA removal efficiency was
high during the run, approaching 100%, but would be expected to fall over a longer
experimental run due to exhaustion of the pre-loaded phenol.

The maximum 1,2-dichloroethane mass that could be adsorbed onto the granular
activated carbon, based upon the breakthrough test, was 1350 mg.  During the 15 day
experimental run, a total mass of 10,500 mg of 1,2-dichloroethane was removed from the
influent airstream.  The cumulative mass of DCA removed vs time is shown in Figure 4.

CONCLUSIONS AND RECOMMENDATIONS

The results of this study support the following conclusions and recommendations:

1) An activated carbon biofilter, inoculated with phenol-oxidizing
microorganisms, can work efficiently under conditions where the primary
substrate is pre-loaded onto the material.  The removal efficiency achieved
during the 15-day run approached 100%.  Removal exceeded that which
would result from adsorption onto the granular activated carbon.

2) Removal efficiency of the 1,2-dichloroethane was high initially, but would
be expected to become lower as time progresses.  The decreasing removal
rate will correspond to the depletion of the pre-loaded phenol.

3) Systems with pre-load phenol feed can maintain a higher 1,2-dichloroethane
removal efficiency than the efficiencies reported in the literature for
concurrent phenol loading.

4) Further work is needed to determine the maximum time of effective removal of the
contaminant of concern.  Once removal rates become unacceptable, the
biofilter base material must be removed and the phenol reloaded.
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Figure 1 1,2-Dichloroethane Graphical Pathway Map (20)

Figure 2   Schematic of Experimental Apparatus

Figure 3    1,2-Dichloroethane in Biofilter Influent and Effluent

Figure 4    Cumulative Mass 1,2-Dichloroethane Removed
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ABSTRACT
Benzene, toluene, ethylbenzene, and xylene (collectively BTEX) are common air

pollutants. A control technique has been proposed wherein BTEX compounds are
adsorbed from a gas stream, onto natural zeolites. Gas-solid chromatography, using
pulse injections of each BTEX compound, was used to test the adsorption of the BTEX
compounds on pumice, calcined clay, six different natural zeolites, and activated carbon.
Experiments were conducted at 100º C. Adsorbents were ranked on the basis of limiting
retention time and specific retention volume. A preliminary comparison of the cost of
natural zeolite versus activated carbon was computed, using the ranking based on
limiting retention time.

Results suggest that pumice, calcined clay, and three of the natural zeolites are
not effective adsorbents. Four zeolites: Teague, South Dakota, Tilden, Ash Meadow are
effective adsorbents of BTEX. The preliminary cost comparison against Calgon granular
activated carbon indicates that Teague may be cost effective for treating all of the BTEX
compounds; South Dakota and Tilden may be cost effective for treating ethylbenzene
and xylene; and Ash Meadow is not cost effective for treating any of the BTEX
compounds.

INTRODUCTION
The aromatic organic compounds benzene, toluene, ethylbenzene, and xylenes

(BTEX) are common environmental pollutants. These compounds are emitted into the
atmosphere from petroleum refineries, synthetic organic chemical manufacturers, coke
ovens, gasoline storage and distribution facilities, and soil vapor extraction operations.
Benzene is a confirmed human carcinogen, and toluene, ethylbenzene, and xylene are
considered mildly toxic by inhalation (1). All four BTEX compounds are designated as
hazardous air pollutants under the 1990 Clean Air Act Amendments (2). In addition, all
four compounds are considered volatile organic compounds (VOCs), which contribute to
the formation of ground-level ozone (3).

Eberly has shown that synthetic mordenite is able to adsorb hydrocarbons at low
pressures and high temperatures (4). The experimental conditions included pressures
from 0.010 to 6 mm Hg, and temperatures from 90º to 260º C. Barrer and Makki found
that benzene could be adsorbed on clinoptilolite (5). Two significant results were
reported in this study. First, the surface area and effective pore size of clinoptilolite can

1 Corresponding Author, Civil Engineering Department, Box 3CE, New Mexico State
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be increased by treatment with acid. Untreated clinoptilolite exhibited a surface area of
about 30 m2/g, while surface area increased to a maximum of about 380 m2/g after
treatment with 2N HC1. Higher concentrations of HC1 caused a decrease in both surface
area and crystallinity of the clinoptilolite. Second, the adsorption capacity for benzene
increased from 2 cm3/100 g for untreated clinoptilolite, to 10.7 cm3/100 g for
clinoptilolite treated with 2N HC1. The adsorption capacity then decreased for
clinoptilolite treated with higher concentrations of HC1.

Recent work has shown that synthetic zeolites, similar to natural zeolites, are
able to remove chlorinated volatile organic compounds (CVOCs) from a gas stream (6).
Synthetic zeolites Y and ZSM-5 were able to adsorb and catalytically oxidize
trichloroethylene (TCE), carbon tetrachloride (CC14), and methylene chloride (CH2C12).
Synthetic zeolites may be used as adsorbents in automotive catalytic converters (7).
These zeolites are ion-exchanged with chromium and/or rare earth metals, and adsorb
hydrocarbons from the exhaust stream at low temperature. The hydrocarbons are
desorbed when the temperature increases, and are then oxidized in a conventional noble
metal catalyst bed. A similar idea makes use of a molecular sieve structure to remove
hydrocarbons from automotive exhaust (8).

This research examines adsorption of BTEX from a gas stream, using natural
minerals. The adsorbents studied in this research include six different samples of natural
zeolite, one sample of pumice, one sample of calcined clay, and one sample of activated
carbon. The pumice, clay, and activated carbon samples were included in this study to
provide a frame of reference in which to view the zeolite results.The first phase of this
study identified those adsorbents, which appeared to best adsorb benzene. This was done
by observing the adsorption behavior of the adsorbents with small quantities (8.7 to 109
µg) of benzene vapor. Those adsorbents which exhibited rapid benzene breakthrough
(peaks within 180 seconds) were eliminated from further study. Those adsorbents, which
were not eliminated, were tested with benzene, toluene, ethylbenzene, o-xylene, and p-
xylene, using injection volumes ranging from 0.5 µL to 3.0 µL of each compound. The
Gibbs free energy (AG) and adsorption equilibrium constant (K) was computed for each
aromatic / adsorbent system. The utility of using various properties to aid in selection of
zeolite adsorbents has been explored. Finally, a comparison of the cost of using natural
zeolite versus activated carbon, as an adsorbent, has been presented.

EQUIPMENT, MATERIALS AND METHODS
A Hewlett Packard model 5730 gas chromatograph (GC) was equipped with a

heated injection port, a 4-port sample valve, and a heated flame ionization detector
(FID). Nitrogen was used as the carrier gas, and hydrogen and compressed air were used
as the FID fuel and oxidizer, respectively. Experimental data were collected on a
personal computer, equipped with a proprietary analog-to-digital converter, and
proprietary software which recorded FID output voltage versus time.

Commercial-grade samples of six different natural zeolites, one calcined clay
product, and one sample of pumice were obtained from Zeotech Corporation. A sample
of activated carbon (BG pellet, -4 +1 0 mesh) was obtained from Calgon Carbon
Corporation. Adsorbent samples were prepared by grinding with a ceramic mortar and
pestle, sieving with U. S. standard series sieves, and retaining the -20 +40 mesh (-0.840



mm to + 0.420 mm) fraction. Except for the grinding and sieving, the samples were not
physically or chemically modified in any way.

GC columns were assembled by packing measured amounts of adsorbent in
0.194 inch (4.9 mm) ID copper tubing. Prior to packing, the tubing was rinsed with
acetone, then oven-dried at 105º C. To ensure uniform packing density, the columns were
packed by drawing a vacuum through the column, gradually placing adsorbent in the
column, and vigorously tapping the side of the column after each addition of adsorbent.
Total column length was 2.0 inch (5 1 mm) or 4.0 inch (102 mm), and the respective
packing depths were 1.8 inches (46 mm) and 3.8 inches (97 mm). The end of each
column was packed with 0.1 inch (2.5 mm) of glass wool fiber. The columns were
installed in the GC, and purged by heating at 350º C for at least eight hours, with
nitrogen flowing through the column.

Analytical grade benzene, ethylbenzene, toluene, o-xylene, and p-xylene, reagent
grade acetone, and commercial grade methane were used in this study.All of the
adsorbent samples (except the activated carbon) were initially screened by injecting
benzene vapor into 2.0 inch (5 1 mm) long columns. Benzene vapor samples were
prepared by injecting liquid benzene into a sealed 40 mL glass vial with Teflon-lined
septum, then warming the vial to 80º C to ensure complete vaporization. An aliquot of
benzene vapor was then withdrawn from the vial, with a gas-tight syringe, and
immediately injected into the GC. The mass of benzene vapor was estimated by
computing the concentration of benzene vapor in the vial, using the mass of liquid
benzene injected into the vial. The mass of VOCs was computed using the vapor
concentration in the vial, and the volume of vapor withdrawn from the vial.

The experimental technique used in the second phase of this study was similar to
the pulse flow technique described by Eberly (9). Aliquots of each BTEX liquid were
injected into the GC's injection port, with the 4-port sample valve held closed for 30
seconds, to ensure complete vaporization of the liquid. After the 30 second vaporization
period, the sample valve was opened, the data collection software was started, and the
injected compound was allowed to elute from the column. The run time of each
experiment varied from 10 minutes to 10.1 hours, depending on the adsorbent and BTEX
compound being studied.

Aliquots of methane were injected into the GC, using a gas-tight syringe, to
assess the chromatographic properties of a gas with minimal adsorption. The data
collection software was started immediately after injection, and the methane was allowed
to elute from the column. The run time of each methane experiment was 15 to 3 0
seconds. The uncorrected retention curves reflect both bulk transport of the BTEX in the
carrier gas, and diffusion in and out of the adsorbent. The methane injections were also
needed to correct the BTEX retention times, by subtracting the effect of bulk transport
caused by the carrier gas.

The FID output voltage data from each experiment were multiplied by the GC
range and attenuation settings used for each experiment. The modified data were plotted
as a function of time. The retention time (tr) for each chromatograph was computed
using:
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where n = the number of data points collected,
Timei = the time at which the GC output signal is recorded,
mVi = the value of the GC output signaf at Timei (millivolts),
R = the range setting used on the GC, and
A = the attenuation setting used on the GC.

The adjusted retention time (t’) of each compound was computed as the
difference between the average retention time of each compound and the retention time
of methane, b:

The adjusted retention time t’ was plotted as a function of the number of
micromoles of each BTEX compound injected as discussed by Sloan (10). Least-squares
linear regression was used to extrapolate the adjusted retention time at infinite dilution
(t’_) for 0 micromoles of each BTEX compound.

For gas-solid chromatography, the specific retention volume V“r (cm3/g) at 0º C
is used to compare chromatographic data from different size columns, and/or different
experimental conditions. The retention volume represents the volume of carrier gas,
which has passed through the column, from the time of injection to the peak centroid.
The specific retention volume is the retention volume divided by the mass of adsorbent
in the column, and is expressed by:

where t’- = adjusted retention time at infinite dilution (s),
J = compressibility or pressure drop correction factor

ma& = mass of adsorbent (g),
Fm = carrier gas flow rate as measured by a soap-film flow meter (cm3/s),
TcOr = column temperature (OK),
Ta = ambient temperature (OK),
Pa = ambient pressure (atm),
PW = vapor pressure of water at T* (atm),
Pi = p&sure at the inlet of the column (atm), and
P0 = pressure at the outlet of the column (atm).

Computation of Thermodynamic Properties



The Gibbs free energy of an adsorbate/adsorbent system, at standard state, is
expressed as (11):

where R = ideal gas constant (1.987 ca l / ºK  mole),
Tc,,r = column temperature (ºK),
b2 = the 2-dimensional van der Waals constant (m2/cm3),
Vog = the specific retention volume at 0º C (cm3/g),
S = the specific surface area of the adsorbent (m2/g), and
K = adsorption equilibrium constant (unitless).

The 2-dimensional van der Waals constant is an expression of a 3-dimensional
molecule’s area, projected on a 2-dimensional surface. de Boer (12) has derived the
following relationship between the two- and three-dimensional van der Waals constants:

b2 =$

where b = the three-dimensional van der Waals constant (cmz/molecule),  and
d = diameter of the adsorbate molecule.

RESULTS
The adjusted retention times measured in each experiment are summarized in

Table 1, along with the mass of benzene vapor injected for each experiment. Those
samples which exhibited short retention times (retention times less than 400 seconds) for
benzene vapor, with the exception of Ash Meadow, were eliminated from further
consideration. The Ash Meadow sample was later included in the liquid BTEX
experiments, to provide chromatographic information on minimal adsorption conditions.

Table 1 Retention Time of Benzene Vapor on 2 Inch Columns

Adsorbent Name and Mass (g) Mass of Benzene Vapor Retention Time
(µmoles) b (sec)

Ash Meadow (0.9386 g) 680 335
Bowie (0.621 g) 8515 382
St. Cloud (0.7970 g) 8515 371
Profile (0.5993 g) 8515 335
Pumice (0.460 g) 8515 107

The results of the correlation of adjusted retention time at infinite dilution with
the number of moles of BTEX injected are summarized in Table 2. The limiting
retention volume for each BTEX I adsorbent is summarized in Table 3. The equilibrium
constant and Gibbs free energy of adsorption for each BTEX / adsorbent system are
summarized in Tables 4 and 5 respectively.



Table 2 Summary of Adjusted Retention Times at Infinite Dilution (t’,,, in seconds)

Adsorbent Benzene Toluene Ethylbenzene o-Xylene p-Xylene
Pumice -0.11 0.24 6.77 4.81 3.69
Tilden 876 3483 4722 4526 4932
Teague 2358 8174 10412 12160 10426
South Dakota 845 2691 7492 7606 5728
Ash Meadow 105 223 675 684 588
Calgon BG 1’3436 39484 17803 34427 NT
Carbon
NT = not tested.

Table 3 Summary of Limiting Retention Volumes (Vog in cm3/g)

Adsorbent Benzene Toluene Ethylbenzene o-Xylene p-Xylene
Pumice -0.068 0.150 4.23 3.01 2.31
Tilden 288 1142 1546 1487 1620
Teague 743 2574 3272 3816 3278
South Dakota 279 889 2483 2819 1893
Ash Meadow 30.5 65.1 197 199 172
Calgon BG Carbon 8625 25326 11382 22097 ID

ID = Insufficient data for regression analysis

Table 4 Summary of Adsorption Equilibrium Constants (K)

Adsorbent Benzene Toluene Ethylbenzene o-Xylene p-Xylene
Pumice -771 1984 61190 45055 35326
Tilden 18895 8773 1 129539 129011 143370
Teague 58033 235477 326440 394099 345418
South Dakota 38718 144488 4403 74 517408 354548
Ash Meadow 9180 22958 75711 79320 69649
Calgon BG Carbon 39069 134362 65871 132349 ID

Table 5 Summary of Gibbs Free Energy of Adsorption (AGoads in kcal/mole)

Adsorbent Benzene Toluene Ethylbenzene o-Xylene p-Xylene
Pumice NA -5.63 -8.17 -7.95 -7.77
Tilden -7.30 -8.44 -8.73 -8.73 -8.80
Teague -8.13 -9.17 -9.41 -9.55 -9.46
South Dakota -7.83 -8.81 -9.64 -9.76 -9.48
Ash Meadow -6.77 -7.45 -8.33 -8.37 -8.27
Calgon BG Carbon -7.84 -8.76 -8.23 -8.74 ID



The values of the limiting retention time and specific retention volume were
normalized relative to the experimental data for Teague. In other words, the data for each
of the other adsorbents were divided by the data for Teague. These rankings are
summarized in Tables 6 and 7 for limiting retention time, kc and specific retention
volume, RZ, respectively.

Table 6 Adsorbent Ranking Based on Limiting Retention Time

Adsorbent Benzene Toluene Ethylbenzene o-Xylene p-Xylene Average
Ranking

Pumice -4.7E-05 2.9E-05 6.5E-04 4.0E-04 3.5E-04
Tilden 0.37 0.43 0.45 0.37 0.47 0.42
Teague 1 1 1 1 1 1 .00
South Dakota 0.36 0.33 0.72 0.60 0.55 0.51
Ash Meadow 0.04 0.03 0.06 0.06 0.06 0.0:
Calgon BG Carbon 5.70 4.83 1.71 2.83 NA

Table 7 Adsorbent Ranking Based on Specific Retention Volume

Adsorbent Benzene Toluene Ethylbenzene o-Xylene p-Xylene Average
Ranking

Pumice -9.2E-05 5.8E-05 1.3E-03 7.9E-04 7 .  I  E-04
Tilden 0.39 0.44 0.47 0.39 0.49 0.44
Teague 1 1 1 1 1 1 . 0 0
South Dakota 0.38 0.35 0.76 0.74 0.58 0.56
Ash Meadow 0.04 0.03 0.06 0.05 0.05 0.05
Calgon BG Carbon 11.61 9.84 3.48 5.79 ND

DISCUSSION
Activated carbon adsorption is a mature technology for the removal of BTEX

vapors from a gas stream. Conversely, adsorption of BTEX vapors on natural zeolite is
not a proven technology. Further research and development of zeolite adsorbents may be
contingent upon the capital cost of this idea. A preliminary comparison of cost of natural
zeolites, relative to activated carbon, could help future researchers to focus their efforts
on the most promising natural zeolites.

A preliminary cost comparison should take into account the relative performance
of zeolite versus carbon, and the relative material costs of the two adsorbents. Assume
the material costs for Calgon BG activated carbon and natural zeolite are $2.00 per
pound (13) and $0.20 per pound, respectively. Further assume that 1,000 pounds of
Calgon BG activated carbon is able to treat a given gas stream contaminated with BTEX
vapor. The material cost of the carbon is therefore $2,000.



The total material cost of the zeolite needed to treat the same gas stream can be
computed by substituting the rankings from Tables 6 or 7 into the following equation:

where TCz = total material cost of the zeolite,
UC& = unit material cost of the zeolite (assumed $0.20/lb),
Ma = mass of activated carbon required (assumed 1,000 lb),
Rat = ranking of the activated carbon from Tables 6 or 7, and
R= = ranking of the zeolite from Tables 6 or 7.

The computed material costs, based on t’W and V’s, are summarized in
Tables 8 and 9 respectively.

Table 8 Zeolite Material Cost, Based on Limiting Retention Time Rankings

Adsorbent Benzene Toluene Ethylbenzene o-Xylene
Tilden $3,068 $2,267 $754 $1,521
Teague $1,140 $966 $342 $566
South Dakota $3,180 $2,935 $475 $938
Ash Meadow $25,592 $35,412 $5,275 $10,066
Calgon BG Activated Carbon $2,000 $2,000 $2,000 $2,000

Table 9 Zeolite Material Cost, Based on Specific Retention Volume Rankings

Adsorbent Benzene Toluene Ethylbenzene o-Xylene
Tilden $5,990 $4,435 $1,472 $2,972
Teague $2,322 $1,968 $696 $1,158

South Dakota $6,183 $5,698 $917 $1,568
Ash Meadow $56,557 $77,806 $11,555 $22,208

Calgon BG Activated Carbon $2,000 $2,000 $2,000 $2,000

CONCLUSIONS
Eight adsorbents were initially tested with benzene vapor in this study. The

results of this initial screening indicated that pumice, calcined clay, and three of the
natural zeolites (Ash Meadow, Bowie, and St. Cloud) were not effective adsorbents of
benzene vapor. Detailed evaluation of six adsorbents, using liquid injections of all five of
the BTEX compounds, showed marked differences in adsorption capability. Those six
adsorbents were ranked, in decreasing order of effectiveness, as Calgon BG activated
carbon, Teague, (South Dakota and Tilden), Ash Meadow, and pumice.

An interesting result of this study is the variation in performance of different
samples of the same type of zeolite. Bowie, the only chabazite used in this study, was a
very ineffective adsorbent. Consequently, this natural zeolite was eliminated in the
initial screening phase (the average retention time of a 109 µg injection of benzene vapor



was only 382 seconds for this mineral). All of the other zeolite samples were
clinoptilolites, presumably with similar physical and chemical properties. Yet some
clinoptilolite samples exhibited very short retention times. For instance, the limiting
retention times for benzene on Ash Meadow and Teague were 105 and 2358 seconds,
respectively.

The effective size of the channels can be affected by the size of the cations in the
zeolite structure. Divalent cations tend to be slightly smaller than monovalent cations,
occupying less space in the structure. If cations and water of hydration fill a channel,
BTEX molecules may be excluded from the channel, allowing them to pass through a
packed column relatively quickly. The types of cations present in the zeolites used in this
study are unknown, so no conclusions can be drawn regarding the possible effects of the
cations on the experimental results.

The zeolite samples used in this study may have contained extraneous geologic
material, which affected the adsorptive capability of the sample. Any material, which
was present in the synthesis mixture (volcanic glasses, tuffs, silica, or clays), may have
been present in the zeolite sample. If any of these were present in any of the samples, the
adsorptive capability of the sample could have been affected, either adversely or
favorably. In this study, no attempt was made to identify or remove any impurities, so no
conclusions can be drawn regarding the effects of possible impurities on the
experimental results. In a real-world situation, impurities present in natural zeolites
would likely not be removed. Such processing would increase the material cost, making
it less competitive with activated carbon.

The comparison of material costs between activated carbon and the natural
zeolites should give some guidance to future researchers. Teague and Tilden appear to be
the most promising natural zeolites for BTEX control, both in terms of performance and
cost, relative to activated carbon.
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ABSTRACT

Oil and gas exploration and production operations are potentially large sources of air pollution.
Methods of calculating potential emissions are described, followed by techniques that can be used
to effectively reduce emissions.  Emphasis is placed on operational methods and control
techniques which offer the potential to add to profitability of these units, or at least minimize the
costs of regulatory compliance and control equipment.  Areas where further research is needed to
obtain reductions in emissions to the atmosphere, preferably while increasing profit, are discussed.



INTRODUCTION

Oil and gas (O&G) exploration and production (E&P) operations are big - in value, in production,
in numbers of facilities and in potential to emit air pollutants. In the United States, the
implementation of the federal Clean Air Act Amendments of 1990 have led to a major effort in the
O&G E&P sector to identify how to minimize emissions while also minimizing new permitting
and regulatory compliance costs.  The latest methods used to estimate emissions are outlined
because they affect the process dramatically and because further work needs to be done in this
area.  Old and new methods to control emissions and recover product are described technically and
from the point of view of minimizing regulatory applicability.  Each class of O&G facility is
covered separately - batteries, compressor stations, sweetening plants, and gas liquids plants - to
highlight specific strategies applicable for them.  Results of the efforts of major E&P companies
are summarized to show how control necessary to meet or minimize the applicability of new
regulatory requirements also can generate additional revenue and minimize compliance expense. 
Last, existing or potential causes for concern where additional technology application and
development are needed are described.

EMISSIONS CALCULATIONS

Until a few years ago, emissions from oil and gas exploration and production operations were seen
as an easy proposition.  Tank and loading losses of volatile organic compounds (VOCs), engine
and turbine emissions of CO and NOx, and sulfur products were calculated using fairly simple
methods.  Then we discovered that only a portion of the significant, actual emissions were known,
let alone calculated!

Glycol Dehydrators

Our attention was first focused on glycol dehydrator reboiler still vents by work done in Louisiana
in the late 1980s.  The initial results of tests done there and at other locations were greeted with
scepticism.  Rigorous testing, though, demonstrated that many glycol dehydrators may be major
sources of VOCs and particularly the BTEX group of compounds (benzene, toluene, ethylbenzene,
and xylene).  There are two primary methods of calculating emissions from glycol dehydrators
these days.  In cases where a very accurate estimate of emissions is desired, a rich-lean glycol grab
sample analysis is used to determine the site and unit specific emissions to be expected and their
composition.  Recently a protocol for this sampling was developed under the auspices of the Gas
Research Institute.  It has been recognized by the United States Environmental Protection
Agency1, and is in general use.  The drawback to this method is cost.

The other method for estimating emissions is to use empirically based, software algorithms. 
Testing has been done on some of these, comparing predicted results to those from rich-lean grab
sample analysis2.  The results predicted by the algorithms correlate well with the sample results. 
Given accurate data on the operating characteristics of the dehydrator and a good extended gas
analysis, the resulting emissions estimate represents an excellent compromise between accuracy
and cost.



These software programs also have been written to estimate the result of condensing hydrocarbons
in the dehydrator reboiler still vent stream.  If light gases (C1 - C3s) are recovered from the rich
glycol stream in a flash tank, the heavier fraction is fairly easy to condense.  Unfortunately, the
cost of testing condenser vents has not led to a sufficiently large database to validate condenser
efficiency across the climates and ambient daily temperature ranges in which glycol dehydrators
operate.

Equilibrium Flash and other Tankage Losses

Flash loss from tankage has been known for some time, but there has not been an inexpensive,
effective way to calculate the emissions amount.  The American Petroleum Institute (API), the
Canadian Association of Petroleum Producers and the Gas Research Institute (GRI) have teamed
up to study flash loss.  They have placed on the market a software program, “E&P Tank,” Version
1.0, which has shown satisfactory correlation to actual emissions.  This software relies on inputs
from fairly sophisticated laboratory analyses in its primary algorithms.  It also offers a algorithm
based on more common tests routinely performed by E&P companies, but the results of that
algorithm have not yet been compared to actual emissions.  Other chemical engineering process
simulator software is available and additional work is being done specifically on flash by at least
one firm.  Of note is the fact that the actual testing done to validate the software confirms
substantial emissions from this source.  Since tank vents typically are in the C4-C10 range, there is
concern about hazardous compounds (benzene, n-hexane, etcetera) here, as well as the quantity of
pollutants.

Tankage working and breathing losses are typically estimated using formulas that have been
continually revamped as data has come in over the last few years (for example, the EPA’s AP-42
formula and TANKS 3 Software).  These equations are based on a great deal of recent work across
many industries.  The new equations in many cases show greater emissions than the older versions
for the same data input.

Sweetening Unit Losses

The focus on sweetening unit emissions has been and should continue to be focused on hydrogen
sulfide.  However, recent research indicates that VOC emissions from sweetener reboiler stills may
be a major VOC source under certain circumstances3, typically when the unit is being used to
remove carbon dioxide.  Emissions analysis methods are essentially the same as those for Glycol
Dehydrators, although the software is still based on very few data points.

Engine and Turbine Emissions

The best way to calculate emissions from these sources remains the use of actual engine or turbine
test data from manufacturers.  Those tests have focused on NOx and CO generation, but recent
studies indicate more research needs to be done on formation of organic products of incomplete
combustion, particularly formaldehyde4.  Major manufacturers have begun to do this testing and
are identifying which type engines and scenarios lead to significant emissions.



Equipment Fugitives

Emissions of VOCs from the many pumps, valves and flanges found at an O&G E&P site were,
for many years, estimated using factors based on studies at refineries.  An API-GRI study
performed a few years ago changed all that.   The industry in the United States now uses a set of
factors based on a well documented series of tests in the oil patch itself.  The factors are accepted
by the EPA and are commonly recognized by state regulators.

Loading Losses

The emissions from loading liquids at O&G E&P facilities are typically calculated in the United
States using the formula found in EPA’s AP-42:

     E = 12.46 SPM/T pounds per 1000 gallons loaded                                                (1)

The variable of interest here is the factor, S, which is a function of the loading method - splash,
bottom loaded, etc.

CONTROL METHODS AND PRODUCT RECOVERY
TECHNIQUES

Batteries

Most batteries need little, if any, emissions control.  Those that do can be identified quickly.  They
have a dehydrator, a lot of horsepower in engines or turbines, or receive a lot of gas and crude. 
Both operational and tail end control measures can be taken to minimize emissions.  Let’s look at
operations first.  For glycol dehydrators, check to see how hard the dehydrator is being run.  The
greater the circulation rate, the greater the emissions.  If the pipeline specification for water content
is safely and routinely met at a glycol pump rate of 10 gallons a minute, operators should not set
the rate twice as high “just in case.”  Taking the final gas-oil separation pressure down closer to
ambient is another technique to consider.  The lower the final separation pressure, the less flash
will come off in the tanks.  Select and use engines that together get the necessary horsepower at
the lowest output of contaminants.

Where control will be needed, go for the approach that pays.  Molecular sieve units can be
substituted for glycol dehydrators.  Or glycol reboiler still vents can be sent straight to a combustor
(firebox, flare, etc).  It will often pay, though, to use a flash vessel and condenser to recover glycol
dehydrator VOCs.  The flash vessel or “economizer” allows the C1-C3 entrained in the glycol to
be captured and used for reboiler fuel.  Use of a flash vessel also makes condensation of the still
vents easier.  The condensers themselves come in all sorts of types.  Some operators use an annular
device where the rich glycol cools the still vent stream while picking up heat before entering the
still.  There are many other designs available from a very competitive group of suppliers.  Payback
times are short, typically 6-12 months.  Many of the units also incorporate a method to take the
uncondensed vapor fraction back to the reboiler firebox or a small afterburner on the firebox stack.
 This approach ensures the ability to claim a high level of control that should satisfy most



regulatory requirements, and negates any concern over condesner efficiency. The condensed
organics may be mixed with already recovered crude or held in a separate tank, depending on
which method will offer the best financial return.

Flash losses can be turned into a return by capturing them and compressing them into a sales line.
Compressors, also known as vapor recovery units (VRUs), have been used for some time in this
role. Unfortunately they are often viewed as unreliable, costly and a threat to tank integrity if
operated incorrectly.  Air may be entrained into the sales line as well.  Enter competition - there
are now suppliers who have tackled the reliability, tank integrity and air ingestion issues and
solved them.  One operator in the Austin Chalk Field in south-central Texas developed what is
termed a “Vapor Boot” to capture flash gas before the crude reaches the battery’s tankage5.  This
tower is sited downstream of the low-pressure separator, after a heater.  The crude flows through
the unit and exits at 1.5 to 3 psig with little remaining entrained gas.  The gas off the top of the
Vapor Boot is compressed into the sales line.  For small quantities of flash, 20 MSCF or less, low
cost units are available that reliably compress the gas into the sales line.  These low end units
operate on the pressure differential between the high and low-pressure separators at a battery and
do not need engines.  Larger quantities require an engine driven compressor, but these units are
much more reliable than in the past.  The enhanced reliability and collection of the flash upstream
of tankage plus the value of the captured gas make this approach very appealing to an operator.

Large gathering batteries present unique problems.  In these units, tank working and breathing
losses coupled with other handling can subject a facility to regulatory requirements.  It may be
necessary to use floating roof  tanks and other techniques at these units to minimize emissions.

Compressor Stations

The key at these sites is to choose equipment wisely, as mentioned before, and to keep the engines
well maintained.  Various methods are available to limit nitrogen oxides from compressor engines.
 The engine and operating scenarios that indicate a concern with formaldehyde emissions should
be easily rectified with the addition of a catalytic converter.  Glycol dehydrator operations are the
same as for one operated at a battery, with the extra added attraction of potential for a large
condenser recovery on large volumes of gas that has not been previously dried.  The potential
volatility of these recovered liquids has led to the incorporation of  pressure storage containers into
the condenser arrays.    

Sweetening Facilities

Sweetening units aimed at H2S removal typically have reboiler still vents directed to an on-site
flare, incinerator or, for large volumes, a sulfur recovery unit.  Those used primarily for CO2
removal, and not linked to reinjection wells for enhanced recovery, present a problem.  The BTU
content of the CO2 laden stream is not normally high, even when VOC emissions are high.  If a
glycol dehydrator is present, economizer gas can be directed to the vent stream to achieve
minimum BTU values for flaring.  An newly announced, patented approach6 uses amine reboiler
firebox fuel to strip the organics from the rich amine stream downstream of the flash tank used to
separate C1-C3s.  If this method shows multi-site reliability and efficiency equivalent to early test
results, the cost of solving this emissions problem will be greatly reduced.



Gas Plants

With forethought in assembling components, a relatively large gas plant can greatly minimize
emissions.  Engine selection and operating scenarios are the biggest drivers for CO and NOx.  Low
NOx units and/or catalytic converters are very important.  VOC control will usually center on
glycol dehydrator and amine unit still vent emissions control and a fugitive emissions reduction
program.  Meaningful fugitive emissions reduction entails having a leak detection and repair
program.  Again, much can be done up front in selection of components.  The cost differential
between “leakless” units and ordinary pumps and valves needs to be weighed against the costs of
complying with avoidable regulatory requirements.

EXAMPLE STRATEGIES TO BALANCE
EMISSIONS, COSTS AND REGULATION

A comprehensive O&G production related emissions minimization and regulatory compliance
program was carried out by one Texas E&P company in response to the 1990 Federal Clean Air
Act Amendments7.  The operating unit contains 87 production batteries serving 1,061 producing
oil and gas wells.  The study team first estimated emissions to determine those units that were
potentially subject to regulation under the amendments.  Sixteen facilities were found that would
exceed new regulatory thresholds.  The next step assessed what could be done at a reasonable cost
to reduce emissions to levels lower than these triggers.  The goals established were to (1) ensure
compliance with both the new Federal and existing state requirements; (2) reduce VOC emissions
at eleven facilities without increasing electric power expense; (3) reduce fugitive emissions at nine
facilities; and (4) reduce NOx emissions at nine facilities.  The study identified that approximately
$250,000 a year could be saved by recovery of vent gas and condensate.  Since the overall project
had a total investment of only $560,000, payout based on recovered hydrocarbons will be
accomplished in a little over two years.  Just as significant, the operator estimates that the project
avoided $2,500,000 in initial costs and another $1,400,000 in recurring costs that would have been
incurred if the modified units triggered new regulatory rules.  While the exact value of these
avoidance estimates will vary depending on a variety of factors, the magnitude is such that the
project was obviously completely beneficial to the bottom line!

Just as spectacular are the results noted at the Austin Chalk field.  This is the field where the
“Vapor Boot” was developed.  Net income from recovering flashing losses alone was $5,000,000
between September 1992 and November, 19968.    No assessment has been made by the operator
on the value of avoiding regulation.  Rather, the focus has been on finding a way to economically
recover product in a manner that is also environmentally beneficial.

RESEARCH OPPORTUNITIES REMAINING

The obvious area for additional research at this time is the determination of the exact nature,
amount and causal factors for organic compound emissions from sweetening units and engines. 
Alternatively, what are relatively inexpensive ways to eliminate the problem on the assumption
that they each exist? 

Just as important is the identification of economically feasible steps that can be taken to minimize
H2S and SO2 emissions from O&G E&P units.  For instance, can H2S be separated at the battery
level and reinjected to enhance recovery or simply for disposal?  If technically feasible, will these



methods be able to finance themselves by, for instance, minimizing corrosion related direct and
indirect costs?

SUMMARY

Oil and gas exploration and production units can be operated with minimum emissions.  A
monetary incentive - increased recovery of saleable liquids and gas while minimizing regulatory
compliance cost -  has been a great driver in the development of better control technologies. 
Coupled with operating procedures that also minimize emissions, the reduction from years past is
dramatic!
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ABSTRACT
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mild operating conditions and reaction specificity afforded by the biocatalyst. The enzymatic
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INTRODUCTION

Biological processing of fossil fuel feedstocks offers an attractive alternative to conventional
thermochemical treatment due to the mild operating conditions and greater reaction specificity
afforded by the nature of biocatalysis.  Efforts in microbial screening and development have
identified microorganisms capable of petroleum desulfurization (see for example (1-12)),
denitrification (6), demetalization (6), cracking (6, 13) and dewaxing.  Further investigation and
manipulation of enzymatic pathways responsible for these reactions (4, 14-17) has led to
processes which are approaching commercial application, particularly in the area of biological
desulfurization (7, 18).  Biological desulfurization of petroleum may occur either oxidatively (see
for example (3, 5, 8, 9, 12, 17, 19-21), or reductively (2, 22-24).  In the oxidative approach,
organic sulfur is converted to sulfate and may be removed in process water.  This route is
attractive due to the fact that it would not require further processing of the sulfur and may be
amenable for use at the well head where process water may then be reinjected.  In the reductive
desulfurization scheme, organic sulfur is converted into hydrogen sulfide which may then be
catalytically converted into elemental sulfur, an approach of utility at the refinery.  A sampling of
desulfurization rates achieved with oxidative and reductive microorganisms have been
summarized in (25).  Regardless of the mode of biodesulfurization, key factors affecting the
economic viability of such processes are biocatalyst activity and cost, differential in product
selling price, sale or disposal of co-products or wastes from the treatment process, and the capital
and operating costs of unit operations in the treatment scheme.

The selection of the petroleum feedstock in biodesulfurization will play a large role in the overall
economic viability of the process.  Biodesulfurization may be utilized as a pretreatment to crude
oil before entering pipelines, may be applied as an alternative to hydrotreating the crude at the
refinery, or may be applied in the polishing of refinery products such as diesel or gasoline.  The
particular application will determine the extent of desulfurization necessary and hence the
treatment cost per barrel.  At the wellhead, a biodesulfurization unit may be used to treat
marginally sour crudes (0.6 - 0.7% S) converting them to sweet crudes (<0.5% S) and claiming
the price differential in sweet versus sour crude in segregated pipeline systems (currently, the
premium for sweet crude is ~$1/Bbl).  For this application, the extent of desired desulfurization
is quite low and this may serve as an attractive initial niche for biodesulfurization.  When utilized
for refinery applications, the biodesulfurization process must compete with conventional
hydrotreating.  Here the economic viability of biorefining will be based upon its competitiveness
relative to the catalyst replacement, hydrogen, and octane penalty costs associated with
hydrotreating.

Dibenzothiophenes and substituted dibenzothiophenes are some of the most recalcitrant organic
sulfur compounds relative to hydrodesulfurization of crude oil and refined transportation fuels
(7).  DBT has been used as a sulfur model compound for over a decade of research.  DBT
desulfurization by the “4S” pathway as  performed by Rhodococcus IGTS8 (19, 26) conserves
hydrocarbon value as opposed to desulfurization via mineralization (see Figure 1).  In this
mechanism, sulfur oxidized and removed from the petroleum as sulfate which partitions into the
biocatalyst containing aqueous phase.  IGTS8 and related biocatalyst have been shown capable
of desulfurization of DBT, substituted DBT’s, and other sulfur species in model hydrocarbon
systems (3, 5, 21, 27, 28).  There have been published reports of diesel (28) and whole crude oil
desulfurization (4, 6, 24, 29, 30).  However, most reports of crude biodesulfurization investigate



only the total sulfur content of the crude before and after biodesulfurization, and do not reveal
sulfur speciation data which may guide further biocatalyst development.

While significant activity is progressing in the engineering and chemical modification of
enzymes so that they may function in purely organic solutions (31-33), inherent to all of the
current bioprocessing of fossil feedstocks schemes is the need to contact a biocatalyst containing
aqueous phase with an immiscible or partially miscible organic substrate.  Factors such as liquid
/ liquid  and gas / liquid mass transport, amenability for continuous operation and high
throughput, capital and operating costs, as well as ability for biocatalyst recovery and emulsion
breaking are significant issues in the selection of a reactor for aqueous / organic contacting.
Traditionally, impeller-based stirred reactors are utilized for such mixing due to their ease of
operation and wide acceptance in the chemical and biological processing industries.  Such
mechanically stirred reactors contact the aqueous and organic phases by imparting energy to the
entire bulk solution, i.e. the impeller must move the contents of the reactor.  Energy input in the
stirred reactor is a function of the phase ratio, oil viscosity, density, reactor size, impeller speed,
etc. (34). An analysis of the energy requirements for stirred reactors is included in this study.

Alternative processing schemes (18) propose the use of “motionless mixers”, in which the two
phases are pumped over a reversing helical coil which creates turbulent eddies.  While this
method reduces the number of moving parts in the reactor, it does not reduce power requirements
since costs are transferred from the impeller to the pumps required to move the liquids past the
coil.  Liquid velocities greater than 4 m/s are required to form emulsions (~10 µm) and one can
not form emulsions in coil tubes greater than 3 mm in diameter (35).  For tubes greater than 10
cm in diameter one can not form droplets smaller than 1 mm. Like the stirred reactor, no capacity
exists for emulsion breaking within the motionless mixer.

Recent advances in the area of contactors for solvent extraction have lead to the development of
electrically driven emulsion phase contactors (EPC™) for efficient contact of immiscible phases
(36-41).  In this concept, the differing electrical conductivity between the aqueous and organic
phases causes electrical forces to be focused at the liquid / liquid interface, creating tremendous
shear force (see for example (42)).  This shear causes the conductive phase to be dispersed (5 µm
droplet size - (43)) into the non-conductive phase, but does so with decreased energy
requirements relative to mechanical agitators due to the fact that energy is imparted only at the
liquid / liquid interface and not the entire bulk solution.  Electrostatic crude oil desalters have
been operated for several years (44). More recently, devices based upon the EPC™ have been
used commercially to water wash methyl tert-butyl ether feedstocks (with greater than 10-fold
reduction in stage height (45)) and for organic extraction from aqueous analytical samples (46).
Energy consumption on a volumetric basis has been measured to be 2.4 W/L for a 30% tributyl
phosphate / 70% dodecane / distilled water system, four orders of magnitude less than
mechanical systems creating as fine an emulsion (40, 43).

The configuration of the EPC™ developed at the Oak Ridge National Laboratory is shown in
Figure 2 where the contactor serves to disperse a liquid with a greater density than the
continuous phase.  The reactor employs two different types of electrode regions in order to
increase liquid throughput.  The first, termed the “nozzle region”, provides a high capacity
droplet dispersion by providing an electric field with a significant vertical component.  This
vertical field creates the dispersion at the nozzle entrance and accelerates it into the continuous
phase.  A second region termed the “operating channel” employs parallel plates carrying a
modulated dc offset with high voltage spikes.  This signal creates an oscillating horizontal



electrical field which controls the residence time of the dispersed phase and  serves to
continuously coalesce and redisperse the droplets as they progress in a serpentine manner
through the reactor.  At the base of the reactor, an electrical field exists between the electrified
central plate and the grounded aqueous phase, which accelerates the aqueous droplets to the
organic / aqueous interface.  In this manner, droplet coalescence and hence separation on the
interface is enhanced.  The EPC™ creates droplets of water containing biocatalyst ~5 µm in
diameter within an organic phase.

With the success the EPC™ has exhibited in the area of solvent extraction, it was proposed that
it could be an efficient reactor system for aqueous / oil contacting in biorefining (47). Here, we
compare the performance of the EPC™ to that of a batch stirred reactor (BSR), investigate the
required level of biocatalyst activity before the surface area afforded by the EPC™ becomes a
factor in reactor performance, and characterize the emulsion formed by both reactors in the
presence of bacteria. We have investigated the emulsion quality formed in the EPC, evaluated the
power requirements and analyzed the mass transfer issues in comparison to stirred reactors.
Results on biodesulfurization of actual crude oil by wild type Rhodococcus IGTS8 are also
included. Finally, we assess the sulfur specificity of available biocatalysts with respect to sulfur
compounds present in crude oils.

MATERIALS AND METHODS

The experimental procedures used for studying biodesulfurization in model systems have
been discussed in detail in previous publications (25, 48, 49).  A brief description is
provided here to aid in the understanding of the results from model system experiments.
A detailed description of  oil experiments is provided here.

Model system experiments

Biocatalyst and solvent systems

The model solvent system included dibenzothiophene (DBT) dissolved in hexadecane and was
used to investigate reactor design and performance in an easily tractable chemical system.
Rhodococcus sp. wild strain IGTS8 (ATCC 53968) was provided by Energy BioSystems Corp.
and served as the biocatalyst.  The sequence of DBT oxidation by IGTS8 is shown in Figure 1,
(Kilbane, 1989) and detailed enzymatic steps in the pathway are discussed in (17).  A frozen cell
paste was used which had a cell dry weight of 0.28 g/g of original frozen material.  The aqueous
phase in all experiments consisted of 0.156 M, pH 7.5 potassium phosphate buffer.

Batch stirred reactor experiments

Experiments conducted in batch stirred reactors (BSR) typically utilized 50 g of frozen
Rhodococcus sp. wild type strain IGTS8 (ATCC 53968) cell paste which were brought up to 750
mL with 0.156M (pH 7.5) phosphate buffer (1X cell density) and added to 250 mL of 0.6wt%
DBT in n-hexadecane. The experiment was conducted at 30oC, with agitation at 800 RPM, and
aeration with either room air or pure oxygen at a rates of either 0.2 or 1.0 SLPM.



Mass transport experiments were conducted in the BSR to evaluate the liquid-liquid (l-l) or gas-
liquid (g-l) mass transfer limitations.  These experiments were organic continuous with 250 mL
of aqueous phase dispersed into 750 mL of hexadecane.  The cell density was varied over a 20-
fold factor to study the mass transfer limitations in the biodesulfurization process.  In order to
separate the gas-liquid from liquid-liquid mass transfer issues, experiments were conducted at a
fixed cell density and varying the oxygen tension or flow rate.

EPC™ experiments

The details of the experimental set up and instrumentation used for the EPC™ experiments are
given in (25).  In EPC™ experiments, the organic liquid served as the continuous phase into
which an aqueous biocatalyst was dispersed.  The temperature of the organic phase was
controlled at 30°C by pumping the liquid through a constant temperature bath. Typically, a 100
mL aqueous slurry of biocatalyst was contacted with 2,400 mL of organic phase by recirculating
through the reactor at 5.0 mL/min.  The cell density with respect to the amount of aqueous phase
used in these EPC™ experiments corresponded to a 4X concentration.  A higher cell density was
used in the EPC™ as compared to the BSR experiments due to the lower aqueous:organic phase
ratio in the EPC™ and to enable DBT conversion significant enough to be observed by the
analytical procedure employed.  Aeration of the aqueous phase was achieved by passing air
through a diffuser located in an external reservoir containing the aqueous phase.

In experiments to determine possible mass transport limitations in the EPC™, 66.7 g of frozen
cell paste was brought to 100 mL with potassium phosphate buffer (10X cell density) and used as
the aqueous phase.  In order to evaluate if oxygen mass transfer was a limiting factor, the
aqueous reservoir used for recirculating the aqueous phase was sparged with pure oxygen at a
flow rate of 50 mL/min.  This experiment was also conducted at a 10X cell density.

Biodesulfurization of Van Texas Crude oil

Biodesulfurization of Van Texas crude oil was studied in batch stirred reactors to evaluate the
substrate specificity of the biocatalyst. The experiment was conducted over a treatment period of
6 days. The crude had an API specific gravity of 31o, and a sulfur content of 0.96 wt.%. The
crude oil did not contain volatiles due to production at elevated temperature (~99oC).
Experiments were performed in batch stirred reactors utilizing 50 g of frozen Rhodococcus sp.
wild type strain IGTS8 (ATCC 53968) cell paste which were brought up to 750 mL with 0.156M
(pH 7.5) phosphate buffer. The cells were suspended in the phosphate buffer prior to addition to
the reactor.  The reactor vessel used was a 1-L VirTis Omni-Culture fermentor (model 178657,
Gardiner, NY), utilizing a 6-bladed Rushton-type impeller with 2 baffles. The reactor was kept at
30oC, agitated at 800 RPM, and aerated with room air at a rate of 0.2 standard liters per minute
(SLPM).  A water condenser was used on each reactor to capture volatiles which were expected
to be minimal or non-existent considering the fact that the operating temperature was much less
than that of the oil reservoir. The experiment was conducted with 250 mL of crude oil, treated
with 750 mL of the aqueous phase.  Samples (30 mL from the top of the organic phase) taken
during the course of biological treatment were collected after ceasing the agitation and aeration
for 5 min to allow the aqueous and organic phases to separate.  The reactor contents were
emptied at the end of the run and centrifuged at 6000 rpm in a Beckman Model TJ-6 centrifuge
to obtain a sample of treated crude oil. Closed samples were boiled in a closed container for 30
min to halt biological activity.



Analytical

Model system experiments

In the experiments reported here, DBT and 2-HBP concentrations in the aqueous phase were
below our levels of detection.  DBT and 2-hydroxybiphenyl (2-HBP) concentrations in n-
hexadecane were measured by gas chromatography using a Hewlett Packard 5890 gas
chromatograph equipped with a flame ionization detector.

Crude oil

A GC-SCD method was used to determine the sulfur content of the aromatic fraction of the oil.
In conventional gas chromatographic analysis of whole oil, only a portion of the sample elutes
from the column. To allow facilitated observation of sulfur in the treated oil, whole oil samples
were fractionated according to ASTM method D2007.  An extended ASTM D2887 procedure
was used for chromatographic separation of the aromatic fraction of the crude oil. The extended
ASTM D2887 procedure is a gas chromatographic simulated distillation method to obtain
comparable data to the ASTM D2892 physical distillation for crude oil. An AC (Analytical
Controls Inc., 3448 Progress Drive, Bensalem, PA 19020) software on Hewlett-Packard
Chemstation was used to control a HP 5890 GC and produce the simulated distillation reports.
Sulfur analysis was performed by modifying the ASTM D2887 procedure by adding a Sievers
Chemiluminesence sulfur specific detector after the flame ionization detector.  The dual
detectors produce a chromatogram for the hydrocarbon simulated distillation and a
chromatogram for the sulfur distribution in the sample. The GC method employed a 10m x 0.53
mm AC Sim Dist methyl silicone column with a 0.9µm film thickness. Helium was used as a
carrier gas.  The GC oven program began at 400 C with a ramp of 150 /min to 3800 C followed by
a holding time of 4.5 min.  The injector port was temperature programmed to begin at 1250 C and
ramp up to 3800 C at 400 /min.  The ASTM D2887 calls for carbon disulfide as the diluent for the
oil samples, but in this procedure, triflouro-trichloroethane was used since sulfur determination
was one of the analytical objectives.  In the case of fractionated oil analysis, total sulfur was
calculated from GC-SCD data by integrating the chromatograms and comparing their areas to
those of known standards resulting in an accuracy of 0.01% S.  This integration could not be
performed on whole oil GC-SCD data since the baseline failed to return to zero and the resulting
area was indeterminant.

RESULTS AND DISCUSSION

Rate of biodesulfurization

The specific rate of DBT desulfurization by Rhodococcus sp. was typically between 1 and 5 mg
2-HBP produced per dry g of biocatalyst per hour.  Specific rates of 2-HBP production in the
batch stirred reactor and the EPC™ reactor systems were within experimental variance and no
appreciable difference in desulfurization rates were seen between the two reactors. Due to the
high surface area reported in the EPC™ (25), higher rates were expected in the EPC™, however,
similar performance was observed in both reactors. The reaction rate obtained here, was without



any supplemental carbon or energy source.  Note that the only available carbon and energy
source for the biocatalyst other than what may be carried over in the frozen cell paste, was
hexadecane and DBT.  However, DBT was not used as the carbon source by the biocatalyst,
since the end product of DBT conversion was 2-HBP (thus preserving the carbon number and
fuel value).  Other studies (outlined in (25)) have utilized additional external carbon and energy
sources and have reported higher activities with Rhodococcus sp. A commercial scale
biodesulfurization process may require a higher cell density to achieve maximum conversion in a
minimum time, provided it does not affect yield with respect to biocatalyst usage.  In order to
study effect of cell density, experiments were conducted in the BSR at different cell loadings.
This experiment also lead to determination of the cell density at which point the BSR becomes
mass transfer limited.  Another experiment in the EPC™ at this cell density was expected to
evaluate the benefits of high surface area afforded by the EPC™.

Mass transport issues

Results of the DBT desulfurization experiments conducted at varying cell densities in BSR’s are
given in Figure 3.  The rate of desulfurization, when normalized with respect to cell mass, was
found to decrease with increasing cell density indicating that mass transfer resistance was the
controlling process in desulfurization.  A statistical analysis of the data indicated mass transfer
limitation between 5X and 10X cell density in the BSR.  The mass transfer limitation may be due
to gas-liquid or liquid-liquid mass transport resistance.

The results of experiments conducted in the BSR at 10X cell density indicated no gas-liquid
mass transfer limitation (Figure 4).  Increasing the rate of air supply or increasing the oxygen
tension in the reactor through the use of pure oxygen rather than air was not seen to affect HBP
production. This suggests that the system may be limited by liquid-liquid mass transfer.  Since
the EPC™ reportedly provides larger liquid-liquid interfacial area, the BSR was compared with
the EPC™ for desulfurization activity at equal cell density.

Comparison of the EPC™ and BSR at 10X cell density is given in Figure 5. As shown, no
difference was observed in the desulfurization rates between the two reactors.  Thus, either the
system is not truly mass transport limited or the EPC™ does not provide a larger surface area for
reaction under the present conditions.  A detailed characterization of the emulsions formed in the
BSR and EPC™ in the presence and absence of biocatalyst was conducted and is reported below.

Emulsion quality in BSR and EPC™

A detailed drop size analysis of the two-phase emulsion formed in the BSR has been reported
previously (25). Characterization of the emulsion quality in BSR in the absence of biocatalyst
has revealed 100-200 micron droplets under the conditions of experiments conducted here.  The
droplets formed in the EPC; however, are in the 1-10 micron range.  The ability to form fine
emulsions in the EPC™ without increasing energy utilization (see energy utilization section
below) could have tremendous impact upon processing costs assuming that the biocatalyst
utilized is active enough to be mass transport limited.

Emulsion quality in the presence of biocatalyst

Due to the opaqueness rendered by presence of biocatalyst, observations could not be made in
situ during reactor operation. To determine the emulsion quality formed in the EPC™ and BSR,



and to determine whether the EPC™ offers larger surface area than BSR, samples were collected
from the reactors and observed under a microscope using a 100x oil emersion objective.
Microscopic examination of samples showed formation of a very fine emulsion in both reactors
with droplet sizes ranging from 1 to 10 µm. Formation of such an emulsion in the BSR may be
presumed due to production of biosurfactants by the biocatalyst IGTS8.  Average droplet size for
EPC™ and BSR samples were 2.54 ± 2.40 µm and 3.08 ± 1.78 µm, respectively (n>300).  Figure
6 shows a micrograph of the emulsion obtained in an EPC.  Further, a significant amount of the
biocatalyst was extracted and existed in the organic phase.   Thus, a very fine emulsion is formed
in the EPC™ as well as the BSR, and it appears that it is for this reason that an augmentation in
desulfurization rate is not seen in the EPC™ relative to the BSR.  A couple of process issues
warrant consideration here.  Firstly, due to the formation of a very fine stable emulsion,
downstream separation of the multiphase mixture to obtain clean organic fuel can become
difficult.  Secondly, the Rhodococcus biocatalyst was used here, was extracted into the organic
phase.  Both these characteristics are common to the gram-positive type of bacteria.  On the other
hand, traits of certain gram-negative bacteria, for e.g., hydrophilic cell wall structure, can result
in retention of the bacteria in aqueous phase (vs. extraction into organic phase).  Recent
improvements in the field of genetic engineering can help construct the desulfurization
biocatalysts with selective characteristics.

Energy utilization by EPC™

Typically, stirred reactors or impeller based reactors are capable of achieving water or oil droplet
sizes of 100 -300 µm in diameter under the conditions used in this study when surfactants are not
present.  Tin order to create such droplet size distribution, the energy required is on the order of
1-6 W/L (based upon empirical correlation’s (34)).  It is estimated that if impeller based systems
were capable of producing 5 µm droplets, it would require ~25 kW/L (43) if surfactants are not
present.  The EPC™ creates droplets of water containing biocatalyst ~5 µm in diameter within an
organic phase, and does so with a power requirement of 3 W/L (25).  Thus, if a high activity
biocatalyst is available, which is actually limited by mass transport, the EPC™ could result in
tremendous savings over the batch stirred reactor.  For instance, on a 1 L basis, a BSR using a
3:1 water to oil ratio and producing oil droplets of 150 mm in diameter creates 1 x 105 cm2 of
interfacial surface area.  On the same volume basis, an EPC™ creating 5 µm diameter aqueous
droplets and having a 5% aqueous hold-up creates 6 x 105 of interfacial area at 1/15th the aqueous
volume to do so.  In a mass transport system, the rate of desulfurization would thus be expected
to be six times as large using 93% less biocatalyst.  An additional important point which needs to
be noted here is that the fine emulsion formed in the EPC™ is an unstable emulsion i.e., the
emulsion breaks easily upon removal of the electric fields giving easy separation of the organic
and aqueous streams.

Crude oil biodesulfurization

Oil samples collected from the BSR were analyzed by GC-SCD to obtain the distribution of
organosulfur compounds in the crude oil.  Analysis was done on the aromatic fraction of the oil
and not the whole oil, since the baseline did not return to its initial value in case of the whole oil.
The aromatic portion of the oil allowed quantification of sulfur removal with unambiguous
chromatogram baseline accounting. This fraction of the Van Texas oil accounted for 22% of the
oil’s original volume.  As shown in Figure 7, the total sulfur content of this aromatic fraction was
reduced from 3.8 to 3.2% in 6 days of treatment with IGTS8.   Note that GC analysis does not
report information for species with boiling points exceeding ~565oC since these compounds do



not elute from the column.  In the chromatograms shown in Figure 7, these high boiling point
compounds accounted for 16-18% of the hydrocarbon present.

The results indicate removal of comparatively low molecular aromatic sulfur compounds;
however, a large portion of the organosulfur fraction does not seem to be affected by the
biodesulfurization process.  These results are the first that report sulfur speciation data in crude
oil that has been treated with a publicly available biocatalyst.  While it appears that this
biocatalyst is capable of desulfurizing the majority of sulfur species present in FCC gasoline and
diesel (DBT and substituted DBT compounds) and that only improvements in the rate of
desulfurization are needed for the commercialization of these processes, a great deal of research
is needed for oil biodesulfurization to be realized.  The sulfur specific oxidation of DBT by
Rhodococcus resulted from over 15 years of research using DBT as the model organic sulfur
compound in coal and oil.  Detailed sulfur speciation studies and biocatalyst development is
needed to achieve desulfurization of the broad spectrum of organic sulfur species present in
crude oil and to realize the promises of petroleum biodesulfurization.

CONCLUSIONS

A variety of process considerations in the biodesulfurization of petroleum feedstocks were
addressed in this study including reaction rate, emulsion formation and breakage, biocatalyst
recovery, and both gas and liquid mass transport.  Comparison of batch stirred reactor to EPC™
revealed formation of high surface area in the EPC™ in the absence of surface-active agents.
Presence of biocatalysts capable of producing biosurfactants results in fine emulsions in both
reactors; however, poses a potentially more difficult problem with downstream multiphase
separation. The use of EPC™ as a biodesulfurization reactor can result in up to several orders of
magnitude energy savings over BSR in the absence of surfactants. Gas-liquid mass transfer was
not a limiting factor in biodesulfurization studies with model systems.  Further,
biodesulfurization experiments with actual crude oil showed that presently available biocatalysts
such as Rhodococcus sp. IGTS8 are capable of removing DBT and substituted DBT type
compounds but do not affect the remaining portion of the organosulfur compounds. Thus, there is
a need for further development in biocatalysts capable of desulfurization of higher molecular
weight non-DBT type sulfur compounds present in crude oil.
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Figure 1:  Biochemical pathway showing the sequence of DBT oxidation by IGTS8.
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Figure 6: Micrograph of an EPC™ sample collected at 4 hours after beginning of reactor operation.  The
sample was collected from the central region between the electrodes using a Teflon tubing connected to a
syringe and observed under a microscope as described earlier.  The average droplet size was measured to be
2.54 ± 2.40 µm (n=300).
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ABSTRACT

A biotechnological method for fuel desulfurization is described. The method
includes the steps of biocatalytic oxidation of organosulfides and thiophenes,
contained in the fuel, with hemoproteins to form sulfoxides and sulfones, followed by
a distillation step in which these oxidized compounds are removed from the fuel.
Straight-run diesel fuel containing 1.6% sulfur was biocatalytically oxidized with
chloroperoxidase from Caldariomyces fumago in the presence of 0.25 mM hydrogen
peroxide. The reaction was carried out at room temperature and the organosulfur
compounds were effectively transformed to their respective sulfoxides and sulfones
which were then removed by distillation. The resulting fraction after distillation
contained only 0.27% sulfur. Biocatalytic oxidation of fuels appears as an interesting
alternative to biodesulfurization.

INTRODUCTION

The use of microorganisms for the biodesulfurization of high sulfur coals and
oil  has been proposed as an interesting alternative for the reduction of the
organosulfur content of fossil fuels [1-3]. Selective sulfur removal has been reported
by a pathway involving the conversion of dibenzothiophene (DBT) to 2-
hydroxybiphenyl (2-HBP) and sulfate, as in the case of  Corynebacterium sp. [4],
Rhodococcus erythropolis [5-8], and Rhodococcus sp. strain IGTS8 [3, 9]. Most of the
microbial biodesulfurization studies have focused on the aerobic conversion of DBT,
coal or fuels. Nevertheless, reductive desulfurization of fossil fuels is an idea proposed
more than 25 years ago by Kurita et al. [10]. Reductive desulfurization of DBT to form
hydrogen sulfide and biphenyl has been achieved by several species of SRB that are
able to grow using DBT as sole source of sulfur and sole electron acceptor [11-14].



Microbial desulfurization of petroleum derivatives has two main problems:
Microbial activity is carry out in aqueous phase, thus a two phase system reactor with
the intrinsic mass transfer limitations would be needed to metabolize the hydrophobic
substrate. On the other hand, the microbial biocatalyst must have a broad substrate
specificity for the various organosulfur compound presents in oil.

These problems could be addressed by using broad specificity enzymes instead
of whole microorganisms. Enzymes are able to perform catalytic reactions in organic
solvents [15], in which the mass transfer limitations are reduced. The solvent could be
the fuel itself.  Under anhydrous conditions or at very low water activity, enzymes are
generally more thermostable, and reactions could be performed at temperatures higher
than 100°C [16].  Biocatalytic modification of complex mixtures from petroleum, such
as asphaltenes, have been performed in organic solvents [17]. Several enzymes have
the ability to oxidize thiophenes and organosulfur compounds in vitro; cytochromes
P450 [18-24], lignin peroxidase from the white rot fungus Phanerochaete
chrysosporium [25, 26], lactoperoxidase [27, 28], chloroperoxidase from
Caldariomyces fumago [24, 25, 28, 29-31], and horseradish peroxidase [24, 27, 28,
29]. Non enzymatic hemoproteins are also able to perform the DBT oxidation in vitro,
such as hemoglobin [24, 32, 33], cytochrome c [32, 34, 35], and microperoxidase [36,
37]. All the proteins mentioned above are hemoproteins, and in all cases the products
of the biocatalytic oxidations are the respective sulfoxides.

In this work, the biocatalytic oxidation of organosulfur compounds which are
contained in a diesel fuel, followed by a distillation that removes the oxidized
compounds are shown as a two-steps alternative process for fuel desulfurization. The
possibility of using a biocatalytic process in non aqueous system for the
desulfurization of fuels is discussed.

RESULTS AND DISCUSSION

Straight-run diesel fuel, obtained from primary distillation and containing
1.6% sulfur, was tested for oxidation with PEG-Cyt. Using this authentic diesel fuel,
the modified cytochrome c was able to oxidize most of the organosulfur compounds it
contained. The oxidation was detected by the increase of boiling point (retention time)
of these compounds on the gas chromatogram monitored with a Flame Photometric
Detector (FPD), which is a sulfur selective detector. However, PEG-Cyt was not able
to oxidize all of the organosulfur compound because some of them remained
unchanged in the FPD chromatogram. This could be due to the fact that some of the
organosulfur compounds found in the staright-run diesel fuel could be sterically
hindered and do not  bind with the active site. This has been observed in the oxidation
of model compounds by cytochrome c [34].

With the aim of increasing the biocatalytic oxidation of sulfur compounds,
chloroperoxidase from the imperfect fungus Caldariomyces fumago was tested on
primary diesel fuel. The gas-chomatographic analysis showed that most of the



organosulfur compounds in the primary diesel fuel were significantly oxidized and a
considerable increase of the boiling points of all the sulfur compounds was found.

In order to know the kinetic properties of chloroperoxidase with organosulfur
compounds and the chemical nature of products, enzymatic oxidations were performed
in media containing pure substrates, such as thiophenes and organosulfides. Table 1
shows the specific activity of chloroperoxidase in the oxidation of pure organosulfur
compunds. The products of some of these reactions, identified by GC-MS, showed to
be their respective sulfoxides and sulfones. These organosulfur compounds are good
substrates for chloroperoxidase, because they are easily oxidized to form sulfoxides.
Kinetic constants for the oxidation of thianthrene by chloroperoxidase were
determined. The kcat for the oxidation reaction was 64 s-1 and the KM for thianthrene
was 90-times lower than for hydrogen peroxide.

Obviously, in a one-step enzymatic reaction the removal of sulfur was not
envisaged, however, the oxidation of these compound to sulfoxides permits their
removal by a single distillation. Microdistillation of both treated and untreated diesel
fuels monitored by Flame Ionization Detector, FID and by FPD (Fig. 1) shows that the
hydrocarbon distillation profile monitored by FID (general detection) changes slightly
after the biocatalytic treatment. On the other hand, the specific sulfur detector (FPD)
shows a significant change of the distillation profile. The IR spectrum of oxidized
diesel fuel showed the presence of two strong absorbance bands at 1385 and 1464 cm-1

indicating the presence of sulfoxides and sulfones.

Oxidized sulfur compounds can be removed by a distillation step in which the
final distillation point is 50°C lower than the starting fraction. When primary diesel
fuel containing 1.6% sulfur is distilled in order to obtain a 100% distillation at a
temperature 50°C lower than the original fraction, it produces a diesel fuel containing
1.27% of sulfur and 83% of the original hydrocarbons. The undistilled heavy fraction
(17% of starting hydrocarbons) contained 1.94% sulfur. If this petroleum fraction is
previously

oxidized by chloroperoxidase and hydrogen peroxide, and distilled at the same
conditions, the distillate shows a sulfur content of only 0.27%, and 71% of total
hydrocarbons. Thus, a biocatalytic treatment of primary diesel fuel with
chloroperoxidase from Caldariomyces fumago, followed by a distillation is able to
reduce the sulfur content by 80%. This mass balance was determined by GC
integrations with Flame Ionization and Flame Photometric detectors and by sulfur
content determinations on a X-ray fluorimeter. This approach for mass balance has
some limitations, but it is useful for comparing similar fractions tested under the same
conditions. In addition, microdistillation using Flame Ionization Detector is currently a
standard method (ASTM D 2887-89) for mass balance.

In conclusion, biocatalytic oxidation of organosulfur compounds can be
performed in complex hydrocarbon mixtures. Biocatalytic oxidation of organosulfur
compounds found in fuels to less volatile products, which can then be removed by
distillation, could be considered as a biodesulfurization process.  So far, the reactions
were carried out in aqueous mixtures of diesel, however our final goal is to perform



the biocatalytic oxidation of organosulfur compounds in the diesel itself as reaction
solvent without addition of water or organic solvent. Genetic and chemical
modifications on different biocatalysts are in progress in our laboratory, focused on
biocatalysis in organic solvent systems.
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Table 1.  Specific activity of the oxidation of pure organosulfur
compounds with chloroperoxidase from Caldariomyces fumago.
____________________________________________________
Organosulfur compound Specific activity (min-1)
_____________________________________________________

Ethyl phenyl sulfide 1725 (±145)
Thianthrene 1310 (±132)
Bithiophene   840 (±    8)
Phenyl sulfide   831 (±  32)
Benzothiophene   557 (±  42)
Phenyl disulfide   352 (±  10)
Dibenzothiophene   126 (±    9)
____________________________________________________
Standard deviations, in parenthesis, were calculated from three
independent replicates.

Figure 1. Microdistillation profiles of untreated and enzymatically treated straight-run
diesel fuel. FID, Flame ionization detector (general detector). FPD, Flame photometric

detector (sulfur selective detector). CPO, chloroperoxidase.
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ABSTRACT

In our research we characterized microbial consortia from souring oil reservoirs
and determined potential substrates and microbial rate kinetics in oil field produced
waters.  During the course of this research we learned that nitrate or nitrite addition to oil
field waters was an effective agent for the control of microbial souring. Rather than
control by microbial competition we found that nitrate was microbially converted to
nitrite by microorganisms present in oil reservoir waters; the produced nitrite inhibited
microbial sulfate-reduction at mesophilic and thermophilic reservoir conditions at very
low concentrations.

Furthermore, it was shown that the presence of nitrite in an oil or gas reservoir
not only inhibited microbial sulfate-reduction but also may actively enhance oil recovery
by reacting  with sulfide species present in oil or gas reservoirs.  Pilot-scale field
applications followed the initial fundamental research.  An overview of the ongoing field
applications using this promising innovative technology in preventing souring in oil and
gas reservoirs and surface facilities is presented.



INTRODUCTION

The reservoir souring process depicted in Figure 1 includes water injection, the
oil-bearing formation, biotransformation (souring), and separation of the formation
mixture.  Produced water separated from the formation mixture is recycled in many
formations for water injection.

Problems associated with H2S production in oil reservoirs include H2S toxicity,
corrosion, and reservoir plugging by SRB biomass and precipitated iron sulfide, both of
which retard secondary oil recovery. In addition, H2S production may significantly raise
the sulfur content of the produced natural gas, necessitating expensive scrubbing
operations where pipeline standards limit the H2S concentration to several ppm. The
problem becomes more serious when seawater, which contains a high concentration of
sulfate, is injected into oil reservoirs (1,2) Seawater is used in many areas because of its
proximity and availability.

Injection of seawater into reservoirs for secondary oil and gas recovery is a
common practice in the coastal United States. Seawater contains sulfate (approximately
32 mM) and other elements essential for bacterial growth. The current understanding of
souring is that it occurs at a mixing zone where the injection water, formation water, and
oil mix and nutrients necessary for the growth of sulfate-reducing bacteria are present
(1). Sulfate-reducing bacteria (SRB) are anaerobes that may accumulate in biofilms on
reservoir rock (porous media) and reduce sulfate in injection and formation water to
hydrogen sulfide. The major carbon and energy sources used by sulfate-reducing bacteria
in reservoirs are short-chain organic acids (1). These are products of incomplete bacterial
oxidation of hydrocarbons (3) or may be formed by thermal degradation of oxygen-
containing compounds in the kerogen that is the precursor for crude oil (4, 5).  Recent
studies have found that petroleum hydrocarbons may also serve as electron donors for
microbial sulfate reduction (6,7).

Abiotic reactions are not considered of major importance in the generation of
hydrogen sulfide at reservoir temperatures below 100°C (8,9). They are important,
however, in scavenging of H2S since many iron-containing minerals are capable of
reacting with H2S to form iron sulfide, pyrite or pyrrhotite (5).

The goal of the research presented was to understand and utilize microbial interactions of
in-situ consortia to develop novel methods for controlling microbial souring in
hydrocarbon reservoirs.  Specific questions we addressed in this research were:

1.  Are mesophilic and thermophilic denitrifying bacteria present in seawater flooded
oil and gas reservoir produced waters and what are favorable organic substrates?

2. How will the addition of nitrate or nitrite affect the geochemistry due to chemical
and microbial interactions in souring hydrocarbon reservoirs?

3. Are there abiotic interactions between sulfide species and nitrite possible?
4. Can the addition of nitrate or nitrite control microbial souring in gas and oil

reservoirs?



Souring control strategies previously
applied to oil and gas reservoirs

In many secondary oil recovery operations, injection water used in flooding
operations is treated routinely with biocide to control SRB growth in the injection well,
reservoir, piping, and surface facilities. Biocide addition is often of limited effectiveness,
however, because SRB are present in biofilms.  Within these biofilms, SRB are protected
by a reaction-diffusion layer that hinders effective biocide penetration through the
biofilm (10). Bacteria within biofilms are much more difficult to control with biocides
than their planktonic counterparts in these systems.  In oil reservoirs, SRB have been
effectively killed by biocide only near the injection well. Thus, biocide treatment is a
limited means to control SRB activity. Rapid microbial regrowth, high cost and
environmental concerns may also limit biocide effectiveness.

Microbial control of sulfide production by addition of  Thiobacillus denitrificans
to a reservoir was considered (11,12). The application of this technique focuses on
controlling sulfide production at or near the water injection well in an oil reservoir, since
T. denitrificans grows only at mesophilic temperatures.

Souring control via substrate competition between SRB and denitrifying bacteria
(DNB) has been used (13,14). Competitive removal of short-chain volatile fatty acids by
DNB may reduce the H2S concentration as faster-growing DNB significantly reduced the
concentration of carbon source available to SRB (14). However, organic carbon
concentrations in many reservoir waters are extremely high (1), requiring vast amounts
of nitrate to be added for a competitive carbon removal by denitrifying bacteria.

MATERIALS AND METHODS

Selection of the Sampling Sites

ARCO's Kuparuk field on Alaska's North slope and Chevron's Ninian off-shore
field in the North Sea are presently producing hydrogen sulfide and were chosen for
sampling of microbial consortia (1).  The sampling was performed on site for each oil
field. The produced water was sampled prior to entering the surface facilities.

Microbial  and Chemical Analysis

Total cell counts were performed using the acridine orange direct count (AODC)
method (1). The most probable number (MPN) method (five tube assay) was used to
differentiate between sulfate reducing bacteria (SRB), methanogenic bacteria, and
general anaerobic bacteria (GAB). A DIONEX ion chromatograph was used for chloride,
sulfate, nitrate, nitrite, and volatile fatty acids (VFA) analysis. Aqueous and gaseous



hydrogen sulfide were analyzed using the methylene-blue method (15) and Draeger
tubes, respectively.

Experimental setup

Continuous flow stirred tank reactors (CFSTR) were used to determine the NRB
growth kinetics, the inhibition kinetics and to explore some of the fundamental
mechanisms involved in the overall inhibition process. The CFSTR experimental setup is
presented in Figure 2.  Oxygen free nitrogen gas was bubbled through the growth
medium reservoir and was than used as a headspace gas for the CFSTR. The gas left the
system after bubbling through the effluent reservoir. The CFSTR was operated at a
dilution rate of 0.01 h-1.  Growth in the CFSTR was nitrate limited and the pH was
controlled at pH 8.5.

Batch reactors consisted of glass vials with a butyl rubber stopper and were used
to study substrate utilization and initial microbial competition.  After cycling between
vacuum and N2 pressure, the pressurized sterile vials were filled with sterile medium.
Bacteria inoculum from oil reservoir produced water was added to initiate the
experiment.  The vials were incubated at 40 and 60°C.

The growth medium used was suggested for marine type sulfate-reducing
bacteria (SRB) (16). The sulfate concentration in the medium was 5.625 mM l-1, salinity
was 2% sodium chloride, and pH was adjusted to pH 7.2.  The same medium was used to
test for competition between SRB and NRB.  For determining the maximum growth rate
and potential substrate for NRB a denitrifying bacteria specific medium was used (16).

RESULTS

Growth of microbial oil reservoir consortia on nitrate

Ninian field: The kinetics and stoichiometry of the microbial consortium
originating from the Ninian off shore oil reservoir was tested in a batch reactor system at
constant temperature of 60°C.  Salinity was adjusted ranging from 0.05 to 2% were used
to test for microbial nitrate reduction.  At increasing salinity, the rate of nitrate reduction
decreased (data not shown). Nitrite accumulated in all vials at thermophilic temperatures.
On average, 85 ± 8 % of the nitrate-N added was recovered as nitrite-N (Figure 3).
Acetate was the most favorable substrate consumed by the NRB.  Longer chain VFA
were also consumed after acetate was depleted. The microbial population under nitrate
reducing conditions appeared relatively uniform indicated by the exclusive presence of
filamentous organisms of 5 to 50 µm length and 0.4-0.7 µm thickness.  These organisms
were not apparent in significant amounts under souring conditions.



Kuparuk Field: The microbial growth kinetics from the Kuparuk oil reservoir
was tested in a CFSTR at 60°C.  Reduction of nitrate associated with the production of
nitrite was observed as soon as nitrate was added to the medium.  At steady state
conditions, nitrate was limiting and depleted in the reactor. 48 % of the nitrate-N reduced
was recovered as nitrite-N (Figure 4).  The observed nitrate reduction rate vNO3 = 80 mM
NO3 (g dryBM h)-1. Statistical analysis indicated that acetate was the most favored
carbon source for this consortium.  Other VFA utilized were propionate and butyrate,
whereas formate was not utilized for nitrate reduction.  The microbial cells observed in
the CFSTR effluent were filaments of 10-120 µm length and approximately 0.5 µm
thickness.

Microbial interactions of oil reservoir consortia

Microbial interactions were tested in batch reactors using consortium within
fresh Kuparuk produced water. Tests were performed at 40 and 60°C. Nitrate-N, sulfate-
S and a VFA mixture were added to the produced water at concentrations of 200, 300
and  200 mg/l, respectively.

Microbial interactions at 40°C: Nitrate was stoichiometrically reduced to
molecular nitrogen (Figure 5).  Only small amounts of nitrite were produced. When
nitrate and sulfate were present initially, no sulfate was reduced and no hydrogen sulfide
was produced (Figure 6). Nitrate was reduced to nitrite (75 to 80%) shortly after
incubation started.  The produced nitrite was slowly reduced further and remained at
approximately 16mg/1 15 days after inoculation.

Microbial interactions at 60ºC: Approximately 60% of the reduced nitrate were
recovered as nitrite (Figure 7). The nitrite concentration remained relatively stable after
the initial production at between 50 and 100 mg/l. In test 3, no sulfate was reduced or
hydrogen sulfide produced (Figure 9). Nitrate was reduced rapidly and 62 to 80% of the
reduced nitrate was recovered as nitrite. After the nitrite-N concentration reached ú100
mg/l, (approximately) no further nitrate reduction was observed.

The affect of nitrite on sulfate-reducing
consortia from souring oil reservoirs

Various nitrite concentrations were added to an actively sulfate-reducing oil
reservoir consortium obtained from the Ninian field. At time zero, one ml from an active
growing SRB consortium was added to a batch vial containing SRB specific medium
plus nitrite concentrations ranging from 0 to 20 mg/l. These experiments were carried out
in duplicate.  At initial nitrite-N concentrations of 2 mg/l or below, uninhibited SRB
growth and activity was measured.  At any higher nitrite concentration in the medium no
SRB activity was detected (Figure 9). The redox potential measurements during this
experiment are listed in Table 1.  These measurements may indicate that the affect of
nitrite on the redox potential may effect SRB growth and activity.  These measurements



may also indicate an interaction of nitrite with the reducing agent H2S.  The
concentration of nitrite measured where 2 ppm NO2-N was added decreased over time to
less than 0.2 ppm NO2-N after six days.  This indicated that there might also occur a
simultaneous reduction of nitrite associated with the oxidation of hydrogen sulfide.

A similar experiment as described above was conducted with the Kuparuk field
consortium.  Here no SRB growth was observed at nitrite concentrations of 2 ppm NO2-
N or higher (data not reported). Indicating a similar dosage effect of nitrite on SRB
activity as found for the Ninian field consortium.

Abiotic chemical interaction of nitrite and hydrogen sulfide

The abiotic interactions of nitrite and hydrogen sulfide were tested in sterile vials.
The aqueous medium was identical to the one used for SRB.  A variety of conditions
were tested: pH 7, pH 7- no H2S present, pH 7- no NO2

-  present, pH 7- S8
0 present, pH

12. Chemical interactions were observed in the tests with nitrite and hydrogen sulfide
present.  At pH 7, when elemental sulfur was present, an increased reaction rate was
observed as compared to otherwise similar experimental conditions where no S8

0 was
added (Figure 10).  At alkaline pH conditions the reaction rate decreased significantly.
The disappearance of sulfide was associated with the production of a yellow,
hydrophobic, sulfur like precipitate.  The observed ratio of ∆H2S and ∆NO2

- was 1.68 ±
0.19 M H2S /M NO2.

Field Testing the Nitrite Souring Control Technology

Subsequent to laboratory testing, field trials were designed and implemented to
assess the effectiveness of the Nitrite Souring Control Technology (NSCT) under field
conditions.  The first field application of this technology was performed on produced
water tanks at Exxon’s Hawkins Oil Field in Hawkins, TX.  The Hawkins field was
chosen because the surface water separation equipment provided easy access and
controlled data collection and SRB activity had previously been quantified in this surface
facility. In addition to the Exxon Hawkins field, the nitrite souring control technology
has also been successfully implemented in subsurface and above ground oil and gas
applications in Amoco's San Juan Field in New Mexico and in the Amoco-Netherlands
Rijn Field in the North Sea.

The Hawkins site is comprised of three 5000-barrel produced water tanks (PWT)
arranged in parallel.  Flow from the field is 20,000 – 25,000 barrels/day, and in theory, is
spilt equally among the tanks. The water residence time in the tanks was approximately 5
hours, as determined by a tracer test.  The PWT's are used for secondary oil/water
separation.  Water effluent from the tanks is routed to surge tanks for re-injection into
the field.

Analysis of produced water chemistry, microbial enumeration, and flow
variation was performed prior to the testing.  Results from these tests were used to



optimize dosing protocols and concentrations, as well as to design test conditions such as
duration and data collection intervals.

H2S levels in the head space of the PWT were in equilibrium with the water
phase and were approximately 800 ppm prior to the test. VFA concentrations varied from
270-490 mg/L for different acids.  The high VFA levels combined with a high
concentration of 105 SRB/ml, suggested an active SRB population in the subsurface
reservoir.

The week before the field test, PWT 2 was emptied of all fluids, and the sludge
on the bottom was physically removed.  This was done in order to remove existing SRB
biofilm prior to the test.  Additional samples were collected prior to the nitrite treatment.
During the first application of the NSCT at PWT 2, nitrite was added directly to the tank
over a period of 15 minutes.  Within 2 hours after this application, H2S levels decreased
from 800 to 400 ppm in the tank head space (Figure 11).  Concurrently, SRB levels
dropped from 105 to 102 cells/ml.  Based upon the 5 hour tank residence time, the
calculated 99% washout of the nitrite was approximately 20 hours.  The actual
concentrations of both NO2

- and H2S within the tank closely follow this curve, suggesting
that the scavenging of H2S by NO2

- was probably minimal and that SRB were inhibited
from further H2S production.  Once the nitrite was completely washed out of the tank,
H2S and SRB concentrations rapidly recovered to pre-injection levels. PWTs 1 and 3
were also monitored during the treatment of PWT 2, to serve as controls.  During this
time, H2S levels in these tanks remained stable at 800 and 1200-1400 ppm, respectively.

The concentration of H2S in the tank head space fluctuated day-to-day depending
upon which well was producing.  Therefore, three days later, when nitrite was added a
second time to  PWT 2, the initial concentration of H2S was 120 ppm. After the nitrite
addition, the H2S concentration in the gas phase decreased, to 5 ppm.

DISCUSSION

Mesophilic and thermophilic nitrate reducing bacteria were present in produced
water from both oil reservoirs sampled.  These NRB became active upon the presence of
suitable electron donors and acceptors.  Acetate was the preferred carbon source for
nitrate reduction.  Longer chain VFA such as C3 and C4 were utilized after acetate was
consumed.  Formate was not utilized for nitrate reduction at thermophilic temperatures.
The availability of acetate in oil reservoirs can be high with concentration of up to 1000
mg/l especially when a produced water recycling operation is used (1).  Hence, NRB
growth and activity would be limited by the availability of nitrate only and could be
initiated by nitrate addition to the reservoir.

The microbial consortium exhibited a significantly different morphology under
nitrate reducing conditions compared to the original consortium morphology (1) or the
morphology under sulfate reducing conditions.



At thermophilic conditions, nitrite became the stable metabolite.  Hence, nitrate
reduction at temperatures above 50°C did not proceed all the way to nitrate but stopped
at nitrite.  At mesophilic temperatures, the presence of hydrogen sulfide or a highly
reducing environment seemed to favor the accumulation of nitrite. Production of
hydrogen sulfide or sulfate reduction was not observed in any tests were nitrate was
present.

When nitrate and sulfate were present in reservoir produced water, no sulfate
reduction was observed at 40 or 60°C.  Nitrate was rapidly reduced and nitrite
accumulated.   The produced nitrite was very effective in suppressing sulfate reduction
and SRB growth. For both reservoir consortia nitrate-N concentrations of > 2 mg/l were
sufficient in eliminating sulfate reduction. Similar dosage response rates were achieved
when using nitrite in actively souring porous media columns (17).

Based on the experimental results for nitrite/sulfide interactions a proposed
stoichiometry has been formulated:

3 H2S  + 3 HS-  + 4 NO2
-  +  7 H+  à  0.75 S8

0  +  2 N2 + 8 H2O
∆G0  =  - 1423.9 kJ/reaction

This stoichiometry is consistent with the observation that increasing pH slowed
down the reaction rate.  Sulfur may act as an auto-catalyst. The standard free energy
change was calculated as ∆G0  =  - 118.6 kJ/e- transferred. The negative ∆G0 value
indicates that this reaction is energetically feasible at reservoir conditions. Telang et al.
(18) identified thermophilic sulfur oxidizing bacteria capable of using nitrite as electron
acceptor for the oxidation of sulfide to elemental sulfur, possibly following a similar
stoichiometry.  This chemical or microbial interaction of nitrite and sulfide may have
two technical aspects:

1. A higher nitrite or nitrate dosage might be required to effectively inhibit sulfate
reduction in a reservoir.

2. Due to the presence of nitrite in a reservoir we can now inhibit the hydrogen sulfide
production and simultaneously reduce the actual sulfide concentrations in the
reservoir enhancing secondary oil recovery (18).

These findings may question the technology used by others (14,19) where microbial
competition between SRB and denitrifying bacteria has been proposed as souring control
mechanism. Nitrate reducing bacteria seem to prefer different VFA than SRB as stated
above and in order to apply a bioexclusion type technology vast amounts of nitrate had to
be added continuously to a reservoir to deplete these carbon sources.  Our experimental
results have found that even relative small nitrate or nitrite concentrations are effective in
controlling souring because nitrite acts as the inhibiting agent on SRB.



OVERALL CONCLUSIONS

Mesophilic and thermophilic nitrate reducing bacteria are present in produced
water of petroleum reservoirs and will become active upon the addition of nitrate. At
reservoir conditions, a large fraction of the nitrate is reduced to nitrite.

Complete inhibition of SRB growth and activity was found for concentrations >
2mg/l NO2-N.  Nitrite may not be a direct inhibiting agent, since a significant increase in
redox potential is associated with the addition of nitrite.

When sulfate and nitrate are present in reservoir produced water, sulfate
reduction is completely suppressed and sulfide concentrations decrease.

Due to the presence of nitrite in a reservoir we can now inhibit the hydrogen
sulfide production and possibly reduce the actual sulfide concentrations in the reservoir
enhancing secondary oil recovery.

The first field application successfully controlled SRB activity in a produced
water tank.  The field experience provided a model protocol for further field testing.
Currently, MSU is continuing to field test the technology in gas and oil field reservoirs.
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Table 1.  Redox Potential measurements and H2S production

Initial NO3-N conc. (ppm) EH at t = zero (mV) EH at t = 20 h (mV) H2S production (+/-)
0 -89 -386 +
2 -92 -370 +
5 -95 -25 -
10 -85 -10 -
20 -99 ± 0 -



Figure 1. Schematic of a souring oil reservoir under secondary recovery.

Figure 2. Schematic of the CFSTR system.
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Figure 3.  Nitrite accumulation was correlated with the amount of  nitrate reduced ( NO3-N
(initial) - NO3-N (6 day)).  Data from various salinity tests was combined to analyze for nitrite

recovery from nitrate reduction.

Figure 4.  Steady state data on nitrate, nitrite, and biomass production from a CFSTR at nitrate
reducing conditions.  Produced water from the Kuparuk field was used as initial inoculumn.

Figure 5.   1 ml of fresh produced water from the Kuparuk field was used as inoculum into
denitrifying medium  of 2% salinity.  The temperature of incubation was 40°C.
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Figure 6.  Nitrate and sulfate were added fresh produced water from the Kuparuk field.  The
temperature of incubation was 40°C.

Figure 7.  Nitrate was added to fresh produced water from the Kuparuk field.  The temperature of
incubation was 60°C.

Figure 8.  Nitrate and sulfate were added to fresh produced water from the Kuparuk field.  The
temperature of incubation was 60°C.
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Figure 9.  Nitrite was completely inhibiting SRB growth and activity at any concentration larger
than 2 ppm NO2-N. SRB growth and activity was observed in the control and  with a 2 ppm NO2-N

addition. Similar results were obtained for both tested field consortia.

Figure 10.  Abiotic interactions of hydrogen sulfide and nitrite at varying environmental
conditions.  These tests were performed at 60°C with sterile SRB medium.

Figure 11.  Effects of first (started at time 0) and second (started at 80 hours) nitrite treatment
application on PWT 2 headspace sulfide concentration at Hawkins, Texas.
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ABSTRACT

Thiobacillus denitrificans has been shown to be an effective biocatalyst for the treatment
of a variety of sulfide-laden waste streams including sour water, sour gases, and refinery spent-
sulfidic caustics. The term “sour” originated in the petroleum industry to describe a waste
contaminated with hydrogen sulfide or salts of sulfide and bisulfide. The microbial treatment of
sour waste streams resulting from the production or refining of natural gas and crude oil has been
investigated in this laboratory for many years. The application of this technology to the
treatment of sour wastes on a commercially useful scale has presented several technical barriers
including substrate inhibition, product inhibition, the need for septic operation, biomass recycle
and recovery, mixed waste issues, and the need for large-scale cultivation of the organism for
process startup. The removal of these barriers through process improvements are discussed in
terms of a case study of the full-scale treatment of sulfide-rich wastewater.

The ability of T. denitrificans to deodorize and detoxify an oil-field produced water
containing sulfides was evaluated under full-scale field conditions at Amoco Production Co. Salt
Creek Field in Midwest, WY. More than 800 m3/d of produced water containing 100 mg/L
sulfide and total dissolved solids of 4800 mg/L were successfully biotreated in an earthen pit
(3000 m3) over a six-month period. Complete removal of sulfides and elimination of associated
odors were observed. The system could be upset by severe hydraulic disturbances; however, the
system recovered rapidly when normal influent flow rates were restored.

* corresponding author



INTRODUCTION

The path from laboratory to successful full-scale or field application of any chemical or
biochemical process presents many technical barriers. A process based on chemical
transformations by living microorganisms can be especially difficult technically given the
commonly narrow range of environmental conditions that will maintain the viability of the
process culture. If aseptic conditions are required another level of technical difficulty and cost
are added. These costs can be justified if high-value products are produced, but the production
of commodity chemicals or waste treatment must often be accomplished under septic conditions
to be cost effective. For a waste treatment process which employs a specialized culture,
operation under septic conditions is another technical barrier to successful full-scale application
because of potential competition for nutrients between the process microorganisms and
contaminants which become established in the process culture. This paper describes such a
waste treatment process and the technical barriers to its use on a commercially-useful scale and
reviews the process improvements required to overcome these barriers.

Thiobacillus denitrificans has been shown to be an effective biocatalyst for the treatment
of a variety of sulfide-laden waste streams including sour water, sour gases, and refinery spent-
sulfidic caustics (1-13). The term “sour” originated in the petroleum industry to describe a waste
(gas, liquid or solid) contaminated with hydrogen sulfide (H2S) or acid-labile salts of sulfide or
bisulfide. The microbial treatment of sour waste streams resulting from production or refining of
natural gas  and crude oil have been investigated in this laboratory for many years.

T. denitrificans is a strict autotroph and facultative anaerobe first described in detail by
Baalsrud and Baalsrud (14). Sulfide, elemental sulfur, and thiosulfate may be used as energy
sources with oxidation to sulfate.

HS- + 202 ---> S04-2 + H+ (1)

Under anoxic conditions, nitrate may be used as a terminal electron acceptor with reduction to
elemental nitrogen.

5HS- + SNO3- + 3H+ ----> 5S04-2 + 4N2 + 4H20 (2)

Work in this laboratory has demonstrated that T. denitrificans may be readily cultured
under aerobic or anoxic conditions on H2S(g) as an energy source at pH 7.0 and 30 C (1-4).
When H2S (1% H2S, 5% CO2, and balance N2) was bubbled into cultures previously grown on
thiosulfate, H2S was metabolized with no apparent lag. At loadings of 4-5 mmol H2S/h-g
biomass, H2S concentrations in the outlet gas could be reduced to undetectable levels with 1-2 s
of gas-liquid contact time. Under sulfide-limiting conditions, concentrations of total sulfide
(H2S HS-, S2) in culture media were < 1 mM. Complete oxidation of H2S to sulfate was
observed.

We have also investigated the effect of H2S loading on reactor performance (1,4). In
certain experiments, the H2S feed rate was increased in steps until H2S breakthrough was
obtained. At this point, the H2S feed rate exceeded the rate at which the HzS could be oxidized
by the biomass. This upset condition was characterized by the accumulation of elemental sulfur
and inhibitory levels of sulfide in the culture medium. Nitrous oxide (N20) was also detected in



the outlet gas and nitrite in the culture medium under anoxic conditions. This upset condition
was reversible if the cultures (either aerobic or anoxic) were not exposed to the accumulated
sulfide for more than 2-3 h. Maximum loading of the biomass, the specific feed rate at which
H2S breakthrough occurs, was estimated to be 5.4-7.6 mmol H2S/h-g biomass under anoxic
conditions and 15.1-20.9 mmol H2S/h-g biomass under aerobic conditions in pure cultures of T.
denitrificans.

Much of our early work on the oxidation of sulfides by T. denitrificans concerned the
removal of H2S from gas streams as indicated above. There were two reasons for this focus.
First, there was a need for new technology in the petroleum industry for treatment of gas streams
contaminated by H2S. Secondly, the removal of H2S from a gas stream presented fewer
technical problems with respect to reactor design and operation. This simplified the study of the
microbiology of the process. Once the stoichiometry (Table 1) and kinetics of the microbial
oxidation process were understood, the treatment of sour aqueous waste streams such as sour
produced water and refinery spent sulfidic caustic were investigated. However, the application
of this technology to the treatment of any of these sour wastes on a commercially-useful scale
has presented several technical barriers. The removal of these technical barriers through process
improvements is the focus of this paper.

TECHNICAL BARRIERS AND
PROCESS IMPROVEMENTS

Substrate inhibition

Sulfide is toxic to T. denitrificans and, therefore, an inhibitory substrate. The practical
implication is that reactor systems employed to treat any sulfide-laden wastes must be operated
on a sulfide-limited basis so that the steady-state concentration of sulfide in the bulk liquid phase
of the process culture is below inhibitory levels. Further, reactor systems must be well-mixed to
avoid high gradients in sulfide concentrations and, therefore, isolated pockets of inhibitory
sulfide concentrations.

Clearly any process for the removal of sulfides from sulfide-laden waste streams would
be more resistant to upset if a sulfide-tolerant strain of T. denitrificans were utilized. A sulfide-
tolerant strain (strain F) has been isolated by enrichment from cultures of the wild type (1.5).
This culture was obtained by repeated exposure of T. denitrificans cultures to increasing
concentrations of sulfide (as Na2S). At each step only tolerant strains survived and grew.
Eventually strain F was obtained which exhibited growth comparable to controls at sulfide
concentrations of up to 1.75 mM (Figure 1). The wild type is inhibited by sulfide concentrations
as low as 0.1-0.2 mM. Strain F has been used exclusively in all investigations in this laboratory
of sulfide oxidation by T. denitrificans.

Sulfide loading rates in excess of the specific activity of T. denitrificans biomass for
sulfide oxidation will result in the accumulation of inhibitory levels of sulfide in process
cultures. A s  noted above, sulfide inhibition results in the accumulation of elemental sulfur in
the culture medium and H2S breakthrough in the reactor outlet gas. However, if the sulfide feed
rate is reduced to pre-upset levels (return to sulfide-limiting conditions), the culture recovers
with restoration of complete sulfide oxidation to sulfate and the oxidation of accumulated
elemental sulfur to sulfate.



The accumulated elemental sulfur gives the process culture a milky appearance;
therefore, an upset condition is easily recognized by an operator and remedied by reducing the
sulfide loading rate. Alternatively, machine vision, coupled to a computer control system, can
be used to detect the color changes that accompany an upset condition and automatically reduce
the sulfide loading rate (6). A low-cost, PC-based color image analysis system has been
demonstrated to detect the formation of elemental sulfur in T. denitrificans cultures receiving a
H2S(g) feed by evaluating the ratio of color components. A process control system resulted
which could recognize the upset condition and make decisions to avoid H2S breakthrough. The
system could also automatically perform experiments to determine the maximum H2S feed rate
allowed before an upset occurred.

Product inhibition

Sulfate is the end product of the aerobic or anoxic (with nitrate) oxidation of sulfides by
T. denitrificans. T. denitrijkans cultures have been shown to be inhibited by sulfate
concentrations in excess of 250 mM (5). This is likely not an inherent inhibition by sulfate but
an effect of increasing ionic strength. In any regard this product inhibition places an operating
restriction on both batch and continuous reactors. In batch systems the accumulation of sulfate
can determine the cycle time between batches. In a continuous system the sulfate concentration
at steady state (Eq. 3) is determined by the dilution rate; therefore, at any given sulfide feed rate,
the reactor volume or hydraulic throughput is controlled by the sulfate concentration to be
maintained in the culture.

where

]SC4-21ss = msulfide /  DV (3)

[SO4-2]ss = steady state molar sulfate concentration
D =  F / V = dilution rate
msulfide = molar sulfide loading rate
F l : hydraulic feed rate
V =  bubble-free culture volume

Septic operation

The autotrophic medium used to grow T. denitrificans will not support the growth of
heterotrophs because there is no organic carbon source. However, if aseptic conditions are not
maintained, heterotrophic contamination develops in the T. denitrificans cultures. Evidently T.
denitrificans releases organic material into the medium in the normal course of growth, or
through lysis of non-viable cells, which supports the growth of heterotrophs. To investigate the
effect of heterotrophic contamination on the performance (in terms of sulfide oxidation) of a T.
denitrificans continuous stirred-tank reactor (CSTR), an anoxic reactor which became
contaminated was allowed to operate for an extended time (30 days) (16). The reactor was
originally contaminated by two unidentified heterotrophic bacteria with distinctly different
colony morphologies when grown on nutrient agar. After 145 hours of operation, the reactor was
injected with suspensions of four different heterotrophic bacteria (Pseudomonas species) known
to be nutritionally versatile. The total heterotroph concentration increased to about 108 cells/mL
and leveled off. Apparently growth of the contaminants became limited by the availability of
suitable carbon sources. The viable count of T. deni t r i f i cans  at steady state was 5.0 x 109
cells/mL. The steady-state composition of the culture medium, and the o u t l e t - g a s  condition,
were indistinguishable from that of a pure culture of T. denitrificans operated under the same



H2S feed conditions (Table 2). These results indicated that, in the absence of an externally
derived organic carbon source, the growth of heterotrophs in T. denitrificuns cultures operated
under septic conditions will be controlled by the availability of organic carbon derived from
growth of the autotroph. Therefore, a runaway competition for nutrients is avoided, These
observations led to the efforts to immobilize T. denitrificuns by co-culture with floc-forming
bacteria.

Biomass recycle and biomass retention

If a sulfide-oxidizing T. denitrificuns bioreactor is operated in a batch mode, the biomass
must be economically separable from the bulk liquid phase (and sulfide oxidation product) at the
end of the cycle. In continuous flow this separation must occur on a continuous basis in order to
decouple the biomass and hydraulic retention times and allow for recycle of the biomass. This
technical problem is particularly critical to the successful operation of a continuous bioreactor
treating sour water where hydraulic loadings can be quite high. The most economical method of
separating biomass from a bulk liquid phase would be gravity settling. However, gravity settling
requires that the biomass be flocculated to such a size as to allow for sedimentation in a
reasonable length of time.

Many microorganisms exist co-immobilized in nature in associations often of benefit to
all members of the population. Many species of bacteria produce extracellular biopolymers
which adsorb and entrap other non-flocculating microbial cells, forming protected environments
for the latter, and establishing beneficial cross-feeding. Such immobilized or flocculated mixed
populations are exploited in activated sludge systems, trickling filters, anaerobic digesters, and
similar systems for the treatment of waste water.

T. denitrificuns has been immobilized or flocculated by co-culture with floc-forming
heterotrophs obtained from activated sludge taken from the aerobic reactor of a refinery waste
water treatment system (17). T. denitrificuns cells grown aerobically on thiosulfate and washed
sludge were suspended together in fresh thiosulfate mineral salts medium without nitrate. The
culture was  maintained in a fed-batch mode at pH 7.0 and 30 C with a gas feed of 5% CO2 in air.
This medium was thiosulfate-limiting with respect to the growth of T. denitrificans. When
thiosulfate was depleted, the agitation and aeration were terminated and the flocculated biomass
was allowed to settle under gravity. The supernatant liquid was then removed and discarded. In
this way the culture was enriched for T. denitrificans cells which had become physically
associated with the floc. The volume then was made up with fresh medium, and aeration and
agitation restarted. After 5-6 cycles a gravity-settleable, sulfide-active floc was obtained.

Oxygen uptake experiments (Figure 2) in batch reactors containing flocculated T.
denitrificuns operating with a H2S(g) feed indicated that both T. denitrificans and the floc-
forming heterotrophs increased in number as H2S was removed from the feed gas (18,19). Since
the original medium contained no organic carbon these observations confirmed that the growth of
the autotroph T. denitrificans was balanced with that of the floc-forming heterotroph through a
commensal relationship in which the growth of the heterotroph was limited by the organic carbon
derived from the autotroph. The result was an immobilization matrix that grew along with the T.
denitrificans.

Flocculated T. denitrificans was shown to oxidize H2S@ in a CSTR with cell recycle at
molar feed rates of up to 6.3 mmoles/h (2.0 L culture volume) and total biomass concentrations



of up to 13 g/L. During five months of continuous operation, the biomass exhibited excellent
settling properties demonstrating the long-term stability of the relationship between T .
denitrificans and the floc-forming heterotrophs. No external addition of organic carbon was
required at any time (18,19). The sulfide active floc exhibited excellent settling propoerties. At
a biosolids concentration of 3 g/L, 70% compression of the biomass was observed in 10 minutes.

These experiments also indicated that the sulfide-oxidizing floc was stable at agitator tip
speeds of up to 85 cm/s and superficial gas velocities of over 133 cm/min. At higher biomass
concentrations biomass yields (g/mole sulfide oxidized) were far below what would have been
predicted based on aerobic pure cultures of T. denitrificans. No oxygen starvation in the interior
of the floc was evidenced; therefore, the most likely explanation was starvation for the limiting
nutrient, H2S at elevated biomass concentrations. These observations indicated that microbial
sulfide oxidation processes based on T. denitrificans may be self regulating with respect to
biomass concentration. At steady state there may be no net production of biomass which would
require disposal.

Flocculated T. denitrificans has also been used to remove H2S (up to 1500 ppmv) from a
sour gas in a OS-m3 pilot-scale bubble column. The bubble column was operated for 7 weeks
under aerobic conditions with gas feeds of air and H2S in nitrogen. Up to 90% removal of H2S
was observed with complete oxidation to sulfate, which accumulated in the reactor medium.
Limitations in H2S removal were due to mass transfer and not the microbiology of the system
(9).

We have also used flocculated T. denitrificans to treat sour water (Lee and Sublette,
1993). Sour water containing up to 25 mM inorganic sulfide was successfully treated in an
aerobic up-flow bubble column (3.5 L) containing 4.0 g/L of flocculated T. denitrificans. The
sulfide-laden water was supplemented with mineral nutrients only. The sulfide-active floc was
shown to be stable for 9 mo of continuous operation with no external organic carbon required to
support the growth of the heterotrophs. The floc exhibited excellent settling properties
throughout the experiment. Retention times in the reactor varied from 1.2 to 1.8 h. However, the
floc were shown to immediately take up sulfide (Figure 3) and sulfide was undetectably in the
reactor medium at any point in the reactor and in the outlet gas. Molar sulfide feed rate (mmol/h
sulfide) was more important in determining the capacity of the reactor for sulfide oxidation than
either the hydraulic retention time or the influent sulfide concentration (mmol/L). At a biomass
concentration of about 4 g/L, the column could be operated at a molar sulfide feed rate of 12.7-
15.4 mmol/h without upset.

Large-scale cultivation of T. denitrificans

Commercial-scale application of T. denitrificuns for treatment of sulfide-laden waste
streams requires large amounts of biomass for start-up of the process. Growth of T. denitrificans
for biomass production on sulfide under sulfide limiting conditions would be exceedingly tedious
and potentially hazardous for operators. Fortunately, T. denitrificans can be cultivated readily on
a nontoxic energy source (thiosulfate) which can readily be supplied at high concentrations in the
culture medium allowing for maximum growth rates. Flocculation of the culture offers a simple
mechanism for harvesting the biomass. However, before any large-scale applications of
microbial oxidation of sulfides could be attempted, it was necessary to demonstrate that the

organism could be cultivated economically on a large scale, that fl occulation could be maintained



after repeated subculturing, and the floc have sufficient “shelf life” for storage and transport to an
application site.

Large-scale cultivation of T. denitrificans strain F was demonstrated as follows (20): T.
denitrificans strain F was immobilized by aerobic coculture with floc-forming heterotrophs from
a local refinery-activated sludge system in the thiosulfate medium as described above. When a
sulfide-active, gravity-settleable floc was obtained, this culture was used to inoculate 50 gal (189
L) of thiosulfate mineral salts medium in a jacketed stainless-steel, stirred-tank reactor. The
culture was again maintained at 30 C and the pH was monitored and maintained at 7.0 ± 0.05.
The culture was aerated with line air from an in-house compressor at 3-5 scfm (standard cubic
feet/min) or 85-142 L/min. The reactor also received a gas feed of pure CO2 (carbon source)
from a compressed gas tank at a rate of about 5% of the aeration rate. The culture was agitated
by means of a single 15-cm, six-bladed, disk-type impeller at 30-50 rpm. When thiosulfate was
depleted (2-3 d), the contents of this reactor were used to inoculate a 1000-gal ( 3 . 8 -  reactor
made from a stainless-steel milk-holding tank. The tank was horizontal and semicylindrical, 170
cm deep and 660 cm long on the inside. The tank was jacketed with cooling/heating coils
running lengthwise in the jacket annular space. A 2-hp variable-speed DC motor and gearbox
were mounted on a platform that bridged the center of the vessel. The motor drove a paddle-type
stirrer that was 81 cm in diameter and 12 cm wide. The agitation rate was 50 rpm. On either
side of the stirrer platform were stainless-steel lids that completely closed the top of the vessel.
The tank was modified by fitting with stainless-steel baffles, each 1/10 of the major or minor
dimensions of the tank, and a sparger. The sparger was fabricated from l-in (2.54-cm) stainless-
steel tubing in a U-shape fed with air at the bottom of the U through a l-in (2.54-cm) stainless
steel tube that extended through the wall of the vessel at the center and bottom. The sparger was
centered under the stirrer with the branches of the U equal in length to the stirrer diameter. The
U branches had equally spaced 1/8-in (0.318-cm) holes drilled on the bottom such that the total
hole area on each branch was two times the cross-sectional area of the tube.

Air was fed to the reactor using both a ring compressor and line air from an in-house
compressor. About 30 scfm of air were supplied by the blower to the sparging system described
above. Air from the blower was cooled with an after-cooler or heat-exchanger using house water
at 15 C. Line air was introduced into the reactor at each end with two supplemental spargers,
which consisted of 1/2-in (1.27-cm) stainless-steel tubes bent at one end to produce a l-ft (30.5-
cm) section that was perforated with 1/8-in (0.318-cm) holes. An additional 15-20 scfm (425-
567 L/min) could be provided to the reactor in this manner.

Temperature control in the 1000-gal tank was achieved by circulating water from a
refrigerated, recirculator through the jacket coils. Some heating could also be obtained as needed
by reducing the cooling water flow rate to the blower after-cooler, thereby increasing the
temperature of the air. The temperature was maintained at 30 ±  1 C and the pH was maintained at
7.0 ± 0.5 by addition of 85% H3PO4 or 50% NaOH as needed.

Each batch of T. denitrificans biomass was produced as follows: The 1000-gal tank was
filled with tap water and agitated with the stirrer. Components of thiosulfate mineral salts
medium were then added and allowed to dissolve one at a time. The smaller-volume cultures
described above used CO2 as a source of carbon. At the 1000-gal scale, this was prohibitively
expensive; therefore, NaHC03 was used as the sole carbon source. The first inoculum used was
produced in the 50-gal stirred-tank reactor described above. Subsequent inocula consisted of a
fraction of the biomass produced in the previous batch, Following inoculation each batch was
maintained u n d e r  conditions described above untiJ thiosulfate was depleted. The medium was



thiosulfate-limiting. When the thiosulfate was completely utilized, the contents of the 1000-gal
tank were pumped to a 600-gallon open-top conical-bottom tank (in two batches) to allow the
flocculated biomass to settle under gravity for about 2 h. A concentrated suspension of biomass
was then drawn from the bottom of the tank. On the average, 10-15 gal (38-57 L) of
concentrated suspension were obtained. About 20% was used to inoculate the next batch; the
remainder was stored at 4 C in 60-gal (227-L) polypropylene barrels in a walk-in cold room.

Typically 48-72 h were required for each batch from the time of inoculation until
thiosulfate was depleted. Harvesting of biomass required about 4 h on the average and typically
controlled the turnaround time of the reactor, since the reactor could be replenished with fresh
medium in less time than required to recover a concentrated inoculum from the previous batch.
The average mixed liquor suspended solids (MLSS) concentration following thiosulfate
depletion in each batch was 0.47 g/L (dry weight). The range was 0.33-0.58 g/L. Average
recovery of flocculated biomass in the conical settling tank (2 h settling time) was 45% (range
31-55%). Increasing the settling time beyond 2 h did not significantly increase biomass
recovery. In terms of dry weight of biomass, the average recovery was 0.21 g/L. There was no
decline in biomass recovery with repeated subculturing. As noted above, 20% of the biomass
recovered in each batch was used to inoculate the next batch; therefore, the net yield per batch
averaged 0 .  17 g/L or approx 640 g/batch on a dry-wt basis.

Sixty batches of flocculated T. denitrificans strain F biomass were produced in this
manner. The average cost per batch in terms of the cost of nutrients and NaOH for pH control
was $208. An average of 700 kW-h per batch were required for the blower-agitator, and
recirculator. At $0.08/kWh, the estimated utilities costs/batch were $56. The cost/g dry wt of
biomass was, therefore, $0.413/g.

T. denitrificans biomass remained highly active after long storage at 4 C. Inoculation of
thiosulfate mineral salts medium in lab-scale fermenters with biomass as old as 3 mo resulted in
rapid growth of the organism and depletion of thiosulfate.

Mixed waste treatment

Most, if not all, sulfide-laden wastes contain numerous other undesirable components in
addition to sulfides. For example, sour water produced in petroleum production operations may
contain organic constituents as well as sulfides. The biotreatment of these mixed waste streams
requires not only removal of sulfides but also removal (or at least tolerance) of organics such as
benzene, toluene, phenols, volatile carboxylic acids, and other constituents which contribute to
aquatic toxicity. We have demonstrated that when flocculated T. denitrificans cultures are
exposed to mixed aqueous wastes containing sulfides, the heterotrophs in the culture can be
adapted by enrichment to degrade the organic components of actual oil field sour water while
maintaining sulfide-oxidizing capability and excellent settling properties (11). Using a
flocculated, continuous culture of T. denitrificans strain F and mixed heterotrophs, produced
water frorn an oilfield site in Wyoming was successfully treated to remove sulfide (70 mg/L),
benzene (5 mg/L), toluene (2 mg/L), phenolics (5 m /L),, volatile carboxylic acids (400 mg/L)
and unidentified components that gave MicrotoxTMtoxicity. Following a brief acclimation
period the process culture exhibited excellent settling properties and complete removal of all
target compounds and MicrotoxTM toxicity. These results indicated that a reactor system as

simple in concept as an activated sludge system can be used to treat mixed aqueous waste
containing sulfides with removal of sulfides and biodegradable organics.



A refinery spent sulfidic caustic was also successfully biotreated using batch cultures of
flocculated T. denitrificans at both bench (1.5 L) and pilot scales (3.8 m3) (12,13). The caustic
had a pH of 13 and contained 1.05 M sulfide, over 3 weight percent methlydiethanolamine
(MDEA), and a chemical oxygen demand (COD) of over 100,000 mg/L. Spent caustic could be
fed to the reactors without prior neutralization. Microbial oxidation of sulfide to sulfate
produced acid which at least partially neutralized the caustic. Heterotrophs in the flocculated
culture quickly acclimated to the MDEA resulting in its complete degradation while the
autotroph completely oxidized influent sulfide to sulfate. There were no H2S emissions from the
reactors.

A FULL-SCALE APPLICATION

Utilizing many of the process improvements discussed above, oxidation of sulfides by T.
denitrificans has been applied at full scale to the treatment of sour water co-produced with
petroleum resulting in a technically and economically viable process (21). Flocculated T.
denitrificans strain F was introduced into an oil-skimming earthen pit (Pit 1 in Figure 4) of the
Amoco Production Co. LACT 10 Unit of the Salt Creek Field, WY. Field produced water
entered the pit from an oil/water separation train at an average flowrate of 5000 bbl/d (795 m3/d)
with a potential maximum of 98,000 bbl/d (15,580 m3/d). Water conditions at the pit inlet were
4800 mg/L total dissolved solids (TDS), 100 mg/L sulfide, pH 7.8, and 41.7 C. To this water an
aqueous solution of ammonium nitrate and diphosphorus pentoxide was added to provide
required nutrients for the bacteria. The first 20% of the pit was aerated to a maximum depth of 5
ft (1.5 m) to facilitate the aerobic bio-oxidation of sulfide. No provisions for pH control or
biomass recovery and recycle were made.

Pilot operations were initiated with the inoculation of the 19,000 bbl (3020 m3) pit with
40 lb (18.1 kg) of dry weight flocculated T. denitrificans strain F biomass grown and harvested
as described above. After a brief acclimation period, a nearly constant mass flux of 175 lb/d (80
kg/d) sulfide was established to the pit. Bio-oxidation of sulfide to sulfate was immediate and
complete. There were no odorous H2S emissions from the pit during the entire test. The process
appeared most sensitive to large variations in sulfide loading due to maximum water discharge
events (Figure 5). However, recoveries from such events could be accomplished within hours
(Figure 6). Quic recovery was attributed to biomass retention due to settling of flocculatedk
sulfide-oxidizing biomass into the deeper parts of the pit. Treatment cost during the 180-day test
were less than one cent per barrel of sour water.

CONCLUSIONS

Process improvements in the microbial oxidation of sulfides by T. denitrificans have
resulted in the full-scale application of the process to treatment of sour produced water.
Improvements of particular importance to the technical and economic success of this application
were: (1) immobilization of the autotroph to produce a gravity-settleable, sulfide-active floc; (2)
septic operation; (3) large-scale cultivation of flocculated T. denitrificans; and (4) use of a
sulfide-tolerant strain of T .  denitrificans.. These and other process improvements are expected to
lead to additional applications of this technology on a commercial scale.
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Table 1. Stoichiometry of HzS Oxidation by T h i o b a c i l l u s  d e n i t r i f i c a n s

Reactor Electron NOi/HzS, 02iH2S7 SOi2/H2S

type acceptor mole/mole mole/mole mole/mole

Batch NO3- 1.36 1.04

CSTR NO; 1.30 1.03

D=0.029 h-l

CSTR NO3- 1.19 1 .oo

D=0.058  h-’

Batch 02 1.81 0.99

CSTR 02 1.06

D=0.030 h-’

CSTR 02 1.04

D=0.053 h-’

Reactor Electron NH‘,+/H& OH-/H2S ,’ Biomass/H2S

type acceptor mole/mole eq/mole g/mole

Batch N03- 0.12 1.60 12.1

CSTR NO; 0.09 1.37 9.3

D=0.029 h-l

CSTR NO3- 0.10 1.24 12.9

D=0.058 h-’

Batch 02 0.10 1.75 4.5

CSTR 02 0.11 2.38 8.1

D=0.030 h-l

CSTR 02 0.12 1.77 7.9

D=0.053 h-’

aThe consumption of hydroxide equivalents was required to maintain an optimum pH of

7.0



Table 2. Steady-state Composition of Culture Medium from Mixed Culture CSTR

Compared With Calculated Parameters for T. denitrificans Pure Culturea

Parameter Observed Calculated

w47 60.9 mM 64.1 mM

UN031 20.1 mM 18.4 mM

Wb+l 4.0 mM 3.3 mM

[Biomass] 590 mg/L 580 mg/L

a D = O.O29h-‘; culture volume = 1.44 L; H$S feed rate = 2.63 mmol/h; aqueous feed

conditions:

[SO?-] = 1.6 m M ,  [NO;] = 96 mM, and [NH:] = 9.1 mM



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Effect of initial sulfide (as Na$S) on growth of wild-type (0) and strain F
(o) of T. denitrificans on thiosulfate. Initial sulfide concentration: (a) 0;
(b) 825; (c) 1000; (d) 1250; (e) 1500; (f) 1750 µM

Oxygen uptake rates of equal volume aliquots taken from a culture of
flocculated T. denitrificans growing on H$S (g).

Effect of addition of flocculated T. denitrificans on sulfide concentration
in aqueous solution.

Amoco Production Company LACT 10 Unit, Salt Creek Field.

Hydraulic flowrate to Pit 1 folllowing inoculation with flocculated
T. denitrificans.

Sulfide concentration in the influent or feed to Pit 1, the inlet or south end
of Pit 1, and the outlet of Pit 1.
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ABSTRACT

This paper and presentation will focus on two distinct topics which impact both
historic and current oil and gas producers.  The first topic to be discussed in this paper
concerns recent EPA inspections of production sites under the authority of the Spill
Prevention Control and Counter-Measures Regulations (‘SPCC”).  This paper describes the
general requirements of SPCC plans and alerts oil and gas producers regarding EPA’s
intentions to increase enforcement in this area. 

The second topic will be a discussion regarding ongoing efforts by the U.S.
Environmental Protection Agency to circumvent the petroleum exclusion.  Specific examples
will include recent issues with regional offices regarding residual crude oil from historic
earthen storage reservoirs and EPA’s interpretation of the material as tank bottoms not subject
to the petroleum exclusion.



EPA ENFORCEMENT OF PETROLEUM
RELEASES FROM PRODUCTION SITES

In the Clean Water Act (“CWA”), Congress declared a national policy “that there
should be no discharges of oil or hazardous substances into or upon the navigable waters of
the United States, adjoining shorelines, or into or upon the waters of the contiguous zone.”1

 One result of implementing this policy was the enactment by EPA of the Spill Prevention
Control and Countermeasures (“SPCC”) regulations.2

The SPCC regulations apply to oil and gas exploration and production facilities
(“facility(ies)”).  In fact, according to the July, 1998 Oklahoma Corporation Commission
(“OCC”), Oil and Gas Conservation Division Quarterly newsletter, EPA is planning to
increase its enforcement of  SPCC requirements for E & P operations.  In 1997, Region VI
levied several fines against operators for violation of the SPCC regulations.

A Facility is subject to SPCC if the facility 1) is a non-transportation related facility;
2) is engaged in drilling, producing, gathering, storing, processing, refining, transferring,
distributing, or consuming oil and oil products; and 3) could, due to their location, reasonably
be expected to discharge oil in harmful quantities into or upon the navigable waters of the
United States or adjoining shorelines.3  EPA has determined that a “harmful quantity” is any
quantity causing a film or sheen on the receiving waters, any quantity causing sludge or
emulsion to be deposited beneath the surface of the water or upon adjoining shorelines, or any
quantity that violates an applicable water quality standard.4  Facilities are exempt from SPCC
if 1) the underground buried storage capacity is 42,000 gallons or less of oil and 2) the
aboveground storage capacity is 1,320 gallons or less of oil, provided no single container has
a capacity in excess of 660 gallons.5

The primary requirement of SPCC is to have a carefully thought-out plan, prepared
in accordance with good engineering practices, and which has the full approval of
management at a level with authority to commit the necessary resources.6  The Plan must also
be certified by a professional engineer7 and amended whenever there is a change in facility
design, construction, operation, or maintenance which materially affects the facility’s
potential for discharge of oil.8

                                                
1 Federal Water Pollution Control Act (FWPCA) § 311(b)(1), 33 § 1321(b)(1).

2 40 CFR 112.

3 40 CFR 112.1(b).

4 40 CFR 110.3.

5 40 CFR 112.1(d)(2).

6 40 CFR 112.7.

7 40 CFR 112.3(d).

8 40 CFR 112.5(1).



The SPCC Plan must be maintained at the facility if the facility is normally attended
at least 8 hours per day.  The Plan must also be available to the Regional Administrator for
on-site review during normal working hours.9

The EPA has provided specific requirements for the development of a SPCC Plan.
 Specifically, the SPCC Plan should address the following three areas: 1) Operating
procedures that prevent spills; 2) Control measures installed to prevent a spill from reaching
navigable water; and 3) Countermeasures to contain, clean up, and mitigate the effects of an
oil spill that reaches navigable waters.10  SPCC Plans, while being unique to each facility,
must include certain standard elements as set out in 40 CFR 112.7.  The complete SPCC Plan
must follow the sequence outlined below and include a discussion of the following
information:

• Written descriptions of each spill that has occurred within the past twelve
months, corrective action taken and plans for preventing recurrence.

• A prediction of the direction, rate of flow, and total quantity of oil which
could be discharged from the facility where experience indicates a
reasonable potential for equipment failure.

• Description of appropriate containment and / or diversionary structures or
equipment to prevent discharged oil from reaching a navigable water course.
 For onshore facilities, preventative systems include dikes, berms, or
retaining walls; curbing; culverting, gutters, or other drainage systems; spill
diversion ponds; retention ponds; and sorbent materials

• When the installation of appropriate containment and/or diversionary
structures is not practicable, a strong oil spill contingency plan and written
commitment of manpower, equipment, and materials required to
expeditiously control and remove any harmful quantity of oil discharged is
necessary.

• A complete discussion of conformance with spill prevention and containment
procedures.

SPCC provides specific requirements for various categories of facilities, such as
onshore, offshore, production, and non-production.  Examples of areas which must be
addressed include facility drainage, bulk storage tanks, facility transfer operations, oil drilling
and work over facilities, and training.

EPA has the authority to inspect any production site which could arguably be the
source of a release to navigable waters.  According to EPA, the inspections serve two
purposes.  First, inspections help to ensure that oil storage facilities comply with the
regulations.  Second, on-site inspections give EPA personnel the opportunity to educate
owners and operators about the regulation and methods for ensuring compliance.11  According
                                                
9 40 CFR 112.3(e).

10 What SPCC Plans Must Include (visited Sept. 21, 1998) <http://www.epa.gov/oilspill/ spccmust.htm>.

11 Facility Inspections (visited Sept. 21, 1998) <http://www.epa.gov/superfund/oerr/er/ oil
spill/inspect.htm.>



to the quarterly OCC Oil and Gas Conservation Division newsletter, EPA is implementing
a new expedited enforcement program for improving SPCC compliance at E&P facilities. 
EPA will provide written notification to the facility two-weeks prior to the inspection. 
Additionally, the facility will receive an inspection checklist and schedule for potential fines
for noncompliance.  Once onsite, the inspector may ask to review the SPCC Plan, conduct a
walk-through inspection of the facility, and interview facility personnel on the SPCC and their
role in implementing the regulations.12  After the inspection, deficiencies will be discussed
with the operator so that corrective actions can begin immediately.13

The expedited enforcement program provides that following the inspection, the EPA
Region 6 office will issue an Expedited Complaint and Settlement Agreement which will
include a monetary penalty.  If an operator does not accept the settlement offer, then EPA may
pursue formal enforcement proceedings.  These formal enforcement actions can result in
penalties that range up to $27,500 for each day of violation.

Recently, EPA, Region 6 inspected a production site of a major oil company based
on a landowner complaint regarding a “blow-out.”  The inspection was based upon EPA’s
jurisdiction over SPCC plans.  The site was located in Texas and EPA Region 6 retained a
contractor to conduct the actual inspection.  The inspection was also attended by
representatives from the Texas Railroad Commission (“TRCC”).  Representatives from the
oil company were requested to meet the inspectors on the property and bring a copy of the
SPCC plan, which was kept in the oil company regional office approximately 100 miles from
the actual site. 

Upon showing credentials, the EPA contractors were provided with a copy of the
SPCC plan and allowed to investigate the site.  The EPA contractors and TRRC inspectors
were primarily interested in the area around the tank battery.  However, based upon
landowner complaints, they also asked to inspect other areas of the property where alleged
disposal of oilfield trash, debris and other waste had occurred.

The inspectors commented at the conclusion of their site visit that the SPCC plan was
adequate and in compliance with federal and state regulations.  They also stated that the
general conditions at the site were in compliance with all federal and state requirements.  In
discussing this matter with the oil company, they stated that this was the second SPCC
inspection their regional office has been involved in over the past four years.  The first
occurred almost four years ago and involved an EPA representative visit to the regional office
and review of select SPCC plans for general compliance.

                                                
12 Id.

13 EPA Region VI, Streamlined Oil Spill Prevention Program Announced, Oil and Gas Conservation
Division Quarterly Newsletter (Oklahoma Corporation Commission, Oklahoma City, OK), July, 1998, at 2.



CONCLUSION

Please be advised that EPA does have the right to conduct SPCC inspections on your
exploration and production sites.  In conducting an informal survey with major oil companies
that we represent, it appears there is currently no increase in SPCC inspections by the EPA.
 However, given the information provided by the OCC, it appears that EPA is planning to
increase it’s  enforcement of SPCC plans and procedures on production sites.  Given the
relative ease and reasonable costs involved in developing SPCC plans, we would encourage
all operators to ensure said plans are in place for their exploration and production sites and
any other facilities under SPCC jurisdiction in order to avoid possible fines.

THE PETROLEUM EXCLUSION

In the early 1900's, an oil company used unlined, earthen pits on an undeveloped
prairie to temporarily store crude oil prior to insertion of the crude oil into a pipeline for
transport to a refinery.  In 1927 when the storage was no longer necessary, the pits were
drained, but crude oil residue remained.  In the 1960's the land was sold to a developer who
filled and covered the pits to a depth of approximately ten feet and built the existing
neighborhood subdivision.  The current issue at this site is whether the petroleum exclusion
prevents EPA from bringing a claim against the oil company under the jurisdiction of
CERCLA to remediate, if necessary, the historic storage reservoirs.  The state agency with
jurisdiction over oil and gas matters believes the petroleum exclusion does apply; whereas,
EPA has suggested they believe it does not.

Under CERCLA, governmental response authority, release notification requirements,
and liability are largely tied to the release of a hazardous substance to the environment.14 
Included in the definition of “hazardous substance”15 is the petroleum exclusion.  This
exclusion provides that the term “hazardous substance” “does not include petroleum,
including crude oil or any fraction thereof which is not otherwise specifically listed or
designated as a hazardous substance” under other specified statutes.  The term “petroleum,”
however,  is not defined under CERCLA. 

EPA has interpreted that “petroleum” includes hazardous substances normally found
in refined petroleum fractions but does not include either hazardous substances found at levels
which exceed those normally found in such fractions or substances not normally found in
such fractions.16  More specifically, EPA has stated that the petroleum exclusion applies to:
 1) crude oil and fractions of crude oil; 2) hazardous substances, such as benzene, indigenous
to petroleum; and 3) hazardous substances which are normally mixed with or added to crude

                                                
14 Memorandum from Francis S. Blake to J. Winston Porter, “Scope of the CERCLA Petroleum Exclusion

Under Sections 101(14) and 104(a)(2).

15 CERCLA § 101(14), 42 U.S.C. § 9601(14).

16 Memorandum from Francis S. Blake, supra at note 1.



oil or crude oil fractions during the refining process.17  Relying on this interpretation, the
courts have typically interpreted the petroleum exclusion broadly.18

In Wilshire Westwood Assocs. v. Atlantic Richfield, 881 F.2d 801 (9th Cir. 1989), the
issue before the court was whether the petroleum exclusion included refined gasoline and all
of its components, including benzene, toluene, xylene, ethylbenzene and lead.  The gasoline
had been stored in leaking underground storage tanks.  The court held that “the petroleum
exclusion does apply to unrefined and refined gasoline even though certain of its indigenous
components and certain additives during the refining process have themselves been
designated as hazardous substances within the meaning of CERCLA.” 

In contrast, the court in U.S. v. Western Processing Co., 761 F.Supp. 713 (W.D.
Wash. 1991), concluded that sludge from gasoline storage tanks was not excluded from
CERCLA.  The sludge had been removed from the storage tanks by a tank cleaning company
and transferred to a disposal site.  In holding that the material did not come under the
petroleum exemption, the court stated “conceptually there is a difference between releases of
petroleum products from tanker spills or from leaking storage tanks and the delivery of
petroleum-related waste material to a disposal or treatment facility.  The former releases have
unique characteristics, while in the latter case, the wastes are just one more waste product
delivered to a facility where other such wastes accumulated from deliveries by others.”  Id.
at 721.  Consequently, the gasoline tank bottom sludge was a “waste in contrast to a useful
petroleum product which would be considered a petroleum fraction under CERCLA.”

In addition to refined gasoline, courts have concluded that the petroleum exclusion
applies to fuel oil19 and diesel fuel.20  Conversely, courts have held that waste oil21 and crude
oil tank bottoms do not fall under the petroleum exemption.  In Cose v. Getty Oil Co., 4 F.2d
700 (9th Cir. 1993), the court concluded that crude oil tank bottoms were not exempt from
CERCLA under the petroleum exemption.  The case involved crude oil tank bottom sludge
which was removed from crude oil storage facilities and disposed of on a site owned by Getty
Oil.  Subsequent purchasers of the property discovered the presence of a “subsurface asphalt
or tar-like material” which contained a high concentration of Chrysene, a known carcinogen.
 The court relied on the distinction between useful and non-useful petroleum products as
provided in Western Processing.  The court reasoned that tank bottoms “are not petroleum
to begin with.”  Rather, “crude oil tank bottoms are merely comprised of water and suspended

                                                
17 Id.  See also Darbouze v. Chevron Corp., 1998 WL 512941 (E.D.Pa. Aug. 19 1998) (Court denied

summary judgment because the record did not “contain evidence of the concentrations of naphthalene, ethyl benzene,
toluene, xylene, and lead” in waste oil.  Consequently, the court could not determine whether the waste oil from a
tank contained “hazardous substances normally found in petroleum at a normal or high level.”)

18 Wilshire Westwood Assoc. v. Atlantic Richfield Corp., 881 F.2d 801 (9th Cir. 1989).  See also
Michael M. Gibson & David P. Young, Oil & Gas Exemptions Under RCRA & CERCLA: Are They Still
“Safe Harbors” Eleven Years Later?, 32 S.Tex.L.Rev. 361, 390 (Oct. 1991).

19 U.S. v. Wade, 14 E.L.R. 20440 (E.D.Pa. April, 1984).

20 Equitable Life Assurance Soc’y v. Greyhound Corp., 31 E.L.R. 1079 (E.D.Pa 1990).

21 State of Wash. v. Time Oil Co., 687 F.Supp. 529, 32 (W.D. Wash. 1988) (Court held that groundwater
and soil contaminated by petroleum were not covered by the exclusion since they contained contaminants “in excess
of the amounts that would have occurred in petroleum during the refining process.”)



solids that settle out of crude oil and collect at the bottom of the crude oil tanks . . .” 
Therefore the crude oil tank bottoms are not “petroleum” and the Chrysene “is properly
viewed as an independent ‘hazardous substance,’ rather than as a component of petroleum.”

APPLICATION OF THE PETROLEUM EXCLUSION TO THE
HISTORIC STORAGE RESERVOIR EXAMPLE

The current example of the historic storage reservoirs is distinguishable from the
facts of Cose which EPA has relied upon as precedent to expand their jurisdiction over
petroleum.  In Cose, the material at issue was sludge which had been removed from tanks and
transported to a sludge disposal site for permanent disposal.  The instant case involves earthen
pits which were used for the temporary storage of crude oil.  Any contamination is directly
the result of crude oil contact with the surrounding soil, rather than from waste disposal. 
Additionally, the material at issue is crude oil, not tank bottom sludge.  Thus, the release of
crude oil from these pits is no different than the release of petroleum which was exempted in
the Wilshire Westwood case and would come under the CERCLA petroleum exemption.

EPA, however, has suggested that these historic storage reservoirs are “tanks” used
for settling out water from the oil and were used in the same manner as the tanks in the Cose
case.  Consequently, any resultant pollutants, although endemic to the crude oil, are not part
of petroleum or petroleum by-products and would be considered hazardous substances under
CERCLA.  This interpretation could have substantial precedential impact if extended to the
thousands of such similar “tanks” in historic fields, providing EPA an entirely new area of
jurisdiction over the oil industry under CERCLA. 

CONCLUSION

EPA has long been a opponent of the petroleum exclusion.  They have continually
chipped away at its applicability and their recent assertion of jurisdiction over the crude oil
storage pits from the 1920’s exemplifies their desire to do away with the petroleum exclusion
all together.  Because state statutes and regulations can require cleanup of petroleum releases,
we would encourage proper compliance and reporting of releases under state laws.  However,
we likewise encourage oil producers to hold EPA to strict interpretation of the petroleum
exclusion.  Expansion of EPA’s jurisdiction over petroleum is only appropriate in a legislative
context and not through unilateral agency interpretation.
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ABSTRACT

Time and resources spent on environmental training for managers, as well as
operating personnel, should be viewed not only as a business expense, but also as an
investment. Certain environmental training is mandated.  Other training, some with a
specific environmental focus and some that has other benefits for those managing
environmental programs, is discretionary but very useful in improving environmental
performance and business results.  Personnel familiar with environmental standards can
avoid issues of noncompliance.  Personnel familiar with environmental goals can reduce
waste and improve operational efficiencies while seeking to better environmental
performance.  The image of a business and its standing within the community can also be
impacted by training and awareness programs.  By way of example, some level of media
relations training is essential for personnel who may by design or otherwise be faced
with media questions about operations, emergency situations or other issues related to a
facility.

This paper will explore the types of environmental training which is mandated
and discuss training which is recommended to round out environmental management
processes and personnel to provide real business benefits in everyday environmental
management, emergency response, and in response to legal activities.  There will also be
a brief discussion of methods for delivering the training, and how such training fits into
audit processes and environmental management systems.



ENVIRONMENTAL TRAINING:
THE BROAD VIEW1

This paper discusses environmental training in terms of a “broad view” because
it is suggested that while laws that mandate environmental training only require a narrow
range of materials to be covered for purely environmental training, a broader view of
environmental training will encompass legally mandated safety training and other types
of training with the goals of increasing overall environmental awareness and
environmental performance.  An expanded range of environmental-related training will
provide facilities and operations benefits beyond those of simple compliance with the
law, as employees with an understanding of opportunities for applying environmental
considerations in their day-to-day work will also help reap the benefits of improved
business performance and stature as responsible members of the community.

Why Train?

Environmental training is a critical element to the success of managing
environmental affairs in business today.   Training provides the necessary information to
personnel regarding environmental expectations and standards.  With this information,
personnel can measure current practices to evaluate compliance, and identify
opportunities to improve performance.

General Benefits of Environmental Training

One of the primary drivers for environmental training is the benefits such
training can provide for an organization. Benefits may be in both financial and in
nonmonetary rewards, such as a company’s goodwill in a community.  Benefits of
environmental training include:

1. Compliance with federal laws which mandate training.

2. Knowledge of and adherence to environmental rules and regulations.

3. Increased safety by identification of  workplace hazards.  Environmental
issues ultimately overlap with considerations of personal and public
safety. Communication of hazards in the workplace such as notifying
employees of potential side effects from exposure to chemicals, entry
into confined space, or other potential hazards can reduce the risk of
harm and improve productivity. Safety awareness increases the overall
well-being of employees and reduces worker compensation and personal
injury claims.

                                                          
1The author wishes to thank the following persons for assistance in research,

writing, and review of parts of this paper:  E. Joyner, S. Dunson, M. Schreppel and S.
Huntsman.



4. Cost savings realized when accidents and spills are prevented or
minimized.

5. Environmental stewardship.  Pride from efforts to keep our planet fit for
future generations is a significant achievement which benefits everyone
and builds positive relationships with the community where a facility or
operation is located.

6. Increased efficiencies in environmental management systems.
Understanding and implementing systems  to achieve and maintain
compliance are measurable in terms of fewer Notices of Violation
(NOV) and better communication throughout a company regarding
environmental goals.

7. Understanding how environmental regulations affect operations.
Increased awareness by employees about how their particular job
impacts overall operations and ways to avoid negative impacts to the
environment can improve a company’s overall efficiency and reduce
waste.  Through training which provides information about standards
and communicates goals, personnel are armed with the tools to seek out
and identify better ways to work and to avoid waste.

8. Knowing how to work effectively with regulatory agencies. When
inspectors arrive on site, employees who are knowledgeable regarding
environmental issues and trained in proper protocols for meeting with
regulatory agencies can be much more successful in communicating key
issues and responding to questions.

9. The risk of liability of the business organization can be diminished by
informing employees and management of their responsibilities and the
consequences for noncompliance.

10. Decreased disposal costs.  Improperly mixed wastes increase disposal
costs exponentially.  Informed employees are less likely to make the
mistake of improperly mixing wastes.

Training Considerations and  Federal Sentencing Guidelines

The 1997 Federal Sentencing Guidelines offer insight into how penalties are
determined for a variety of environmental issues.2  Training can help to mitigate such
penalties.

                                                          
2Specific Environmental Sentencing Guidelines
Sentencing guidelines for offenses involving the environment and conservation

and wildlife are located in Part Q of the Sentencing Guidelines Manual. The main
categories for environmental offenses are as follows:



A training program will serve to reduce the penalty imposed on an organization
for an environmental offense if it is an “effective program to prevent and detect
violations of law.”  Because the U.S. Sentencing Commission has not promulgated
guidelines for offenses by organizations involving the environment, penalties in this area
are not entirely clear.

An “effective program” includes among its minimum requirements that the
organization has “taken steps to communicate effectively its standards and procedures to
all employees and other agents, e.g., by requiring participation in training programs or by
disseminating publications that explain in a practical manner what is required.”  See
Application Note 3(k)(4), § 8A1.2.

Other provisions also point to the consideration of a training program in the
sentencing process.3 Under 18 U.S.C. § 3553, the court must consider “any pertinent
policy statement issued by the Sentencing Commission.” 18 U.S.C. § 3553(a)(5) (Supp.
1998). The Sentencing Commission has stated that the “fine range . . . should be based
on the seriousness of the offense and the culpability of the organization . . Culpability
generally will be determined by the steps taken by the organization prior to the offense to
prevent and detect criminal conduct . . ” See Introductory Commentary, Guidelines Ch.
8.

What Subject Matter Should be Taught?

Environmental Training: Mandated

                                                                                                                                                              
§ 2Q1.l Knowing Endangerment Resulting From Mishandling Hazardous or

Toxic Substances, Pesticides or Other Pollutants;
§ 2Q1.2  Mishandling of Hazardous or Toxic Substances or Pesticides;

Recordkeeping, Tampering, and Falsification; Unlawfully Transporting Hazardous
Materials in Commerce;

§ 2Q1.3 Mishandling of Other Environmental Pollutants; Recordkeeping,
Tampering, and Falsification;

§ 2Q1.4 Tampering or Attempted Tampering with Public Water System;
§ 2Q1.5 Threatened Tampering with Public Water System; and § 2Q1.6

Hazardous or Injurious Devices on Federal Lands;
§ 2Q2.1 Conservation and Wildlife offenses.

3See also, the factors for determining culpability under § 8C2.5 include
“Effective Program to Prevent and Detect Violations of Law” and “Self-Reporting,
Cooperation, and Acceptance of Responsibility.”  See § 8C2.5 (f), (g).  These can result
in a subtraction from the culpability score.  In one California matter in 1993 regarding
alleged violations of the Toxic Substances Control Act, downward adjustment was made
to the proposed penalty because personnel had been trained in firefighting and had
trained to be familiar with hazardous material locations and contents of storage tanks at
the facility.  This matter involved, in part, the failure to register PCB-containing
transformers with the local fire authorities as required by regulation.  In the Matter of:
Pacific Refining Co., 1993 WL 534262 (E.P.A.).



 Federal law mandates certain environmental regulatory training, such as training
with respect to spill prevention control and countermeasures and RCRA.  In a narrow
sense, once this training is completed, a company has met its obligations legally with
respect to environmental training for its personnel.  However, from a practical standpoint
and from a business standpoint, it is critical  that training should not be limited solely to
that which is mandated.

Environmental Training: Beyond the Minimums

Training should also be provided so that personnel can execute their duties in
compliance with other environmental requirements.  It is necessary that in addition to
training focused on federal requirements, companies  also provide an adequate working
knowledge of state and local requirements.   In particular, the state requirements may in
fact be used to implement federal regulations and become a critical path issue in striving
for compliance.  Local laws must also be considered if a facility is to avoid stumbling
into a local regulatory issue that will create unnecessary problems or concerns.

Additionally, some level of environmental training may be required in order to
communicate and execute company policy and environmental management systems.
Frequently, this training may consist of communicating a general corporate vision on
environmental matters and how such vision will be executed at a local level.

Training should be specific to the type of facility or operation involved, and to
the job descriptions and responsibilities of the persons to be trained.  Such requirements,
while they may not have specific environmental training mandates, are an effective way
to ensure personnel are properly trained with all the requisite knowledge to execute their
duties safely and  in compliance with applicable environmental rules and regulations.

The subject matter of potentially valuable training therefore moves quickly from
the mandated environmental training to training that includes an environmental
component in many different phases of training, as well as specific environmental
training which fits the needs of the personnel at the operation or facility.  At minimum, it
is highly recommended that such training include a general course on environmental
awareness so the personnel are aware of the organization’s view regarding environmental
matters, and who to direct environmental questions to during the course of their
activities.  As discussed further below, however, in the discussion regarding “How to
Train,” it is not suggested that an attempt be made to make environmental experts or,
worse yet, environmental lawyers out of operating personnel.  It is far more important
that the operating personnel understand the implications of their actions rather than be
able to recite the letter of the law from a regulation.

For operating personnel, additional training specific to their jobs may be critical.
For example, personnel responsible for treatment and discharge of water need to be
provided a basic understanding of wastewater management and the requirements under
the Clean Water Act.  Engineers should certainly be made aware of permitting
requirements such that they can understand that potential changes to existing equipment
may impact existing permits and, for new equipment, that environmental limits and
permitting considerations must be taken into account when planning and scheduling
work.  Maintenance personnel should be made aware of requirements that may impact



activities such as vessel and exchanger cleaning.  Facility operating personnel should
understand requirements regarding emissions and reporting.  Management personnel
should not only have a basic understanding of environmental requirements, but may also
find useful and necessary training in negotiations, media relations, how to conduct an
incident investigation, and requirements involving records and retention.  Each of these
areas may be important not only in handling day-to-day environmental activities, but also
in dealing with environmental incidents.

All these systems can work within whatever environmental management system
or process the company or facility has in place.  Whether or not the environmental
management system adopted by a certain facility or organization has a formal name, each
such system will require some component of training to make it work.  For example, ISO
14000 does not promulgate specific training standards, classes, or requirements.
Nevertheless, it is expected that organizations will establish procedures to train their
employees concerning the implementation of and conformance with the environmental
management system that is chosen.  This includes being able to identify significant
environmental impacts associated with the employees’ work, the role and responsibilities
of each employee within the environmental management system, and the potential for
harm for failing to follow operating procedures.  As indicated above, this clearly means
taking the broad view and going beyond compliance with mandated training
requirements.

Scope of Training

The type of training provided and to whom will largely be driven by the type of
facility or operation involved.  However, it is critical to remember that training will
frequently be necessary for several media: air, waste and water.  Training focusing on the
overlapping nature of  the regulations governing such media may also be required, again
depending upon the type of operation or facility involved.

How to Train ?
There are six basic rules providing for environmental training:

Rule 1:   Know the limits of training.

Facilities and organizations should have adequate resources, either internally or
externally, to turn to when environmental issues arise because these issues are inherently
complicated and the various regulatory schemes which may be involved are frequently
overlapping.  However, training which purports to make experts out of all employees,
thus causing them to believe that they have the capability to independently resolve these
environmental issues, is as irresponsible as not providing any environmental training at
all.  Employees need to be able to identify issues and problems, and to know when and
from whom to seek help in finding solutions.

In defining the limits of training, it is important to focus on three elements.  In
most cases, if personnel are trained in these three areas, they will understand what they
need to do to address the issues immediately, which will then ensure the information is
provided to persons both within and outside the company for further handling.



The first element is the ability to recognize how something you do or do not do,
or how you react during an event that is already occurring, may affect the environment or
violate a regulation.

The second element is knowing that there is a responsibility to react to prevent
or stop any spills, releases, or violations over which one has some authority or control.

The third element is to report spills, releases, or violations, and other issues with
environmental implications (such as questions regarding changes to process units, new
construction which may trigger permitting, or notification requirements or other matters),
to the environmental personnel within the organization such that any legal obligations to
report or obtain permits may be handled and so that corrective measures to prevent a
recurrence of any adverse event may be taken.

Rule 2:   When designing training programs, it is vitally important that the
basic environmental requirements be covered and reviewed on an annual
basis.

Such basic requirements would include not only the specific environmental
training requirements contained in the spill prevention control and countermeasures
requirements and the RCRA-related training, but also those basic requirements in other
regulations which have a direct impact on how an employee conducts his daily work.

 Once these minimum legal and practical requirements are met, then it is
appropriate to add additional training to further educate employees about opportunities
for improvement in processes and reduction in potential environmental problems.
Suggested minimum training and additional types of training were suggested earlier in
this paper, but at this time it is appropriate to mention the importance of safety and
emergency response training and activities as they overlap with environmental concerns
and issues.  (See Tables 1-3).  All training focused on safety and emergency response is
usually viewed as looking toward protection of individuals within a facility.  The
awareness provided regarding dealing with hazardous substances and emergency
situations during such training clearly carries over into the environmental training arena.
Some issues have a direct relationship.  For example, asbestos requirements are
discussed not only in the safety requirements for employees and contractors dealing with
asbestos, but also in certain environmental regulations which limit asbestos exposure to
the air for the protection of the general community.  A list of safety and emergency
response training which is required or recommended is found in Table 3.

Rule 3:   Keep current.

Regulations are occasionally modified but, more importantly, regulations that
may impact training programs or that may require specific training may be added.  The
need to keep current also carries with it an obligation to develop and refine training
based on experience at a particular facility.  As training programs are rolled out,
additional issues may arise which suggest additional specific training.  It may also be
determined that the method of training and documentation of such education can be
improved by  incorporating changes suggested by those persons receiving the training.



Rule 4:  Recordkeeping is critical.

Particularly since there are certain environmental training requirements that are
mandated, it is critical that the company can show that proper persons were trained and
exactly what was included in the training.  One of the first things an agency regulator
will request during an inspection is to review training records. Maintaining current and
complete records helps demonstrate to the inspector the concern the organization,
operation, or facility has for environmental compliance.

Rule 5:   Management involvement.

No training program can be successful unless the management of a particular
facility and the company itself is committed to meaningful training.

Rule 6:   Who should be trained.

The need for training will apply for all employees, including operators, those
performing maintenance operations, engineers, and management personnel.  Obviously,
the type of training provided to each category of employees will be different, as their
daily activities may largely define what they encounter and thus what they need to know
in order to address potential environmental situations.  It must be remembered that
contractors will also require training depending on the function they are performing at
the facility or operation.

The target audience will largely define how the training is delivered.  In order to
be effective, the training must be presented by persons with the necessary expertise who
have the ability to communicate to the particular audience involved that information
which will be useful for that audience.  Some training requires trainers certified by
federal or state regulatory agencies.  Overall, the training must be practical so that it is
both understood and retained.

It is also critical that the training be provided in a manner that is efficient
because there is an opportunity cost involved in removing persons from their normal
duties in order to receive the training.  Video and computer-based training can be very
effective, particularly for operations with numerous or remote locations.  As indicated
elsewhere, however, even if sometimes costly, it is believed that training provides
benefits which far outweigh the opportunity cost involved.

In today’s business environment, training programs must compete with proposals
for capital spending and dollars slated for day-to-day operations.  By taking the broad
view of environmental training, it becomes apparent that training dollars can be
translated into both financial and nonmonetary rewards.  Training employees in both
mandated and nonmandated environmental subjects, along with the often complementary
health and safety subjects, helps build the foundation for a better workplace, more
confident employees, and ultimately, better protection of our environment.  The six basic
rules for providing environmental training can provide a blueprint for building that
foundation.



Table 1.   Minimum Environmental Training Requirements

Asbestos - Communication of Hazards to Employees:  29 CFR 1910.1001(j)(7)
requires all employees who are exposed to airborne concentrations of asbestos at or
above the action and/or excursion level to initially and annually be informed of such
items as 1) the health effects associated with exposure, 2) the relationship between
smoking and exposure to asbestos producing lung cancer, 3) nature of operations which
could lead to exposure, 4) engineering controls, work practices, and respiratory
protection, 5) specific procedures implemented to protect employees from exposure, and
6) the medical surveillance program.

Benzene: 29 CFR 1910.1028(j)(3) requires employees working in areas where benzene
is present to initially be informed 1) the requirements of the hazard communication and
benzene standard, 2) operations in their area where benzene is present, 3) the location of
the hazardous communication program, 4) methods that may be used to detect the
presence or release of benzene, 4) physical and health hazards of benzene, 5) measures
employees can take to protect themselves, 5) details of the hazard communication
program developed by the employer, and 6) the medical surveillance program.  See also
29 CFR 1910.1200(h).

Hazard Communication: 29 CFR 1910.1200(h) requires all employees who may be
exposed to hazardous chemicals to initially and upon introduction of a new physical or
health hazard to be informed of 1) the requirements of the hazard communication
standard, 2) operations in their area where hazardous chemicals are present, 3) the
location of the hazardous communication program, 4) methods that may be used to detect
the presence or release of the chemical, 4) physical and health hazards of the chemical,
5) measures employees can take to protect themselves, and 5) details of the hazard
communication program developed by the employer.

Hazardous Material - Shipping and Packaging: 49 CFR 173.1(b) requires that
employees having any responsibility for preparing hazardous materials for shipment be
provided with 1) general awareness / familiarization training designed to provide
familiarity with the hazardous materials requirements, 2) function-specific training
concerning requirements of the hazardous materials requirements which are specifically
applicable to the functions the employee performs, and 3) safety training concerning
emergency response information, measures to protect employees from the hazards
associated with hazardous materials to which they may be exposed, and methods and
procedures for avoiding accidents.   See also 49 CFR 172.704(a).

Hazardous Waste Operations and Emergency Response - General Training: 29 CFR
1910.120(e) requires all employees working on sites exposed to hazardous substances,
health hazards, or safety hazards and their supervisors and management responsible for
the sites be informed initially and annually of 1) names of personnel and alternates
responsible for site safety and health, 2) safety, health and other hazards present on site,
3) use of personal protective equipment, 4) work practices by which the employee can
minimize risks from hazards, 5) safe use of engineering controls and equipment on the
site, and 6) decontamination procedures, the emergency response plan, confined space
entry procedures, and the spill containment program.



Process Safety Management of Highly Hazardous Chemicals: 29 CFR 1910.119(g),
(h), and (j)(3) require employees involved in operating a process (initially and at least
every three years), contractors, and employees involved in maintaining the on-going
integrity of process equipment to be informed of 1) the specific safety and health
hazards, 2) emergency procedures, and 3) procedures applicable to the employee’s job
task.

RCRA Personnel Training: 40 CFR 264.16 requires personnel of hazardous waste
treatment, storage, and disposal facilities to be trained within six months after their
assignment to a facility and annually thereafter in how to respond effectively to
emergencies by familiarizing them with emergency procedures, emergency equipment,
and emergency systems.  Such training may include 1) procedures for using, inspecting,
repairing, and replacing facility emergency and monitoring equipment, 2) key parameters
for automatic waste feed cut-off systems, 3) communications or alarm systems, 4)
response to fires or explosions, 5) response to ground-water contamination incidents, and
6) shutdown of operations.

Spill Prevention Control and Countermeasure Plan: 40 CFR 112 (e)(10) requires all
personnel to be informed in the operation and maintenance of equipment to prevent the
discharges of oil and applicable pollution control laws, rules, and regulations.
Additionally, spill prevention briefings should be conducted for personnel at intervals
frequent enough to assure adequate understanding of the SPCC Plan for the facility.
Such briefings should highlight and describe known spill events or failures,
malfunctioning components, and recently developed precautionary measures.



Table 2.   Additional Environmental Training Subjects

 Environmental Awareness

 Pollution Prevention and Waste Minimization

 Vessel Draining

 Waste Management

 Waste Water Handling

 Drum Handling and Management

 Odors

 VOC Program

 Smoke School

 Emissions and Reporting

 Turnaround and Maintenance Procedures (Local, State)

 Permitting Requirements (Local, State, Federal)

 WPU Operations (Federal)

 Negotiations

 Environmental Tracking Systems

 Substance Abuse Policy

 Quality Training

 Media Relations

 Incident Investigations

 Records and Retention



Table 3.   Safety and Emergency Response

 Hazwoper (40 Hours)

 Hazwoper (8 Hours) Refresher

 Respirator Training

 Incident Commander

 Principles of Risk Management

 Hazardous Communications/MSDS

 Oil Spill Course

 Confined Space

 Fire Extinguisher Training

 Fire School

 TSCA

 Ladders

 Scaffolds

 Personal Fall Protection

 Lockout and Tagout

 Asbestos

 Bloodborne Pathogens

 Employee Access to Medical Records

 Employee Emergency and Fire Prevention Plans

 Occupational Noise Exposure

 Benzene

 Respiratory Protection

 Lead
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Are they blood stains, or mud stains, or rust stains, or fruit stains, or what are they?
That is a question which has puzzled many an expert, and why? Because there was no
reliable test. Now we have the Sherlock Holmes' test, and there will no longer be any
difficulty.

  ARTHUR CONAN DOYLE,  A STUDY IN SCARLET.      



INTRODUCTION

If all expert witnesses and their methods were as reliable as Sherlock Holmes, there
would be little need for the decisions in Frye, Daubert, Robinson, and Havner, or the
debate over the admissibility of “junk science”.

The need for standards for evaluating expert testimony has been apparent for quite
some time, as is evident from the decision in Frye v. United States, which held that in order
to be admissible, expert opinion evidence must have a basis which has gained general
acceptance in the field in which it belongs. Frye v. United States, 293 F. 1013, 1014 (D.C.
Cir. 1923).  The Frye decision was applied in many jurisdictions for more than fifty years,
until the Federal Rules of Evidence were enacted in 1975.  Some courts continued to apply
the Frye test for another twenty years, until the decision in Daubert v. Merrell Dow
Pharmaceuticals, Inc., 509 U.S. 579 (1993).

THE ROLE OF THE DISTRICT
COURT JUDGE AS GATEKEEPER

Federal Rule of Civil Procedure 16(c)(4) authorizes the district courts to make
pretrial rulings on limitations or restrictions on the use of testimony under Rule 702.  Fed.
R. Civ. P. 16(c)(4).  Additionally, Federal Rule of Evidence 104(a) states that preliminary
questions regarding a person’s “qualifications to be a witness . . . or the admissibility of
evidence . . . shall be determined by the court . . .”.  Fed. R. Evid. 104(a).

The Daubert decision mandates that the trial judge act as a gatekeeper to determine
whether expert testimony is admissible.  Daubert, 509 U.S. at 594.  When expert scientific
testimony is proffered, “the trial judge must determine at the outset, . . . whether the expert
is proposing to testify to (1) scientific knowledge that (2) will assist the trier of fact to
understand or determine a fact in issue.” Id at 592-593.  This requires preliminary
assessment of the testimony’s underlying reasoning and methodology to determine if it is
scientifically valid and whether it can be properly applied to the facts in issue. Id.

Once an objection is made to an expert’s testimony, the burden is on the party
offering the expert to prove the reliability of the expert’s testimony. See Bourjaily v. United
States, 483 U.S. 171, 175-76 (1987).  The proponent of the testimony need not demonstrate
to the judge by a preponderance of the evidence that the assessments of their experts are
correct; instead, it must be shown by a preponderance of evidence that their opinions are



reliable. In re Paoli R.R. Yard PCB Litigation, 35 F.3d 717, 744 (3d Cir.1994), cert.
denied, 115 S.Ct. 1253 (1995).  The Paoli court defined the burden of proof as follows:

 "[T]he inquiry made by a court . . . is not whether the proponent of the evidence
wins or loses his case on the merits, but whether the evidentiary Rules have been
satisfied.  We have traditionally required that these matters be established by a
preponderance of proof . . ." And Daubert specifically applies this holding in the
expert opinion context.

Id. (quoting Bourjaily v. United States, 483 U.S. 171, 175 (1987) and citing Daubert, 509
U.S. at 579).

“The preponderance standard ensures that before admitting evidence, the court will
have found it more likely than not that the technical issues and policy concerns addressed
by the Federal Rules of Evidence have been afforded due consideration.”  Bourjaily, 483
U.S. at 175.  A trial judge’s decision to admit expert testimony will not be disturbed absent
a clear abuse of discretion.  Shipp v. General Motors Corp., 750 F.2d 418 (5th Cir. 1985).

FEDERAL RULE OF EVIDENCE
702 AND THE DAUBERT DECISION

Rule 702.   Testimony by Experts

If scientific, technical, or other specialized knowledge will assist the trier of
fact to understand the evidence or to determine a fact in issue, a witness
qualified as  expert by knowledge, skill, experience, training, or education,
may testify thereto in the form of an opinion or otherwise.

Federal Rule of Evidence 702

The standard for determining the admissibility of expert testimony has changed
significantly in the years since the Federal Rules of Evidence came about.  In 1975, when
the Federal Rules were enacted, some argued that the federal system had abandoned the
Frye test because the new Rule 702 did not expressly adopt the Frye test.  See 3 J.
Weinstein & M. Berger, Weinstein’s Evidence, 702[3] (1990).  However, the issue was not
clearly resolved until 1993, when the United States Supreme Court issued its decision in
Daubert v. Merrell Dow Pharmaceuticals, Inc., 509 U.S. 579 (1993).

The Daubert court held specifically that “[t]he Federal Rules of Evidence, not
Frye, provide the standard for admitting expert scientific testimony in a federal trial.”  509



U.S. 579.  The U.S. Supreme Court stated that nothing in the text of the rule establishes
"general acceptance" as an absolute prerequisite to admissibility.  Id.  The drafting history
makes no mention of Frye, and a rigid "general acceptance" requirement would be at odds
with the "liberal thrust" of the Federal Rules and their "general approach of relaxing the
traditional barriers to 'opinion' testimony."  Id. at 588 (quoting Beech Aircraft Corp. v.
Rainey, 488 U.S. 153, 169 (1988) (citations omitted)).

Daubert v. Merrell Dow Pharmaceuticals

The Dauberts, two minor children and their parents, alleged in their suit against
Merrell Dow Pharmaceuticals that the children's birth defects had been caused by Mrs.
Daubert’s prenatal ingestion of Bendectin, a prescription drug marketed by Merrell Dow
for the relief of nausea.  Id., at 579.  The district court granted summary judgment for
Merrell Dow based on a well-credentialed expert's affidavit which concluded, upon
reviewing the extensive published scientific literature on the subject, that maternal use of
Bendectin had not been shown to be a risk factor for human birth defects.  Id.  The
Dauberts responded with the testimony of eight well-credentialed experts who based their
conclusion that Bendectin can cause birth defects on animal studies, chemical structure
analyses, and the unpublished "reanalysis" of previously published human statistical
studies. However, the trial court determined that this evidence did not meet the applicable
"general acceptance" standard for the admission of expert testimony.  Id.

The Court of Appeals agreed and affirmed, citing Frye v. United States, 293 F.
1013, for the rule that expert opinion based on a scientific technique is inadmissible unless
the technique is "generally accepted" as reliable in the relevant scientific community.  The
Supreme Court held that the Federal Rules of Evidence, not Frye, provide the standard for
admitting expert scientific testimony in a federal trial.  The Court vacated the decision of
the Court of Appeals and remanded the case.  Daubert, supra.

The Standard for Admissibility of Scientific Expert
Testimony

Under the general requirements of the Daubert test for admissibility, the evidence
should be:  (1) reliable, i.e., the underlying methodology from which the evidence is drawn
is based on scientific knowledge; and (2) relevant, i.e., it will assist the trier of fact in
understanding or determining a fact in issue.  Daubert, 509 U.S. at 589.



Reliability

The reliability prong of this test focuses primarily on the determination of whether
the evidence is based upon methodology that is “scientific.”  Standards and Procedures for
Determining the Admissibility of Expert Evidence After Daubert, 157 F.R.D. 571 (1994).

Four non-exclusive factors cited in Daubert that may be used to determine the
reliability and relevance of scientific evidence are:

(1) whether the theory or technique can be (and has been) tested;
(2) whether the theory or technique has been subjected to peer

review and publication;

(3) the technique’s known or potential rate of error, and the
existence and maintenance of standards controlling the
technique’s operation; and

(4) the general acceptance of the theory or technique by the relevant
scientific community.

Daubert, 509 U.S. at 593-594.

The Daubert Court emphasized that the inquiry envisioned by Rule 702 is “a
flexible one,” and its focus “must be solely on principles and methodology, not on the
conclusions that they generate.”  Id.  See also, Fed. R. Evid. Rule 702.

Other factors that have been used to determine the admissibility of expert
testimony are:

Whether or not the testimony compares the experimental group with a
control group.  See Marcel v. Placid Oil Co., 11 F.3d 563, 567 (5th Cir.
1994) (testimony excluded because it did not compare work life in the oil
field to work life in general).

Whether or not the evidence is based on an exact science and involves
subjective testing procedures, and whether the test results are accurate. 
See United States v. Dominguez, 902 F. Supp. 737, 739 (S.D.Tex. 1995)
(testimony using polygraph results deemed unreliable because (1) the
results are only 70-90% accurate; (2) polygraph tests are not based on an
exact science; (3) drugs or different cultural backgrounds can cause
incorrect or misleading results; and (4) the procedures involved in
polygraph testing are subjective).



Whether or not there is an independent mathematical or physical basis for
the testimony.  See Rosado v. Deters, 5 F.3d 119, 124 (5th Cir. 1993)
(holding expert unqualified to testify as to accident reconstruction
because:  (1)  he admitted he could not independently establish the
necessary physical and mathematical bases for his opinion; (2) he was
last qualified in the area in 1965; and (3)  he had not taken any refresher
courses since).

Whether or not the testimony is based solely on one journal article or
textbook.  See Carroll v. Morgan, 17 F.3d 787, 790 (5th Cir. 1994)
(finding the expert’s testimony was “grounded in method and procedures
of science,” and not mere “unsupported speculation,” even though expert
 refused to base his testimony on one textbook or journal article).

Relevance

"Relevant evidence" is that which has "any tendency to make the existence of any
fact that is of consequence to the determination of the action more probable or less
probable than it would be without the evidence."  Fed. R. Evid. 401.  Rule 702 requires that
the expert testimony or evidence "assist the trier of fact to understand the evidence or to
determine a fact in issue."  Fed. R. Evid. Rule 702.  This condition goes primarily to
relevance.  Daubert, 509 U.S. at 591.  The Daubert Court noted that the Rule's basic
standard of relevance is a liberal one.  Id at 587.  On remand of the Daubert case
(hereinafter Daubert II), the Ninth Circuit noted that the court “must determine whether
the proposed expert testimony is ‘relevant to the task at hand,’” i.e., that it logically
advances a material aspect of the proposing party's case.  The Supreme Court referred to
this second prong of the analysis as the “‘fit’ requirement.”  Daubert v. Merrell Dow
Pharmaceuticals, Inc., 43 F.3d 1311, 1322 (9th Cir. 1995) (upon remand) (citation
omitted).

The Fifth Circuit has held that, while it does not sanction using the relevance
requirement as a threshold standard, there is little reason to force the trial court to
painstakingly evaluate the scientific validity of evidence that was not relevant.  United
States v. Pettigrew, 77 F.3d 1500, 1515 (5th Cir. 1996).  The trial court should not replace
the adversarial system, even though it is to act as the gatekeeper for expert evidence. 
United States v. 14.38 Acres of Land, More or Less Situated in Leflore County, State of
Miss., 80 F.3d 1074, 1078 (5th Cir. 1996).  The perceived flaws of admissible expert
testimony should be tested by adversarial proceedings and should not be excluded.  Id. at
1079.



Daubert II

The Ninth Circuit, on remand, held the Dauberts’ experts’ testimony regarding the
effects of Bendectin inadmissible under Rule 702, partly because it was not based on
reliable methodology. Daubert v. Merrell Dow Pharmaceuticals, Inc., 43 F.3d 1311, 1322
(9th Cir. 1995) (upon remand).  Two factors the court noted that indicated the expert
testimony was not reliable were:  (1) the fact that the experts had conducted their research
for the purpose of testifying, rather than independently of any litigation, id. at 1317; and (2)
 the lack of any peer review or publication of the research analysis supporting the experts'
conclusions, id. at 1318.  The court also noted that “the only review the plaintiffs' experts'
work has received has been by judges and juries, and the only place their theories and
studies have been published is in the pages of federal and state reporters."  Id.  In addition,
the court held that the evidence would not be helpful to the jury and therefore was not
relevant, because the experts could not say that the Bendectin had caused the plaintiffs'
injuries or that it had more than doubled the likelihood of birth defects. Id. at 1322.

Thus, after Daubert II, the five non-exclusive “Daubert factors” that are
considered to determine the reliability and relevance of scientific evidence are:

(1) whether the theory or technique can be (and has been) tested;

(2) whether the theory or technique has been subjected to peer review and
publication;

(3) a technique’s known or potential rate of error, and the existence and
maintenance of standards controlling the technique’s operation;

(4) the general acceptance of the theory or technique by the relevant
scientific community; and

(5) whether the opinion was generated solely for the pending litigation. 

Daubert, 509 U.S. at 593-594, and Daubert II, F.3d at 1316-1317, keeping in mind the
Daubert I court emphasized that the inquiry envisioned by Rule 702 is “a flexible one,”
and its focus “must be solely on principles and methodology, not on the conclusions that
they generate.”



THE GATEKEEPER FUNCTION
OF THE TRIAL COURT IN TEXAS

Texas Rule of Civil Evidence 104

(a) Questions of Admissibility Generally. Preliminary questions concerning
the qualification of a person to be a witness, the existence of a privilege, or the
admissibility of evidence shall be determined by the court . . .

The court in E.I. du Pont de Nemours v. Robinson, 923 S.W.2d 549, 556 (Tex.
1995) emphasized the importance of the role of  a Texas judge in a “gatekeeper” hearing:

In light of the increased use of expert witnesses and the likely prejudicial impact of
their testimony, trial judges have a heightened responsibility to ensure that expert testimony
show some indicia of reliability.  It is especially important that trial judges scrutinize
proffered evidence for scientific reliability when it is based upon novel scientific theories,
sometimes referred to as "junk science." 

923 S.W.2d 549, 553 (Tex. 1995).

“Should we adopt such a strict scientific methodology standard in toxic tort cases,
there would be no real need for juries, or judges for that matter, to determine the weight
and credibility of expert evidence.  A computer properly programmed with the current
preferred scientific methodology would be sufficient. . . . The speed and efficiency of
applying such a standard is obvious.  It eliminates that unpredictable element, the human
juror; with all of his or her attendant weaknesses, such as common sense and human
experience.  A strict scientific standard is attractive to us judges because it has an aura of
perceived certainty around it.  And we all desire certainty.  There is, however, no certainty
in science, nor in la, but the legal standard for expert has generally served us well
notwithstanding its imperfections. . . . It is designed to aid the jury, not replace it.”

Id.

Examples of Successful Challenges to Expert Testimony

The expert is not qualified to give the opinion.  Tex. R. Civ. Evid.  104(a); see James v.
Hudgins, 876 S.W.2d 418, 421-23 (Tex. App.--El Paso 1994, writ denied)
(affirming trial court’s exclusion of medical expert’s deposition testimony on



matters concerning swimming pool safety and the ultimate issue of negligence,
based upon the insufficient qualifications of the witness as an expert on such
matters; testimony concerning the medical aspects of the drowning accident
deemed admissible).

The opinion of the expert is not relevant.  Tex. R. Civ. Evid. 104(b), 401-02, 702; see
Robinson, 923 S.W.2d at 556.

The opinion of the expert is not reliable.  Tex. R. Civ. Evid. 104(b), 401-02, 702; see
Warren v. Hartnett, 561 S.W.2d 860, 863 (Tex. App--Dallas 1977, writ ref’d n.r.e.)
(holding that, although non-physicians may qualify as medical experts by virtue of
special experience, testimony of handwriting expert as to mental capacity of
testatrix was unreliable, and stating: “we are aware of no recognized field of
scientific inquiry which permits divination of mental capacity by persons whose
expertise is limited to handwriting analysis”).

The probative value is substantially outweighed by the danger of unfair prejudice,
confusion, or delay.  Tex. R. Civ. Evid. 403; see North Dallas Diagnostic Center
v. Dewberry, 900 S.W.2d 90, 95-96 (Tex. App.--Dallas 1995, writ denied).

Except in medical malpractice cases, a party may object to the admissibility of an
expert’s testimony for the first time during trial.  Tex. Rev. Civ. Stat. art. 4590i, §
14.01(e).  However, a pretrial motion for a “gatekeeper” hearing under TRCE 104(c) that
determines admissibility beforehand will likely shorten the trial.

Burden of Proof
Once the party opposing the evidence objects, the proponent bears the burden of

demonstrating its admissibility by a preponderance of the evidence.  Robinson, 923 S.W.2d
at 557.

TEXAS RULE 702 AND
ROBINSON HAVNER DECISIONS

Texas Rule of Civil Evidence 702

Texas Rule of Civil Evidence 702 and Texas Rule of Criminal Evidence 702 are
both identical to Federal Rule 702.  From the time Texas Rule 702 was adopted in 1983
until the decision in E.I. du Pont de Nemours v. Robinson, the Texas Supreme Court did not



have occasion to address the proper standard for the admission of expert testimony under
the rule.  It  had addressed the legal sufficiency of scientific evidence, but that inquiry is
outside the scope of Rule 702.  Robinson, 923 S.W.2d at 554 (citing Duff v. Yelin, 751
S.W.2d 175, 176 (Tex. 1988)). 

The Courts of Appeals, however, had been presented with the issue and had come
to differing conclusions.  Id.  The Robinson Court noted that concerns over the abusive use
of the professional expert witness had led some commentators to call for the adoption of a
reliability standard for Rule 702.  Id.  In Robinson, du Pont urged the court to adopt a
“relevant and reliable” standard similar to that applicable to Federal Rule 702, set forth in
Daubert and Texas Rule of Criminal Evidence 702, set forth in Kelly v. State, 824 S.W.2d
568 (Tex. Crim. App. 1992).  The Texas Supreme Court held in Robinson that Rule 702
contains three requirements for the admission of expert testimony:

(1) the witness must be qualified;
(2) the proposed testimony must be "scientific . . . knowledge"; and
(3) the testimony must "assist the trier of fact to understand the
evidence or to determine a fact in issue.”

Robinson, 923 S.W.2d at 556.   In order to constitute scientific knowledge which will assist
the trier of fact, the proposed testimony must be relevant and reliable.

Du Pont v. Robinson

In E.I. du Pont de Nemours v. Robinson, 923 S.W.2d 549, 556 (Tex. 1995), C.R.
and Shirley Robinson brought claims grounded in products liability, breach of warranty,
and the Texas Deceptive Trade Practices Act for damage to their pecan orchards.  Id. at
550.  The Robinsons asserted that their use of du Pont’s fungicide, Benlate 50 DF, on their
trees caused the damage because the product was contaminated.  Id.  Du Pont successfully
moved to exclude the testimony of the Robinsons’ only expert on causation as unreliable
under Rule 702, without challenging his qualifications as a horticulturist.  Id.  Because the
Robinsons were unable to offer any proof of causation, the trial court granted a directed
verdict for du Pont.  Id. 

The Court of Appeals reversed on the ground that once a proponent establishes a
witness's qualifications, the trier of fact must determine the credibility of the witness and
the weight to be given to the testimony.  Robinson v. E.I. du Pont de Nemours & Co., 888
S.W.2d 490, 493 (Tex. App.--Fort Worth 1994), (error granted), reversed 923 S.W.2d 549.
 The Texas Supreme Court, persuaded by the reasoning in Daubert and Kelly, affirmed the
trial court decision.  E.I. du Pont de Nemours v. Robinson, 923 S.W.2d 549, 556 (Tex.
1995).  The court held that in addition to requiring that the expert’s qualifications be
shown, Rule 702 requires the proponent to show that the expert’s testimony is both relevant
and reliable.  Id.



Because the Robinsons failed to establish that the proffered testimony was
scientifically reliable, the Texas Supreme Court held that the trial court did not abuse its
discretion by excluding the expert witness, Dr. Charles Whitcomb.  Id. at 558.  The court’s
reasons for excluding the testimony of the Dr. Whitcomb were:  (1)  Dr. Whitcomb
conducted no tests to exclude other possible causes of damage to the trees, even after
admitting that the symptoms had many possible causes; (2)  Dr. Whitcomb’s methodology
was defective in that he concluded that contaminated Benlate caused the damage, even
though he had no proof that the Benlate was contaminated or how much contamination
would cause damage; (3)  the research was conducted for the purpose of litigation; (4)  Dr.
Whitcomb’s method of comparative symptomology had not been subject to peer review or
publication; (5)  the method had not been subject to a rate of error analysis; and (6)  the
method had not been accepted by members of the relevant scientific community.  Id. at
558-560.  See also S.V. v. R.V., 933 S.W.2d 1 (Tex. 1996), reh’g overruled.

The Robinson court adopted the four "non-exclusive" factors set forth in Daubert,
see supra Part III.B.1.(a), for determining whether an expert's methodology is reliable and
added two factors to the list:

-the extent to which the technique relies upon the subjective interpretation of the
expert; and

-the non-judicial uses which have been made of the theory or technique.

923 S.W.2d 549.

The court recognized that "professional expert witnesses are available to render an
opinion on almost any theory regardless of its merit," and that "expert witnesses can have
an extremely prejudicial impact on the jury."  Robinson at 553.  Therefore, it is especially
important that trial judges scrutinize proffered evidence for scientific reliability when it is
based on novel scientific theories, sometimes referred to as “junk science.”  Id. at 554. 
The court also held that the proponent of the evidence bears the burden of demonstrating its
admissibility.  Id. at 557.

The trial court may consider other factors that are helpful in determining the
reliability of scientific evidence.  For example, research conducted independently of
litigation may provide objective proof that the research “comports with the dictates of
good science.”   Id. at n.2. (citation omitted).  Once the trial court has determined that the
evidence is relevant and reliable, the court must then decide whether the evidence is to be
excluded because the danger of unfair prejudice, confusion of the issues, or other factors
outweigh its probative value.  Tex. R. Civ. Evid. 403.



Thus, once a party objects to an expert witness’s testimony, the party offering the
testimony bore the burden of showing, by a preponderance of the evidence, that such
testimony is admissible by showing the following:

(1) The expert is qualified.

(2) The expert’s opinion is relevant.

(3) The expert’s opinion is reliable.  Under Robinson, to prove reliability, the
party who is offering the opinion should address as many of the factors set
forth in Robinson as applicable:

(a) The extent to which the theory has been or can be tested.
(b) The extent to which the technique relies upon the subjective

interpretation of the expert.
(c) Whether the theory has been subjected to peer review or

publication.
(d) The technique’s potential rate of error.
(e) Whether the underlying theory or technique has been generally

accepted as valid by the relevant scientific community.
(f) The non-judicial uses which have been made of the theory or

technique.

(4) The expert’s opinion is not outweighed by prejudice, confusion, or delay. 

Merrell Dow Pharmaceuticals v. Havner

In Merrell Dow Pharmaceuticals, Inc., v. Havner, another Bendectin case, the
Corpus Christi Court of Appeals applied the factors adopted in Robinson and held that the
trial court could reasonably find that evidence regarding the causal relationship between
Bendectin and birth defects was reliable.  Merrell Dow Pharmaceuticals, Inc., v. Havner,
907 S.W.2d 535 (Tex. App.--Corpus Christi 1994), rev'd, in part, Merrell Dow
Pharmaceuticals. v. Havner, 953 S.W.2d 706, 1997 Tex. LEXIS 67, 40 Tex. Sup. Ct. J.
846, Prod. Liab. Rep. (CCH) P 15015 (Tex. 1997).  

On review to the Texas Supreme Court, the lower court’s ruling was evaluated
against a “no evidence” standard.  Havner, 953 S.W.2d 706.

The Havners sued Merrell Dow for their child’s birth defects, which were allegedly
caused by Bendectin.  907 S.W.2d at 548.  The jury found that Merrell Dow was negligent,
that its negligence proximately caused the child's birth defects, that Bendectin was
defectively designed and marketed, and that the Havners should be awarded $3.75 million
in actual damages.  Id. at 549.  The punitive damages portion of the trial was bifurcated.  Id.



 In that portion, the jury found that Merrell Dow’s conduct was grossly negligent and
awarded $30 million in punitive damages to the Havners.  Id. Judgment was entered,
awarding $3.75 million in actual damages, prejudgment interest in the amount of $15
million, and over $20 million in punitive damages.  Id.  The punitive damages were reduced
from the verdict amount pursuant to § 41.007 of the Civil Practice and Remedies Code.  Id.

Merrell Dow appealed the decision of the Corpus Christi court and argued it before
the Texas Supreme Court on March 19, 1996.  The Texas Supreme Court evaluated the trial
court’s decision against a “no evidence” standard.  Havner, 953 S.W.2d 706.  That is, the
issue before the Supreme Court was whether the Havners’ evidence was scientifically
reliable and thus “some evidence” to support the judgment in their favor.  Even though
the Supreme Court decided the case on a sufficiency of the scientific evidence of causation
basis, it drew heavily on the landmark admissibility decisions such as Daubert and
Robinson.  The Supreme Court ruled that “the same factors [from Daubert / Robinson] may
be applied in a no evidence review of scientific evidence.”  Havner, 953 S.W.2d at 714.

At trial and during the appeal, Merrell Dow repeatedly challenged the scientific
reliability and legal sufficiency of the Havners’ causation evidence.  This evidence
included the testimony of five different experts, all of whom appeared in the numerous
federal cases in which Bendectin was claimed to have caused birth defects.  Much like a
traveling circus, the five experts traveled from jurisdiction to jurisdiction putting on their
show in front of juries.  The evidence relied upon by the Havners’ experts fell into four
categories: (1) epidemiological studies: (2) in vivo animal studies; (3) in vitro animal
studies; and (4) a chemical structure analysis of Bendectin.

The numerous different epidemiological data (defined as studies attempting to
associate a cause with an injury or condition, and assessing a probability value to the
risk) admitted at trial showed a wide variation in results.  The court noted that there are
more than thirty published, peer-reviewed epidemiological studies analyzing the
relationship between birth defects and Bendectin, and each of them concludes that no
relationship between Bendectin and the defects could be proved.  The court further noted
that none of the studies relied on at trial by the Havners’ experts had been published or
subjected to peer review.  Merrell Dow attacked the studies at trial for their poor
methodology, low risk ratios or high confidence intervals.

The court expressed itself “especially skeptical” of scientific evidence which
was not published or subjected to peer review, and noted none of the Havners’ experts’
studies had been used outside of the courthouse.  The court also expressed doubts about
the validity of studies which failed to prove at least a doubling of the risk associated with
Bendectin.  The court fell short of adopting a relative risk of 2.0 as a bright line
boundary, but the opinion strongly suggests that there are very few situations where an
expert’s testimony would be admitted when it was based on an epidemiological study
showing less than a doubling of the risk.



The in vivo animal studies presented by the Havners’ experts, which were studies
on the rate of malformed young from rats, mice, rabbits and monkey, were called into
question for their reliability as predictors of the effect of Bendectin because of the near-
toxic dosage levels administered to the animals.  There was no explanation as to how
these dosages -- equivalent to 1200 tablets a day for a woman weighing 132 pounds --
could be extrapolated to humans.  The court held that such studies would not support the
admission of expert testimony on causation.

Nor were the in vitro studies (tests conducted on cells in a petri dish or test tube)
persuasive to the court.  In these studies, the chemical base of Bendectin was placed
directly on the limb buds cells of animals, and was seen to affect cartilage development. 
Because many other substances, including necessary vitamins and nutrients, will have
the same effect, these studies were held to be no evidence of causation.

Of the five witnesses who testified on causation, only one opined that Bendectin
was the cause of Kelly Havner’s birth defect.  However, because his testimony was based
solely upon the foregoing and discredited studies, the court held that there was no
scientifically reliable evidence to support his opinions.  The court held: “no
understandable scientific basis is stated.  Personal opinion, not science, is testifying
here.”  Because there was no scientifically reliable evidence to support the verdict, the
judgment was reversed and rendered for Dow.

Havner is significant because it presents parties with very specific grounds to
attack junk science.  Very few cases have been decided under the Daubert factors, and
until Havner, it was not clear how strictly the factors would be applied.  Havner shows
that the factors should be applied in a strict manner.  Havner should be viewed as a very
positive and potentially very significant development of the law for this case, particularly
in light of the discussion of how the Texas Supreme Court’s decided preference for
statistically significant epidemiological data over junk science.

HIGHLIGHTS FROM TWO
SIGNIFICANT DECISIONS FOLLOWING

DAUBERT AND ROBINSON

General Electric Co. v. Joiner

In December 1997, the United States Supreme Court both reaffirmed its Daubert
decision and held that a trial judge’s decision to admit or exclude scientific evidence is
reviewed under the traditional abuse-of-discretion standard. General Electric Co. v.



Joiner, 139 L.Ed.2d 508 (1997).  Then, the Court applied the abuse-of-discretion
standard and upheld the exclusion of most of plaintiff’s proffered scientific expert
evidence.  The Joiner decision is replete with useful language chastising the production
of expert testimony that contains an analytical gap between the data procured and the
conclusion reached.  Id. 

Gammill v. Jack Williams Chevrolet

This summer, the Texas Supreme Court ruled that Daubert and Robinson are not
limited to “scientific” expert testimony, but rather are applicable to all evidence offered
under Evidence Rule 702 [T.R.E. 702, which is similar to its federal counterpart].
Gammill v. Jack Williams Chevrolet 1998 WL 352951, at *14 (Tex. 1998).  The Texas
Supreme Court held that the relevance and reliability requirements of Rule 702 apply to
all evidence offered under that rule for the admissibility of expert testimony, and the trial
court must determine that these requirement have been met before admitting the
evidence.  Id.  This decision is extremely beneficial not only to the application of
Robinson and Daubert factors to non-scientific testimony, but also for further analysis of
the application of Robinson in general.

###
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Attorneys And Clients Should Examine Whether
Testifying Expert Witnesses Are Needed For Each

Particular Case.

If the evidence in a particular case involves scientific, technical or other
specialized areas, you may need an expert witness.  Further, an expert witness may be
required if any issues at trial, mediation or arbitration are outside the scope of ordinary
knowledge. 

Query whether the jury would be assisted by the expert testimony or whether it
would be duplicative of other fact witnesses.  Some claims require the introduction of
expert testimony, such as medical malpractice claims in Texas and other states.

Determining whether you need an expert also includes consideration of the
financial resources available to you, as experts can be costly.  Nonetheless, when
employed and supervised in an effective manner, the benefits of expert testimony can be
significant.  Keep in mind that current and historical insurance policies should not be
overlooked as a means of financial resources.  Perhaps your suit is a civil claim against
allegedly culpable entities in response to a government ordered environmental demand
on you or your client, or perhaps you are defending a suit against your company or client.
 Historical insurance policies may provide for the defense costs, including consulting and
testifying expert witnesses, if there is a potential for coverage due to historical
contamination pre-dating the policies which barred pollution related claims in whole or
in part.

To further evaluate whether an expert should be retained, review the evidence
required to meet your burdens of proof.  For example, prepare and review appropriate
court charges and jury instructions for each claim.  Give consideration to how each
charge will be supported by evidence to prove your case. 

Examples of other areas where an expert can assist in the preparation of a case
are:

- assisting the attorney and client in understanding their case and the relevant
subject matters;

- assessing the record of evidence for completeness;
- identifying issues missed by any party; assisting in drafting certain discovery

requests and preparing expert discovery responses;
- evaluating other parties’ discovery responses; and
- drafting technical or specialized questions for questioning another party’s

witnesses and experts at trial or in deposition.



Attorneys And Clients Should Examine What
Types Of Expert Witnesses, If Any, Are Needed.

For example, if your case involves work-place exposure to benzene and the
plaintiff is claiming neurological symptoms, do you need an industrial hygienist, a
toxicologist or a neurologist?  Must the industrial hygiene specialist or toxicologist
possess an M.D. degree, or is an expert with a Ph.D. sufficient?  Do you need two or
three of these experts?  Do you need an expert to prove or disprove damage calculations?

Preliminary determinations can be made by examining how complicated the case
is, and what types of experts would best assist the jury.  Can you effectively present
more than one expert on similar aspects of the medical causation element without
confusing the jury?  Can your experts work together to present their testimony with a
logical flow so that the jury can “learn” the subject area as if being “taught” in class? 
Will multiple experts better prepare the jury to apply the expert testimony to the facts at
hand when they independently discuss the case in jury deliberation?  Will the jury have
preconceived expectations of what types of experts should be presented?

What experts are being presented by the opposing parties?  Research those
experts’ prior cases, and contact the attorneys whose own experts countered their
testimony.  Ask for recommendations for experts that can best rebut the adverse
testimony of your opponents’ experts.  If you are prepared to follow your expert’s
recommendations, you can even ask an expert that you’ve already retained whether he or
she recommends anyone else to compliment his or her testimony and expertise in a
fashion that will benefit the jury and not overwhelm them.

Consider retaining experts that can establish or defeat liability and/or damages,
in addition to causation.  Often times people overlook the possibility of using expert
testimony to assist in establishing or proving conformance with standards of care or other
liability based burdens of proof.

Finding The Appropriate Experts
Can Often Be Challenging.

Once you’ve preliminarily determined the types of experts you want to retain,
you should seek a knowledgeable, qualified expert as soon as possible.  Not only will
this minimize any complications close to expert designation deadline, but also this will
assist you in better preparing your case for trial or settlement. 

When selecting expert witnesses, first evaluate the person’s knowledge and
qualifications, and independently research whether he or she possesses the specialized
knowledge and qualifications which you will need.  Contact other attorneys that have
worked with that expert in the past for references.  Communicate with the expert
sufficiently so that you can assess whether he or she appears sincere and credible - or



offensive in general.  Understand whether you are looking for an honest expert that will
offer credible opinions in a forthright manner, or whether you are looking for a “hired
gun” to support a pre-determined conclusion.  (I strictly recommend that you avoid
retaining a hired gun.) 

Once you loose credibility with the judge and/or jury due to a hired gun’s
testimony, you stand to loose the judge’s and jury’s confidence and objectiveness with
respect to the remainder or a greater portion of your case.  Furthermore, you will often
need a realistic impression of the merits and weaknesses of your case, which requires a
credible expert to advise you in determining and weighing those aspects.  Additionally,
important features of a case include intelligently evaluating a case’s settlement value,
potential run away verdict and potential defense verdict, all of which can be evaluated
with the benefit of relevant expert advise.

An expert’s knowledge can be gained through his or her education, training or
experience or a combination thereof.  It is best if you can support an expert’s
qualifications by showing a strength in all three aspects.  Nonetheless, there are instances
where formal education is not critical if the experience and/or training are superior. 
Look for experts with distinct experience and expertise relative to your particular case,
but also with a broad base of general knowledge in the area so that the testimony is not
too tightly pigeon-holed.  Presenting multiple experts that are qualified to testify on only
very narrow aspects of a case can result in a poor jury presentation and lack of
continuity.  Having stated that, there are instances where a case can be greatly enhanced
with the inclusion of precise superior expertise supporting a distinct element or issue in
the case. 

Good experts are generally good problem solvers.  Instead of just criticizing an
adverse party’s expert’s testimony, methodology or conclusions, your expert should be
able to offer intelligent alternatives and support for the preference of his or her own
testimony, methodology or conclusion over the opposing expert’s opinion. 

As mentioned above, before you retain an expert, independently confirm his or
her qualifications and credentials.  Review that person’s curriculum vitae and consider
confirming verifying the information.  It is a rare case, but unfortunately it happens,
where an expert will pad his or her description of previous employment or publications
with false or misleading information.  If such is revealed at trial, it can damage the
entirety of that person’s testimony.  Also, it is wise to review the expert’s publications to
see if the positions and methodology described therein are consistent with, or in conflict
with, any aspect of your case.   Has the expert published anything, even if twenty or
more years ago, that is contrary to what will be presented in your case?  If so, is there a
valid explanation for such that will be reassuring to the jury and judge?  Review
transcripts of the expert’s prior testimony and his or her prior litigation reports (if
available). Has the expert ever testified in a manner that is damaging to your immediate
case? 



Retaining the Testifying Expert Witness.

Two considerations have primary importance here.  First, does the expert that
you have selected have the time to appropriately dedicate to your case?  Second, be
mindful to not waive any privileges that may attach to your communications or work
product.

With respect to the expert’s availability, consider not only whether he or she will
be available to timely prepare advise, conduct investigations (where appropriate),
prepare expert reports, and to appear to provide testimony, but also whether he or she
will be able to timely respond to your inquiries throughout the case.  One common
occurrence I’ve witnessed is that attorneys retain a high profile expert, based on the
expert’s superb qualifications and recommendations.  The expert calendars the tentative
trial date and relevant discovery dates.  Then, when it comes time to working directly
with the expert to help the attorney prepare for trial or to ensure that the expert has
reviewed at least all appropriate materials, the expert does not return the attorney’s
telephone calls and leaves the attorney stranded until the last minute. 

In some instances, the expert finds that his or her schedule presents conflicts on
the eve of trial or deposition, and the attorney is left scrambling for a replacement at the
last minute (if the Court approves substitutions after expert designation deadlines).  The
potential for this occurrence can be minimized by frank discussions with the expert
concerning your expectations and his or her ability to meet those, as well as by a good
working relationship with the expert that fosters a greater sense of obligation and duty
and pride in his or her work.

The rules concerning attorney-client privilege and attorney work product
protection vary by jurisdiction.  Accordingly, one should always consult the applicable
rules for each case.  In general, the attorney-client privilege protects those documents
and communications from production that contain confidential information
communicated between an attorney and client, or certain specific agents of each.  The
attorney work product doctrine generally protects from discovery, or provides a qualified
privilege in some states, of those documents and communications and items which are
generated by the attorney and certain others (such as items prepared by non-testifying
consultants which are not reviewed by a testifying witness) in connection with the case
or prepared in anticipation of litigation.  Some states, such as Texas, also afford
privileges for certain party communications (e.g., in-house investigations related to
anticipated litigation) and other matters.  Consequently, it is imperative that you consult
the privilege laws that will be authoritative in your case.   

Once an attorney has identified the appropriate privilege laws, the attorney
should ensure that his or her staff, client, and all other appropriate persons understand
the privileges to a sufficient degree.  An attorney should not rely on his or her experts
and clients to understand the intricacies and the implications of privileges and the waiver
thereof.  The attorney must appropriately educate the experts and clients concerning the
privilege laws and practical advise on how to protect those privileges in order to avoid
the serious consequences of waiver.  Be mindful that the inadvertent waiver of a
privilege, such as by an attorney sending a letter to his or her testifying expert witness



describing the attorney’s proposed trial strategy and anticipation of how that particular
witness’s testimony will be incorporated into the overall strategy, can be fatal to your
case. 

Interestingly, one of the most common places where the privilege laws are
consequential is in the initial retainer letter between the attorney and the expert.  An
attorney may write a letter to the expert confirming the attorney’s expectations of the
expert’s role in this case, or the expert may write a letter to the attorney confirming their
telephone conference or meeting wherein such expectations were discussed.  If that
expert is designated to testify, then his or her files, and all communications with respect
to that case, will be discoverable.  Opposing counsel will discover that initial retainer
letter and use it to present to the jury and the Court a persuasive argument.  The opposing
counsel will argue that the attorney paid for pre-conceived testimony and directed the
substance of the opinion which was delivered by the expert in a puppet like fashion. This
is merely but one example of why it is important to understand the privilege laws and
ensure that all appropriate persons understand them and their consequences as well. 

Finally, another consideration when retaining an expert witness is whether there
are any conflicts of interest.  Again, you will need to consult the conflicts laws for your
specific jurisdiction.  Generally, though, the relevant inquiry is whether that expert
possesses confidential knowledge with any other party in the litigation that would
preclude that person from testifying in this case without breaching any ethical or other
binding obligations.  If the attorney has not yet obtained a list of the expert’s prior
testimony and case relationships, then he or she should do so at this stage in order to
evaluate potential conflicts of interest as well as the suitability of using that expert at
trial.  At this time, the attorney should also obtain the expert’s current curriculum vitae
and fee schedule (if this has not been done at a prior stage). 

Preliminary Considerations For
Preparing The Expert To Testify.

First, the attorney must be prepared and have a fluent understanding of the facts,
issues and applicable case law relevant to the case.  If the attorney needs the expert’s
assistance in this regard, that is fine. The attorney must be prepared, and the attorney
must learn or possess a comprehensive knowledge of the areas in which the expert will
be testifying.  If the attorney cannot ask educated questions through direct examination,
the expert’s testimony will not be presented efficiently or effectively.  If the attorney is
not personally familiar with the expert’s area of expertise for which the expert is being
called to testify, the attorney will not be able to adequately respond to and correct
unanticipated developments through trial, including recovery from cross-examination of
his or her own expert and cross-examination of adversary experts. 

When preparing an expert to testify in the form of a report, consult the
applicable rules concerning expert reports and testimony.  For example, the Federal
Rules of Civil Procedure require that an expert report be accompanied with or include a
complete statement of all opinions; the basis and reasons for opinions; data and other



information considered by the expert in forming opinions; exhibits to be used as a
summary of or support for opinions; qualifications of the expert; a list of the expert’s
publications within the last ten years; a description of the compensation to be paid to the
expert for study and testimony, and a list of other cases in which the expert has testified
at trial or deposition within the last four years.  F.R.C.P. 26(a)(2)(B). 

Be sure that you discuss with the expert how that expert handles or maintains
draft copies of reports.  Does the expert destroy draft copies or maintain a draft copy
file?  Is it a violation of the rules which apply in your case for the expert to destroy draft
versions?  Has the attorney or client marked on the draft document, rendering it subject
to requirements for production in evidence?

When preparing the expert to testify at deposition, mediation, trial or otherwise,
the attorney should meet with the expert before hand in order to assess his or her
familiarity with the testifying experience.  Has the expert given deposition or trial
testimony before?  Does the expert understand when he or she will need to answer a
question and when not to answer a question if certain objections are presented?  Does he
or she understand the process and what should be expected?  Does the expert understand
that he or she should directly answer only the question presented, and not attempt to
“assist” the jury or Court by supplementing his or her response with information not
specifically requested by the question?  Does the expert understand what it means to
speculate and what it means to have personal knowledge?

Is the expert familiar with certain effective techniques such as maintaining eye
contact with the jurors; listening to the questions carefully and not becoming emotionally
charged when attacked on cross-examination; and not speaking when an attorney or other
person is speaking?  Is the expert careful in his or her use of (or avoidance of) strong
words such as “never” and “always”?

An attorney should prepare the expert witness for cross examination.  Review
potential areas for impeachment and weak areas of your case.  Practice limiting
responses to “yes” or “no” where appropriate.  Review classical trip-ups such as the
questions beginning with “Isn’t is possible …” or “Aren’t you being paid for your
testimony?”  Practicing these questions could better prepare the expert as to the
implications of responding “Yes, its possible” versus “Anything’s possible, but in this
case …”.  Also, “No, I’m being paid for my time,” or “No, I’m being paid by the hour,
not by the substance of my testimony.”

Finally, an expert should be reminded that opposing counsel is attempting to
undermine or attack the expert’s testimony or credibility; the opposing counsel is not
fact-finding with a neutral objective. 
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ABSTRACT

The invention of cable and mini satellite dishes has changed our television viewing
habits forever.  No longer are we given three programming choices.  Now a person may
have over one hundred programs from which to chose.  This growth has brought to the
screen many new program areas, one of which is the increased coverage of breaking news
and litigation.

Who can forget the news coverage of the Gulf War?  For the first time, we had
almost live and continuous coverage of an armed conflict.  Now, not only do we have
nightly news from the three major  networks, but each day it seems a new channel devoted
to continuous news coverage is being launched.

Litigation coverage has also changed over the last several years.  The O.J. Simpson
trial broke new broadcasting ground.  Not only were we given a birds-eye view of the
proceedings, but if one wanted, at almost any time during the night or day, there was a news
program, talk show or other similar program devoted to this one trial.

These developments must be taken into account when one manages major
litigation.  No longer is it sufficient simply to win the battle in the courtroom.  Instead, one
must also be cognizant of and prepared for the associated public relations battle.  This paper
focuses on how an operator or producer should from a public relations standpoint respond
to a major event, such as an environmental dispute, from inception through the completion
of trial.



INTRODUCTION

The explosion of the cable TV enterprise has effected our lives in a variety of
circumstances.  In the not so distant past, TV viewers had four choices: the three primary
networks and a PBS station.  With the advent and growth of cable TV, viewers’ choices are
significantly greater.  Even under a basic package, most viewers now have at least 30
separate channels.

With this growth, has come ever increasing specialization in programming.  For
example, several years ago, ESPN became the first all-sports network.  Lately, it has become
even more specialized as it now has, in addition to ESPN and EPSN2, a 24-hour sports
news network, and a channel devoted exclusively to golf.  In future years, it is entirely
reasonable to expect ESPN to continue with ever more specialization and to develop new
networks devoted to ever smaller market niches.

Similar growth and specialization has occurred in the news industry.  In the pre-cable
days, the average person had access to their local paper, a 30 minute national news
broadcast from the major networks, and local news at 6:00 and 10:00.  That began to change
with the creation of CNN.  Today, viewers still have the 30 minute national news program
from their major networks, and the 6:00 and 10:00 local news, but they also have access to
one or more 24-hour news programs such as CNN or MSNBC, and probably have access
to one or more specialized news networks such as stations devoted exclusively to financial
news or sports news.

That same individual still has his morning paper, but he can now supplement that with
the Internet.  There are countless sources of information on the net allowing someone to
keep up with local, national and international events, or to research specific issues.

With this growth in news sources, has come a growth in the number of reporters and
programming times allotted to news.  Each of these news sources needs information to fill
the paper, their evening news slot, etc.  Each of these reporters needs stories in order to
justify their continued existence.  As a result, events which several years ago would have
received scant attention can now receive considerable attention.  Moreover, stories which
in the past may have received only local attention, can now receive world-wide exposure.

The oil and gas industry has not escaped this increased news exposure.  One need only
consider the Exxon-Valdez situation to realize the tremendous impact the media can have
on the reputation of a company, its day-to-day operations, and even the value of the
company itself. 

Obviously, most environmental incidents will not receive the focus and international
attention that the Valdez accident did.  However, with the continued growth and
specialization of the news industry, ever smaller incidents will receive ever increasing
attention.  Accordingly, a company is well advised to determine BEFORE RATHER
THAN AFTER how it will respond to a media-covered environmental situation.  This
paper will offer some practical suggestions and hopefully provide some tools for future use.
 The paper is geared toward company personnel who are not otherwise communications



specialists.  Obviously, if a situation becomes sufficiently serious, such as a spill on the level
of the Valdez, a company should immediately bring in an outside public relations firm.

RULE NUMBER 1 - PRIOR
PREPARATION IS A MUST

In most environmental incidents, the company will initially be represented by field level
personnel who have limited experience dealing with the media.  Just as you would never
hand someone a complicated piece of equipment without any prior instruction and practice,
and then expect them to effectively operate that equipment, you should not expect your
company personnel to perform well with the media without some prior preparation.  This
is particularly true when you realize that your personnel’s main concern at that moment in
time will be handling the environmental incident itself rather than dealing with the media,
and that they most likely will view their media interaction as a distraction rather than an
opportunity to shape future media coverage and public opinion.

Prior preparation can be accomplished by preparing a press kit and having someone
tasked with periodically updating that press kit.  It can be improved if the employees are
given an opportunity to practice.

The press kit should include basic information about your company and the local media.
 For example, one might wish to include a directory of TV, radio stations and newpapers
complete with names, fax numbers, addresses, etc.  In this way, if you decide to send out
a press release, your personnel will be able to focus on the contents of the press release itself
rather than be concerned about who should receive it, where they are located, etc.

Equally important to include is basic background information on the company.  In an
environmental situation, you will want to communicate to the public that your company is
a good and safe operator.  One of the best ways to do that is to have handy background
information that your people can include in their press releases and in their comments to the
media.  If that information is prepared, in a very general form, beforehand and is included
in the press kit, your personnel will be much more likely to remember to include that
information, and they can phrase their information in a more authoritative manner. 

For example, one could include information in the press kit about lost time work
accidents.  Imagine if your company operates a plant and there has been an accident
involving a release of some toxic substance in the environment, and one or more injuries.
 You would want to convey to the public that yours is a safe company and that this latest
incident is merely an aberration rather than a sign of serious problems.  You could
communicate that point more effectively if you had the background information in your kit
that would allow your representative to say statements such as:

Prior to today’s mishap, our plant had not lost one man hour of work due
to an accident in the last five years.



We have spent more than $_____ in the past twelve months alone in
improving our waste removal system.

Because it is impossible to know in advance the type of incident your company will be
faced with, the press kit should include some very basic, general, and most importantly
positive information about your company.  Your representative can tailor that information
to meet his or her own specific needs.  The press kit should be reviewed periodically
because your information can easily become dated.  A company representative caught giving
outdated, inaccurate data will needlessly lose credibility with the media and their audience.

Another helpful element for a press kit is a sample press release.  Press releases are the
engine that drives much of the media coverage we see day in and day out.  They are a very
simple form that alerts the news media to some event or some information you believe
should be included in their evening news program, morning edition, etc.  A well written
press release can be a major tool in shaping the coverage your company receives because
many hurried reporters are likely to include whole sections of your press release in their
stories.  You can simplify the preparation of a press release if you include sample releases
in your packet so that your employees at least know the format and can focus their attention
on the substance of that release. 

RULE NUMBER 2 - KNOW THE ENEMY

In your press kit, you hopefully will have a directory of your local TV stations,
newspapers, etc.  When it comes time to get your side of the story out, you have to know to
whom you must communicate.  Accordingly, it is important that you update this directory
on a regular basis.  An outstanding kit will include the names of news directors, or other
contacts at each newspaper, TV and radio station.

If your company personnel situation allows, it is also helpful if you can have a small
number of people tasked with regular media communications.  This will allow you to
develop some personal relationships between your company representative and your local
reporters.  It also gives them an opportunity to practice in non-critical situations.  For
example, assume your company is opening a new location, launching a new initiative, or
working with some local organization on a charitable project.  In that instance, you can have
your designated people practice by preparing a press release and working with the media
who show up to cover your event.  This gives them the opportunity to conduct a dry run in
preparing for and participating in an interview, and to see themselves that night on their
local news.  Mistakes at this point can be corrected now rather than later when the coverage
becomes much more critical.

It is also important that your representative understand the news media.  The news
business is first and foremost a business, just like your own.  They have income to try to
generate, expenses to try to control and owners to keep happy.  Just as your company
controls costs by remaining lean with personnel, so too do TV and radio stations, and
newspapers.  Just as in your company individuals today are requested to do a variety of
tasks, today’s reporters are expected to cover a wide variety of stories. 



One of the net effects of this is that the very first time a reporter may be exposed to your
industry will be when they are called upon to cover your story.  Sometimes, the mistakes
you see in news stories are the result of lazy, unmotivated reporters.  More often than not,
however, they are the result of simple ignorance.  The reporter does not know the
terminology, does not realize how your industry operates, and cannot begin to comprehend
the technical issues raised by most environmental incidents.  Deadlines imposed upon by
their supervisor prevents them from becoming more knowledgeable before they prepare
their story.

Thus, when you communicate with them, you must take extra pains to educate the
media and to make sure that they understand the issues.  This requires using lay terminology
rather than technical terminology.  Your spokesman should also attempt to simplify his
presentation and to avoid excessive detail.  If you can communicate with the reporter in an
effective manner, your credibility automatically goes up and the reporter is much more apt
to quote from you and to use your material in shaping his or her story. 

Similarly, your representative should realize that the reporter has a job to do and they
have deadlines to meet.  Your representative should appear willing to visit with reporters
and should accommodate the reporter’s schedule.  If your representative fails to
communicate with the reporters prior to their deadline, then the reporter will be forced to
run his story with the information he has which may include little or nothing from your
company.  In that event, the story will take a one-sided tone.  Realize also that reporters are
human beings.  Your company representative may have some very understandable
frustrations with the reporters and may have some legitimate gripes and concerns.  Sharing
them with the reporter will do your company no good.  You have absolutely no control over
the reporter’s final product.  However, you can almost certainly guaranty yourself negative
coverage if your representative, however legitimately and justifiably, mistreats a reporter.

RULE NUMBER 3 - HAVE ONE
SPOKESPERSON

It is important that prior to an incident, or immediately thereafter, you decide who will
communicate with the media.  All requests for information, interviews, etc. should be
directed to that individual.  This avoids some confusion, but more importantly avoids
inconsistent statements being made.  Those will not only harm your credibility and soil your
reputation, they can cause trouble in future litigation.

When selecting the spokesperson, it is important to realize what image this individual
makes.  In the mind of anyone who watches the news, and has no other exposure to your
company, that spokesperson becomes the company.  Whatever impression they have of the
spokesperson will be the impression they have of your company.  If that spokesperson
appears credible, knowledgeable and cooperative, the company’s reputation will benefit.
 Conversely, if the individual is uncomfortable, nervous, and has difficulty communicating
in that environment, the company’s reputation will suffer.



Ideally, the spokesperson should be someone with a position of authority and
responsibility in the company.  Titles are important.  The company’s president or CEO will
have more initial credibility than a staff member.  In a large company with multiple
operations, and in a situation involving local press coverage, the local division head will
have more credibility than a staff engineer or geologist.  Of course, if that individual does
not communicate well on TV, then someone else should be chosen, but care should be used
to find someone that projects authority, and communicates well.

RULE NUMBER 4 - DECIDE UPON YOUR
STORY AND STICK TO IT

Immediately after an incident, the company may not have all the essential facts and may
not be able to explain exactly what happened nor why.  However, at the earliest possible
date, you should decide what your “theme” will be.  If you fail to do that, others certainly
will.  For example, when you think of the Valdez situation, do you think of a simple, but
tragic, mistake by a caring company, or do you think of an incident of gross neglect,
drunkenness, etc. by an uncaring, multi-million dollar company?

During this process, you should avoid any appearance of stonewalling.  The public will
certainly understand that your company does not have all of the answers immediately after
an incident.  During that brief period, you should be able to communicate in an effective
manner that you are conducting an investigation, that your goals are to prevent any further
exposure to the public or the environment and to learn what happened so that future
accidents can be avoided.  As you gather additional information, your message will subtly
change.  Once you determine exactly why the incident happened, it is important that from
that moment on, your statements be consistent, because in future litigation, those statements
can be used against you.  It harms your credibility in future juror’s eyes if your
representatives are giving inconsistent and irreconcilable statements about what happened
and why.  On the other hand, if your representative is speaking consistently, hopefully that
explanation will become a part of common conscious and will effect potential juror’s future
views even if subconsciously. 

RULE NUMBER 5 - KEEP YOUR
STATEMENTS POSITIVE

In many situations, this will be hard to do.  For example, assume a company is forced
by economic circumstances to lay off 200 individuals.  Putting a positive spin on this is
almost impossible.  But compare the following statements: 

1. Acme, Inc. announced today that because of severe drops in the price of
oil, and the uncertainty about future market prices, that it was laying off
200 workers.



2. Acme, Inc. announced today that to keep its Permian Basin operation open,
and thus keep 800 individuals employed, it was forced to displace 200
employees.  They also announced that they would be providing job
placement services to all effected employees.

The second statement is written in a more positive manner and will hopefully allow
your company to receive more favorable treatment in the media.  Rather than focus on the
lay offs, the second statement encourages the media to report that you were able to save the
company and thus, several hundred other jobs, by taking this step, and that you are not
completely turning your back on your former employees.

Imagine your company has had an accident and that there has been a large spill of
hydrocarbons.  Assume further that there have been some minor injuries and that there is
a concern that because of the spill, there could be additional injuries in the future.

Your spokesperson should take some time to prepare before his initial contact with the
media.  Remember that the media will be asking questions such as who, what, when, where
and why.  Your spokesperson should be prepared to answer those questions.  Take a
moment to compose an initial statement and be prepared to answer those questions in a
manner that puts the best possible spin on the situation for your company.  In an
environmental situation, you statement should highlight such themes as:  action, concern
and caring.  Communicate that the company is concerned and, therefore, is taking
appropriate action to determine what happened and why, that you are addressing the
immediate needs now, and that you will take steps to try to prevent similar situations in the
future.

In your communications to the press, you should not throw away your credibility by
ignoring the fact that this incident has resulted in injuries and damages.  But, rather than
focusing on the negative, you should continually communicate what steps your company is
taking to address this situation and to limit the damages.  You should also highlight your
past positive safety record and environmental commitment.

Remember that in your statements to the press, you are communicating to a very broad
audience.  If your company is sufficiently large that you cannot meet with your employees
individually or in small groups, your employees may learn about this incident primarily from
watching the news.  You want to keep those individuals informed to keep your company
operating efficiently.  Additionally, they can be some of your best ambassadors in the
community. 

You also want to reassure your customers and investors.  By focusing on the positive
and assuring people that you are taking appropriate steps to address the problem and that
your company will remain a vibrant, active player in the industry, you can accomplish each
of these objectives.



RULE NUMBER 6 – NOBODY
REMEMBERS THE QUESTION

This rule is a corollary of the proceeding one.  On any given Sunday, watch the recaps
of that morning’s talk shows, such as “Meet the Press.”  Almost no one shows the question
that was asked.  Instead, the recap will show the answer that was given.  That answer may
or may not have been responsive to the question.  Similarly, on the nightly news, the
questions asked in an interview are usually edited out and just the answer played.  Thus, in
getting a positive message out, your representative should ignore negative overtones and
accusations.  This could be accomplished with answers such as this:

That’s an interesting question, but before trying to answer that question, I
feel the people need to know ...

Of course, that’s one way to look at it, but it may be helpful to first
examine this situation this way ...

Usually when I’m asked a question on that subject, people want to know
...

Thus, in an interview, do not wait for the right question to say what you want to
communicate.  Go ahead and say it, and to increase your chances of having that answer
shown on the news, repeat it often in response to several questions.

RULE NUMBER 7 - NEVER, EVER
SAY NO COMMENT

When a representative says “no comment,” they might as well say “we’re as guilty as
sin, and we’re trying to stonewall until we can find some way to get out from underneath
this.”  The public takes a “no comment” answer as an admission of guilt and assumes you
are trying to hide something.  Many times you will not have an answer to the question or for
some reason be in a position that you feel you cannot fully respond to the question.  If you
are hit out of the blue with a question that you cannot intelligently answer at the time, you
might try responding with something such as:

That’s the first I’ve heard about.  I’d like to check into it before
responding.

If you do, it is imperative that you follow up on your implied promise.  Remember news
cycles.  If you are talking to a TV reporter, they have to go on air with their story in time for
the 6:00 or 10:00 news.  Try to research the answer to their question and get an updated
response to them before the evening news broadcast.  If you are dealing with a newspaper
reporter, try to get back with them before they file their story for the next day’s edition.  If



you cannot answer the question before the end of that news cycle, then try to get an answer
to them as quickly thereafter as possible. 

If you are faced with a situation in which you simply cannot answer the question, rather
than say no comment, explain to the reporter that there is nothing that you can say at this
time, and explain why you cannot answer their question, and finally explain to them when
you will be able to provide them with the information they have requested.

For example, your company is involved in very bitter litigation, and is operating under
a gag order.  If asked a question that might violate the gag order, your representative should
simply say that the trial court has entered a gag order and that you cannot respond to his
question without violating that order.  Your representative should also say that as soon as
the courts gives him permission, he will be happy to visit with your reporter and answer his
questions.  Then if that answer is played on the local news, the public does not get the
impression you are attempting to hide any information, they understand that you are simply
obeying the court’s order. 

RULE NUMBER 8 - BE PROACTIVE

The traditional advice from attorneys in situations involving potential litigation is to
minimize your contact with the media.  There are some excellent reasons for this advice.
 First, your company representative may make a mistake and either disclose information he
should not, in which case you may waive certain privileges, or he may make a factual
misstatement.  Additionally, if too many people are talking to the press, there is an increased
change that inconsistent statements will be made.  In these situations, these mistakes can
adversely impact future litigation.

That advice, while based in sound reason, may no longer be the best advice.  Changes
in news coverage, and the tremendous growth in the communications industry, should give
us cause to pause and rethink.  Because we are subjected to so much media coverage and
because so many people make decisions and form opinions based upon what they see and
hear on the TV and radio, it may be better to risk the potential for difficulty in later litigation
with the advantage of better public relations today.  It is important to remember that
employees, customers, investors, and even future jurors are watching the media and making
judgments. 

In that situation, I believe it is better to be proactive.  The reporters are paid to prepare
a story.  That story will be released whether your company participates or not.  If your
company refuses to provide the reporter with information, he is then forced to go to other
sources.  These sources may include the individuals who wish to sue you, disgruntled
former employees, etc.  Information these sources are likely to give to the media will be far
less favorable to your company than the information you would have provided if you had
spoken.

Being proactive not only requires speaking to the media when requested, it involves
actively pressing your point.  After an incident, your spokesperson should be giving thought



to the best manner to disseminate your company’s position.  This may involve preparing and
releasing a press release or holding a press conference.  The spokesperson should not only
be accessible to the media, in this instance he or she should make an effort to contact key
reporters and to answer their questions, explain the situation and educate them on your
company, your industry, and the details of what happened.

RULE NUMBER 9 - CONTROL THE
MESSAGE

Regardless of your feeling toward the President, most people agree that his
administration has done an excellent job of controlling the message.  Time after time when
faced with scandal, he has successfully changed the topic of conversation. 

Oversimplified, this is accomplished by deciding what information you want to convey
and then regardless of the question asked, giving that information and not responsive
information.  Difficult questions are ignored or evaded.  Other questions are turned around.
 Watch the President’s spokespersons.  You will often see them take a criticism,
recharacterize that criticism in a very unflattering way, criticize the questioner for dealing
in such irrelevant topics, and then preach to the questioner on what the important issues
really are.  More often than not, this approach has worked because the reporters begin to act
as though the topics the President wishes to discuss are in fact the real issues.

This is a difficult task for someone who has little experience with the media. 
Accordingly, if your company spokesperson is not confident and comfortable in his ability
to handle media questions and to turn those questions around, he should proceed cautiously.
 He can, however, be successful to some extent in this area if prior to any meeting with
newspaper reporters, TV reporters, etc., he decides what information it is that he wishes to
communicate.  Ideally, that message should be reduced to one or two very simple points.
 Those points should be incorporated into as many answers as he possibly can.  Realize that
on most news broadcasts, only a few seconds of any interview is actually played.  If your
key point or key points are included in almost every answer your spokesperson gives, the
likelihood that these key points will be played in the clip played for the public is greatly
increased. 

RULE NUMBER 10 - CORRECT
MISINFORMATION

Misinformation in news reports is not a question of if but rather when.  When it
happens, your company should not simply get mad, fume and vow to get even.  Nor should
your company spokesperson contact the reporter and dress him or her down.  Give the
reporter the benefit of the doubt and assume that they printed what they thought was correct
but out of ignorance, lack of time, etc., they were not able to get the complete and accurate



story.  Have your spokesperson immediately contact that reporter and explain why the story
is inaccurate.  It is important to correct the misinformation as soon as possible before it
becomes accepted as fact. 

The goal is not to obtain a retraction.  Nobody reads them and, therefore, nobody will
realize what they heard or read yesterday is wrong.  Rather, your goal is to obtain more
favorable follow-up coverage.  Have your representative suggest a follow-up story and offer
to cooperate by providing data, interviews, etc.  If the reporter is covering a swearing match,
you ordinarily will not be able to convince them to print a story the following day explaining
how misinformed and inaccurate your critics are.  On the other hand, if the reporter is
repeating a factual statement which your company can show is inaccurate, that reporter may
well run a follow-up story with accurate information.  In this regard, be prepared to show
why the reporter was wrong.  It’s all the better if you can demonstrate this in writing using
material you can leave with the reporter.  That will increase the chance that future stories
will be accurate.  At a minimum, that reporter should not repeat the inaccurate information
in future versions and he may consciously or subconsciously give your critics less credibility
and therefore less favorable coverage in future stories.



The Investment Potential in Contaminated
Properties and the Role of Valuation in
Decisionmaking for Impaired Property

Introduction

This paper will address the basic principles of real estate valuation and its role in
determining the investment potential of a contaminated property.  The investment potential
may be used in structuring public or private financing, in structuring a settlement for damages
caused to neighboring property owners, and in other solutions for redevelopment of impaired
property. 

For many years, contaminated properties have been considered a current and future
liability.  Statutory and regulatory changes have allowed these properties to once again
become a balance sheet asset.  However, most current thinking about these properties fails to
recognize the investment potential that is there.

The market value of real property reflects and is directly affected by contamination
and pollution. Valuation affects decisionmaking during cleanup of contaminated property
and, likewise, decisionmaking during remediation affects valuation – of both the
contaminated parcel and the surrounding properties.

In a contaminated or stigmatized condition, these properties are sometimes known as
“Brownfields.”  Brownfields are any “abandoned, idled, or under used site (whether urban,
rural, industrial or non-industrial) where expansion or redevelopment is complicated by real
or perceived contamination.”1   In contrast, Greenfields are undeveloped properties located
mainly in suburban or rural areas.  The existence or fear of contamination is one factor that
may steer development to Greenfields, with unintended but nonetheless undesirable
consequences such as urban sprawl, habitat destruction, or loss of land suitable for
agriculture.

Public Sector Role in RedevelopmentPublic Sector Role in Redevelopment

All levels of government have recognized the opportunity costs associated with
Brownfields, including the loss of property and income tax dollars.  Redevelopment of these
distressed areas -- located in both urban and rural areas -- is expected to create economic
opportunities through physical improvements, job creation, tax revenues and improved urban
planning.  There is the additional benefit of preserving Greenfields, including agricultural
lands. 

Each level of government has a role in facilitating redevelopment.  A primary role of
the federal government in redevelopment of contaminated sites is to remove regulatory
barriers.  Sites remediated under the federal Superfund program were required at one time to
meet ARARs, or “applicable or relevant and appropriate requirements,” looking to both state
and federal substantive requirements to determine the level of cleanup that was appropriate. 
CERCLA also showed a preference for permanent remedies.  EPA has now developed risk-
based criteria for cleanup that allow the cleanup levels to be based in part on the future use of
the land, which is directly related to the potential for exposure to contaminants of concern.  



EPA’s Environmental Financial Advisory Board (EFAB) encouraged the adoption of risk-
based cleanup levels as sound national policy:

In virtually every Brownfields project scenario, the absence of a viable
redevelopment project results in the perpetuation of two environmentally undesirable
trends: (1) urban decay (environmentally, and further deterioration of existing
taxpayer-paid infrastructure, and lack of economic opportunity for nearby residents);
and (2) destruction of “Greenfields” to build development that could locate on
Brownfields sites.

In our view, those two undesirable trends are not sustainable in the long term as a
matter of national environmental or economic policy.  We believe that requiring
clean-ups to meet appropriately-protective risk-based standards will both: (1) protect
the public health and the environment; and (2) help to avoid the perpetuation of those
two environmentally undesirable trends.2

Additionally, the federal government has sought more favorable tax treatment of
remediation costs to encourage cleanups.  Under the Taxpayer Relief Act of 1997 (the
Brownfields Tax Incentive), a taxpayer may be able to deduct qualified remediation expenses
incurred to clean up a property if the property is one of four targeted areas:3  

(1) within a 1990 census tract with a poverty rate of 20 percent or more; or

(2) within a 1990 census tract with a population of less than 2,000, if --
(a) more than 75 percent of the tract is zoned for commercial or

industrial use, and
(b) the tract is next to another census tract (s) with a poverty rate of 20

percent or more; or

(3) within any federally-designated Empowerment Zone (EZ) or Enterprise
Community (EC); or

(4) within a U.S. Environmental Protection Agency (EPA) Brownfields Pilot
project area announced before February 1, 1997.4

Most importantly, the Act provides that the cleanup costs are fully deductible in the
year in which they are incurred, rather than having to be capitalized.5  Although the internal
revenue service (IRS) had issued a revenue ruling in 1994 stating that certain costs incurred
to clean up land and groundwater could be deducted as a business expense in the same year,
the ruling only addressed cleanup costs incurred by the taxpayer that was responsible for the
contamination and did not apply when the property would be put to a different use.6  This
same advantage is now available to prospective purchasers or for changes in use.7

There is a role for state and federal governments in coordinating programs of various
agencies and/or levels of government and in providing financial resources, including tax-
exempt bonds, community block grants, or priority funding from other state or federal
programs. For contaminated sites not listed on the federal national priorities list (NPL) (i.e.
federal superfund sites), state governments are increasingly taking the lead in overseeing the
cleanup.8 Through the use of SMOAs -- State Memoranda of Agreement that give the State



the lead role in addressing non-NPL sites -- EPA is giving its commitment that it will honor a
State’s certification that a site has been adequately cleaned up.9

Private developers and land owners should look to local governments for community
planning and land use decisions.  Land use planning is traditionally a function of local
governments.10  The challenge may be to preserve local sovereignty in this process because,
as a  general rule, federal funding comes with strings attached.  In the case of Brownfields
redevelopment, many of these conditions of federal funding (or covenants not to sue)
encourage the development of land in a particular manner, a typical land use planning
function.11   

State and local governments may be willing to assume environmental risks in some
cases, and may also contribute public capital.  The reason for this is simple:  many
Brownfields are lands that have been abandoned and are already in the public domain.

Overcoming Barriers Overcoming Barriers to  Re-Development in the Private Sectorto  Re-Development in the Private Sector

Many Brownfields sites may be only marginally contaminated.   Yet the private
sector has avoided redevelopment of these properties because of real or perceived risks of
liability, lack of available financing, or other barriers.12  EPA’s Environmental Financial
Advisory Board (EFAB) spent two years researching issues related to financing of
Brownfields, issuing five reports.  The EFAB’s core conclusion was that “wide-scale and
long-term success of Brownfields redevelopment must be sustainable in the private sector.13 
The EFAB provided four recommendations: 

(1) support tax incentives that directly benefit the private sector for cleanup of
Brownfields;

(2) support legislative reforms that would exclude innocent purchasers from
liability (eliminate need for prospective purchasers to negotiate liability
relief);

(3) encourage and expand delegation of authority to state agencies to eliminate
the uncertainties of multiple agency involvement;

(4) resolve legal and transactional uncertainties associated with use of Risk-
Based Corrective Action (RBCA).14

Most capital lenders perceive the risk associated with financing and development of
contaminated properties as too great. Much of the perceived risk is a result of uncertainty. 
This lending risk includes (1) financial risk and (2) liability associated with environmental
risk, including liability for past effects of contamination (lender liability) and  liability of
borrowers from noncompliance that could affect the borrower’s ability to repay the loan or
that might affect the value of the collateral used for the loan.15   With contaminated property,
the financial risk may be uncertain either because the environmental risk is unknown or
because it is difficult to measure.  In other cases, the financial risk may simply be too high.  

Financial uncertainty, however, is only one barrier to development of contaminated
property.  Other barriers include the uncertainty associated with liability for past
contamination, cleanup standards and the cost of cleanup, sources of funding, land use
alternatives, real estate and local markets, and other development issues such as design,
access, and workforce availability.16



As noted earlier, recent changes in state and federal environmental laws have reduced
some of the uncertainty in cleanup costs.  In particular, CERCLA’s definition of “owner or
operator” -- one of the four classes of persons who may be responsible for the release and
therefore potentially liable under Superfund – now excludes any person who “holds indicia of
ownership primarily to protect his security interest” in a facility and provides that such person
will not be liable if that person does not “participate in the management” of the facility.17

Other mechanisms may be available for reducing the barriers to redevelopment of
contaminated property. According to EPA’s Guidebook of Financial Tools for Financing
Brownfields Redevelopment, there are nineteen ways of “raising revenue, lowering costs, and
influencing behavior” to promote development of Brownfields over Greenfields, in
descending order of actual current use: environmental risk management (real estate);
environmental insurance, state voluntary cleanup programs, environmental liability
releases/agreements; Brownfields assessment demonstration pilots; community development
financial institutions; industrial development funds; empowerment zones/enterprise
communities; superfund trust fund; tax incentives; land recycling companies; land
reclamation banks; tax increment financing; tax abatements; real estate investment trusts;
qualified empowerment zone facility bonds; federal assistance programs; clean land fund
(revolving load fund); and transferable development rights.18  Again, if you are able to reduce
the risk of redevelopment, then you can reduce the cost of redevelopment.

You will be able to differentiate between high and low environmental risks and
reduce uncertainty if you have confidence in a site assessment.  The results of an
environmental site assessment will trigger requirements for disclosure and form the basis for
representations and warranties between the buyer and seller in the transaction.   More
importantly, it will allow for the allocation of liabilities for both known and unknown
conditions.  The scope of liabilities to be covered in the transaction may include liability for
environmental response costs (pre-closing, post-closing, known and unknown),
environmental compliance liabilities (obtaining approvals, complying with regulatory
requirements or permits, etc.), and third party claims for personal injury and property damage
(existing claims and future claims).  A buyer or sellers’ willingness to assume environmental
risk or to insure against it are resources that can be used in structuring a transaction.

Participants in a Brownfields transaction may include (1) lenders providing debt
capital, (2) borrowers, (3) contributors of equity capital, including real estate developers or
current/prior property owners, (4) community groups, including community officials and
community planners, and (5) citizens with affected interests, such as neighbors and owners of
neighboring properties. This last group should not be overlooked.  Although they may have
no direct financial stake in the contaminated property, they may have claims against the
property if the contamination has migrated or threatens to migrate. 

Landowners of property adjacent to contaminated property have sought damages for
the injury to their property in the courts  (common law claims for trespass or nuisance, for
example). The damages may compensate for the diminution in value of property, but have no
effect on whether or to what extent the property will be cleaned up.   Remediation of these
contaminated properties is under the jurisdiction of state and/or environmental agencies and
not the courts.  These landowners may benefit from redevelopment through the enhanced
value of their property.

You will recognize the investment potential  in Brownfields properties by better
understanding how those properties are valued in relation to risk.  If you recognize the



investment potential in those properties, you will better be able to manage those properties
and their associated risks.  

The Basics of Valuation

As the nation entered the 1970's, the environment was a new issue for concerned
citizens.  During this period, numerous pieces of legislation were enacted to protect human
health and the environment -- including the Clean Air Act (CAA), the Clean Water Act
(CWA), the Resource Conservation and Recovery Act (RCRA), the Safe Drinking Water Act
(SDWA), and the Toxic Substances Control Act (TSCA) -- and the U.S. Environmental
Protection Agency (EPA) was established to implement and enforce stringent regulation of
pollution.  These acts were anticipated to have little effect on the commercial real estate
industry, the value of real property, or transactions involving the same.

However, as with other issues that influence the ease of a real estate transaction or the
attractiveness of one property relative to another, the possibility of an environmental issue
negatively influences value.   This in turn triggers lender concern for the soundness of its
liens on a property.  Therefore, properties that are impacted by contamination, whether real or
perceived, will likely suffer  from reduced maketability and value.19

Real estate assets are often one of the most significant asset classes on a company’s
balance sheet.  Increases and decreases in the value or marketability of these assets should be
considered as part of any company’s overall strategic plan.  Immediate, short, and long term
plans for the use, management, financing and disposition of these company assets involves
the ongoing analysis of their present and future value, individually and as a portfolio.  

We believe the dynamics in valuing real estate have an integral role in the
redevelopment of Brownfields.  Moreover, we believe there is an important and ongoing role
for asset and portfolio valuation in deciding on a strategic plan of action for contaminated
properties.  As companies develop disposition strategies, as lawmakers pass new legislation,
as lawyers and their clients negotiate settlements and transactions involving contaminated
property, and as the real estate investment and capital markets evolve, we believe that a
general understanding of how property is valued and enhanced must be a central basis for
decision making.  By turning idle, abandoned or impaired property to productive use and
initiating and supporting activities that encourage property transactions (not inhibit them),
profitable  investment in a cleaner environment can be created.

Valuation of real estate, and valuation of impaired property in particular, is
performed for property transactions, for financing of improvements, for measuring damages
in lawsuits for injury to neighboring property, for taxable values, and for assessing the value
of real estate investment portfolios. 

The term “value” means the power of one good to command other goods in
exchange.  To have value, a commodity must:

1)  be relatively scarce – not free, such as air;  and
2)  have utility

Real property is finite and so has some inherent value.  Accordingly, it always meets
the “relatively scarce” element.  Although “location” is descriptive of both a property’s
scarcity and its utility, a property’s value is primarily affected by its utility.   Property,



therefore, is valuable if its utility has not been impaired.  Real estate, however, is so highly
differentiated that it is difficult for buyers and sellers to make price comparisons.  Add to this
the difficulty of entering and leaving the real estate market, the expensiveness of real estate,
and the dependence of the buyer and seller on the availability of credit – on terms either can
afford.  In estimating value, the dilemma is to identify, assess, and quantify all the factors
affecting value and their relationship to one another.

The valuation process involves the orderly analysis and presentation of facts to
estimate market value.  Generally the steps are:

1)  Define the Problem

Full legal description of the property
Full description of the property rights assumptions
Purpose of the valuation
Date of the valuation

2)  Preliminary review and survey

Physical inspection
Environmental site assessment
Zoning review

3)  General and specific market data

Analysis of economic conditions
Analysis of supply and demand factors
Site characteristics and locational advantages
Neighborhood impacts – surrounding uses
Physical improvements and their condition

4)  Calculate and estimate the indicated value under three approaches

Market Approach
Cost Approach
Income Approach

5)  Estimate Market Value

Correlation of the valuation approaches
Objective and subjective adjustments
Final conclusion

The final estimate of value constitutes a judgment of the relative validity of each
valuation approach and a determination of the most accurate evidence of value at a point in
time given a set of assumptions about a particular future use.  The same property will have a
different value if any one “feasibility factor” is changed.  For this reason, value is dynamic.



Approaches to Valuation

There are three approaches to valuing real estate assets:

 The Cost Approach:     The current cost to replicate a property less loss of value
from physical deterioration and/or obsolescence

The Market Approach: Comparison of recent sales of comparable properties in the
same or similar markets adjusted for differences

The Income Approach:     The value derived from estimating  the property’s ability to
produce income over a period of time.

Whenever possible, these three approaches should be analyzed and considered.  In
some cases they are interdependent and should be considered together.  In other cases, one
method may not apply and another method will clearly be the most accurate.  For example,  to
value vacant land, the market approach is clearly the most accurate, and the cost approach
does not apply.  The  following figure illustrates which approaches are applicable to valuing
different property types:

     Cost        Market        Income
Property Approach                 Approach                       Approach
   Type

Vacant land *   *

Specialized
Manufacturing           *                                          *
Facility

Suburban Multi-
tenant office * *   *
building

Typical single
family residence            *                                   *

Grocery anchored
retail center *                           *                                         *

Multi-tenant
Warehouse *                           *                                         *

In addition, more than one approach may utilize techniques from another approach. 
To estimate value under the cost approach, the value of the land is determined  by  the market
approach.  To this, one must add the depreciated value of the improvements, which are
determined by their estimated replacement cost and/or income producing potential:



Land Value $25,000 (determined by comparable sales)
Depreciated
   Building Value           $10,000 (determined by a combination                     

                                                             of replacement cost and the
     other valuation models)

                   Cost Approach Value Conclusion:  $35,000

In the case of the Market Approach,  the experience and judgment of the appraiser
will influence the appraiser’s subjective adjustments to the “comparable sales”.  In addition,
the appraiser may be influenced by the age of the improvements related to their income
producing features to make an adjustment.

In valuation of most properties impacted by environmental contamination,  the
income method will have the most influence and will incorporate judgments from the other
approaches to value.  Following is a discussion of this method and the many variable factors
that may be negotiated in establishing a current value and a potential value – creating
investment potential.

Valuing Income-Producing Property

Valuation of income producing property (or potentially income producing property
such as a  redevelopment site,  or a contaminated site targeted for disposition or
redevelopment ) is based on three factors:  the current and potential annual gross income, the
current and potential annual expenses of operation, and the capitalization/discount rates.  The
market value is derived from the present value of discounted future cash flows.  On the
surface, this process may seem rather simple.  However assumptions for each of these factors
encompasses evaluation of much evidence,  judgment, and estimates.

In theory, if the net present value (NPV) of the future projected income
is zero or greater, the project is feasible.  However, in the case of contaminated property, the
NPV may be less than zero but greater than the cost of the required remediation.  In this case
the owner of the property may choose to participate in the redevelopment of the site to
mitigate or eliminate its liability.  Additionally, the owner of contaminated property may
decide to place the property along with a capital contribution for cleanup into a well planned
redevelopment partnership to produce profits in the future.   This process has the positive
balance sheet effect of turning a non-earning, fully depreciated asset into an asset with value
as well as a reduction of the associated liability.

It is not the current or past incomes (which can be quantified) but the right to
projected future income that investors purchase.   Both the income and expense elements of
the income statement must be projected with consideration to future inflation, supply and
demand for the services expensed, financing costs, and economic conditions. 

The ongoing assessment of the value of an asset in its existing state may be
significantly influenced by increasing the potential for increased income production or utility
under a feasible redevelopment or renovation plan.  The feasible rehabilitation,
modernization, or remodeling plan is part of a process that culminates with a value estimate
for the property, regardless of  whether  the owner actually carries out this program.  The



owner may elect to begin certain aspects of the redevelopment to add value and/or
marketability to a property prior to its disposition. 

In estimating each line item in the cash flow projection, the valuation assumptions
involve an analysis and may incorporate other valuation approaches.  For instance, in
projecting gross potential revenues, present rents at comparable properties may be considered;
or the projection may take replacement cost into account by projecting rental growth
necessary to support new construction.   The cost of improvements now may reduce future
expenses enough to create a positive increase in the NPV.  Contamination at a site is likely to
affect, indirectly or directly, various assumptions about each line item in the projected cash
flow.  The value is not simply affected by the initial cleanup costs.  The contamination may
also increase the cost of property insurance,  reduce the quality of future leases, increase
management costs, or influence future resale value.

A sample detailed cash flow projection for a standard multi-tenant warehouse
building before and after the impact of  contamination is included as part of the valuation
example described herein as Scenario 1, Option 1.  Note that the projection is purely cash
flow.  Expenses related to depreciation, amortization, personal business expenditures like
legal and accounting costs, and the cost of financing are not included in the projected income
for valuation purposes.  These expenses are related to the specific ownership of the property
and not directly to its operation.  In addition, the valuation deducts from the cash flow from
operations any capital expenses that would be incurred by the owner (current or future). 
Examples of capital expenditures are carpet replacement, parking lot repairs, roof repairs,
asbestos abatement,  tenant improvements and leasing commissions.

Converting the resulting projected annual net cash flows to a current market value is
a discounting process.  The interest rate at which the income is discounted is the rate of return
expected by the investor given the perceived risk.   Suppose a property leased to a local office
supply distributor, a small hardware supplier, and a start up distributor of paper products may
yield an annual cash flow of $10,000 for the next five years.  Because of the nature of the
tenants’ credit, an investor may discount this income at 13% to reflect the relative risk to
arrive at a NPV of  $439,501.  An identical warehouse on the same street may be leased for
five years to a Fortune 500 Company yielding an annual cash flow of $10,000.  Due to the
size and credit rating of the Fortune 500 Company, the investor may be willing to accept a
10% yield to arrive at a NPV of  $470,654.    

In addition, value is added to income producing property by decreasing the cost of
any expense line item, increasing revenue such as parking fees, increasing future rents due to
strong demand in relation to supply, or  hiring labor directly versus contract labor for a
reduction in repair costs.  This is similar to how any cash flow generating business adds to the
value of its business.  Therefore, this value can also be created within a company or venture.

Risk of changes to the revenue and operating expenses is present in any type of real
estate investment.  Factors such as changes in the local economy, changes in surrounding land
uses, or changes in the demographic makeup of an area are all examples of factors that will
impact value by impacting the future income potential of a property.  The presence of
environmental contamination on a site may increase future operating costs, decrease future
revenue, change future uses, and generally decrease the value of the site.  There is no reason
that sophisticated real estate investors cannot get comfortable with the impact and cleanup of



contamination in the same manner that they become comfortable with other risks in assessing
the feasibility/value of an investment.

Risk is reduced and value is added to an asset by:

1)  quantifying the costs with reasonable accuracy;
2)  clearly defining and/or limiting the timing of the process;
3)  clearly understanding and allocating the liability related to an expenditure

           
Therefore, to add value and marketability, the owners of and investors in 

contaminated sites should focus on  factors making up the current value of the property and
take the necessary actions within the scope of their resources (personnel, capital, expertise,
and time) to reduce the uncertainty of risks of  the environmental contamination.  As with
asbestos abatement, the stigma for investors, capital markets, insurance providers and others
was gradually reduced as the parties learned to deal with the asbestos-removal issue in the
same manner as any other property-related capital expenditure.

Actions that will encourage this evolution, facilitate redevelopment, and add
investment value include:

1)  Take steps toward cleaning up the property to support the future use that produces
the highest, feasible NPV, not minimum standards.

2)  Meet with area planners to assess the goals of their master plans
and how they view the role of the contaminated site.  Develop predisposition strategies that
are in alliance with these goals, and obtain any approvals within your budget and time frame
prior to marketing the property. 

3)  Offer seller financing mechanisms or indemnities to continue and complete
certain aspects of the clean-up.  Develop potential partnership structures that do not cost
money but speed up the timing of the project for the buyer/investor or minimize risk.

4)    Focus disposition plans on the needs and desires of both the seller AND the
potential buyer; this adds VALUE.

In addition to projections of income and expense, the valuation considers the cost and
timing of capital expenditures.  These costs are not annual expenses of operation, but are
incurred to enhance the value of a property over time by increasing the property’s ability to
produce income.  For example,  adding carports or a swimming pool to an apartment
complex,  adding an energy management system to an office building to decrease utility
charges,  or  tenant improvement costs for a tenant’s new lease.  The timing and scope of
these expenses and improvements may vary widely depending on each investor’s view of the
property and the market ,  the investor’s financial condition,  the investor’s intended holding
period, and the investor’s vision for the future utility of the property.

Environmental remediation costs are treated similarly to other capital expenses in a
valuation model.



Definition and Characteristics of Arbitrage

As defined in the financial money markets, arbitrage exists whenever two things that
are essentially the same are priced differently.  Specifically, two investors valuing the same
property will make assumptions related to their knowledge, vision, research and resources –
producing two different perceptions of value.  This process is the basis of any property
transaction or settlement.  Each party’s assumptions related to capital expenses are usually
key factors to each investor’s view of the investment potential and value.   Brownfields
redevelopment requires yet one more set of assumptions by each party to the transaction, but
the basis for reaching a deal remain the same.

Owners of contaminated properties, potential investors, corporate strategists,  and
appraisers should not attempt to analyze Brownfields arbitrage alone, but should analyze it as
a key feasibility factor along with the many other assumptions in real estate valuation
analysis.  The following figure illustrates this premise:

Current  Condition Future Potential
And Characteristics And Investment Value
Including Contamination - a Clean Site

   Feasibility Factors

     Future use/zoning
     The market for the site after cleanup
     Cost of remediation
     Timing of remediation

                  Economic conditions – micro and macro
     Availability and cost of capital
     Amount and timing of all capital expenses 
    Market discount and capitalization rates
     Quality of tenants and leases

(current, if any, and future)     
     Cost of leasing and marketing

(any stigma?)
     Cost of sale/transaction

                  Effect of cost savings from subsidies or tax incentives
     Availability of other economic development resources
     Conditions in the regulatory environment
     Conditions of necessary insurance and financing
    Weather delays – holidays, etc.
     Quality and experience of owner/manager
     Impacts to operating expenses – fixed and variable

Items specific to an individual buyer’s or seller’s objectives may greatly impact the
decisionmaking but have no effect on the market valuation of the asset.  These may include:

♦ partnership or capital structures that defer tax
 
♦ age and/or financial status of a buyer or seller
 



♦ availability of cash and credit
 
♦ estate planning issues
 
♦ characteristics of the site with unique value to a particular buyer
 
♦ willingness to retain liability for future or unknown conditions
 
♦ ability to obtain stop loss or other insurance
 
♦ the timing and length of the redevelopment process in relation to the party’s goals and

objectives

Examples of Valuation Used in Decisionmaking

The following simplified examples – with detailed cash flows shown in Figures 1 and
2 -- illustrate the importance of valuation models in decision making:

Scenario 1 Dry Storage Facility (Figure 1):  A typical distribution warehouse is fully leased to
two tenants, the owner and another tenant.  The owner/tenant performs a Phase I evaluation
and discovers contamination.  They analyze their options.

Option 1:  The baseline valuation of the facility with no
                                contamination

Value:     $9,091,000

Option 2:  The owner pays for the cleanup in year 1
       for a cost of $2,000,000 

Value:     $6,777,000

Option 3:  The owner completes the cleanup in year 1
      but finances the $2,000,000 at 7% for

                                five years

Value:      $6,939,000

Option 4:  The owner completes the cleanup in four
      phases of $500,000 each over four years
      due to his individual cash constraints

Value:      $6,616,000

Option 5:  The owner does no cleanup

Value:      $5,595,000
      best case



As the analysis illustrates, the owner can more easily establish the business plan for
the facility that preserves its value and select the best course of action with confidence. 

This analysis could also be used in legal negotiations.  For example, by offering low
cost financing of the cleanup, one party could mitigate damages to the other party.   Look for
opportunities for partnering, as in the next example.

Scenario 2 Development of New Retail Center (Figure 2):   A manufacturing company owns
a parcel of excess land next to its primary  facility.  Over time, the excess land has become
contaminated by its manufacturing process.  The estimate for cleanup costs is  $4,000,000
and its estimate of the land value (prior to rezoning, but after cleanup) is $2,970,000.

Through a detailed analysis of alternative courses of action, the company adopts the
following disposition plan.

Rather than clean up the land and resell it for a net loss of $1,030,000, the company
seeks rezoning of the property for retail development during the cleanup.  Next, the company
seeks a partner with the retail development expertise to take the project forward.  They offer
to contribute the site as equity into a partnership with the developer.  They jointly value the
land after the retail zoning and cleanup are complete at  $6,970,000.  (Its real value may be
more or less and can affect the distribution of the cash flow between the partners.)

The developer manages, finances, constructs, leases, and manages the project and
agrees to a 50%-50% split of cash flows.  The partnership, due in part to the financial strength
of the land owner, is able to obtain attractive project financing and the land owner receives an
initial cash draw from the construction financing for the land followed by a share of the cash
flows over a five year period.  The land owner makes an additional net present value of
approximately $1,750,000.

Thus, the owner of the contaminated property has a net gain on the property of over
$1.7 million rather than a net loss of over $1.0 million.

The Successful Brownfields Deal

Because there are many books written on how to negotiate,  we will not attempt to
cover the hundreds of ways to create successful transactions.  There are, however, some basic
steps.  First and foremost in negotiating any deal is to have done your homework.  According
to Howard A. Zuckerman,20  there are five basic steps to negotiating a successful deal:

Step 1:  Research the Property and Have a Specific Idea of Its Use
                   

Know everything there is to know about the property and its market;  perform
careful analysis of each assumption

Step 2:  Verify All the Facts

                     Double and triple check all the information, and then analyze it.
       (Garbage in,  garbage out)



Step 3:  Research the Seller if Buying and the Buyer if Selling

Understanding the strengths, weaknesses, and motivations of the other
party(ies) to a transaction cannot be overemphasized.   Creating a “win” for all
sides while achieving your goals is the  best way to get a deal done. 

Step 4:  Have Alternative Plans

         By examining the very dynamic components of valuation, it should
         be evident that there are any number of deal structures that could

produce the same result.  A well prepared investor or seller will have a Plan A,
Plan B, Plan C, etc.

Step 5:  Avoid Getting Caught in the “Greater Fool” Theory

This theory is that there will always be a bigger fool in the  marketplace who
will pay more for the property or be convinced to sell for less.  After  your 
careful research and valuation analysis, stick to your pricing parameters.  Just
because someone else may be willing to pay more for a property or discount it
further does not mean that you should.  Remember that each buyer or seller has
its own resources, requirements, and investment measures.

A good valuation process will assist and enhance each step of  the negotiation.

Conclusion

The U.S. General Accounting Office estimates that between 130,000 and 450,000
properties are vacant or underutilized in urban areas due to the presence or threat of
environmental hazards.  This represents roughly $2 trillion of environmentally impaired
property. 

Although there is a role for government in reducing barriers to redevelopment of
contaminated property, we contend that private industry  and private capital markets can most
effectively create value in these impaired properties.  The investment potential in
contaminated property is available not only to real estate developers but also to owners of
contaminated sites.  This investment potential may be used as leverage in a  sales transaction,
and it may be something with which to bargain in property damage litigation.  Investment
potential may also be used as part of a cleanup to attract financing or to reduce the risks
otherwise associated with the cleanup.
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ACQUISITION DUE DILIGENCE AND THE OIL & GAS MANAGER

By Bruce W. Blake, CPL/ESA

Due Diligence

The due diligence process is often considered the most important part of any acquisition
or merger. It can make or break the deal and often leads to restructuring of the trade. On
large transactions, a team is usually assembled including accountants, engineers, lawyers,
geologist and landmen. On smaller acquisitions, an oil and gas consultant is often asked to
provide complete due diligence services without significant support by other legal,
engineering or accounting professionals. This is my favorite area of my consulting practice
and the topic that I address herein.

The situation is usually something like this: An Investor agrees to purchase a group of
assets based upon the assumptions made available to that Investor by the Seller. Upon
execution of the letter of intent, the Investor secures the services of the consultant to do
“Due Diligence.” What is expected of us as consultants and what should the Investor
expect to receive? To fully grasp the importance of the assignment, it must be remembered
that due diligence is conducted by independent third parties and if done correctly, serves
to protect the Investor. Therefore, it is the responsibii of the consultant, when working
in an independent capacity, to fully explore the transaction prior to the closing. If, at any
time, you believe that information is being withheld, you should discuss your concerns
with the client and then remedy them, drop the assignment or issue a qualified opinion.

When planning the due diligence project, you must take into account the client’s level of
knowledge and your approved scope. A title opinion run sheet or title takeoff, in and of
itself, does not constitute due diligence. As an independent consultant, charged to fully
explore the transaction prior to closing, you must consider those issues related to
accounting, operations, contractual obligations and environmental conditions.

You must also take into account the time available and size of the trade. On a one or two
field package, you may be able to do an analysis of the entire project prior to closing. On
larger acquisitions, you must limit your analysis to the top 60 to 80 percent of total asset
value.

While you work, be sure to make note of any advantageous discovery. For instance,
higher prices available under old, escalated gas contracts are a real plus. Describe the
geographic area covered and terms of such agreements for the client’s consideration in
future development. As a further service to the client, plan your report forms, data import
and the actual file style around the client’s existing system or specifications.

Check lists are an important part of the process. Using such lists, you are prompted to
consider a wider variety of data and information. The checklists available to the consultant



often originate from previous papers written on the subject of due diligence. Some of my
favorites are listed in the General References portion of this paper.

I like to begin each project by building a database on Excel, Lotus or Access. Review the
information provided by the Seller and find an existii file that can be provided to you on
disk. Perhaps a list of wells and property numbers is available. From that database, move
forward with your review, adding additional columns of information generated as your
discovery progresses. Make note of title opinion dates and descriptions. List all Leases
and tie each to a property. List any depth or spacing unit Pugh clauses, Have a separate
column for ‘Preferential Rights and Notice Provisions and other data which may be used as
a basis for a separate database sort.

Generally, the process should be as follows:

Land *In-House
Review the Purchase and Sale Agreement with particular focus on what Seller
delivers and warrants.
Review the allocation of values to set the research priorities.
Review the lease files for title opinions, curative and plats of the lands; make copies.
This becomes more important in complex regions such as South Texas and Louisiana.
Review the contracts in the land files with particular attention to Preferential Rights,
Consents to Assign, Calls on Production, Reversionary Interests, etc.
Review assignments into Seller and it’s predecessors in title for Environmental
Indemnification and Reservations.
Compare the descriptions found in the closing assignment and the purchase and sale
agreements to those descriptions of the properties found in the files.

Accounting
Review gas balance issues.
Check administrative overhead charged by Operator to the operating agreement.
Review gas sales contracts for unusual or detrimental terms and provisions. Compare
to actual revenues. Research discrepancies.
Compare each division order to the current revenue decks to confirm accuracy.
Check for outstanding audits or exceptions.

Engineering * Environmental
Check producing status of all wells and compare this to the economic analysis.
If Pugh clauses were discovered in the in-house land work, identity all units and
perforated intervals.
Compare allowable with producing wells to be assured that shut-in well allowable
volumes are not being produced from other wells.
Review regulatory agency records for pending environmental or operational violations.



Land *Field
Field check forms are recommended, especially if Brokers are to be utilized in the
Court House. Provide a copy of last opinion and any plats of the lands.
From the date of the last title opinion, research liens, mortgage, judgments, tax
records, probate, UCC tilings and all deed, lease and assignment records.
If updated title opinions are to be drawn, either order supplemental abstracts or build a
run sheet from the Grantor/Grantee Indices. In the later case, make a copy of all
instruments.
Check tax rolls and obtain tax certificates.

Defect or Exception Presentation
Make up standard exception forms and present all defects or exceptions to the Seller upon
discovery. This will allow the Seller to begin immediate research into the problem.

Report Preparation
You should prepare a formal report detailing any exceptions. A complete print out of your
data base should be made a part of the report, You should include plats of the properties
and recommendations for future work. Detail any report limitations or omissions.

Environmental Issues Associated with an Acquisition

Although the work as envisioned above stops short of an Environmental Assessment,
much of the information amassed would provide the basis for a full ESA or Environmental
Audit. The consultant should seek to include, as part of his service bundle, the following:

Phase I Environmental Site Assessment
Using the AAPL or ASTM Protocol, the Phase I Site Assessment is designed to identify
potential environmental liabiities resulting from regulatory issues and previous or on-
going site contamination. Once complete, the assessment should help to establish for the
Buyer, the Innocent Landowners Defense, as provided, under CERCLA, the Superfund
Act.

The Environmental, Health and Safety Audit
The problem with a Phase I Site Assessment is that many oil and gas transactions require
Buyer to assume a certain degree of risk! The main area of environmental litigation is,
currently, under “COMMON LAW’; Trespass, Nuisance and Negligence. The best
defense is a proactive offense. Obviously, the Texas Legislature recognized this problem
they passed the Environmental, Health and Safety Audit Privilege Act, which provides
the following:

* ‘The purpose of this Act is to encourage voluntary compliance with environmental and
occupational health and safety laws”

* The “Audit Report is PRIVILEGED”
* An audit report includes Exhibits, Interviews, Pictures, Memoranda, Observations,

Legal and Laboratory Analysis and Recommendations.



The Acquisition Environmental Audit
An environmental audit, done as part of an acquisition, often will include an economic
analysis of environmental risks. The findings of such an audit should be an integral part of
the final trade adjustments. Upon closing, the Buyer should act on concerns and remedy
any adverse conditions established in the audit. An acquisition environmental audit report
should provide the following:

* Make a determination of facility compliance with federal, state and local regulations.
* Establish existing conditions.
* Make a determination of the effect of identified liabilities on the ongoing operation.
* Estimate monetary impact of all environmental assets and liabiities

Choose your Environmental Consultant from the Geoenvironmental Forum
The Geoenvironmental Forum was established in 1991 to provide a medium through
which involved technical and professional organizations identify standards of practice and
guidelines for professional qualifications in the rapidly evolving Geoenvironmental field.
Forum members include:

l American Association of Professional Landmen (AAPL)
l AAPG, Division of Environmental Geosciences (DEG)
l Association of Groundwater Scientists and Engineers (AGWSE)
l American Institute of Professional Geologists (AIPG)
l Association of Engineering Geologists (AEG)
l Association of Engineering Firms Practicing in the Geosciences (ASFE)
l Hazardous Waste Action Coalition (HWAC)

The AAPL Environmental Site Assessor Certification is an important addition to the
credentials of any Landman working in the due diligence area. It is here that the
Environmental Landman is unique to other Oil and Gas Professionals. We can provide an
extremely valuable product to the oil and gas Investor.
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ABSTRACT

The oil and gas industry has historically used water-based muds (WBMs) and oil-
based muds (OBMs) in offshore drilling operations.  WBMs are less expensive and are widely
used.  Both the WBMs and the associated drill cuttings may be discharged from the platform
to the sea provided that U.S. Environmental Protection Agency (EPA) discharge limitations
are met.  In some wells, however, difficult drilling conditions may force a switch from a
WBM to an OBM. Neither the OBM nor the associated drill cuttings may be discharged.  The
OBM is hauled to shore, where it is processed for reuse, while the associated cuttings are
injected in a disposal well at the platform or hauled to shore to a disposal facility.  Both of
these options are expensive.  Synthetic-based muds (SBMs) are drilling fluids that use
synthetic organic chemicals as base fluids.  SBMs were developed to replace OBMs in
difficult drilling situations.  SBMs are more expensive than OBMs; however, they have
superior environmental properties that may permit the cuttings to be discharged on-site. Like
OBMs, SBMs are hauled ashore for processing and reuse after the well is drilled.

The existing national effluent limitations guidelines (ELGs) for the offshore industry
do not include requirements for SBM-cuttings since SBMs were not commonly in use at the
time the ELGs were adopted.   In late 1997, EPA announced that it would modify the offshore
ELGs to include requirements for discharges of cuttings drilled with SBMs.  For the first time
in the history of the ELG program, EPA is following an innovative presumptive rulemaking
process that will lead to development of draft regulations in one year rather than the 4- to 6-
year period usually needed.  With direction from the federal government to stakeholders
concerning information needs for the regulatory development, the industry has established
several working groups to collect new scientific information on SBMs.  This paper describes
the presumptive rulemaking process and summarizes the findings of the workgroups to date.



INTRODUCTION

The process of drilling oil and gas wells generates two types of drilling wastes B
drilling fluids and drill cuttings.  The term Adrilling fluids@ (or Adrilling muds@) generally
applies to fluids used to help maintain well control and remove drill cuttings (particles from
underground geological formations) from holes drilled in the earth.  Drilling fluids are an
essential technology for oil and gas development.

Historically, the drilling industry used primarily water-based muds (WBMs) for
offshore drilling.  WBMs are inexpensive, and the mud and cuttings from wells drilled with
WBMs can be discharged from offshore platforms as long as they meet current effluent
limitations guidelines (ELGs) discharge standards.  However, for difficult drilling situations,
such as deep wells and horizontal and extended reach wells, WBMs do not offer consistently
good drilling performance.  Until recently, the industry has relied on traditional oil-based
muds (OBMs), based on diesel and mineral oil, for these more difficult drilling situations.
 OBMs perform well, but they are harmful to the environment when discharged to the sea.
 Consequently, the EPA prohibited any discharge of OBMs or their cuttings. 

Over the past decade, the drilling industry has developed a new family of fluids using
various synthetic organic chemicals as the base fluid.  The are known as synthetic-based muds
(SBMs).  In general, SBMs share the desirable drilling properties of OBMs but have lower
toxicity, faster biodegradability, lower bioaccumulation potential and only trace
concentrations of polynuclear aromatic hydrocarbons.  For these reasons, SBM cuttings are
less likely than OBM cuttings to cause adverse sea floor impact.   EPA has identified that this
product substitution approach is an excellent example of pollution prevention that can be
accomplished by the oil and gas industry.  SBMs drill a cleaner hole than WBMs, with less
sloughing, and generate a lower volume of drill cuttings.  SBMs are recycled to the extent
possible, while WBMs are discharged to the sea.  The industry has been eager to use SBMs,
particularly in the Gulf of Mexico, where drilling has moved into deep water.  However, the
current federal regulatory requirements do not adequately address the issue of discharge of
cuttings generated while using SBMs.

Several categories of SBMs, distinguished by the base fluid material used, are
commonly available today.  The base fluids include linear alpha-olefins (LAOs), poly-alpha-
olefins (PAOs), internal olefins (IOs), fatty acid esters, and a host of others.

FEDERAL REGULATORY REQUIREMENTS

Two tiers of Federal regulatory requirements govern the discharge of drilling fluids
and drill cuttings B the ELGs and discharge permits.  EPA headquarters has developed
national ELGs for many major industrial categories, including offshore oil and gas and coastal
oil and gas.  The offshore ELGs (58 FR 12454; March 4, 1993) specify that facilities located
up to 3 miles from shore, except those in Alaska, may not discharge drilling fluids and drill
cuttings.  Facilities located more than 3 miles from shore and all Alaskan facilities may
discharge drilling fluids and drill cuttings but must meet the following restrictions:



- no discharge of free oil or diesel oil is allowed (this effectively prohibits the discharge
of oil-based fluids and cuttings);

- the 96-hour LC50 (the concentration at which one half of the test organisms die
during a 96-hour toxicity bioassay test) of the suspended particulate phase must be
at least 30,000 parts per million using mysid shrimp as the test organism; and

- the concentration of the barite component used to make the drilling fluid must not
exceed 1 mg/kg mercury and 3 mg/kg cadmium.

The coastal ELGs (61 FR 66086; December 16, 1996) do not allow discharge of drilling
fluids and drill cuttings, except for facilities in Cook Inlet, Alaska, which are subject to the
same standards used for offshore wells.

The Clean Water Act requires that all discharges of wastewater be authorized through
a National Pollutant Discharge Elimination System (NPDES) permit.  Several of the EPA
regional offices (Regions 4, 6, 9, and 10) have developed general NPDES permits that cover
offshore or coastal oil and gas discharges.  These general permits cover numerous oil and gas
facilities.  The permit limits must be at least as strict as the national ELGs, and permits may
impose additional restrictions, such as prohibitions on discharge of drilling fluids made up
as inverse emulsions.

SBMs have been used little, if at all, in Alaska or California.  The primary region in
which operators have wanted to use SBMs is the Gulf of Mexico, and particularly in the
Western Gulf of Mexico, for which Region 6 has jurisdiction.  Neither the offshore ELGs nor
the current round of permits from Region 6 mention SBMs, because SBMs were not widely
available at the time the permits and ELGs were written.  In the absence of definitions for
SBMs, permit restrictions on discharges of OBMs and cuttings and inverse emulsions were
unintentionally providing a barrier to the discharge of SBM cuttings, even though those
cuttings were passing the ELG tests set up for WBMs.  Operators sought legal opinions from
Region 6 but were not given clear approval to discharge cuttings from wells drilled with
SBMs.  Some operators have elected to use SBMs for drilling in the Western Gulf of Mexico
and discharge the resulting cuttings.  Other operators have either not used SBMs at all or have
collected the cuttings and hauled them to shore for disposal because of the uncertainty about
the legality of discharging the cuttings.

EFFORTS TO RESOLVE THE REGULATORY
BARRIER

In 1995, the U.S. Department of Energy (DOE) funded Argonne National Laboratory
to prepare a report summarizing the advantages offered by SBMs and identifying the
regulatory barriers that were impeding widespread use of an innovative and pollution-
preventing technology (1).  Following release of the Argonne report, DOE established an
informal synthetic fluids discussion group.  The discussion group included representatives
from EPA, DOE, the U.S. Minerals Management Service (MMS), drilling service companies,
and oil and gas operators.  The objective of the discussion group was to clearly communicate



to EPA the advantages of SBMs and the difficulties experienced by the operators in getting
approval to discharge SBMs, and to find a solution to the problem.  Historically, there has
often been an adversarial relationship between EPA and the industries it regulates.  Early on,
the discussion group had to overcome that negative relationship and move toward building
trust.  EPA used the discussion group to present its information needs for developing SBM
regulations.  EPA=s motivation was to properly control the waste stream while promoting this
pollution prevention technology.

Initially, EPA planned to develop detailed guidance and language that could be used
by EPA regional permit writers to address SBM and cuttings discharges.  In its December
1996 coastal ELGs rulemaking, EPA added several pages of discussion about SBMs to the
preamble that, while not authorizing the discharge of SBMs and their cuttings, at least kept
the door open for further consideration of the issue.  The coastal ELGs included a definition
for SBMs that distinguished them from WBMs and OBMs. The coastal ELGs also noted that
the current discharge requirements were not sufficient to control SBM discharges.  The static
sheen test, used to check for crude oil contamination in WBM discharges, was not relevant
for SBMs because the synthetic fluids could dissolve the crude oil and carry it to the sea floor
without creating any sheen.  The toxicity test used for WBMs is not applicable to SBMs
because it uses the suspended particulate phase of a sample, while SBMs are found in the
sediment phase.  EPA provided guidance to permit writers recommending the use of gas
chromatograph (GC) as a confirmation tool to assure the absence of crude oil contamination,
and indicated that tests such as benthic toxicity conducted on the synthetic material prior to
use or whole SBMs prior to discharge may be useful in controlling the discharge of cuttings
contaminated with SBM.  EPA also stated its intentions of evaluating test methods and results
of bioaccumulation and biodegradation as indicators of the rate of recovery of the cuttings
piles on the sea floor. 

PRESUMPTIVE RULEMAKING

Each year, EPA is required to identify several industrial categories for which new
ELGs will be developed or existing ELGs will be revised.  In December 1997, EPA
announced that it had selected SBMs for the offshore oil and gas industry as one of three ELG
categories it would work on for Fiscal Year 98.  Normally, development of an ELG is a slow,
lengthy process.  EPA collects extensive data and, without any external discussions or advice,
prepares a proposed regulation.  All external parties are given several months to review the
proposed ELGs and their supporting documents and offer comments.  EPA takes those
comments into consideration and develops a final regulation.  The process often takes 4-6
years. 

EPA recognized the industry=s need to resolve the SBM discharge issue much
sooner than 4-6 years.  EPA also recognized the environmental benefits that could result from
wider use of SBMs.  For these reasons, EPA decided to take a Afast-track@ approach known
as Apresumptive rulemaking@ that would lead to a final regulation in less than 3 years.  After
starting in December 1997, EPA plans to publish proposed regulations in December 1998.
 EPA recognizes the possibility of publishing a notice of data availability or a supplemental
proposal on or around September 1999.  Final regulations are scheduled for promulgation by
December 2000. 



To meet such a streamlined schedule, EPA had to significantly modify its standard
ELG development procedures, under which it collects information without significant review
and input from external sources.  Under the presumptive rulemaking process, EPA will rely
on industry to supply data in an iterative manner and will maintain some level of
communication with external parties throughout the process.   Periodically, industry and other
stakeholders will lay their favored options on the table and see how far apart they are.   The
Synthetic Fluids Discussion Group was restructured to form a Steering Group that includes
representatives from EPA, DOE, MMS, industry, and a non-governmental organization. 
Industry representatives established four technical work groups that respond to EPA=s needs
for technical information.  The next several sections describe the four technical work groups,
what they hope to accomplish, and the progress they have made through September 1998.

TECHNICAL WORK GROUPS

The four technical work groups are:

- Analytical Work Group
- Retention on Cuttings Work Group
- Toxicity Work Group
- Environmental Effects Work Group.

Analytical Work Group

The existing method used for testing WBMs, the static sheen test, was deemed
unreliable for SBMs.  The Analytical Work Group tested samples of WBMs and SBMs using
the static sheen test and reported that crude oil was found at about 1% (volume-to-volume
basis) for the majority of WBMs tested, while for SBMs, crude was not detected even at a
20% level (2).

The primary goal of the analytical work group was to identify analytical methods to
determine the presence of crude oil or other oils in samples of SBM.  Ideal methods would
be quick and inexpensive to perform and accurate.  A secondary goal was to estimate the
frequency of detection at different concentrations of crude oil contamination. 

In spring 1998, the work group provided EPA with a draft reverse phase extraction
(RPE) method in which extracts of SBMs are filtered through small filter cartridges and the
cartridges are then examined under ultraviolet fluorescent lighting.  This method is
inexpensive and can be done quickly on the platforms.  The RPE method gives a pass/fail
result.  The work group also evaluated gas chromatograph/mass spectrometer (GC/MS)
analysis to be conducted onshore to provide baseline information and to verify any
noncompliant RPE test results.  Currently, the work group has begun a long-term program to
validate the fluorescence method and to determine the frequency of SBM samples that contain
measurable crude contamination.



Retention on Cuttings Work Group

Operators attempt to collect all SBMs for recycling, but some portion of the SBMs
remains adhered to cuttings particles.  The goals of the Retention on Cuttings Work Group
are to define methods that could be used to monitor the percentage of SBMs retained on
cuttings, or the quantity of SBM discharged, as a potential compliance measure and to
determine the cost and performance of various solids separation devices. 

In 1997, the work group conducted a study that examined the types of mud recovery
devices used in the Gulf of Mexico for wells drilled using SBMs (3).  The study showed that
primary and secondary shale shakers were the predominant devices being used.  The
performance of the shale shakers averaged about 12% SBMs on cuttings, with a range from
4% to 25%.  The work group was unable to find any statistically valid relationship between
percent retention and the type of device used or the properties used.

In the summer of 1998, the work group developed a retort analytical procedure to
measure the percentage of SBMs and water in a sample (4).  The results of the retort analysis
are combined with a mass balance analysis for comparison in a new spreadsheet designed to
calculate the volume and mass of SBMs discharged and lost downhole to the formation.  As
of September 1998, the spreadsheet was still under review by EPA.  When the spreadsheet
is approved, the work group plans to begin collecting data from wells being drilled with
SBMs to validate the procedure.  EPA plans to use these data to develop a relationship
between the mass or volume of SBMs discharged per volume or length of the well segment
drilled with SBMs.  This relationship may be incorporated into the ELGs. 

The work group also plans to collect and verify cost and performance information
from vendors of other types of solids control equipment.  In February 1998, one field trial was
made using the MUD-10 (Mud Recovery Systems, Ltd.) vibrating centrifuge solids separator
on a deepwater floating drill ship.  The cuttings from the primary shale shakers were diverted
to the MUD-10 before discharge. The SBM recovered from the MUD-10 was low in fines and
could be reintroduced directly into the active mud system.  The report describing this
demonstration of the MUD-10 has not yet been released.

Toxicity Work Group

Proponents of SBMs have touted the muds= low toxicity.  When tested using the
bioassay procedure specified for WBMs, most SBMs demonstrate very low toxicity.  To some
extent this result is attributable to the fact that SBMs do not disperse in water as do WBMs.
 WBMs tend to concentrate in the suspended particulate phase of the sample, while SBMs
concentrate in a sediment phase.  If bioassay tests are run on the suspended particulate phase
of an SBM sample, the test organisms will not be exposed to the contaminants in the SBMs.

The goal of the Toxicity Work Group is to identify a toxicity bioassay procedure that
will measure the toxicity of SBMs and can be used as a discharge monitoring test.  The
leading candidates were sediment toxicity tests.  Sediment tests are typically run for 10 days
or longer, which is longer than the 96-hour (4-day) test used for testing WBMs.  Therefore,
the sediment tests are more costly and less convenient as a compliance measure because



offshore operators do not have adequate space to store muds and cuttings for 10 days or more
while a sediment toxicity test is being run. 

After evaluating a variety of potential test methods, the work group hired a contractor
to test six types of SBMs using four types of toxicity tests.  As of September 1998, the first
two rounds of test results were made available; no one test clearly stood out as the best
performer.  The work group plans to continue testing until early 1999. 

EPA plans to conduct independent research on the sediment toxicity of the base
fluids and on the effect of drilling fluid composition (barite content, emulsifier package,
aqueous phase composition) and crude oil contamination.  For a drilling fluid of a particular
base fluid, if toxicity is affected more by crude contamination than by the formulation
variations, then crude oil contamination could be used as an indicator pollutant for sediment
toxicity at the point of discharge.  Thus, it may be unnecessary to perform sediment toxicity
tests at the point of discharge.  Instead, toxicity may be controlled through the base fluid and
controls on crude oil contamination.  EPA will use a 10-day sediment toxicity test with natural
sediments.

Environmental Effects Work Group

The literature contains information about the effects of discharges of WBMs and
cuttings and OBM cuttings on the water column and the seabed.  Generally, WBMs have
short-term, minor impacts on the seabed, while OBM cuttings have long-term, more severe
impacts.  Neither type of fluid is believed to cause any water column impacts of notable
duration.  Little has been published in the literature on the environmental effects of SBM
cuttings discharges, however. 

The goal of the Environmental Effects Work Group is to design a multi-year survey
to examine the extent and longevity of impacts of SBM cuttings discharge piles on seabed
abundance and diversity.  The results of the survey will be used by EPA in its Environmental
Assessment report that accompanies the ELGs.  For offshore NPDES permits, it can also
serve as the basis for the ocean discharge criteria evaluation required by Clean Water Act
Section 403(c), Ocean Discharge Criteria, as codified at 40 CFR 125, subpart M.

In August 1997, EPA provided the work group with a week of time on its research
vessel.  Samples were collected around three platforms in the Gulf of Mexico where SBMs
had been used and the cuttings discharged.  Industry is preparing a preliminary data report,
which will be sent to EPA in the fall of 1998.  EPA kept samples of  sediments collected
during the cruise and agreed to analyze the benthic abundance and diversity data.  EPA=s
results are expected to be available during the fall of 1998.  The work group plans to submit
a study plan for a comprehensive seabed survey to EPA during the fall of 1998 and will soon
select a contractor to conduct the survey. 



REGULATORY OPTIONS UNDER
CONSIDERATION BY EPA

To publish a proposed regulation by December 1998, EPA has had to develop a
series of options for regulating discharges of SBMs and their cuttings. Because the current
practice for handling used SBMs is to collect them and return them to shore for reuse, EPA
is likely to propose zero discharge of the synthetic fluids themselves.

For cuttings derived from SBMs, EPA is evaluating several factors.  EPA is likely
to propose stock limitations on the base synthetic fluids that would be used to formulate
SBMs.  This action may include limits on the polynuclear aromatic hydrocarbon content, the
rate of biodegradation, the potential for bioaccumulation, and the sediment toxicity.   EPA is
likely to propose discharge limitations on drill cuttings.  These limitations may involve the
quantity of SBMs discharged with cuttings, the presence of crude oil, the likelihood of sheen
formation, and sediment or aquatic toxicity.  The current industry practice is to use shale
shakers or screens.  EPA may propose that these represent the best available technology
(BAT), or the agency may propose some other technology, such as a vibrating centrifuges,
as BAT. EPA will evaluate the costs and non-water quality environmental impacts associated
with discharging the cuttings or requiring zero discharge.  If the final rule specifies zero
discharge of SBM-derived cuttings, operators will need to haul the cuttings to shore or
dispose of them through underground injection.

CONCLUSIONS

SBMs are an innovative technology that is cost-effective and believed to be
environmentally friendly.  EPA recognized that its current regulations and permits do not
adequately address discharges of SBMs and their cuttings.  Through participation in the
Synthetic Fluids Discussion Group, EPA has moved forward to resolve a regulatory barrier
and has agreed to formally modify its offshore ELGs to provide specific requirements for
SBMs.  EPA has elected to follow a streamlined presumptive rulemaking approach that
provides for regular input from and communication with industry and other stakeholders. 
This process should have  a win/win/win result.  Industry wins because it will gain regulatory
certainty over requirements to use and discharge a material desirable to the industry.  EPA
wins because it will have demonstrated its willingness and ability to overcome a regulatory
barrier in a timely manner.  Finally, the environment wins because operators can use more
environmentally friendly drilling fluids.
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Exposed Oil and Migratory Birds
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THE OVERALL PROBLEM

The deadly conflict between wildlife and areas of exposed oil is today a well established fact.
The results of many scientific studies as well as the day to day experiences of wildlife law
enforcement officials throughout the oil producing states have borne this out.

While the problem might seem perplexing to some, it is not hard to understand when one
considers the basic necessities of wildlife which include cover, food and water. Water is an essential
element to all life and as such, wildlife species are naturally attracted to any sources or what appear
to be sources of water. In the case of exposed water/oil evaporation pits, oil filled containment areas
around tank batteries, exposed oil storage tanks or oil spills, the same dynamics come into play.
Wildlife, and birds in particular because of their aerial view of these areas, tend to confuse the
reflection of the sky on exposed oil for water. Once birds come into contact with concentrations of
oil, they tend to become entrapped and soon die from drowning, exhaustion or exposure to the
elements. Those that manage to struggle free of the oil do not fare much better. They will normally
die from hypothermia due to their feathers having lost their insulating value, from poisoning due to
oil ingestion or absorption, from sheer exhaustion or in their weakened condition they simply
become easy prey for other animals.

Birds of prey, such as hawks and owls are, also believed to often perish in oil pits and tanks
after seeing what they perceive as an easy meal in the form of a small bird or mammal struggling to
free itself from the oil. In trying to catch their next meal, they too become entrapped and die from
the same causes.

The exposed oil also becomes a detriment to wildlife on a broader scale when it flows into
streams and rivers following a major rain event. Once the oil enters the water system, it can cause
the sickness and death of fish, birds and other aquatic dependent wildlife. The oil can also destroy
the integrity of the overall habitat itself affecting the ability of an ecosystem to sustain all associated
wildlife and plant communities. In these instances, oil discharges into water systems can also become
harmful to humans through ground water contamination.



IS THERE A PROBLEM?

In study after study, the conclusion has been the same. A resounding yes! C.A. King (1956)
discovered 914 dead waterfowl in Wyoming after inspecting 65 pits from 1951 to 1952. V.L. Grover (1983)
discovered 499 dead animals (86% birds) in southeastern New Mexico in 370 oil pits. On a broader scale,
Grover estimated that 225,000 vertebrates (mostly birds) died annually in 5,649 pits scattered throughout
southeastern New Mexico. R.C. Banks (1979) cited an anonymous estimate of 150,000 birds killed annually
in the San Joaquin Valley of California in oil sump pits.

Based upon my own experiences in recent years in Kansas, the numbers previously quoted do not
seem unreasonable whatsoever. In any given oil pit, of which there are thousands in Kansas alone, you can
often find the remains of anywhere from one bird to several dozen. On one occasion, 87 birds were discovered
in one pit. When one considers that the remains of birds at oil pits and tanks are there for only a brief period
of time due to a variety of factors, it is not difficult to believe that many thousands perish every year in Kansas
alone.

During the warmer months of the year when the black oil is exposed to the sun and becomes super
heated, bird remains quickly disappear. The oil seems to have a cooking effect on bird and other animal
carcasses and they simply disintegrate. This characteristic is often seen when attempts are made to retrieve
visible bird remains from the surface of oil pits and tanks. As the bird remains are contacted with retrieval
poles, the carcass begins to fall apart. By the time you have pulled the remains to the edge of the pit, more
often than not only a few feathers or bones remain from what appeared to be an intact carcass. The hotter the
oil gets, the thinner it also becomes allowing carcasses to easily slip under the oil's surface where they
deteriorate undetected. When you combine these factors with the fact that any birds that do make it out of the
oil are quickly scavenged by other animals, it becomes obvious that only a small percentage of bird mortalities
are ever available for discovery in areas of exposed oil. When those circumstances are coupled with the fact
that only a very small fraction of oil facilities are inspected during any given year, it is not hard to understand
why officials believe that the birds being discovered in exposed oil areas represent only the tip of the iceberg.

In 1990, 87 protected migratory birds were discovered in one large oil pit operated by Union Pacific
Railroad near Hoisington, Kansas. The company was prosecuted through federal court for violation of the
Migratory Bird Treaty Act (MBTA) and paid several thousand dollars in fines.

In 1995, aerial and ground surveys were conducted in Kansas which documented approximately three
hundred exposed oil sites. Of these, dead birds and other wildlife were discovered at 66 sites representing 40
oil producers. All associated producers were charged for violations of the MBTA and subsequently paid
approximately $30,000 in fines.  

In 1997, aerial surveys were conducted in Kansas during a three day period. Two hundred and fifty
exposed oil sites were detected and their coordinates taken with a GPS system. Follow up ground inspections
were conducted shortly thereafter which resulted in the discovery of dead birds in 52 of the sites representing
30 oil producers which were later cited and paid over $22,000 in fines for violations of the MBTA.

In 1998, aerial surveys were conducted in Kansas during a two day period and 158 exposed oil sites
were documented. In follow up ground inspections, over a hundred dead birds were discovered in addition to
other wildlife at 25 of these sites. Prosecution of those producers will ensue.



These are just a few examples of the known and documented problems that have previously occurred
in some of the oil producing states. It should be mentioned here that progress is being made in places such as
Kansas where communications and cooperative efforts have been initiated with individual producers and their
associations. Education has become a key element in this enforcement program by ensuring that producers
know the law and understand the environmental reasons for their enforcement. Provided the needed
information, most environmentally conscious producers are voluntarily cleaning up their facilities containing
exposed oil.

It is also noteworthy to understand that these areas of exposed oil not only kill birds, but also a host
of other wildlife including amphibians, reptiles, rodents, bats, opossums, raccoons, skunks and other mammals.
Even larger animals such as antelope and deer have been found dead in oil pits after having become entrapped.

THE SOLUTION

The solution to this dilemma is to take away the cause of the problem, i.e., the exposed oil. The
question is then how best to accomplish this as economically as possible. How the producer chooses to handle
his particular situation is up to him or her and their available resources. The most common methods are:

1. Professionally netting the oil pit or tank with one inch square mesh polypropylene or
similar netting.

2. Replacing the open oil pit or tank with a covered tank.

3. Installing a re-injection system.

4. Doing away with the oil pit altogether by filling it in after removing the oil.

Netting is perhaps the most common method of covering problem oil pits and tanks and is
rather inexpensive. It is important to understand, however, that netting must be done in a manner that
will not allow the netting to sink into the oil due to snow, ice or other natural factors. The netting
must also be inspected and maintained on a continual basis. Failure to do so will inevitably result
in torn areas creating gaps in the netting or in supports become weak and allowing the netting to sink
into the oil. In either case, birds will normally end up dying in oil which is allowed to be exposed.

The U.S. Fish and Wildlife Service (Service) can not tell an oil producer to take any of these
steps. These are only recommendations. Likewise, the Service can not recommend one product or
contractor over another. If migratory birds end up dying in exposed oil, however, the producer is
liable under the MBTA.



THE LAW

The federal law that protects all migratory birds is known as the Migratory Bird Treaty Act (16 USC
703-711). This is one of the oldest conservation laws in the country and states:

"Unless and except as permitted by regulations made as hereinafter provided, it shall be unlawful at
any time, by any means or in any manner, to pursue, hunt, take, capture, kill, attempt to take, capture or kill,
possess, offer for sale, sell, offer to barter, barter, offer to purchase, purchase, deliver for shipment, ship,
export, import, cause to be shipped, exported, or imported, deliver for transportation, transport or cause to be
transported, carry or cause to be carried, or receive for shipment, transportation, carriage, or export, any
migratory bird, any part, nest, or egg of any such bird, or any product, whether or not manufactured, which
consists, or is composed in whole or part, of any such bird or any part, nest, or egg thereof, included in the
terms of the conventions between the United States and Great Britain for the protection of migratory birds
concluded August 16, 1916, the United States and the United Mexican States for the protection of migratory
birds and game mammals concluded February 7, 1936, the United States and the government of Japan for the
protection of migratory birds and birds in danger of extinction, and their environment concluded March 4,
1972 and the convention between the United States and the Union of Soviet Socialists Republics for the
conservation of migratory birds and their environments concluded November 19, 1976."

As you can see from this all encompassing law based on international treaties with four other countries
that share our migratory bird resources, all migratory birds are protected from unauthorized killing. This
includes the killing of migratory birds in exposed oil. No permits have ever been issued to allow this illegal
take of migratory birds.

The list of migratory birds can be found under, 50 Code Of Federal Register (CFR) Part 10. This list
includes waterfowl, raptors (hawks, owls, etc.), passerine birds (robins, killdeer, blue jays) and most other birds
seen in the wilds of North America. The only exceptions are the English Sparrow, the European Starling, the
rock dove (domestic pigeon) and birds in the Galliformes family (quail, pheasants, grouse, turkey, etc.).

The maximum penalties for a misdemeanor offense under the Migratory Bird Treaty Act are six
months imprisonment and/or $5,000 fine for individuals and $10,000 fine for an organization per violation.

While fines are generally much less than that for the discovery of only a few birds at an oil facility,
they can and occasionally do range to those amounts. The various U.S. Attorneys' Offices and the federal
courts throughout the country have been very supportive of these enforcement actions.

It should also be mentioned here that in most states, exposing oil in oil sludge pits, evaporation ponds
or as the result of unreported spills is a violation of state oil production and environmental laws.

In cases where the oil enters "waters of the United States" which includes any creek, drainage, canal,
river, lake, etc., violations can be charged under the various other environmental laws including the Clean
Water Act administered by the U.S. Environmental Protection Agency and the U.S. Coast Guard.



ENFORCEMENT

The Service is the principal federal agency charged with the protection of migratory birds as mandated
by laws established by the United States Congress. The Division of Law Enforcement is the primary arm of
the Service responsible for ensuring that migratory birds are protected under existing federal laws, regulations
and guidelines. As such, all known incidents of the unlawful killing of migratory birds in areas of exposed oil
are investigated. When appropriate, the violations are referred for prosecution to the appropriate U.S.
Attorney's Office.

From a practical standpoint, it is not the desire of the Service to have to issue Violation Notices to or
bring oil producers into federal court. This is costly and time consuming for both the oil producer and the
government. It is highly preferred that the problem be corrected by the industry itself.

The ultimate goal of the Service in the area of exposed oil is the protection and conservation of
migratory birds. The Service will therefore generally work with any company or producer in order to resolve
the environmental and legal dilemma of exposed oil. The serious efforts of any producer to clean up their areas
of exposed oil will be taken into consideration whenever dead migratory birds are discovered. Through
cooperative efforts and the oil industry policing its own ranks, the problem of exposed oil and migratory bird
mortalities can be corrected. The unsightly messes around exposed oil pits, ponds and uncleaned spills are
raising more and more public awareness. It is no longer an acceptable practice that can be ignored by sloppy
producers. For those that will not heed the call, enforcement actions will continue.
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Abstract

The principal directive of the Federal Underground Injection Control (UIC) program,
authorized by the Safe Drinking Water Act of 1974, is to protect underground sources of drinking
water (USDWs) from contamination resulting from the injection of fluids into subsurface
geologic formations. The UIC program regulates injection fluids in five classes of wells; Class II
wells being for injection of fluids associated with the exploration and production of oil and gas.
In 1988 the Environmental Protection Agency issued a regulatory determination stating that E&P
wastes, being generally lower in toxicity than other wastes regulated under RCRA, should be
exempt from RCRA Subtitle C regulations.  Oil field wastes are consequently designated as non-
hazardous material under Federal regulations and can be injected into Class II wells.  Regulatory
oversight for disposal into these wells has been delegated largely to individual States (Primacy
States), with the USEPA administering the UIC program in the remaining States (Direct
Implementation States).

Disposal of oil field waste into Class II wells through high pressure injection of slurried
waste material into deep geologic formations has been successfully implemented in Alaska, the
Gulf of Mexico, California, the North Sea, and Canada1-6. The method of Slurry Fracture
Injection (SFI) provides an environmentally sound and permanent disposal solution for terminal
oilfield wastes where the alternative remedial options of landfills, road spreading, thermal
treatment, and separation techniques fall short.  Waste injection with this method results in
minimal impact to surface land use, and reduced long-term liability to the operator.

Current State regulations generally provide for new technologies such as SFI to be
approved as demonstration projects only. Injection pressures exceed the formation parting
pressures and result in large volumes of waste material being deposited into disposal formations.
Although individual State regulations vary, injecting above fracture pressure is often expressly
prohibited.  At issue is the security of proximal USDWs, and the containment of fractures, and
consequently waste material, within the target formation.  To minimize the potential for fracture



propagation into confining zones adjacent to USDWs, an acceptable monitoring and analysis
program capable of effectively tracking formation response to the SFI process must be designed.

Regulatory acceptance of this oil field waste disposal technique can be achieved through
close cooperation between regulatory agencies, waste generators, and the injection project
operators.  The key to the success is developing sound monitoring strategies which demonstrate
fracture orientation and propagation control, and reliably indicate formation response.  Evaluating
potential strategies to mitigate wastes of higher toxicity in the future may then be considered.
Ultimately, protecting human health and the environment through implementation of intelligent
remedial options will benefit regulators, operators, and society at large.  This paper reviews the
Federal framework and State regulations pertaining to high pressure injection of oil field wastes
in the oil producing states of California, Alaska, and the Gulf Coast region, and assess future
directions of regulatory policy.

INTRODUCTION AND BACKGROUND

The generation of non-hazardous oilfield waste (NOW) in oil and gas exploration,
development, and production operations results in considerable volumes of material which then
must be disposed of in some environmentally sound manner.  NOW normally consists of  liquid
waste such as produced water (brine), production well workover fluids, drilling muds, and tank
bottom sludges.  Solid waste consists of produced sand, drill cuttings, and in some cases pipe
scale.

Deep well injection of oil and gas production waste involves the generation of a
pumpable slurry of solid and liquid waste, and subsequent injection of the slurry into a high
porosity, high permeability sand formation at depths typically on the order of 4000 to 6000 ft.
The depths selected for injection must be well below any potential usable groundwater source.
With proper geological formation selection, well design, and a state-of-the-art monitoring
program, the injected solids remain entombed in the target formation indefinitely, and will have
no adverse effects on groundwater quality.

The general hydrological and geological conditions in oil and gas producing regions such
as the onshore and offshore areas of the Gulf of Mexico coastal plain, the north slope of Alaska,
and oil productive areas in California, are ideal for the permanent disposal NOW by re-injection
into the subsurface.   The geology in these areas is well documented and provides for containment
of injected waste due to the thickness and lateral extent of target stratum.

Stratigraphic sequences of alternating unconsolidated sand and shale lithologies are
characteristic of oil reservoirs and generally have appropriate thickness, porosity, and
permeability in the rock matrix for successful fracture injection.  Thick unconsolidated sand units
become the target injection formation, while overlying shale layers act as a “cap” and provide a
permeability barrier to upward fluid migration. Containment of fluids within these zones can be
relatively assured, as evidenced by the presence of deposits of oil and gas which remained in
place over extended periods of geologic time. Additional sand/shale layers overlying the injection
zone provide high permeability sand zones with auxiliary shale caps, which act as a fluid flow
sink or buffer zone to ensure isolation of injected materials from overlying formations.



Regulatory control and responsible operation of disposal projects must account for safe
waste handling at the surface, placement in the correct strata by the injection process, control over
reservoir response with time, and containment of the injected wastes in the target stratum in a safe
manner, complying with best environmental practices.  In this way, the optimal benefits and value
of both favorable economics and environmental security can be realized in waste disposal
projects utilizing this technology.

Deep well injection of NOW waste into formations of similar stratigraphy and  lithology
from whence the produced oil and gas waste material originated, is one of the most
environmentally and economically sound disposal options available for these materials.  NOW
disposal by injection into Class II wells has developed a respectable history of success in the US
over the past six years.  Successful injection operations in Alaska, the Gulf of Mexico, Texas,
California, and Louisiana have contributed to a body of knowledge and data that supports the
economic and environmental advantages of this disposal technique1-4,7-8.  This paper summarizes
NOW disposal practices in these regions which utilize deep well injection and addresses the
regulatory considerations pertinent to the technology.

HISTORICAL FEDERAL AND STATE
REGULATORY FRAMEWORK

In the United States, oil and gas is produced from over 800,000 wells across 33 States.
During a peak in 1991, over 90,000 wells were drilled in one year9.  These operations generate
large volumes of wastes which are regulated, largely at the State level, by programs consistent
with requirements set forth in three major Federal environmental statutes:

• The Safe Drinking Water Act (SDWA), which regulates underground injection
activities.

• The Clean Water Act (CWA), which regulates surface discharges.

• The Resource Conservation and Recovery Act (RCRA), which oversees the
management and disposal of hazardous and non-hazardous solid wastes.

Wastes associated with the exploration, development, and production of crude oil, natural
gas, and geothermal energy were exempted from Federal RCRA requirements in a regulatory
determination issued by the U.S. Environmental Protection Agency (USEPA) in 198810.  This
exemption was based on consideration of the high volumes and relatively low toxicity of E&P
wastes, and the potentially adverse economic impact on the petroleum industry if these wastes
were regulated as characteristically hazardous wastes11.   Examples of RCRA exempt wastes
include; produced water, drill cuttings and fluids, produced sand, tank bottom and pit sludges,
hydrocarbon bearing soils, and pipe scale. Many other wastes associated with hydrocarbon
exploration and production, including NORM, were exempted in a subsequent regulatory
determination in 1993 (58FR15284)12.

The Federal SDWA provides for the regulation of underground injection wells used for
waste disposal.  These provisions establish the Underground Injection Control (UIC) program
(see 40 CFR 144-146), which direct the USEPA to prevent contamination of drinking water



sources by underground injection and to establish a permit program for such practices.  Under a
mandate established by the SDWA, the USEPA promulgated regulations which detailed
minimum requirements for states to develop and implement UIC programs13.  The purpose of
these programs was to prevent the endangerment of underground sources of drinking water
(USDWs) by injection wells.  USDWs are defined as current or potential sources of drinking
water in aquifers which supply any public water system or contain water with less than 10,000
ppm total dissolved solids in sufficient quantity to serve as a public water system14.

Under the UIC program different classes of injection wells are specified.  Class I wells
were established for the disposal of hazardous, industrial, and municipal wastes.  Class II wells
are for the disposal of oil and gas production wastes, for enhanced oil recovery, and for the
storage of hydrocarbons.  Other special classes of wells were established for the disposal of
solution mining wastes, hazardous and radioactive wastes (now prohibited), and wastes not
covered under any other category.

For the purposes of this discussion, we will focus largely on regulations governing Class
II disposal wells, with a brief discussion of potential uses of deep well fracture injection for
hazardous wastes into Class I wells.

PERMITTING AND REGULATORY ISSUES
SPECIFIC TO NOW WASTE DISPOSAL

In the absence of Federal regulations, State provisions prevail in the handling and
disposal of non-hazardous oil field wastes.  Regulatory oversight for disposal into Class II wells
has been delegated by the USEPA largely to individual States (Primacy States), with the USEPA
administering the UIC program in the remaining States (Direct Implementation States).
Appendix A lists the Primacy and Direct Implementation States.  In Federal waters, the Minerals
Management Service (MMS) and the US Coast Guard (under the Federal Division of
Transportation) oversee regulatory issues.

High rate injection of blended (slurrified) solid and liquid oil field waste requires the
material to be injected at or slightly above the parting pressure of the formation.  Under 40 CFR
144, Class II well permits for injection of non-hazardous wastes must establish maximum
injection volumes and/or pressures necessary to assure that fractures are not initiated into the
confining zones, that injected fluids do not migrate into any USDW, and that formation fluids are
not displaced into any USDW.  The critical criterion being that confinement within the target
formation can be assessed and controlled.  Many State regulations stipulate that pressure in the
injection zone during injection may not initiate new fractures or propagate existing fractures
within the injection zone itself.  As a result, waivers of this condition must be acquired prior to
permitting in these states, or the project may be designated a demonstration project using a new
technology.



Offshore Gulf of Mexico

Historically, produced NOW in the Gulf of Mexico outer continental shelf has been
primarily disposed of by discarding the material overboard of the drilling platform.  The
regulatory environment changed this practice in January, 1997 when the Gulf coastal zone was
designated as a zero discharge zone.  This means that offshore platforms may no longer dispose
of drilling wastes into the sea and are instead compelled to transport much of this material
onshore.  Alternative disposal methods for these produced well solids include annular injection,
deep well injection, and landfill application.

 Due to the increased regulation and restrictions on overboard discharge, several
operators switched to the more environmentally appropriate practice of re-injection of produced
wastes to the subsurface2.   Most of these offshore disposal operations involve relatively low
volume injections, often reinjecting only the material produced from the drilling of that particular
well.

Alaska

The USEPA maintains primary responsibility for the administration of  various federal
environmental programs in Alaska including the UIC program, but their jurisdiction excludes
Class II wells in the state.  The Alaska Oil and Gas Conservation Commission (AOGCC) has
primacy for these Class II UIC wells.  The AOGCC permits the disposal of Class II fluids into
dedicated oil field waste disposal wells under Alaska Administrative Code 20 ACC 25.252.

Texas

Oil and gas activities in Texas are regulated by the Railroad Commission of Texas
(TRC).  It is responsible for the prevention of both waste and pollution, and most aspects of
environmental protection.  Requirements for Class II disposal wells are found in Rule 9 of the
Texas Administrative Code (TAC).  Rule 9 also stipulates construction details, testing and
operaating requirements, and maximum injection pressures.  Currently, there is no provision in
the TAC for injecting slurried solid and liquid wastes above fracturing pressures into subsurface
formations.  The TRC has, however, expressed support for a pilot-scale project to test the deep
well injection technology on a case-by-case basis15.

Louisiana

In Louisiana the oversight of all onsite Class II NOW injection projects is the
responsibility of the Office of Conservation (OC).  The OC has regulatory authority for oil and
gas waste in the state, and oversees all oil and gas disposal wells. The Louisiana Department of
Environmental Quality (DEQ) regulates the National Pollution Discharge Elimination System
(NPDES) program which covers surface discharges of NOW and other waste.  Annular disposal
of drilling and workover wastes is allowed, and over two thirds of produced water is reinjected



into the producing formation16.  Provisions contained in Statewide Order 29 cover Injection and
Mining under Title 43 of the Natural Resources code, Part 17 for Louisiana.

In 1997 Louisiana permitted the first onshore fracture injection project for NORM to
Chevron USA Production Company who began injecting NOW and NORM derived from oil
production operations.  The disposal of NORM into either a commercial or noncommercial Class
II well in Louisiana  requires both a license from the DEQ, and a Class II permit from
Department of Natural Resources.

California

As a Primacy State, California’s Division of Oil, Gas and Geothermal Resources
(DOGGR) has jurisdiction over the UIC program and issues permits for Class II injection wells in
the state, although the State Water Quality Control Board retains final approval authority over
DOGGR permits.

In concurrence with a DOGGR determination made in early 1996, the USEPA Region IX
classified crude-oil-saturated surface soil as a Class II waste.  This conclusion was based on the
following; (1) injection of this material into a depleted, oil-saturated reservoir was the best
possible form of remediation, (2) hydrocarbon-bearing soils are a non-hazardous exploration and
production waste exempted from RCRA Subtitle C regulations, (3) the proposed injectate is
integrally and uniquely associated with E&P operations, and (4) USEPA Region VI had already
issued a clarification to the Louisiana Office of Conservation stating that all E&P RCRA exempt
wastes, which include hydrocarbon-bearing soils and pit sludges, are eligible for injection into
Class II disposal wells.

These findings cleared the way for approval of the first permitted application of deep well
fracture injection for remediation of crude contaminated surface soils in California3 in the
summer of 1997.  The fracture containment provisions detailed in 40 CFR 144, and an extensive
monitoring program to verify containment of material within the target formation, were stipulated
in the permit.

DISCUSSION

There have been recent developments in the use of deep well fracture injection
for disposal of other fluids associated with oil and gas production.  In these cases, the Class II
designation is not appropriate since all of the waste may not have originated down hole.  Class I
non-hazardous wells have been proposed for use in this manner.  Historically, fracturing into a
Class I well has been prohibited (40 CFR 146).  However, in a recent application from the
Beaufort Sea off the North Slope of Alaska, the use of a Class I well to dispose of industrial waste
from an offshore rig by fracture injection has been supported by the USEPA Region 10 office.  In
this case, the waste is largely classified as E&P waste which may be injected into either a Class II
well or a Class I well.  The waste stream in this case, however, includes wastewater from rig
operations which may not be injected into a Class II well.  For this reason, a Class I well must be
utilized for injection.



In another important potential application of this technology, a public notice was
recently issued in Texas which included deep well injection  as a remedial alternative in a
Superfund cleanup of waste including hazardous material.  In this instance, deep well injection
presents an option which provides more effective protection for human health and the
environment than the alternatives17.

A formal regulatory framework has yet to be developed specifically for deep well
fracture injection disposal.  A positive trend towards permitting this technology on a case-by-case
basis in most areas should lead to wider awareness and support in the regulatory community.
Continued successful precedents of economic and environmental dividends from the
implementation of this technology may also fuel further market demand.

Developing regulations should remain flexible yet comprehensive in order to adequately
address the operational challenges of this technology, while achieving the regulatory goals of
human health and environmental security.

The ultimate purpose behind establishment of a formalized regulatory framework for deep
well fracture injection is to meet the following goals:

• Eliminate any risk of impairment of present or future resources (oil, gas, potable
water, minerals);

• Minimize any risks of the solid wastes, any liquid slurry phase, or any potential future
leachate from interacting now or in the future with shallow groundwater or the
biosphere;

• Maximize personnel safety in handling the waste material on the SFI site.

Keeping these goals in mind, one can design an injection facility and dispose of the waste
using best possible practices.  Careful supervision by and interaction with the regulatory agencies
involved in past and current operations has proven mutually beneficial.  A cooperative,
constructive relationship has evolved between the fracture injection operators and the regulators,
working together towards the regulatory agencies’ goals regarding the disposal of the permitted
waste streams, and the operators’ goals of successfully disposing of oilfield waste material in a
timely, economic fashion18.
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Appendix A
Class II underground injection control (UIC) programs are administered directly by the states through

primacy delegated by the USEPA in states which have applied for and received the Primacy State designation.  The
UIC Class II programs are administered directly through the USEPA in states that have not sought or obtained
primacy for the UIC program.  These states are designated as Direct Implementation States.  The following is a list
of Primacy and Direct Implementation States in the 34 primary oil and gas producing states as of a 1990 survey
conducted by the Interstate Oil Compact Commission (USEPA/IOCC, 1990).

                Primacy States Direct Implementation States

Alaska Arizona
Alabama Florida
Arkansas Kansas
California Michigan
Colorado Montana
Illinois New York
Indiana Pennsylvania
Kansas Tennessee
Louisiana Virginia
Maryland
Mississippi
Missouri
Nebraska
Nevada
New Mexico
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
South Dakota
Texas
Utah
West Virginia
Wyoming
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ABSTRACT

As a result of a recent legal battle between U.S. EPA and an environmental
group, it may soon be a federal criminal offense (punishable by up to $25,000 per
day and three years in prison) to hydraulically fracture an oil or gas well without a
permit.  Furthermore, pursuant to the federal Safe Drinking Water Act, the mere
potential that a frac job might contaminate a drinking water source may be sufficient
grounds to deny the issuance of an Underground Injection Control (“UIC”) permit.

In summary, it is likely that every hydraulic frac job performed in the United
States will require a permit, and in some geologic basins these permits may be
difficult if not impossible to obtain.  This paper is intended to: (A) alert industry
representatives to this potential problem impacting exploration and development
drilling programs that depend upon hydraulic fracturing activities; and (B) provide a
brief overview of options available under the law to minimize the potential impact of
any new regulations.



INTRODUCTION

Hydraulic fracturing activities associated with oil and gas wells have, to date,
avoided federal regulation as injection wells under the Underground Injection
Control (“UIC”) program established by the Safe Drinking Water Act  (the “Act”).
(1)  The recent ruling in Legal Environmental Assistance Foundation, Inc. v. U.S.
EPA, 118 F.3d 1467 (11th Cir. 1997) by the 11th Circuit Court of Appeals in
Georgia, however, held that hydraulic fracturing activities constitute “underground
injection” under the Act.  Thus, this ruling has the potential to require federal
regulation of all such fracturing activities nationwide.  Whether EPA is ultimately
required to create new regulations for hydraulic frac wells depends on how EPA and
environmental groups respond to the recent Legal Environmental Assistance
Foundation, Inc. (“LEAF”) decision.

THE “LEAF” DECISION

In the LEAF lawsuit, the Legal Environmental Assistance Foundation, Inc.
(an environmental group) petitioned the court for review of an EPA order in which
the agency denied LEAF’s petition to withdraw EPA’s prior approval of Alabama’s
Underground Injection Control (“UIC”) program.  LEAF sought the withdrawal of
Alabama’s UIC program on the grounds that it failed to regulate the hydraulic
fracturing of methane gas wells and, therefore, failed to achieve its statutory
obligation to do so under the Act.

PRIOR PROCEDURAL

The procedural history that preceded the LEAF lawsuit is extensive.  The following
paragraphs briefly summarize the relevant events.

EPA originally approved the relevant portions of Alabama’s UIC program on August
2, 1982.  In that authorization, EPA granted authority to administer permitting for
Class II wells (see description below) to the State Oil and Gas Board of Alabama.
Approximately one year later, EPA approved Alabama’s UIC program for Class I,
III, IV, and V wells, which are administered by the Alabama Department of
Environmental Management. (2)

Before filing its initial petition, LEAF inquired of the State Oil and Gas Board of
Alabama and the Alabama Department of Environmental Management to determine
whether the Alabama UIC program regulated the hydraulic fracturing associated
with methane gas production. (3) After determining that neither state agency
regulated such hydraulic fracturing operations, LEAF petitioned EPA on March 4,
1994, to initiate proceedings to withdraw EPA’s approval of Alabama’s UIC
program.  On May 5, 1995, EPA denied LEAF’s petition on the grounds that
hydraulic fracturing does not fall within the definition of “underground injection.”
(4)  The statutory definition of “underground injection” is “the subsurface



emplacement of fluids by well injection.” (5)  On June 19, 1995, LEAF filed its
petition with the court for review of EPA’s order denying LEAF’s prior petition.
The Eleventh Circuit Court of Appeals held on August 7, 1997, that hydraulic
fracturing activities constitute underground injection under Part C of the Act.

Accordingly, the court granted LEAF’s petition for review and remanded the case to
EPA for further proceedings consistent with the court’s ruling. (6)  EPA did not
appeal the Court of Appeals decision to the United States Supreme Court.  The issue,
therefore, is now back in EPA’s court to determine how to address the issue of
regulating the hydraulic fracturing of oil and gas wells.

EPA’S POSITION

To support its denial of LEAF’s petition, EPA interpreted the definition of
“underground injection” as encompassing only those wells whose “principal
function” is the underground emplacement of fluids.  Thus, according to EPA’s
argument, wells intended for the principal function of producing methane gas that
are also used to for hydraulic fracturing, do not fall within EPA’s definition of an
“underground injection” well. (7)  Despite EPA’s contention, the court disagreed.

THE SAFE DRINKING WATER

As it name implies, the purpose of the Federal Safe Drinking Water Act is to
protect all underground sources of drinking water within the United States.  To
accomplish its goal, the Act prohibits any underground injection activity not
authorized by permit or rule.

Whether by rule or by permit, the Act prohibits the authorization of any
underground injection that “endangers” a drinking water source.  The statutory
definition of the term “endangers” is very broad and includes underground injections
that may result in contaminants entering a water supply that in turn may result in that
water supply not complying with any national primary drinking water regulation.

The significance of such broad language is that it empowers EPA (or states
with primacy enforcement authority) to prohibit underground injections without any
proof that the water quality would actually be impacted by the underground
injection.  In other words, the mere potential that a hydraulic frac job might
contaminate a drinking water source would be sufficient grounds to prohibit the
underground injection.

Statutory/Regulatory

As with most federal statutes, the Act sets forth the broad terms and limitations
governing how Congress intended to regulate underground injection activities.  The
Act requires EPA, the agency deemed to have the technical expertise in such
matters, to promulgate technical regulations necessary to carry out the goals of
Congress.



Under the Act, EPA may authorize a state program in lieu of the federal program, if
the state program is at least as restrictive as the federal program.  In theory, this
federal-state interaction allows states to incorporate any additional provisions
mandated by local conditions or preferences.

Requirements under the Act

To obtain EPA’s approval, a state UIC program must contain provisions for the (A)
inspection,  (B) monitoring,  (C) record keeping, and (D) reporting of underground
injection operations.  By statute, these requirements apply to underground injections
conducted by any Federal agency as well as any other person (including companies)
whether on private or federal lands.

The Act expressly provides that any regulations promulgated by EPA (or
encompassed within a state’s UIC program regulations) may take into account the
varying geologic, hydrological, or historical conditions in different States and in
different areas within a State.  Thus, the requirements for hydraulic fracturing
operations can vary by geologic basin, formation, or field if conditions warrant such
differences.

Penalties for Non-Compliance

The Act imposes severe penalties for non-compliance.  For example, any person who
violates any requirement of an applicable UIC program is subject to a civil penalty
of up to $25,000 per day for each day of the violation and, for intentional violations,
up to three years in prison in addition to the monetary penalties.

Statutory Limitations

The Act contains several significant exceptions for activities that are not subject to
regulation under the Act.  Most notably, EPA cannot promulgate regulations that
interfere with or impede: (A) the underground injection of brine or other fluids
which are produced with oil or natural gas production or natural gas storage
operations; or (B) any underground injection for the secondary or tertiary recovery
of oil or natural gas (e.g. water floods).

The statute also contains, however, an exception to these exceptions which allows
regulation of these activities and operations if regulation is essential to assure that
underground sources of drinking water will not be endangered by the injection
operations.

Federal Regulations

As required by the Act, EPA promulgated regulations setting forth the requirements
each State must meet to obtain primary enforcement authority for the UIC program
in that State. (8)  The same regulations are used by EPA in states that do not seek
and obtain primary enforcement authority for the UIC program.



Under the regulations, states must classify all injection wells into one of the
following five classes:

Class I

Wells used to dispose of hazardous, industrial, or municipal wastes beneath
underground sources of drinking water;

Class II

Wells which inject fluids: (A) which are brought to the surface in connection with
conventional oil or natural gas production;  (B) for enhanced recovery of oil or
natural gas; and (C) for storage of hydrocarbons that are liquid at standard
temperatures and pressures;

Class III

Wells that inject for extraction of minerals, such as sulfur, uranium or other metals,
salts and potash;

Class IV

Wells used to dispose of hazardous or radioactive wastes into or above underground
sources of drinking water;

Class V

Injection wells not included in Classes I, II, III, or IV.

OPTIONS UNDER THE LAW

Administrative Law

When an administrative agency’s decision (such as EPA’s definition of
“underground injection”) is challenged, the agency’s decision is entitled to
considerable deference by the reviewing court. (9)  In reviewing an agency’s
interpretation of a statute, for example, the court must first look to whether Congress
has spoken directly to the precise question at issue.  If so, the court is obligated to
uphold the unambiguously expressed intent of Congress despite a contrary
interpretation by the agency.  If, on the other hand, the court determines that
Congress did not directly address the precise issue interpreted by the agency, the
court is not authorized to substitute its interpretation in favor of the agency’s
interpretation, unless the agency’s decision was “arbitrary, capricious, or manifestly
contrary to the statute.” (10)  If a statute is silent or ambiguous with respect to the
specific issue, the question for the reviewing court is simply whether the agency’s
interpretation of the statute is reasonable. (11)

In granting LEAF’s petition for review, the Eleventh Circuit concluded that
Congress directed EPA to regulate all underground injection activities, not just those
used primarily for that purpose.  Thus, the court did not need to proceed to the



second prong of its test, namely to determine whether EPA’s interpretation was
“arbitrary, capricious, or manifestly contrary to the statute.” (12)

Typically, the “arbitrary, capricious, or manifestly contrary to the statute” test is very
difficult to prove.  We can only speculate, therefore, as to whether the Eleventh
Circuit would have reached the same conclusion had it found the need to proceed to
the second prong of its test. Despite EPA's recent loss on the issue of what
constitutes underground injection, the “arbitrary, capricious, or manifestly contrary
to the statute” standard of review employed by the courts to review agency action
could be the key to industry’s success in minimizing the impact of any new
regulations.  The following paragraphs outline the general assumptions and strategy
that could form the architecture of a successful effort to thwart a potentially
draconian implementation of an entirely new set of federal regulations on the oil and
gas industry.  It is offered not as a final or comprehensive solution to this potential
problem, but rather as a starting point for further discussion, should the need arise.

Assumptions

First, we must assume that a sufficient body of empirical data exists to support the
factual assumption that hydraulic fracturing activities do not, in most instances, have
the potential to endanger drinking water sources.  In addition, in those geologic
settings in which hydraulic fracturing operation do have the potential to endanger a
drinking water source, we must assume that sufficient constraints can be placed on
the magnitude of a given frac job so as to limit the vertical propagation of an induced
fracture to prevent the cross-contamination of a potable aquifer with a hydrocarbon
bearing horizon.  Also, sufficient interest must exist within the industry to expend
the resources necessary to compile the data in a proactive solution to this potential
problem.

The Strategy

We know that Congress directed EPA to draft rules regulating underground injection
wells.  Following the LEAF decision, we now know that hydraulic fracturing
operations fall within the statutory definition of underground injection wells.  It is
equally clear, however, that Congress left the technical details regarding how to
regulate underground injection wells to the technical expertise of the agency.

Industry may be well served by assisting the agency in this task by providing the
agency with the technical data to support regulations that satisfy both the letter and
spirit of the Act, as well as the economic realities of the industry.  For example, in
those basins in which there is virtually no realistic threat to the endangerment of a
drinking water supply, industry may want to compile the requisite data supporting
such a claim and draft proposed regulations for the agency’s consideration.  These
draft regulations could provide categorical exemptions for the appropriate geologic
basins or stratigraphic horizons.  In those basins in which hydraulic fracturing
operations do in fact pose a potential endangerment to drinking water supplies,
industry may want to establish and fund a consortium charged with determining the
limits on the various frac parameters that will prevent such endangerment.
Industry’s proposed regulations in these basins would obviously be much more



complex than the categorical exemptions, but would maximize the probability that
workable regulations could be adopted that meet the agency’s obligations to protect
drinking water sources without effectively prohibiting exploration and development
activities altogether.

Congress clearly charged the agency with the responsibility of drafting rules to
regulate underground injections.  In reviewing any subsequent challenge of the new
regulations, therefore, a court would be bound by precedent to move beyond the first
prong of the test (i.e. did Congress speak directly to the precise question at issue)
and onto the second  “arbitrary, capricious, or manifestly contrary to the statute”
prong of the test.  These new regulations, drafted by the agency with industries’
technical support comprised of high quality, defensible scientific data that justifies
the terms and conditions of the new regulations, should be relatively impervious to
attack under the “arbitrary, capricious, or manifestly contrary to the statute” standard
of review.

Further Options Authorized by the Act

The Act allows EPA, or an authorized state agency, to regulate injection wells either
by permit or by rule.  Although the substantive standard required by either approach
should in theory be the same (i.e. no authorization unless the injection will not
endanger drinking water sources), the different procedural processes involved in a
rule-based program versus a permit-based program may be of significance to
domestic oil and gas companies.

In short, a permit based regulatory program has the disadvantage of requiring a
permit for each and every hydraulic frac job performed on a well.  On the other
hand, a permit based program provides the advantages of an increased level of
certainty regarding compliance with the statutory and regulatory requirements, and
an appeal process for the unjustified denial of a permit.  Thus, one knows with
certainty whether a proposed frac job complies with the regulations before the frac
job is conducted.

In contrast, a rule-based program sets out a predetermined set of criteria that each
frac job must comply with.  As stated above, these rules can be basin, formation or
field specific to take into account the local or regional stratigraphy, hydrology and
rock mechanics.  Such a program has the advantage of streamlining the planning
process by not requiring that a permit be obtained before performing each frac job.

The disadvantages of a rule-based program, however, are two-fold.  First, there is
less certainty that any given frac job will be in compliance with the preordained
rules, particularly in those gray areas where the criteria set forth in the rules may be
subject to variations in interpretation, or where the parameters of the frac job push
the technical limitations imposed by the rule.  As a result, one may find, after the
fact, that a frac job is out of compliance.  Thus, a rule based regulatory program
provides less legal certainty than a permit based program.  Second, a poorly drafted
rule may subject operators to unduly harsh requirements that are not justified by the
geologic and hydrologic conditions.



Of course a well drafted set of rules could turn this second factor into a distinct
advantage.  Ideally, a rule based program that is tailored to the local or regional
geology, and which documents from an historical perspective the hydraulic
fracturing parameters required to prevent the endangerment of drinking water
sources in a basin or field on a formation by formation basis, would provide a clear
and concise set of rules that is both easily complied with and easily enforced.  To
accomplish this, however, requires close cooperation between rulemakers and
industry representatives to ensure that the interests of both industry and the
regulators are met.

Proactive involvement on this issue will increase the probability that industry can
control, or at least influence, the ultimate format of any future regulations.  A
proactive effort should also increase the probability that future hydraulic frac
regulations will fall under the jurisdiction of each state’s respective oil and gas
commission, as opposed to the environmental water quality regulatory bodies of
state government that arguably lack the required technical understanding of the
petroleum industry.

CONCLUSIONS
It is very unlikely that the hydraulic fracturing of oil and gas wells will

continue to evade environmental regulation at the federal level.  As a result, EPA
and states will likely be required to develop regulations that address the hydraulic
fracturing of wells in their respective UIC programs.

As the hydraulic fracturing of wells becomes an increasingly important
component in the economic viability of drilling programs, it is important to take
steps now to minimize the impact of this anticipated additional level of regulation on
the domestic oil and gas industry.  Without industry’s proactive involvement, these
new regulations have the potential to, at best, create additional delays in realizing the
revenue stream from drilling programs due to delays in the permitting process.  At
worst, these new regulations could shut-down drilling operations altogether in
certain fields, formations and/or geologic basins.

Accepting the inevitable fact the new regulations will ultimately be required,
and taking proactive steps to support the drafting of such regulations, whether by
rule or by permit, with high quality and defensible scientific data, should enhance
industry's opportunity to operate in all basins without endangering drinking water
supplies or subjecting itself to unnecessary and potentially draconian obstacles.
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Abstract

Exploration and production activities conducted in Louisiana are subject to
numerous federal, state, and local laws and ordinances.  This paper reviews, from an oil
and gas regulatory consultant perspective, the complex regulatory maze by which
exploration and production activities are regulated and the permit process oil and gas
companies must comply with to get the necessary permits and authorizations required to
conduct their specific operations. Several attributes, issues, or concerns regarding
exploration and production activities can cause the permitting process to be more or less
intensive, expensive, and lengthy.  Among the most critical are: 1) whether the site is
within the Coastal Zone Management Area; 2) whether or not wetlands will be impacted
and the amount of wetland fill or dredging involved; 3) whether the project will fall
under the umbrella of existing General Permits or require the issuance of an Individual
(site specific) Permit; 4) whether there are other types of protected or sensitive natural
resources (e.g. endangered species, bird colonies, oyster reefs, etc.); and 5) whether the
site is protected public lands or private lands. This paper will also outline the regulatory
agencies and commenting resource agencies, which make up the regulatory permitting
process.
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GENERAL REQUIREMENTS AND
AGENCIES INVOLVED

Provided is a brief introduction to the regulatory and environmental permit process
(e.g. suggested upfront environmental work, probable required permits, probable time
requirements to permit) of oil and gas exploration and production activities in Louisiana. 
The provided information is very general as the process is fairly convoluted, however, it
should give the reader an idea of what one is up against in Louisiana, and the approximate
amount of upfront time you need to secure regulatory approvals prior to conducting
exploration and production operations. 

Several attributes, issues, or concerns regarding the proposed project or well site
can cause the permitting process to be more or less intensive, expensive, and lengthy. 
Among the most critical are: 1) whether the site is in or out of the Coastal Zone
Management Area; 2) whether or not wetlands will be impacted and the amount of
wetland fill or dredging involved; 3) whether the project will fall under the umbrella of
existing General Permits or require the issuance of an Individual (site specific) Permit or
not; 4) whether or not there are other types of protected or sensitive natural resources
(e.g. endangered species, bird colonies, oyster reefs, etc.); and 5) whether the site is
protected public lands or private lands.  These key issues bear further discussion.

The primary permitting agencies from which authorization may
be required include:

Federal
U. S. Army Corps of Engineers  (COE)

Section 404 Permits (wetland dredge and fill)
Section 10 Permits (work in navigable waters)

U. S. Environmental Protection Agency (EPA)
NPDES Permits (wastewater and stormwater discharge
permits)

State
Louisiana Department of Natural Resources (LADNR)

Office of Conservation (OOC)
Permit to Drill (all wells)
UIC (injection of wastes, pit closures, etc.)

Coastal Management Division (CMD)
Coastal Use Permit (activities in Coastal Zone)

Louisiana Department of Environmental Quality (DEQ)
Water Discharge Permits (discharge of muds, cuttings, and
produced water)
Air Permits (for production facilities)



Parishes
Many but not all require Construction Permits for well drilling, pipeline
installation, etc.

Secondary agencies, which may require approval, Letters of No
Objection, or permits under special conditions include:

Federal
U. S. Fish and Wildlife Service (USFWS)

Letters of No Objection
Special Use Permits (projects on Federal Lands)
Environmental Assessments (large scale projects on Federal Lands)

State
Louisiana Department of Wildlife and Fisheries

Seismic Section
Seismic Permits

Environmental Branch
Letters of No Objection
Oyster Assessments (projects within .25 mile of oyster leases)
Special Use Permits (projects on State Lands)

Louisiana Department of Transportation and Development
Driveway Permit (projects accessed off State highways)

Louisiana Department Health & Hospitals
Letters of No Objection

Coastal Zone

1) Coastal Zone - From the Mississippi coast to the Texas coast the parishes
which are adjacent to the coastline, and the parishes surrounding Lake Pontachatrain
make up the coastal zone.  The parishes which make up the coastal zone either in portion
or the entire parish include the following Ascension, Calcasieu, Cameron, Iberia,
Jefferson, Lafourche, Livingston, Orleans, Plaquemines, St. Bernand, St. Charles, St.
James, St. John the Baptist, St. Martin, St. Mary, St. Tammany, Tangipohoa, Terrebonne,
and Vermilion.  This geographical area is regulated by the Coastal Management Division
(CMD) of the Louisiana Department of Natural Resources (LADNR). The CMD
generally takes jurisdiction over any development activity (including well drilling,
pipeline installation, etc.) in areas that are at an elevation of 5.0 MSL or less.  A Coastal
Use Permit (CUP) would be required from this agency prior to conducting any such
activities in these areas.  A number of General Permits are available from CMD for
various oil and gas activities, however, many oil and gas activities, especially those
requiring extensive access construction (i.e. board roads, dredging) do not fit the criteria
under these permits and a Coastal Use Permit would be required.  The CMD acts as a
clearinghouse for permitting such activities.  Application is made to CMD, and CMD
then involves numerous other agencies such as the US Department of the Army Corps of



Engineers (COE), US Fish and Wildlife Service (USFWS), National Marine Fisheries
Service (NMFS), Louisiana Department of Environmental Quality (LADEQ), Louisiana
Department of Transportation and Development (LADOTD), Louisiana Department of
Health and Hospitals (LADHH) , and the affected Parish.  All these agencies then have
the opportunity to provide comments concerning the permitting of the proposed activity.

Wetlands

2) Wetlands - The presence of wetlands within a project area (and therefore
potential wetland impacts) is an important issue.  The US Department of the Army Corps
of Engineers (COE) has jurisdiction over all wetlands in the State of Louisiana.  The
Coastal Management Division (CMD) of the Louisiana Department of Natural Resources
(DNR) also has jurisdiction over wetlands if the site is within the Coastal Zone.  These
wetlands are defined, identified, and delineated in the field per federal regulations (Clean
Water Act, 33 CFR Part 329, and associates rules and directives) and by the Corps of
Engineers Wetlands Delineation Manual (Environmental Laboratory 1987).  A Section 404
Permit is required from the COE prior to conducting any activities such as land clearing,
construction, earth movement, filling, or dredging within wetlands.  There are, however,
four different COE Districts (Galveston, Fort Worth, Vicksburg, Mobile, and New
Orleans districts) with jurisdiction over different sections of the state.  The permit
process varies from district to district due to the presence of different General Permits
available in different districts.  In areas where it is questionable whether the drill site or
access road is within wetlands, a wetland delineation should be conducted; this work will
indicate whether there are wetlands and how much wetland would be impacted by the
project as proposed.  If the site is known to be upland (non-wetland), a delineation is not
technically needed and the COE is not involved.  However, wetlands are difficult to
identify by laymen and as consultants we always recommend that it be verified with the
COE.  If the site is known to be entirely within wetland, the delineation may be skipped
(in some districts) and the operator moves directly to the permit process (application). 
The COE has issued a number of Nationwide and General Permits for some types of oil
and gas activities.  If the subject project meets the conditions of one of these permits, the
permit process is often shortened to 25-45 days.  If it does not, an Individual permit must
be applied for which commonly takes 46 to 90 days or more.  Other permitting issues
that arise when permitting with the COE for wetland impacts are mitigation and
Geologic Review. 

Water Quality Certifications

Water Quality Certification must be obtained from the Louisiana Department of
Environmental Quality (DEQ) for all COE/CMD wetland permit applications that involve
dredge and fill activity.  An application and a processing fee ($265.00) must be submitted
to the DEQ who in turn requires the applicant to publish a public notice at his own expense
(approximately $125.00) in the official State journal, the BATON ROUGE STATE
TIMES.  The ad runs one time and allows interested parties a period of 10-days to comment



on the project.  If no adverse comments are received in response to the public notice, the
DEQ then issues a Water Quality Certification covering the proposed activity.

Geologic Review Process

All well projects which require a board road or dredging in the coastal zone, and
many wells in wetlands outside of the Coastal Zone, will be required by the COE and
CMD to undergo Geologic Review. The Geologic Review Process is a means of
determining if a proposed well could be directionally drilled from an existing, less
environmentally damaging location.  Geological Review meetings are normally held prior
to submitting an application for new dredge and fill activity, and as a rule, the applicant
obtains a determination before leaving the meeting on whether his application can be
processed as it is proposed.  Several factors, such as engineering, geology, legal, economic,
and environmental, are considered in the determination process.

It is almost always more expedient to avoid wetlands than to construct projects
such as wells or facilities within wetlands.  Such construction requires additional state and
federal permits.  Wetland dredge and fill permits can take up to 120 days or more
depending on the complexity of the activity for the well/facility.  Wells in non-wetland
situations can often be permitted in 10 to 20 days. 

General, Individual and Nationwide Permits

3) General and Individual Permits - There are three basic types of permits,
Individual Permit, Nationwide Permits, and General Permits which must be obtained from
the US Department of the Army Corps of Engineers.  Individual Permits are issued one
time for a specific proposed activity at a specific site, for a specific time period. 
Applications for most Individual Permits have an associated Public Notice and Public
Comment whereby the agency or applicant posts notice of the application and project in
official newspapers and elsewhere, and the general public is given opportunity (usually 20
to 30 days) to comment on the project and application.  To go through the entire application
process for an Individual Permit usually requires 45 to 90 days (and sometimes more).  A
Nationwide Permit is a type of umbrella permit issued by the COE.  Each Nation-wide
Permit is for a certain class of activities such as installation of a pipeline in an existing
canal, or constructing an access road across a wetland.  Some Nationwide Permits require
notification to the agency (COE) and some do not, however, it is the applicant’s
responsibility to be certain that the project meets all conditions of the permit.  If it does not,
the project is not covered and the activity is not authorized.  We always recommend
notifying the agency in advance and requesting verification of coverage. General Permits
are similar to Nationwide Permits in that they are umbrella permits for a class of activities,
however, they are issued for a smaller geographical area.

General Permits are issued by a number of agencies for various permits such as
Section 404 (COE), Coastal Use Permits (CMD), NPDES Permit (EPA), and Water
Discharge Permits (DEQ). These agencies have formulated several general permits for oil



and gas exploration and production activities located within their areas of jurisdiction. 
Basically, the general permits allow activities that meet with specific criteria to be
approved without being advertised on public notice.  Processing time for activities that
qualify for approval under general permits is therefore shorter than for Individual Permits,
and commonly ranges from two weeks to approximately 45 days.  The COE exempts
activities approved under general permits from their $100.00 permit fee.  However, the
CMD imposes a $20.00 application fee and a permit fee of $.04 per cubic yard of dredged
material, not to exceed $2000.00, on all dredge and fill activities in the Coastal Zone.

Mitigation

Mitigation is the replacement (by the applicant/operator) of wetland functional
values, which were impacted by the project.  This is often on a one to one basis (acre for
acre) for the amount and type of wetland impacted.  The most common type
(compensatory) of mitigation involves the construction of one acre of a given type of
wetland (e.g. fresh marsh, swamp, etc.) for each acre filled or dredged.  The construction
may be done by the operator or the operator may contribute moneys to someone else who
is constructing mitigation.  Mitigation can be costly ($1,000.00 to $10,000.00 per acre)
and can slow down the permit process if suitable mitigation can not be found or an
agreement can not be reached quickly.  The landowner has first “right of refusal” as to
where and how the mitigation will be conducted and, of course, the agencies must agree.

Natural Resources

4) Natural Resources - Several types of natural resources other than wetlands can
complicate the permitting process when they are located at or near the proposed site.  These
types of resources include such things as oyster reefs, levees, endangered species, and bird
rookeries.  The state has issued thousands of leases ranging from 0.5 acres to 100’s of
acres, of State waterbottom, to private citizens, for the culture and harvest of oysters. 
Dredging, filling, construction, and discharge of wastes from drilling operations can impact
oyster resources.  Presence of or proximity to such oyster leases makes most General
Permits unavailable to such projects which increases permit application time.  Louisiana
Department of Wildlife & Fisheries (LADWF) may require that the applicant conduct an
oyster assessment in the project site.  The applicant would need to negotiate a settlement of
any damages to the oysters.  The presence of or proximity to endangered species will also
void any General Permits and may be cause for redesign.  The most common example is a
Bald Eagle nest.  If the site is within 1.0 mile of a nest, it will not fit a General Permit and
there may be time windows in which the activity can not be conducted.  There are
numerous federally and state-funded levees in Louisiana - particularly South Louisiana. 
Proximity to such levees will likely be cause for obtaining permits from the respective
Levee Board.  There may also be seasonal time periods when drilling can not be conducted
within certain distances from the levee.



Land Ownership

5) Land Ownership - Leases must be obtained from the Louisiana State Land
Office for any drilling or pipeline installation on or in state water bottoms.  These leases
can usually be obtained within 30 days.  If the land is owned or managed by the state or
federal government, a Special Use Permit may be required. If the project is large scale such
as numerous wells on an undeveloped property, or a 3-D seismic operation, an NEPA type
Environmental Assessment may be required.  Oil and gas exploration has been allowed on
most of the refuges and wildlife management areas, however, special demands or
conditions have often been mandated.  Projects with large amounts of dredging or filling of
wetlands may be refused.

Typical Time Allowances

1) Drilling a single well in the upland outside the Coastal Zone

Permit to Drill
Estimated time required - 10 days

2) Drilling a single well in the wetlands outside the Coastal Zone

Permit to Drill
Section 404 Permit
Estimated time required - 30 - 45 days if General Permit, 45 - 90 days if Individual
Permit

3) Drilling a single well in the wetlands in the Coastal Zone

Permit to Drill
Section 10 and 404 Permits

Geologic Review
Mitigation

Coastal Use Permit
Water Quality Certification
NPDES Permit
Water Discharge Permit
Letters of No Objection from USFWS, LADOTD,
Estimated time required - 30 - 45 days if General Permit, 45 - 120 days if
Individual Permit
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Abstract

Every industry generates waste in some form as a necessary part of ordinary
production.  Waste takes many forms, some labeled “hazardous” and some non-hazardous.
 The disposal and handling of such waste has become an increasing concern for industry. The
Oil and Gas industry is no exception.  Regulatory guidelines and environmental laws  have
grown significantly over the past twenty to thirty years due to in many respects developments
in science and technology.  Prior to the development of modern environmental law, many
practices of disposal and handling were lawfully implemented.  Many of these practices are
now either illegal or are heavily regulated.

The Oil and Gas industry, as with all industry, must of course take all precautions to
ensure that its waste is handled, transported, and disposed of in compliance with legal and 
regulatory requirements.  Issues now can, and do, arise where an industry which is in full
compliance still face legal challenges.  Regulatory compliance cannot be considered a shield
from civil litigation.  Civil litigation can take many forms.  Traditional claims arising under
common law tort actions–property damage, exposure, etc.–still remain.  However, there are
newer, more innovative theories of law that are gaining in popularity.  Many of these theories
come under the label “environmental justice.”  Environmental justice is a nomenclature
gaining in popularity among various plaintiff’s groups.  Of great significance is the fact that
with these new theories, the  issues are no longer viewed solely from the perspective of
monetary damage awards to compensate for injury to real property or medically diagnosable
physical impairments.  Rather, the scope of concern has broadened to include political, social
and economic issues.  Where waste has been or will be disposed is now as critical as the form
or nature of the waste.



Introduction

Oil and Gas exploration and production has a great number of social and economic
benefits which, when viewed in isolation, demand continued efforts to efficiently and wisely
produce these natural resources.  Implementation of conservation laws and regulations ensure
that the resources will not be wasted through production and that the surrounding environment
 not be unnecessarily impacted.  Actually, as the industry has progressed, through technology
and other improvements, conservation has improved and environmental awareness has
increased.  While inexpensive extraction of these natural resources is of central importance,
it is only a component of a whole package of considerations facing the E & P industry. 
Disposal of the wastes generated through the exploration and production process is another
 significant consideration.

What is N.O.W.?  It is an acronym representing “non-hazardous oil field wastes.”  By
definition the substances of concern are non-hazardous. This phrase typically is understood
to include  neither those wastes within the Resource Conservative and Recovery Act’s
(RCRA’s) list of hazardous wastes nor within the definition of characteristic wastes.  Such
wastes, for the general purposes of this paper, include produced water as well as various
production fluids–drilling muds whether oil or water based and the like.  These wastes are
generated in virtually any normal exploration and production process.  It is not the purpose of
this paper to identify and discuss the particular composition of  each waste, nor even to discuss
particular regulatory issues.  Rather the primary issue addressed in this paper concerns the
legal implications of disposal of such wastes.

The critical issues facing the industry require an examination of current disposal
practices as well as an assessment of future disposal options.  Certainly, technology and
increased awareness can assist in the evaluation of these issues; however, the modern world
now views the environment through a lense somewhat different than the one from  a half a
century ago when the industry was in its formative stage of development.

Many scientific and technological improvements have been made over the last 20
years–improvements which have enhanced efficiency and provided greater environmental
protection.  For example fields once abandoned as economically nonviable have been  revived
through technologies such as secondary and tertiary recovery methods and others.  Although
this evolution has occurred, this same period has been marked by ever-increasing regulatory
control as well as by heightened public scrutiny.  There has been increased momentum from
the private sector through activism which has caused or, at a minimum, promoted increased
regulatory activity.  Beginning in the early 1970's through the present, awareness of and
participation in environmental issues has expanded beyond the ranks of botanists and
ecologists and into literally every home in America.

Many environmental issues have been brought to the forefront via the process of
litigation.  Some environmental litigation has its place.  There has been considerable
commercial growth over the past century which has proceeded at the expense of or without
regard to the environment.  Courts can provide legal redress for those who have suffered
compensable damages.  For the most part, the claims asserted by plaintiffs have taken



traditional forms, such as claims for personal injury and property damage.  The theories of
recovery have principally been of trespass, nuisance, negligence and strict liability.   However,
newer more novel theories of relief have emerged based on a very different premise–
Constitutional law.

The United States Constitution guarantees that every citizen, with a few exceptions,
shall be protected equally.  Whether the law does in fact protect each member of society in the
same way is debated in many contexts including, now, environmental law.

“Environmental justice” is a phrase that has, in the last decade, become  prominent
in discussions of matters relating to the environment.  This phenomenon involves the assertion
that  minority populations bear a disproportionate burden of the pollution that is generated in
this country.  While most of the focus of controversy has been the siting of hazardous waste
facilities, this movement has implicated other areas of environmental law.  Specifically,
disparate impact of pollution has been alleged to be the result of the siting of  non-hazardous
waste disposal facilities.  In addition, many groups allege that unequal application and
enforcement of environmental laws has left minorities without adequate relief from the
impacts of pollution.  Environmental justice, probably best described as a theme, focuses
on the distribution of environmental hazards across society.1  This general description,
however, is incomplete and fails to reflect the themes that undergird the movement.  These
underlying themes include law, sociology, civil rights, psychology and politics.  The legal
components include Constitutional law, land use law, civil rights and traditional
“environmental law.”

Generally, however, the environmental justice theme involves the perception that
federal and state environmental laws, primarily enacted to protect the health of all people, have
failed to protect minority segments of the population in the same manner as other more
affluent members of society.  Perception is often a pivotal component.  Because of heightened
scrutiny by regulators and the general public industry has been called upon to revisit (or
perhaps visit for the first time) issues pertaining to (1) location of current disposal activity, and
(2) prospectively where to dispose in the future.  Industry has been placed on alert and on the
defensive.

Questions relating to disposal decisions now include consideration not only of
regulating compliance, but also of perception.  The regulated community must analyze a
variety of concerns that impact public perceptions.  The path to a profitable and sustainable
business may be obstructed by these questions.

                                                
1Richard J. Lazarus, The Meaning and Promotion of Environmental Justice, 5 Md.

J. Contemp. Leg. Issues 1 (1994).



History of the Environmental Justice Movement

While the use of the phrase “environmental justice” has only recently come into
common usage in academia and the judiciary, the popular belief that minorities in this country
bear a disproportionate burden of pollution dates back to the early 1970's.  In 1971 the 
President’s Council on Environmental Quality (CEQ) conducted a study of pollution and
reported that the hazards of pollution were distributed disproportionately on minority
populations.2

Studies

In 1982 an event most commonly attributed with giving “birth” to this movement
occurred.  The proposed siting of a polychlorinated biphenyl (PCB) landfill near a
predominantly African-American community in Warren County, North Carolina drew a highly
publicized protest.3  Minority residents of the county alleged that the siting decision was
racially motivated.  Marches and protests akin to the civil rights movement of the 1960's
occurred and drew national attention.4    One of the key participants in the march, Dr.
Benjamin Chavis, now well known for his work with the NAACP, coined the phrase
“environmental racism,” stating: 

Environmental racism is defined as racial discrimination in environmental
policy making and the unequal enforcement of environmental laws and
regulations.  It is the deliberate targeting of people of color communities for
toxic waste facilities and the official sanctioning of a life threatening
presence of poisons and pollutants in people of color communities.5

The Warren County protests drew the attention  of Congressman Walter E. Foundry,
who was arrested along more than four hundred (400) other people.6  After the protest failed
to block the facility, Foundry called for the United States General Accounting Office (GAO)
to investigate and study the racial and economic status of communities located near hazardous
waste landfills.7  The governments study found that minority communities were most
                                                

2Robert M. Frye, Environmental Injustice: The Failure of American Civil Rights and
Environmental Law to Provide Equal Protection From Pollution, 3 Dick. J. Envtl. L. & Pol’y
53, 54 (1993).

3Lazarus, supra note 1, at 1; Frye, supra note 2, at 54.

4Id. at 57.

5Frye, supra note 2, at 55.  This statement illustrates the inflammatory qualities of the
terms in which activists communicate regarding issues in this area.

6Id. at 56.

7Id.



frequently the hosts of such sites.8  The unanswered question, however, is why were the
landfills located where they were.

In 1987,  the United Church of Christ’s Commission for Racial Justice conducted the
first comprehensive national study of the distribution of hazardous waste sites and the racial
and economic makeup of the communities surrounding them.9  The report, “Toxic Wastes and
Race,” found a national pattern of disproportionate siting of hazardous waste facilities in
communities of color.10

In 1987 sociologist Robert Bullard published a study of all of the hazardous waste
landfills located in the forty-eight contiguous states.  In this study Bullard found that one-third
of these facilities were located in five Southern States (Alabama, Louisiana, Oklahoma, South
Carolina and Texas) and that these landfills handled sixty percent of the nation’s hazardous
wastes.11  Additionally,  Bullard found that three of the five largest commercial hazardous
waste landfills were located in areas where Blacks and Hispanics composed a majority of the
host community population.12

Bullard noted that the citizens viewed the issues in a variety of ways: as an
environmental problem, as a public health problem, as an equity or social justice problem and
as an economic trade-off problem.13  The study found that communities responded in different
                                                

8 The resulting GAO report, which examined offsite hazardous waste landfills located
in the eight southeastern states (which comprise EPA Region IV), found four landfills in the
region, three of which were located in communities having a majority African American
population and most of which had incomes below the poverty level.   Here, the findings of the
study showed the impact upon minorities.

9Id.

10The central findings of the study were:  (1)  over fifteen million of the twenty six
million blacks and over eight million Hispanics in the United States live in communities with
one or more uncontrolled toxic waste sites;  (2)  the proportion of minorities residing in
communities where a commercial hazardous waste facility is located is double that of
communities without such facilities; where two or more such facilities are located, the
proportion of minority resident is more than triple;  (3)  three of the five largest commercial
hazardous waste landfills, accounting for 40% of the nation’s total estimated hazardous waste
landfill capacity in 1986, [was] located in predominantly black or Hispanic communities.   Id.
citing COMMISSION FOR RACIAL JUSTICE, UNITED CHURCH OF CHRIST, TOXIC
WASTES AND RACE IN THE UNITED STATES: A NATIONAL REPORT ON THE RACIAL
AND SOCIOECONOMIC CHARACTERISTICS OF COMMUNITIES WITH HAZARDOUS
WASTE SITES (1987).  See also Robert D. Bullard, DUMPING IN DIXIE: RACE, CLASS
AND ENVIRONMENTAL EQUALITY (1990).

11Robert Bullard, Dumping in Dixie.

12Id. at 40.

13Id.



ways, including pursuing governmental action, administrative action, private lawsuits,
demonstrations, petitions and referendums, lobbying, press campaigns and even with
violence.14  Outcomes in each case varied, ranging from forcing closure of existing sites, to
capacity reduction to postponement of action on a proposed siting.15  The Bullard study
revealed environmental justice controversies implicate a multiplicity of perceptions:
perceptions relating to race, class, affluence, civil rights and law.

Activists also point to a number of studies which were conducted in the 1990s which
they argue support the claim that minorities tend to suffer greater effects from pollution. 
While these studies arguably do support the contention that minorities and lower income
groups suffer a greater impact from pollution, they fail to identify specifically the cause.

Culprits and Causes

There is no consensus on what the above studies prove, nor is there any consensus
even among activists as to all of the potential causes of disparate impact.  Environmental
activists such as Benjamin Chavis subscribe to the theory that the cause is discriminatory
intent and that “ environmental injustice” is only a symptom of an inequitable society.  Others
claim that any disparate impact on minorities and the poor, if it does exist, is the result of
institutional forces and market dynamics, i.e., the land used was less expensive.  A proposed
but likely incomplete list of potentially responsible forces includes:

(1) Intentional discrimination (racial animus);
(2) Institutional racism (unconscious);
(3) Disparity in political and economic clout;
(4) The “Not In My Backyard” (NIMBY) effect in reaction to Locally 

Unwanted Land Uses (“LULU’s”);
(5) Diminished mobility of minorities and lower socioeconomic 

groups to avoid and move away from sources of pollution;
(6) Voluntary acceptance of environmental hazards in exchange for 

monetary compensation;
(7) Market forces such as the decline in property values in 

communities that receive environmental hazards and other 
LULU’s; and

(8) Predominantly local control over siting decisions regarding hazardous waste
facilities and the absence of siting criteria in federal environmental laws and
regulations.

Intentional Discrimination

Activists argue that direct evidence of intentional discrimination exists.  In 1984 the
California Waste Management Board (CWMB) retained the consulting firm of Cerrell

                                                
14Id.

15Id.



Associates to advise it regarding the siting of three privately-operated municipal waste
incinerators, a project known as the Los Angeles City Energy Recovery Project (LANCER).16

 The report, uncovered by an opponent of the project, defined the demographics of areas where
the CWMB could expect opposition: liberal, college-educated, young or middle-aged, mid-to-
high income groups in urban areas.17  Further, the report advised that where the least
opposition would be encountered “in areas of lower socioeconomic residents, neighborhoods
with some category of economic need, areas that were heavily industrialized and communities
with little commercial activity.”18  The report advised the CWMB to locate the plants in
accordance with these considerations and to use a public relations program to minimize the
resistance.19  Activists and commentators have contended  that many industrial firms,
especially waste disposal companies, have located facilities in politically and economically
impoverished areas in an effort to avoid any organized opposition.20

Institutional Discrimination

Many activists in the environmental arena contend that disproportionate burdens for
pollution on minorities result from institutional forces and not from intentional discrimination.
Environmental protection is indeed full of distributional implications.21  For instance,
environmental laws and regulations carry the potential for risk aggregation.22 One problem is

                                                
16Frye, supra note 3 at 59.

17Id.

18Id.

19Id.  While the report does evidence an intent, it is obviously arguable that this was
not a form of racial animus but rather a business decision.

20This practice is said to be most pronounced in the Southeast, where many of the
controversies over siting of LULU’s have arisen.  In recent decades there has been a significant
increase in the location of polluting industries (particularly paper, chemical and waste disposal
firms) in the South, where a much higher percentage of minorities live.  In 1987 nine of the
twenty-seven hazardous waste facilities operating in the United States (and representing nearly
60% of the nation’s landfill capacity) were located in Alabama, Louisiana, Oklahoma, South
Carolina and Texas.  Wiygul and Harrington, supra note 26, at 409.

21Id.

22Id.  An example of this factor can be seen in environmental cleanups, where
pollution is not eliminated, but rather is relocated, as is the case in the cleanup of a Superfund
site under CERCLA.  “The problem of aggregation is realized when the residual risks from
a series of distinct cleanup activities are all brought together in one place.” Id.  The best
example of this aggregation can be found in the Emelle, Alabama, a predominantly African-
American community in which is located the facility that between 1984 and 1987 received
nearly 40% of the toxic waste removed from national Superfund cleanup sites.  See Bullard,
supra note 12, 69-73.



that “the geographical location of the new site for residual risks is worse off, as are those that
reside in that community.”23  While total environmental risks are lowered and society as a
whole is better off, those exposed to the site of aggregation of risk are usually worse off.24 
Some commentators  contend that there is the potential for policymakers to make judgments
that rely on stereotypical assumptions such as the belief that minorities are not as concerned
about the environment and their community.25

Economic and Political Clout and Their Interaction with NIMBY

Other factors, unrelated to race, likely have a hand in environmental inequity.26  The
United Church of Christ’s report acknowledged the involvement of the following factors:

(1) the availability of cheap land, often located in minority communities
and neighborhoods;

(2) the lack of local opposition to the facility, often resulting from minorities’
lack of organization and political resources as well as their need for jobs; and

(3) the lack of mobility of minorities resulting from poverty and housing
discrimination that traps them in neighborhoods where hazardous waste
facilities are located.27

While there is general agreement that these factors contribute to the problem of
disproportionate impact of pollution on minorities, the questions concerning the extent of their
role and how they may interrelate are unresolved.

Some commentators have posed the specific question of whether the host
communities were disproportionately minority or poor at the time they were selected.28  Vicki
Been has placed this question sharply in focus, contending that the most frequently cited
studies (including the GAO study, the United Church of Christ Commission on Racial Justice
study and the study by Robert Bullard) do not address the question of whether the host
communities were disproportionately minority or poor at the time the sites were selected.29

                                                
23Id.

24Id.

25Id.

26Duncan, supra note 21, at 322.

27Id.

28Vicki Been, Locally Undesirable Land Uses In Minority Neighborhoods:
Disproportionate Siting Or Market Dynamics?, 103 Yale L.J. 1383, 1384 (1994).

29Id.



Most of the studies, including the GAO and UCC studies noted above, compare
current socioeconomic characteristics of communities that are home to LULU’s to the
characteristics of communities that do not host LULU’s.30  This methodology leaves open the
possibility that the siting decisions were made fairly, and that subsequent events produced the
disproportionate distribution of LULU’s.31

Been explores the alternative explanation that neighborhoods hosting LULU’s
became poorer and home to a greater percentage of people of color over the years following
the initial siting.32  This question is clearly valid and crucial.  If the siting process alone is
responsible for the disproportionate placement of LULU’s in minority communities, the scope
for reform is fairly narrow.33  However, if the disproportionate distribution is caused
essentially by market forces “which drive the poor, regardless of their race, to live in
neighborhoods that offer cheaper housing because they host LULU’s, then the fairness of the
distribution becomes a question about the fairness of our market economy.”34

Been examined this alternative explanation by expanding on two of the most
frequently cited studies, the GAO study mentioned above and the study by Robert Bullard.35

 Been expanded the initial studies by comparing the data used in each to data on the
demographics of the host communities recorded in the census of 1970 and 1980.36  Been
found the Bullard study indicated that market dynamics may have played a significant role in
creating the disparity between the “racial composition of host communities and that of non-
host communities.”37

Been determined that among the sample neighborhoods, LULU’s were initially sited
somewhat disproportionately in poor communities and communities of color.38  However, it
was also found that after the initial sitings, poverty levels and percentages of African-

                                                
30Id.

31Id. at 185.

32Id.

33Id. at 1390.

34Id. at 1391.

35Id. at 1386.  The Bullard study was conducted by sociologist Robert Bullard, the
author of Dumping in Dixie, and concerned the location of incinerators and landfills in
Houston, Texas.

36Id.

37Id.

38Id.



Americans in these host neighborhoods increased, and property values declined.39  The Been
study, therefore, suggests that while siting decisions disproportionately affect minorities and
poor, market dynamics also plays a significant role.40

The interplay of market forces in this area of study is pronounced.  The United States
residential market is “extremely dynamic,” as is evidenced by the fact that in every year
approximately twenty percent of the United States households move.41  Been contends that the
choice of the new neighborhood is primarily a function of two factors: cost of the housing and
the characteristics of the neighborhood.42  LULU’s can affect a neighborhood in two major
ways: (1) an undesirable land use may cause those who can afford to move to leave the
neighborhood; and (2) the LULU may decrease the value of the neighborhood’s property,
making housing more available to lower income persons and less attractive to higher income
persons.43

Many activists also contend that the real estate market itself forces minorities,
particularly African-Americans into less desirable neighborhoods, regardless of their income.44

 They further contend that once a neighborhood becomes predominantly minority populated,
racial discrimination in enforcement of zoning and environmental laws, the provision of
services, and lending practices of banks can force the neighborhood into further decline.45  In
completion of the vicious cycle, “the additional decline, in turn, will induce those who can
leave the neighborhood – the least poor and those least subject to discrimination to do so.”46

Market dynamics are likely to cause poor and minorities to move to and/or remain in
the neighborhoods hosting LULU’s “regardless of the demographics of the communities when
the LULU’s were first sited.”47  Therefore, while market forces that impact minorities may be
a contributing factor in the location of LULU’s, it is even more clearly demonstrated that once
in the host community, market forces are largely responsible for exacerbating the impact of
the LULU on minorities and the poor.

                                                
39Id. at 1387.

40Id. at 1387.

41Id. at 1388.

42Id.

43Id. at 1388-1389.

44Id.

45Id. at 1389.

46Id.

47Id. at 1390.  This tendency, generally, is more pronounced in the South, where the
lines of segregation remain more definitive in the realm of residential housing.



The importance of determining the role of market dynamic on the question of
remedies for reform is self-evident.  Arguably, reform of the siting process alone might only
have a limited effect.48  Reform to ensure fair distribution of LULU’s may be ineffective
because it is likely that the host communities chosen will become less desirable, property
values will drop and soon be left to less affluent, “recreating the pattern of inequitable
siting.”49  Real reform, therefore, may involve much more than just changing the siting
process.50  Effective reform should include stricter enforcement of environmental, housing and
employment laws, residential integration, as well as greater focus on pollution prevention.51

 Further study of the role of market dynamics is essential in order to determine the proper
focus and scope of any reform measures.52

Local Control and Absence of Federal Guidelines on Siting

The virtual absence of federal law governing siting decisions and the vesting of siting
decisions in local governments has also been suggested as a cause of environmental injustice.
 The siting of hazardous waste facilities has been the foci of most of the academic discussion
and litigation.  For the most part, Federal statutes and regulations governing hazardous waste
facilities fail to address the resulting disparate impacts of siting LULU’s.  In the absence of
any meaningful federal oversight, minorities have historically turned to private litigation to
seek redress.  This process can be as expensive and difficult for defendants as compliance with
federal and state statutes and regulations do not provide a shield to such litigation.

The NIMBY Syndrome

Decision makers (local government officials and the private operator, if involved)
charged with the responsibility of siting a LULU can usually anticipate community resistance,
which has been dubbed the “Not in My Backyard” (NIMBY) effect.  Generally and
historically, the more vocal, politically efficacious and economically empowered (wealthier)
community has had greater success in resisting the siting of a LULU in their community.53

 The corollary result of the NIMBY syndrome has been termed “place-in-their-back-yard”

                                                
48Id. at 1392.

49Id.

50Vicki Been, Siting of Locally Undesirable Land Uses: Direction For Further
Research, 5 Md. J. Contemp. Legal Issues 105, 106 (1994).

51Id.  A discussion of enforcement and of suggested remedies will be discussed below.

52Been, supra note 41, at 1392.

53Bullard, supra note 12, at 108.  Bullard claims that “NIMBY has operated to
insulate many white communities from the localized environmental impacts of solid waste
facilities while providing them the benefits of garbage disposal.” Id.



(PITBY) or, particularly in the vocabulary of many minority activists, the “place in blacks-
back-yard” (PIBBY) syndrome.54  Activists argue that white communities generally have
greater affluence and resources with which to resist the siting of a proposed LULU than
minority and poor communities.

Environmental laws, which are not self-executing, are indeed complicated and
inaccessible without expensive counsel from a lawyer with expertise.55  Thus, in the traditional
environmental law framework, communities with greater  resources are in a better position to
 enforce these laws and reap the benefits of their protection.56  Minority and poor communities
rarely have the economic resources required to hire competent counsel and the environmental
law expert. 57  This fact may drive a community’s level of frustration higher and into the hands
of lawyers who see an economic opportunity in the form of a class action or individual cases
for personal injury damages. 

Disparities in Enforcement and Utilization of Environmental Law

In addition to the causes of disproportionate impact of pollution arising out of the
siting process, activists point to evidence that there is disparity in the use of environmental
laws by the government to relieve affected communities from the burdens of pollution.  This
disparity impacts perception.

In 1992 the National Law Journal conducted an eight month investigation and
analysis of the enforcement of U.S. environmental laws by the EPA and found a racial divide
in the way the U.S. government cleans up toxic waste sites and conducts enforcement.58  The
                                                

54Duncan, supra note 21, at 324.

55Lazarus, supra note 1, at 3.  Lazarus contends that “many minority communities are
unlikely to be in an effective position to protect themselves from the aggregation of the
environmental risks.” Id.

56Id.

57Id.  The exception is the community that is able to associate with a national
environmental group that can provide such resources.  It should be noted here that the
traditional “mainstream” environmental organizations such as the Sierra Club have, in the past,
not integrated minorities into their causes, and that many minorities and poor have been
reluctant to turn to these organizations, viewing them as “elitist” and not in touch with the
plight of minorities and the poor.  Only recently have the traditional environmental
organizations shown interest in and incorporated minority community citizens groups.  See
Bullard, supra note 12.

58Marianna Lavelle & Marcia Coyle, Unequal Protection: The Racial Divide in
Environmental Law, THE NATIONAL LAW JOURNAL, Sept. 21, 1992, at S1.  The study
involved analysis of the civil court docket of EPA and EPA’s own records regarding
enforcement actions concluded between 1985 and 1991 and analysis of the agency’s 1990
Record of Decision Annual Report on every residential toxic waste site in the Superfund
program.



report found that penalties against pollution law violators in minority areas were lower than
those imposed in largely white areas, that government takes longer to clean up environmental
hazards in minority communities and that it accepts less stringent clean up measures in these
areas.59  More particularly, the investigation revealed that the average penalties imposed in
court for RCRA violations were more than five hundred percent higher in white communities
($335,556) than in minority communities ($55,318).60  This disparity did not remain when the
data was analyzed by income, as it was found that the average penalty in areas with the lowest
median incomes ($113,491) was three percent more than the $109,606 average penalty in
areas with the highest median incomes.61  The report found that average penalties for the
enforcement of all federal environmental laws in white communities were forty six higher than
in minority communities.62

The report also found with regard to Superfund cleanup sites that higher fines were
imposed in minority areas than in white areas by nine percent, but that other aspects of cleanup
did not serve minorities as well.  It was found that minorities wait nearly twenty percent longer
on average to have abandoned toxic waste sites placed on the National Priorities List (NPL)
than do white and high-income communities.63

With regard to remediation of sites, (perhaps the most important component to
minorities and the poor who cannot move away from a site), there was a discernible difference
between the type of remedial action usually taken.64  “Treatment” was utilized twenty-two
percent more frequently than “containment at sites in white areas.65  At minority sites,
however, containment was chosen 7% more frequently than remedial actions involving
treatment.66 

                                                
59Id.  at S2.

60Id.

61Id.

62Id.

63Id. at S4.

64It should be noted that in 1986, Congress amended CERCLA and expressed a strong
preference for “treatment” over “containment” or “disposal” as remedial action.  Frye, supra
note 2, at 62.

65Lavelle & Coyle, supra note 70, at S6.

66Id.



Legal Challenges to “Environmental Injustice”

Legal challenges to “environmental injustice” have primarily involved the siting of
or continued operation of hazardous waste facilities.  Hazardous waste facilities are have
received greater attention and have been the greatest source of controversy and litigation. 
Inquiry into the cause for this focus on hazardous (and radioactive) waste facilities is valuable.
 Public perception, particularly in the context of hazardous waste facilities, often plays a
central role in the controversy over LULU’s.67

Robert Wiygul and Sharon Harrington contend that communities have particularly
high fear of hazardous waste facilities because they are viewed as inherently dangerous and
because of the lack of data on their long-term health and environmental effects.68  Further,
these facilities  have greater “secondary effects” on the host communities, such as decreasing
property values, driving other business out of the host community and increased infrastructure
costs.69

Michael Gerrard contends that widespread public opposition to hazardous waste and
radioactive waste facilities can be attributed to “dread and intrusion.”70  While public
acceptance of facilities was high through even the 1970s, a dramatic shift occurred after the
Love Canal incident of 1978 and Three Mile Island in 1979.71  These incidents raised public
concerns about the potential adverse health effects of hazardous waste facilities.72

These incidents also resulted in the explosion of legal challenges.  The bases for
lawsuits such as these fall into three categories: (1) Constitutional claims, (2) civil rights
claims based on statutes, and (3) claims based on traditional environmental laws.

                                                
67Wiygul and Harrington, supra note 31, at 406.

68Wiygul and Harrington, supra note 23, at 406-407.  As stated by Yiygul and
Harrington, “[f]ew other types of facilities flaunt their dangers in their very name.”  Further
these facilities are the subject of heightened regulation and attention because “the material they
handle pose chronic and acute health treats.” Id.

69Id. at 407.  In addition, a community may have to invest resources in improving
monitoring and emergency services.

70Michael B. Gerrard, Fear and Loathing in the Siting of Hazardous An Radioactive
Waste Facilities: A Comprehensive Approach To A Misperceived Crisis, 68 Tul. L. Rev. 1047,
1138 (1994).

71Id.

72Id. at 1139.



Constitutional Claims

The first legal challenge alleging environmental injustice claims was brought on the
basis of 42 U.S.C. § 1983.73  In Bean v. Southwestern Waste Management Corp.,74 the
plaintiffs challenged a decision to site a sanitary landfill in a minority neighborhood in
Houston, Texas, contending that it was racially motivated and discriminatory.75  The federal
district court refused to issue the requested injunction, finding that the plaintiffs had failed to
prove purposeful discrimination.  The ruling was the first of many decisions which dismissed
claims of environmental injustice because of the failure to prove racial intent.

Most cases brought on such constitutional grounds sought to prove racial intent by
way of statistics and other circumstantial evidence, and all have fallen short.76 Judges have
generally held Plaintiffs to a very high level of proof of intent in these cases and they have, for
this reason, failed.

Civil Rights Statutory Claims

Civil rights related statutory causes of action challenging alleged environmental
injustice have had only limited success.77  Two civil rights statutes have been used or
suggested as potential weapons to use in the fight for environmental justice.

Title VI has been used and may be on effective cause of action in the future.78  The
statute prohibits discrimination on the grounds of race, color and national origin by “any
                                                

73Frye, supra note 2, at 68.  Section 1983 represents the statutory codification of the
Equal Protection Clause, and thus is in essence, a Constitutional claim.

74482 F. Supp. 673 (S.D. Tex. 1979), aff’d per curium, 782 F. 2d 1038 (5th Cir. 1986).

75Notably, the plaintiffs were represented by Linda Bullard, the wife of Robert
Bullard.

76Another frequently cited example is East Bibb Twiggs Neighborhood Association
v. Macon-Bibb County Planning and Zoning Comm’n, 706 F. Supp. 880 (M.D. Ga.), aff’d,
896 F. 2d 1264 (11th Cir. 1989).  That case involved citizen opposition to a proposed solid
waste landfill to be located in a predominantly African-American neighborhood.  The Court
rejected the plaintiff’s equal protection claims, finding the circumstantial evidence of
administrative and legislative materials and anecdotal information from newspaper articles
concerning discriminatory zoning practices to be insufficient to prove invidious racial motive.

77Luke W. Cole, Environmental Justice Litigation: Another Stone in David’s Sling,
21 Ford. Urb. L. J. 523 (1994).  Cole notes that since the environmental justice movement is
closely tied in its tactics and inspirations to the civil rights movement that such reliance on
civil rights claims is understandable, and further, that such claims often give a case more
political inertia.

7842 U.S.C. § 2000d (1988).



program or activity receiving Federal financial assistance.”79  This cause of action is
potentially potent in that while the intent to discriminate requirement is found in the statute,
federal regulations relating to this Title generally allow disparate impact or effect to suffice
as proof of unlawful discrimination.80  A more detailed discussion of EPA’s review of Title
VI complaints will follow in Section V A.

This strategy, however, has given minority opponents to LULU’s one of only a few
judicial victories.81  In North Carolina Department of Transportation v. Crest St. Community
Council, Inc.82  An African-American community group challenged the decision to site a
freeway through their neighborhood. The group, using Title VI, challenged the decision and
through a negotiated settlement, forced the state to reroute the proposed project and modify
an interchange to protect a community church and park.83  While this was not an
“environmental case as we usually refer to it, it does represent the use of a theory which would
ostensibly apply in a pollution or waste lawsuit.

Title VIII may offer an alternative statutory civil right remedy for minority and poor
citizens opposing a LULU.84  Title VIII prohibits the refusal “to sell or rent . . . or otherwise
make unavailable, or deny, a dwelling to any person because of race, color, religion, sex,
familial status, or national origin,” and further bars discrimination “against any person, in the
 . . . sale or rental of a dwelling, or in the provision of services or facilities in connection
therewith, because of race, color, religion, sex, familial status or national origin.”85  The statute
is particularly attractive to plaintiffs because it dispenses with proof of intentional
discrimination and allows plaintiffs to meet the evidentiary burden with proof of
discriminatory impact.86   The statute also has a broad scope of coverage that includes local
governmental agencies which frequently make the critical zoning and siting decisions.87 

                                                
79Cole, supra note 88, 115.

80Id.  Cole notes that the lesser discriminatory effect burden of proof is codified in
most regulations dealing with federal agencies, which are often the entities responsible for
siting decisions.  Further, this cause of action can reach state and local actors which receive
federal funding.

81Id.

82479 U.S. 6 (1986).

83Id.

84Id.

85Id.

86Id.

87id.  This tool would be particularly useful in cases where rezoning of residential
neighborhoods is undertaken to allow LULU’s.



Unlike Title VI, Title VIII applies to private and governmental defendants even if such
defendants do not receive federal funds, and thus, the statute has a broader scope.88

Traditional and Creative Use of Environmental Laws

Plaintiffs have had more judicial success with  traditional environmental causes of
action.  Judges may be more comfortable with these claims, particularly the claims that focus
on procedural defects.89  Most of the victories of the environmental justice movement have
involved traditional and creative use of mainstream environmental causes of action.90 
Generally state and federal environmental laws, especially siting laws, are largely procedural
in nature.91  Challenges on the basis of procedural defects have been more successful in all
likelihood because judges are familiar with procedure-based claims.

An example of the “creative” use of traditional environmental laws, using them in
nontraditional ways is illustrated by the commentator and lawyer Luke Cole.92  Representing
an Hispanic group opposing the siting of a toxic waste incinerator, Cole alleged that the notice
for public participation in the environmental review, published in English, was insufficient to
ensure meaningful participation by the 95% Latino and 40% monolingual Spanish-speaking
community.93  Overturning the County’s approval of the project, the Judge held that this notice
effectively excluded the Spanish-speaking residents from the decision-making process.94

While it appears that the more narrowly drawn claims, based on environmental laws
and statute, are more warmly received by the judiciary, the combination of such claims with
more politically charged claims based on civil and Constitutional rights can keep citizens in
court drawing greater media and public attention.  Overall, the judicial system as the whole
has been inhospitable to minority community groups seeking to resist waste sites and other
LULU’s.  Citizens have, however, found greater success in the political arena.

                                                
88Id.

89Id.

90Id.

91Id.

92Id.

93Id.  See El Pueblo para el Aire y Agua limpi v. County of Kinds, 22 Envtl. L. Rep.
(Envtl. L. Inst.) 20, 357 (Sup. Ct. Dec. 30, 1991).

94Id.



Federal and State Legislative Initiatives

EPA Response to Environmental Justice

The United States Environmental Protection Agency (EPA) has more recently begun
to take an active role in the investigation of environmental justice complaints.  In February,
1994 President Clinton issued Executive Order 12898, “Federal Actions to Address
Environmental Justice in Minority Populations and Low-Income Populations.”  A presidential
memorandum accompanied this Order directing federal agencies to ensure compliance with
the non-discrimination requirements of Title VI for all federally-funded programs and
activities that affect human health or the environment.  In response, EPA has moved to adopt
regulations and guidelines which prohibits discriminatory effects.

EPA exerts influence over states by way of award grants which it makes on an annual
basis to many state and local agencies.  As a condition of receiving funding under EPA’s
continuing environmental program grants, recipient agencies must comply with EPA’s Title
VI regulations.

EPA has now issued interim guidance documents which provide a framework for
processing Title VI complaints, which are handled by its Office of Civil Rights (OCR).  These
interim guidance documents provide a framework for handling alleged discriminatory effects
resulting from the issuance of pollution control permits by state and local governmental
agencies.

Under the framework, Title VI complaints alleging either discriminatory intent and/or
discriminatory effect in the context of environmental permitting will be processed by OCR
 as follows:

1. OCR will accept the complaint and determine whether a valid claim is
presented.

2. OCR will conduct a factual investigation to determine whether the permits
at issue will create a disparate impact or add to an existing disparate impact
on racial or ethnic populations.

3. A notice of initial finding of disparate impact will provide the recipient state
agency the opportunity to rebut OCR’s findings, propose a plan for
mitigating the disparate impact, or to justify the disparate impact.

4. If the recipient can neither rebut the initial findings of disparate impact nor
develop an acceptable mitigation plan, then the recipient may seek to
demonstrate that it has a substantial, legitimate interest that justified the
decision to proceed with the permits notwithstanding the disparate impact.

5. If the recipient fails to rebut the OCR’s findings then OCR will, within one
hundred eighty (180) calendar days, send the recipient state agency a written
notice of preliminary finding of non-compliance.

6. If within fifty (50) days of the receipt of the Notice of Preliminary Finding
 the recipient does not agree to OCR’s recommendations or fails to submit a



written response demonstrating that OCR’s preliminary findings are
incorrect, OCR will issue a formal written determination of non-compliance.

7. The recipient will then have ten (10) days in which to come into voluntary
compliance or face suspension or termination of all EPA assistance.

8. EPA’s regulations call for informal resolution of these administrative
complaint wherever practicable.

This process basically gives EPA the ability to block a project requiring an
environmental permit if it believes that disparate impact on a minority population will result.
 This is particularly troubling in the sense that an applicant who has met all the legal
requirements and obtained a permit can have a project completely stopped by an
environmental justice complaint. (For a more detailed discussion of EPA’s methodology in
this regard please refer to EPA’s environmental justice homepage located at http://www.
epa.goulswerosps/ej/index.html).

State Initiatives

State and local governments have also responded to advocates invoking the
environmental justice theme, focusing primarily on land use reform and the siting of hazardous
waste facilities and other LULU’s.  The categories of these initiatives include:  (1) Dispersion
strategies; (2) Impact Statement approaches; (3) “Fair Share” approach; and (4) Hybrid “Fair
Share” approach.95

The “Dispersion” strategy prohibits undue and excessive concentration of particular
LULU’s or mandates minimum distances between LULU’s.96  States have primarily used this
strategy in statutes to disperse group homes and it does not appear to have been extended to
other LULU’s.97

The “impact statement” approach also involves taking into account the number and
concentration of LULU’s in an effort to ensure fairness in siting.98  Several examples of this
approach exist, and vary to some degree.  One variation prescribes that agencies overseeing
siting take the number and location of existing facilities into account in making their
decisions.99  A broader version requires the decision maker to consider the impact the LULU
will have on the “quality of life” of the host community.100

                                                
95Vicki Been, Conceptions of Fairness in Proposals For Facility Siting, 5 Md. J.

Contempt. Legal Issues 13, 15 (1993/1994).

96Id. at 16.  The Environmental Justice Act takes a dispersion approach in it
environmental high impact provisions.

97Id.

98Id.

99Id.  See FLA. STAT. ANN. s22a-1b (West Supp. 1993); HAW. REV. STAT. s 343-
2 (1985 & Supp. 1992); KY. REV. STAT. ANN. s224.40-310 (Michie/Bobbs-Merrill 1991);
MD. CODE. ANN. NAT. RES. s 1-301(b) (1989); N.W. ENVTL. CONSERV. LAW s 8-



The third approach involves state using a “fair share” approach to ensure that the
burdens of LULU’s are spread over all of the state’s communities evenly.101  The New Jersey
Supreme Court’s Mount Laurel102 decisions, which mandated that exclusive suburbs bear a
fair share of the “burden” of providing low income housing, are commonly known and the best
example of this approach.103  Mathematical models are employed to determine the allocation
of particular LULU’s throughout the state.104

The most comprehensive and elaborate example of the fourth approach, a hybrid
combining fair share and impact statement qualities, is the New York City Fair Share
Program.105  Under this program, the Mayor must annually publish a city-wide statement of
needs that identifies all new facilities or expansions that the Mayor intends to propose in the
subsequent two fiscal years, and further specify the borough and community, if known, where
the site is located.106  The Mayor is also required to provide a map showing all existing city-
owned property, its current use, and the state and federal social service land uses.107  Sites
proposed by the Mayor must conform with “fair share” criteria, which require the city agencies
making siting decisions to take into account factors such as the facility’s compatibility with
the neighborhood’s existing facilities and the extent to which the additional facility will have
on the community’s character.108  An “impact statement” element is introduced by requiring
the dissemination of information and by the siting decision having to take into account existing
distributions.109  These types of state initiatives may be encountered when the regulated
community seeks to expand its waste disposal capacity.

                                                                                                                                     
0105(6) (McKinney 1984).

100Id.

101Id.

102In Southern Burlington County NAACP v. Township of Mount Laurel, 336 A. 2d
713 (N.J. 1975), the New Jersey Supreme Court held that exclusive suburban municipalities
could not exclude low and moderate income housing, but rather had to bear their “fair share”
of this burden.

103Id.

104Id.

105Id.

106Id.

107Id.

108Id.

109Id.



CONCLUSION

Public perception is a critical element in the universe of business risks.  In the
expensive world of litigation the old adage “an once of prevention is worth a pound of cure”
holds true.  It is important for any operator to be aware of possible sources of conflict.  These
may include new residential developments which are in close proximity to operations of a well
or operations of a disposal facility.  Problems such as odor migration can be particularly
distressing to an adjacent community and can quickly spark action, including a lawsuit.

It is critical that E & P operators not only stay in compliance with the law but also
communicate with the public to the extent possible.  Fear and anger frequently are greatly
increased where communication has broken down or is non-existent.  Operators should utilize
the lines of communication as much as possible to reduce this risk.  Oftentimes the regulator
can be of assistance in improving communication and reducing unnecessary fear and reaction.
 If you have a problem or anticipate a problem working closely with the state regulator can be
a significant benefit, as they can allay fears and may be good witnesses for you in any legal
proceeding.

It is also important to keep abreast of the latest disposal technologies in order to
properly evaluate risks and benefits.  Technology continues to change and improved methods
of disposal.  Utilizing the latest disposal technologies and techniques can reduce risks.
 

In the event that disposal is going to take place offsite it is imperative that your
company investigate the compliance history of the proposed facility.  Inquire whether the
facility has any prior compliance violations and whether all required permits are in place.  In
addition, it is important to be aware of what other types of waste might be handled by the
facility.  Even if your waste is non-hazardous, if the facility is handling other hazardous wastes
regulatory actions could implicate you.

It is also important to consider contractual indemnity and insurance to reduce your
risks.  Although most commercial liability policies explicitly exclude coverage for pollution,
there are new insurance products on the market which insure such risks.  In addition, any
operator should consider the possibility and desirability of obtaining indemnity from a
disposer.  Remember, however, that an indemnity is only as good as the solvency of the person
providing it.  In short, avoiding possible sources of conflict which might lead to a lawsuit is
the best approach.

If a matter does result in litigation there are numerous complex legal issues that can
arise.   Largely, however,  the cases will involve a more complicated scientific and technical
subject matter.  The problems associated with such litigation are accentuated in the more
complex cases involving chemicals or other “unknowns.”  The mystery associated with the
unknown has often created many a skeptic on the jury.  One author has noted “Chemicals are
frightening, in part because they seem exotic; even their names sound ominous.  As far as



many jurors are concerned, moreover, as chemical is a chemical; they’re all harmful.”110  It is
essential to demystify the subject matter.  Good expert testimony can accomplish this through
step by step  explaining what is at issue.  Paternalistic lectures are not effective and worse, can
have an adverse effect.  If an overqualified expert spends hours speaking in a language that
to the jury is foreign, it will ignore the testimony and possibly resent being “talked down to.”
A good expert can translate the science into lay language and drive home the usually critical
point–that it is the “dose that makes the poison.”

                                                
110Clifford J. Zatz, Taking the Offensive in the Long Toxic Tort Trial, FOR THE

DEFENSE, March, 1998, at 8.
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I. I N T R O D U C T I O N

Each year more than one billion metric tons of Naturally Occurring Radio-
active Material (NORM) wastes are generated in the human environment.’ The
generation, transportation and disposal of NORM was largely unregulated until
recently. Now, ten states have NORM regulations, and the federal government
is sponsoring studies of the potential health and environmental effects that can
result from NORM.* The Nuclear Regulatory Commission (NRC), the Environ-
mental Protection Agency (EPA) or the Department of Energy (DOE) may
develop and implement NORM regulations on the basis of these studies. The
EPA’s Science Advisory Board (SAB) rejected3 the first Diffuse NORM
Study,4 and a second study is being developed. In the wake of EPA’s studies,
the National Academy of Sciences (NAS) was commissioned by Congress to
review the variability of NORM regulations, and to determine if some metric
has been left out of the study of NORM?

The NAS's questions cut to the bone of the NORM debate when, in sub-
stance, they ask: “Why do different state’s regulations vary?” and “Has any-
thing been left out of the risk analysis of NORM?” This article broadly address
these questions, and responds by stating that: 1) Non-cancer human health ef-
fects6 have been left out of the regulation of NORM, and they ought to be
studied because they might be as important as cancer; 2) the state regulations
do vary, and in many cases the reasons are not readily apparent, nor do the
variations always seem to be based on scientific foundations.

A review of the literature reveals that non-cancer health effects are poten-
tially more of a problem than cancer. The lack of focus on the potentially sig-
nificant non-cancer health effects of NORM distorts the risk analyses that EPA
is re-conducting under the supervision of the SAB, leading to a skewed deter-
mination for the need-or lack thereof-for federal NORM regulation. The NAS
review of NORM regulation and risk assessment should find that the exclusion
of non-cancer health effects from the risk analysis of NORM is a major deficit

1. SC&A, IN C. AND R O G E R S  & Assoc. ENGINEERING CORP., RAE-9232/1-2, DIFFUSE NORM WASTES:
W ASTE CHARACTERIZATION AND PRELIMINARY RISK ASSESSMENT ES-2 (1993) [hereinafter DIFFUSE NORM
STUDY].

2. E N V I R O N M E N T A L  PROTECTION AG E N C Y, 402-R-97-016, MULTI-AGENCY RADIATION SU R V E Y  A N D

S I T E  IN V E S T I G A T I O N  M A N U A L  ( M A R S S I M )  ( 1 9 9 7 )  ( v i s i t e d  M a r c h  2 ,  1 9 9 8 )
<http://www.epa.gov/radiation/marssim/>; NATIONAL ACADEMY OF SCIENCES, BRER-K-97-02-A, EV A L U A-
TION OF EPA GUIDELINES FOR EXPOSURES  TO INDOOR RADON AND N A T U R A L L Y OCCURRING RADIOACTIVE
MATERIALS (visited March 2, 1998) <http://www.nas.edu.

3. E n v i r o n m e n t a l Protection Agency,   EPA-SAB-RAC-94-103,EPA-SAB-RAC-  AN SAB Repor t :  Review of
DIFFUSE NORM DRAFT SCOPING DOCUMENT (1994) [hereinafter SAB NORM R E P O R T ] .

4. DIFFUSE NORM STUDY, supra note 1.
5. See National Academy of Sciences, s u p r a  note 2 and accompanying text.
6. It is reasonable to assume that radioactive materials in the environment can cause harm to the variety

of organisms that are in the environment, and to the ecological balance of certain life systems. This paper, for
limitations of time and space, does not seek to investigate those other risks. For an interesting discussion of
the ecological protection mandates that exist in United States law, and the corresponding inability of risk
assessment to determine the risk of harm to natural systems because risk analysis focuses on human health
and not on larger life systems, see Lakshman Guruswamy, Global Warming: integrating United States and
International Law, 32 ARIZ. L. REV. 221, 242 (1990).
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in the effort to protect human health from NORM risks.
The literature also reveals that NORM regulations are in more of an em-

bryonic than fully developed state. This is demonstrated by the fact that current
state regulations and the focus of recent studies resemble the early efforts in
radiation protection. A review of the historical development of radiation protec-
tion guidelines shows that differing rules and measurement units that are now
being used in NORM regulations are hallmarks of the “bottom of the learning
curve.” In the nuclear industry it took a great deal of time to develop meaning-
ful regulations as the industry itself developed.’ With‘ NORM, however, the
industries are in place, generating NORM now. There is no extra time to take in
the development of these rules. Furthermore, the longer these rules don’t exist,
the longer industries will likely be developing future problems because they
cannot hope to comply with regulations that do not exist.*

While this time factor has become increasingly important, rhetoric has
been building about certain elements of the risk analysis of NORM and radioac-
tive materials in general. Arguments over the effects of low doses of radiation
and whether certain dose-response theories exist do not help solve the NORM
problem. They are simply constructs that have been devised because science can
question whether one argument is right or wrong, but science cannot supply an
answer. When scientists and industry complain that proposed regulations are
based upon the “no-threshold” dose-response theory and are therefore too strin-
gent, they may simply be “fiddling while Rome bums.” Each year another
billion tons of NORM wastes are produced. A more useful response might be
finding novel and less expensive methods for meeting these stringent require-
ments.

Part II describes the physical, chemical and health problems that are pre-
sented by NORM. The second section of part II broadly addresses the nature of
radiation and pathways for human exposure so that the reader can make a better
analysis of NORM regulation. The third section of part II addresses the cancer
and non-cancer health effects that may be caused by radiation, and provides
some discussion-and references-for why non-cancer health effects are impor-
tam to consider in radiation regulation. Part II continues in a fourth section by
generally reviewing risk analysis, and then discussing why low doses of radia-
tion should be viewed-from the regulator’s perspective-as potentially sub-
stantial risks. Part II concludes by arguing that the dose-response rhetoric that
exists in the NORM debate today is useless.9

7. The first binding United States regulations were promulgated more than 60 years after radiation's
discovery. See infra note 217 and accompanying text.

8. Hazardous waste regulation provides an excellent example of the liabilities that can result when real
problems are neglected either for lack of knowledge or regulation.

9. Clayton Gillete & James Krier, Risk, C o u r t s  and Agencies, 138 U. PA. L. REV. 1027 (1990). Many
industries simply view the NORM issue as a nuisance. Producing radioactive materials was not the goal.
Rather, the industries are trying to make the development of mineral resources like petroleum or gypsum a
viable business. From an industry perspective, risk equals liability. If these risks really do impinge upon
someone or some group, the industry is likely to see the results of this risk in the form of litigation. To limit
liability, then, Industry’s focus should be on limiting risk. But, instead of taking a proactive stance in making
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Part III describes some of the legal issues that exist in the NORM debate.
It begins by briefly discussing the history of radiation protection guidelines, and
then reviews the existing NORM regulations in ten states. In the third section of
Part III the state regulations are compared with each other to see where some of
the inconsistencies lay, and the state regulations are compared with the history
of radiation protection guidelines to see if it can be determined how much more
might be required to fully develop NORM regulations.

To conclude, in Part IV it is noted that NORM exposure, concentration,
and accumulation can result from a number of different industrial activities that
relate to many different businesses throughout the country.” Because the po-
tential effects of NORM are so widespread, and because the state regulation of
NORM is not consistent, it is argued that only federal regulation can adequately
deal with NORM problems. Simple and transparent federal rules might have the
best chance of containing any possible negative public health effects that can
result from NORM exposures.

II. T h e P h y s i c a l  PROBLEM

NORM” has existed since the creation of the earth. However, only since
the technological revolution has man been using and concentrating commodity
resources which contain radioactive materials.‘z While scientists, geologists,
and engineers have known about the radioactive component of many such   com-

sure that radioactive materials do not cause harm, rhetoric over the dose-response relationship has been de-
veloped.

10. The authors of the DIFFUSE NORM STUDY investigated nine different type of industrial wastes, those
from: 1) Uranium Mining, 2) Phosphogypsum Mining, 3) Phosphate slag, and 4) Fertilizer, 5) Coal Ash, 6)
Oil & Gas Production, 7) Water Treatment, 8) Ram Earth Mining and 9) Geothermal Energy Production. The
investigation was limited to a preliminary assessment of increased cancer risks that might be associated with
these wastes. See DIFFUSE NORM STUDY, supra  note 1 at ES-l.

11. The common definition of NORM is: “any nuclide which is radioactive in its natural physical
state . . . but does not include source, by-product or special nuclear material.” Bryan R. Reynolds, Who’s
Going to Regulate NORM?, 22 N. KY. L. REV. 5, 7 (1995). This definition includes any radionuclide, regard-
less of whether it was concentrated by natural or industrial processes The common definition has changed
over the past few years:

Technologically Enhanced Naturally Occurring Radioactive Material (TENORM) means naturally
occurring materials not regulated under the AEA whose radionuclide concentrations have been in-
creased by or as a result of human practices. TENORM does not include the natural radioactivity of
rocks or soils, or background radiation, but instead refers to materials whose radioactivity is techno-
logically enhanced by controllable practices (or by past practices).

Conference for Radiation Control Program Directors (CRCPD), Draft Part N Regulation and Licensing of
Technologically Enhanced Naturally Occurring Radioactive Materials (TENORM) (Feb. 1997).

The most significant change in this definition is the addition of the term "technologically enhanced.”
The definition now includes only those human activities that manipulate natural resources thereby concentrat-
ing NORM in areas where it would otherwise remain unearthed. Since NORM contamination is not limited to
the petroleum industry, the definition is broad enough to encompass a number of different industries whose
processes technologically enhance NORM. Of course NORM wastes can become “discrete” if they are con-
centrated, but in most instances NORM wastes accumulated by industrial processes tend to be diffuse. DIF-
FUSE  NORM STUDY supra  note 1 at A-5.. “NORM” is used in this article for simplicity's sake, and the con-
cept of “technological enhancement” is included in the use of the term NORM.

12. By most accounts, NORM was first identified in the oilfield (at least in the literature it was so iden-
tified) in 1904. James Cox, Naturally Occurring Radioactive Materials in the Oilfield: Change the NORM, 67
TUL.  L. REV. 1197 (1993).
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modity resources since 1904,13 the protection of human health and the environ-
ment from these sources of radiation has only recently become an important
issue.14 As the NORM debate continues to mature, questions concerning the
need for NORM regulation, who should regulate NORM,” and how to regu-
late NORM are just beginning to be decided.16

A. The Nature of Radiation: Origin and Sources of NORM

In a geologic sense, NORM consists of “primordial radionuclides natural-
ly found in the rocks and minerals of the earth’s crust.” More specifically,
NORM exists in sedimentary formations where elements such as Uranium,
Thorium, and/or Potassium are present.” The geology of NORM is a complex
subject, but a baseline understanding of its origin and sources of it will aid a
later discussion of NORM regulation.

Radiation is the energy that is released when “the nuclei of unstable atoms
undergo spontaneous transformations to ultimately achieve a stable state.“19 As
they transform, or decay, the unstable atoms (radioactive isotopes) emit particles
and/or energy, resulting in “daughter products.“*’ The daughter product may or
may not be radioactive.2’ If it is radioactive, the daughter will undergo another
series of radiation emissions creating yet another daughter product, until the
element is no longer radioactive.22 This series of transmutations is called a
“decay series.“23 The quantity of radioactivity that an isotope releases as it de-
cays is called its activity.24 The time required for a given radioactive element
to decrease by half of its original amount is known as the element’s ha~Z$z.~
There tends to be an inverse relationship between an isotope’s activity and its

13. Id.
14. See Keith Schneider, Radiation Danger Found in Oilfields Across the Nation, New York Times, Dec.

3, 1990, at A3.
15. Bryan Reynolds, supra note 11 at 5, 7.
16. For instance, an interstate radiation control organization has developed model NORM rules that are.

beginning to gain acceptance in some states. See conference for Radiation Control Program Directors Draft
Part N Regulation and Licensing of Technologically Enhanced Naturally Occurring Radioactive Materials
(Feb. 1997).

17. Diffuse NORM Study, supra note 1 at A-I; See also, Bryan Reynolds, s u p r a  note 10 at 5. In the
industrial sense, NORM is a nuisance because it is generated by companies that arc trying to make a profit by
producing a non-radioactive mineral resource.

18. Sherwin T. Fontenot, Dealing with NORM in the Oil and Gas Industry, in PROCEEDINGS OF The
Conference of Petro-Safe  98 (1992).

19. SAMUEL G l a s s t o n e & WALTER Jordan, Nuclear  POWER AND Its E n v i r o n m e n t a l E f f e c t s 8
(1980) [hereinafter GLASSTONE AND JORDAN].

20. In a nuclear power plant, the accelerated decay, or fission, of enriched Uranium creates mom than
300 daughter products. Id at 9. The spontaneous change in the nucleus of the atom results in an atom which is
“at a lower energy state,” or in other words, an atom that contains less energy than the unstable atom. Much
of the energy that is released in this spontaneous change, or decay, is lost as heat to the matter surrounding
decayed isotope(s). Nuclear power plants trap this heat in water, which makes steam and the steam is used to
mechanically turn a turbine which propels a generator that makes electricity. Id. at 1-12.

21. Id. at 9.
22. Id.
23. D i f f u s e NORM STUDY, supra note 1 at A-2 & A-3.
24. SAMIJELGLASSTONE & WALTERJORDAN,NUCLEAR POWER AND ITS ENVIRONMENTAL EFFECTS 10

(1980),
25. Id.
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half-life.@ That is, those isotopes that release more energy in the form of ra-
dioactivity per given unit of time are also more short-lived.

Much time passes as radioactive isotopes decay, and the parent and daugh-
ter products often have much different half-lives. For instance, Uranium’s
c%l)z7 half-life is 4.47 billion years, and one of it’s daughter products, Radi-
um PRa), has a half-life of 1,600 years. Thorium (z3Th) has a half-life of 14
billion years, and its Radium daughter c*‘Ra)*’ has a half life of 5.75 years.
The result is that the parent product decays, creating a daughter, and after a
period of time an equilibrium is established between the concentrations of par-
ent atoms and daughter atoms. In the case of a parent with a long half life and
a short-lived daughter, the two elements come into “secular equilibrium.” That
is, at some time there becomes about as much radioactivity from the daughter
as there is from the parent. In the result, there is about twice as much radioac-
tivity with the equilibrium of parent and daughter radioactivity than there was
when the parent was originally formed.B

This concept of equilibrium is very important to the discussion of NORM.
For instance, in the case of petroleum production, it is not only the Radium in
the “produced water”% that is a source of radioactive pollution.3’ Rather, Ra-
dium (=Ra) dissolves out of naturally Uranium-bearing rocks, and into the
aqueous solutions3* that are in petroleum reservoirs. Radium passes through
oilfield equipment on a continual basis, and some of the Radium in the produc-
tion stream spontaneously decays to Radon r2Rn).33 The Radon has a half-life
of a little less than 4 days. Within hours after Radon’s decay to Polonium
~“Po) it turns into radioactive lead c”Pb). The result is a waste stream with
many different radioactive substances.

The chemistry of the different elements will be different. As a result, the
different radioactive substances can end up in different parts of an industrial
process. Radium is a “group IIA” element-that is, it appears on the periodic
table in the same group as Magnesium and Calcium. Therefore, basic principles
of chemistry tell us that Radium tends to behave chemically like Calcium and
Magnesium; it forms salts and dissolves well in water. Radon, however, is in
the “Noble Gas” series-which means that it does not tend to chemically react

26. RONALD L KA T H R E N, RADIOACTIVITY IN THE ENVIRONMENT: SOURCES, D ISTRIBUTION AND S u r -
v e i l l a n c e  56 (Harwood  1984).

27. Note, that where ever a superscripted number precedes an element’s symbol, this number is the
isotopic number, and for the purposes of this article, the element can be assumed to be radioactive.

28. Radium daughter for Uranium and Thorium is different. Chemically, both forms of Radium will act
in the same manner. But, they have different rates of radioactivity and they have different half-lives. See
generally DOUGLAS, MCDANIEL & ALEXANDER, infra note 34.

29. This paragraph is derived primarily from RONALD L KATHREN, s u p r a  note 26 at 54-63.
30. P r c d u c e d  water is brought to the surface when oil and gas is produced.
3 1. In this hypothetical example, the source of radiation is Uranium. In any case, Uranium and Thorium

are relatively insoluble in water or in hydrocarbons and they tend to remain in the reservoir rocks when oil
and gas are produced. D J F F U S E NORM   STUDY,   supra note 1 at B-S-I.

32. UNION OF CONCERNED SCIENTISTS, THE NUCLEAR  FUEL CYCLE 47 (MIT P r e s s  1975).
33. This example uses the decay series for ‘-W. The Uranium (W) and Thorium (?‘h)  decay series are

the principal decay series of NORM that are associated with the exploration and production of petroleum.
Diffuse NORM Study, s u p r a  note 1 at B-5-1.
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easily. Lead, on the other hand, is a metal and acts much like Tin-its neighbor
in group IVB on the periodic table.%

We can then imagine a hypothetical NORM waste stream in the oilfield
with radioactive Radium either dissolved or dispersed in the produced water
from petroleum operation.% The produced water is a continuous stream and
the Radium will be spontaneously decaying, ultimately creating Radon (zzRn)
radioactive Lead (“‘Pb), radioactive Bismuth (2’?3i) and radioactive Polonium
~“Po). The Radium might be incorporated directly into the salt scales that often
deposit on the metal surfaces of petroleum production equipment. The Lead,
Bismuth and Polonium might deposit directly on production, refining or trans-
portation equipment, or they might be incorporated into salts either in solution,
or in scales on pipe, pump and tank walls and sludge.%

The Radon goes on as part of the hydrocarbon stream since it is a gas and
physically behaves like light hydrocarbons that are also gasses under atmospher-
ic temperatures and pressures.37 As the Radon moves with the petroleum, an
equilibrium begins to form between the Radon and its decay products. It is
important to note that petroleum gasses that are thought to contain Radon are
usually allowed to decay for enough time to allow the Radon to change to an
element that does not stay in the petroleum stream.% Nonetheless, Radon has
been measured in the exhaust from natural gas, and the use of natural gas is
thought to deliver “an average annual tracheobronchial dose equivalent of 54
mrem, with a maximum of 4.25 rem.“39

The chemistries of these different decay products, and the fact that they
each exist in some petroleum waste streams makes dealing with NORM wastes
a potentially complex undertaking. While the clean-up might be made more
complicated by NORM’s changing character, the potential that NORM has for
impacting human health is also made more complex. Since the chemistry of
each daughter product is different, the differing chemistries may allow for dif-
ferent pathways for human exposure.‘@

The analysis-in terms of human health effects-becomes even more com-
plex when the type of radiation is considered. Most radiation energy takes the
form of alpha particles, beta particles, or gamma radiation.4’ Alpha particles
are two protons and two neutrons and have a high velocity when emitted from a
radionuclide? They travel two to three inches in air, but because of their large

34. The relative chemistries of these elements is derived from BODIE DOUGLAS, DARL H. MCDANIEL &
JOHN J. ALEXANDER, CONCEPTS AND MODELS OF INORGANIC CHEMISTRY (John Wiley & Sons 2 ed. 1983).

35. This hypothetical also has Uranium in the source rock, see supra note 28.
36. DIFFUSE NORM S T U D Y  s u p r a  note I, at B-5-10 to B-5-21.
37. Radon has a similar partial pressure to light hydrocarbons and therefore moves with natural gas.

DIFFUSE NORM STUDY, s u p r a  note 1, at B-5-13.
38. Industry practice dictates that the Radon should be decayed out of the gaseous fraction of the petro-

leum stream. Conversation with Peter Gray at the Cracker Barrel Restaurant in Tulsa, OK on Ckt 16, 1997.
39. RONALD L KATHREN, s u p r a  note 26, at 54-63.
40. DIFFUSE NORM STUDY, supra note 1, at A-10 to A-l 1.
41. SAMUEL  GLASSTONE &  WALTER JORDAN, N UCLEAR POWER AND ITS ENVIRONMENTAL EFFECTS 9

(1980).
42 .  Id.
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relative mass they are unable to penetrate far beyond the human skin, unless
they are ingested.43 Beta particles are free electrons, which are given off when
the nucleus of an atom spontaneously changes.““ Beta particles have the poten-
tial to move several feet in air and can penetrate the skin and bodily tissue to a
fraction of an inch.ti Gamma rays are photons of electromagnetic radiation that
have the ability to penetrate dense materials such as rocks, walls, and biological
tissues.6 Any one of these radiations travels though space in a certain range of
frequencies.47 The exact frequency is determined by the source. Most radiation
sources emit more than one type of radiation, and they may emit the same types
of radiation at more than one frequency.4

When alpha and beta particles pass through matter they remove an electron
from the atoms present in the material, leaving “positively charged residues
called LOLLS.“@ This process is known as ionization; alpha particles, beta parti-
cles, and gamma rays are classified as ionizing radiatiom?” These different
types of radiations are emitted by sources-the radioactive elements and iso-
topes that we have been discussing. Because radiation imparts energy, it is
measured by this energy. As is discussed below in part IV units of source mea-
surement were developed, and today these measurements are expressed as Rads
(R)” or Grays (GY).~~

The concept of penetration by radiation is a tricky one because the prob-
lem is not just radiation penetration-it is radiation absorption.s3 If radiation
just passed right through everything, it wouldn’t really matter because it would
not ionize anything, and it would not cause any injuries. In fact, we wouldn’t
even be able to measure it because no energy would be imparted to substances.
In principle, less penetration means more absorption?4 While alpha and beta
particles have relatively low penetrating abilities, gamma rays can pass entirely
through objects. The inability to penetrate means that the energy contained in
the less penetrating radiations is more completely absorbed by the objects it is
incident upon.5s

“Radiation quality” is roughly the idea that some radiations have a greater

44. Id.
45. Id.
46. GLASSTONE & JORDAN, supra note 19, at 11.
47. NATIONAL COUNCIL ON R A D I A T I O N  PROTECTION  AND MEASUREMENTS, THE RELATIVE BIOLOGICAL

E F F E C T I V E N E S S  OF RADIATIONS OF DIFFERENT Q UALITY REPORT 10 (Dec. 15, 1990).
48. RONALD L KATHREN, s u p r a  note 26, at 46-53.
49. GLASSTONE & JORDAN, supra note 19, at 11.
50. Supra note 47, at 2%48.
51. A Rad is 100 ergs of energy that is absorbed per gram of absorbing tissue. An erg is a basic unit of

energy. JOHN W. GOFMAN,  RADIATION AND HUMAN H e a l t h  46 (Sierra Club 1981).
52.2 A Gray is 1 joule of energy absorbed per kilogram of absorbing tissue. Again, a joule is a basic unit

of energy. Id. The Gy is related to the R because 1 joule equals 10 million ergs. After completing the con-
version, there are 100 R per Gy. To see the conversion, see id.

53. See generally id.
54. Health physicists call this “Linear Energy Transfer (LET).” Alpha radiation is a high-LET radiation.

Roughly, the idea is that energies that are absorbed in matter tend to transfer their energy to the matter in the
absorption. Id. at 2.

55. JOHN W. G o f m a n ,  s u p r a  note 51, at 46.
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effect on biological tissue than others do. Alpha radiations are of much higher
absorbing quality thans6 gamma radiations-for the same reason they do not
penetrate well-because they are absorbed. The result is that for the same
amount of a radiation source, alpha radiations are likely to have greater effects
on biological tissue that gamma radiations do. The term that describes this is
“Relative Biological Effectiveness (“RBE”)?7 The RBE and the R together
create a new unit, the rem (r).s8 The rem is a measure of dose. Where the Rad
measures the source of radiation, the rem measures how much radiation is ab-
sorbed by biological tissue. This can be expressed mathematically, and the
concept is best understood in terms of an equation:

rem = (Rad) * (RBE)
The RBE is different for each different type of radiation, and for each

different type of absorbing medium and even for each different type of radiation
effect that is being investigated?’ As we have seen above, determining ways
that NORM might impact human health can be complex. Now it seems that for
all the characterization in the world, the exact measurement of radiation absorp-
tion as a rem is even more complicated because the calculation requires knowl-
edge of the biological tissue that is absorbing the energy. Because there may
not be a way to adequately know exactly what tissue might be impacted, or
even the exact mix of radioactive isotopes that serve as the radioactive source,
the rem is only an approximation when used to describe the environmental
effects of radiation.@’

B. Pathways of Exposure

People come in contact with NORM through a number of different sources
including soil derived from rocks that once contained some radioactive source.
Some of the pathways by which radioactive materials from soil may enter the
human body include breathing contaminated dust, eating crops, meat, milk and
poultry, drinking contaminated water, and the intake of contaminated fish, shell-
fish, and seaweed.6’

Radionuclide concentrations depend on their source, their chemical behav-
ior, and the status of the environment they are entering.6* Water is an impor-

56. The term “Relative Biological Effectiveness (RBE)"  is highly dependent on the amount of energy
that is absorbed by the medium. See generally, supra note 46.

57. JOHN W. GO F M A N, s u p r a  note 51, at 4 1 .
58. Many of the state and Federal regulations refer to mrem, which are simply 1/1000 of a rem, e.g., 1

rem - 1000 mrem. See, e.g, Standards for Protection Against Radiation, 10 C.F.R. § 20.1101 (1997).
59. JOHN W. GOFMAN,  RADIATION AND HUMAN HEALTH 47 (Sierra Club 1981).
60. Id. Because the amount of absorbed radiation is dependant upon so many f a c t o r s ,  the NRC’s regula-

tions set occupational limits for the activity of sources of radioactive materials that, if incident upon a person
or an organ, will result in their absorption of the maximally allowed radiation dose. See Standards for Protec-
tion Against Radiation, 10 C.F.R. pt. 20 at app. B (1997).

61. Y. Yamamoto, Soil-Borne Radionuclides, in RADIONUCLIDES  IN THE Food  CHAIN 120 (M.W. Carter,
ed. 1988). The accumulation of radionuclides in food chains, particularly leading to humans can be very long
and complex. R.J. Penreath, Radionuclides in the Aquatic Environment, in RADIONUCLIDES  IN THE FOOD
CHAIN 99 (M.W. Carter ed., 1988).

62. R.J. Pentreath, Radionuclides in the Aquatic Environment, in RADIONUCLIDES  IN THE F o o d c h a i n  99
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tant medium by which people are exposed to NORM radionuclides. Water can
dissolve radioactive substances from rocks and soil. One example of this occurs
with the production of petroleum that often contains saline or “produced wa-
ter.“’ Produced water discharged into fresh-water streams and coastal waters
and can raise the level of Radium isotopes.U NORM might also affect drinking
water sources by leaching from waste piles, or by leaking from pipes or waste
repositories?’ NORM radionuclides have been discovered in oceans, lakes and
rivers.6 The study of some fish shows that some radioactive materials can
bioaccumulate in aquatic environments?7

Air can also provide an important pathway for human exposure to NORM.
Radon is a gas, which if confined can provide the source for radiation doses.a
The inhalation of Radon can be particularly damaging, and the EPA has studied
its health effects in detaLB The air can also be a conduit for dust inha.lationm
from soil or mining wastes.71

Regardless of the pathway, NORM usually takes a particulate or gaseous
form and the greatest risk of harm is not usually from external exposure. Rather
the greatest risks are usually associated with the ingestion of radioactive materi-
Zi.lSn

C. Health Effects of Rudiation

1. Cancer Health Effects

The knowledge that ionizing radiation causes biological damage has exist-
ed for quite some time. Radiation’s adverse effects on the human body were
noticed shortly after radioactivity’s discovery. For instance, Madame Curie and
other scientists studying radiation died of leukemia.73 The first cancers recog-
nized as being induced by radiation were on the skin of pioneer radiation work-
ers, beginning as “chronic radiodermatitis,” There are no historical records of

(M.W. Carter, ed .  1988).
63. A M E R I C A N  PETROLEUM INSTITUTE, PUB. No. 4532, PRODUCED WATER RADIONUCLIDE  HAZARD/RISK

ASSESSMENT PHASE I 1 (1991) (This study predicts the dose and p o t e n t i a I  h e a I t h  and e n v i r o n m e n t a I  effects of
exposure to Radium from data about actual  in Louisiana.).

64. Id .
65. D IFFUSE NORM STUDY, s u p r a  note 1, at D-1-20.
66. R.J. P e n t r e a t h ,  s u p r a  note 61, at 99.
67. Y. Yamamoto, s u p r a  note 61, at 120; AMERICAN PETROLEUM INSTITUTE,  P u b .  No. 4532, P R O D U C E D

WATER RADIONUCLIDE  HAZARD/RISK ASSESSMENT PHASE I 55-80 (1991).
68. See g e n e r a l l y ,  ENVIRONMENTAL PROTECTION AG E N C Y, Doc.  No. 52017-79-006, RA D I O L O G I C A L

IMPACT CAUSED BY EMISSIONS OF RADIONUCLIDES  INTO AIR IN THE UNITED  STATES  (1979).
69. EN V I R O N M E N T A L  P R O T E C T I O N  AG E N C Y, AN SAB REPORT,  F U T U R E  ISSUES IN ENVIRONMENTAL

RADIATION R E P O R T  ON F U T U R E  ISSUES AND CHALLENGES  IN THE STUDY  OF ENVIRONMENTAL RA D I A T I O N,
WITH A Focus TOWARD FUTURE INSTITUTIONAL  READINESS (Match 1995).

70. JOHN W. GOFMAN,  s u p r a  note 51, at 477-494 (discussing plutonium dust and lung c a n c e r ) .
71. See  g e n e r a I I y ,  James Kuntz, Nuclear Incidents on Indian Reservations: Who Has Jurisdiction? Tribal

Court Exhaustion v. The Price-Anderson Act, 21 AM. I n d i a n  L. RE V. 103 (1997).
72. See AMERICAN PETROLEUM IN S T I T U T E, P u b .  No. 4532, P R O D U C E D  WATER RADIONUCLIDE HAZ-

A R D / R I S K  ASSESSMENT PHASE I (1991); JOHN W. GOFMAN,  supra note 51, at 42-45.
73. See in f ra  note 190 and a c c o m p a n y i n g  text.
74. P.  BROWN AMERICAN MARTYRS  TO SCIENCE  THROUGH THE ROENTGEN RAY (Charles C. Thomas

1936); S.A. H e n r y ,  Cutaneous Cancer In Relation TO Occupation, 7 ANNUAL REVIEW COLLEGE OF SURGERY,
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the associated doses. However, children whose ringworm of the scalp was treat-
ed with X-rays developed basal cell carcinomas from exposures of 0.1-0.5 Gy
(10-50 rads).” Interestingly, the basal cells occurred on the face, where the
effects appeared to be enhanced from previous ultraviolet ray exposure, rather
than on the scalp where the dosage was greatest.76

NORM human health threats are of a stochastic (not immediately evident)
nature because the source of radioactive material in NORM is usually quite
“diffuse” and relatively “inactive.” Nevertheless, the accumulated dose can be
quite large.” If a source of Radium is ingested, it could lodge in a particular
part of the body where radiation could be absorbed at a rate of 2 mrem per
hour. This seems like an innocuous exposure. However, if the source remains in
the body for one year an accumulated dose of 175 rems would result, clearly
putting the person at high risk of developing cancer during his lifetime and at
risk from other health problems.

One of the most famous examples of occupational radiation exposure oc-
curred early in this century when the effects of radiation were not well under-
stood by the public.% Young women painted the faces of watches and clocks
with Radium so they would glow in the dark.79 The women would tip the bris-
tles of the brushes on their tongues to form a fine point. Many of these women
later in life developed bone sarcomas and other malignancies from the ingestion
of Radium, which accumulated in their bones.8o

Additional evidence concerning the long-term effects of radiation on the
human body has been accumulated since World War II. This data comes from
the studies of effects of the atomic bombs dropped on Japan,” and the Mar-
shall Islands,*’ and follow-up studies of patients treated by radiation therapy
for tinea capitis (scalp ringworm), ankolosing spondilitis, tuberculosis or cervi-
cal cancer.83 The nuclear power plant accidents at Three Mile Island and
Chernobyl also provide additional information on the possible health effects of
radiation.

ENGLAND. 245 (1950); BIER V, infra  note 85, at 325.
15. R.E. Shore, et al., Skin C a n c e r  Incidence Among Children Irradiated for Ringworm of the Scalp. 100

RADIATION RESEARCH 192 (1984); BIER V, i n f r a  note. 85, at 325.
76. N. Harley, et al., Epidemiology Related to Health Physics: The Skin Dose and Response for the Head

and in Patients Irradiated with X-Ray for Tinea Capitis: Implications for Environmental Radioactivity, 16
MIDYEAR TOPICAL MFETING OF THE H E A L T H  FHYSICS  S~C!IFX~, CONF-8301  125-142 (1983). BIER V, i n f r a
note 85, at 325-326. R.E. Shore, et al., Skin Cancer Incidence Among Children Irradiated for Ringworm of
the Scalp. 100 RADJATION  RESEARCH 192 (1984). BIER V, infra note 85, at 325.

77. JOHN W. GOFMAN,  supra n o t e  51, at 41-49.
78. Dr. Gofman called the use of Radium in watches  “use f i r s t  Ieam I a t e r . ”  JOHN GOFMAN,  supra note

51, at 432.
79. AlIan  M a z u r ,  Why Do We Worry About Trace Poisons?, RISK: HEALTH, SAFETY AND ENVIRONMENT

35, 38  (1996).
80. I d .
81.. BEIR V, infra note 85; COMMITTEE  F O R  THE COMPILATION  OF MATERIALS ON DAMAGE CAUSED BY

THE ATOMIC BOMBS  IN HIROSHIMA AND NAGASAKI, HIROSHIMA AND NAGASAKI 202 (1981) [hereinafter
HIROSHIMA AND NAGASAKI].

82. J .  EDWARD RALL, ET A L., REPORT  OF THE NATIONAL INSTITUTES OF H EALTH AD Hoc WORKING

GROUP TO DEVELOP RADIOEPIDEMIOLOGICAL  TABLES 15 (U.S. Dept. of Health a n d  Human Serv. 1985).
83. Id. at 27-30.
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The official guidance for estimating risk of radiation exposure has been
provided by the National Research CounciLw Their committees on the biologi-
cal effects of low doses of radiation issued six apparently authoritative reports,
and a letter report, the latest this year.= The focus of each was on the excess
risk of cancer death from gamma and X-ray exposures, using epidemiological
studies of A-bomb survivors, and survivors of therapeutic treatment of various
diseases.@ Estimates have been consistently revised upward, being three times
larger for solid tumors and four times larger for leukemia in 1990 compared to
1980F7

Although the BEIR reports appear to be comprehensive, the Committee
acknowledges otherwise!’ For lack of laboratory and epidemiological informa-
tion, the committee adopted a linear model for the dose-effect relationship,
whereas smaller doses may cause proportionately more serious effects in a total
population.89 There is evidence, convincing to some scientists, of a supralinear
effect of very low doses.% Without question, the epidemiological study of the
A-bomb survivors is incomplete until all have died and most were still alive in
1990--at the time of the BEIR V report. Those irradiated as children or in
utero will now be entering the years of greatest risk. Follow-up of survivors has

84. EDWARD RALL, ET AL., s u p r a  note 82, at 15 (U.S. Dept. of Health and Human Serv. 1985) (referenc-
ing "authoritative reports [such] as the 1980 (BEIR III) report of the National Academy of Sciences”). To
access the most recent NAS reports on the Biological Effectiveness of Ionizing Radiation (BEIR) visit
http://www.nas.edu.

85. COMM. ON THE BIOLOGICAL E F F E C T S OF IONIZING RADIATION, NAT’L RESEARCH COUNCIL, THE
E F F E C T S ON POPULATIONS OF EXPOSURE To Low LEVELS OF IONIZJNG RADIATION (BEIR) (1972); COMM.
ON THE BIOLOGICAL EFFECTS OF IONIZING RADIATION, NAT’L RESEARCH COUNCIL, CONSIDERATIONS OF

HEALTH BENEFIT-COST ANALYSIS FOR ACTIVITIES INVOLVING RADIATION EXPOSURE AND ALTERNATIVE
(BEIR II) (1977); COMM. ON THE BIOLOGICAL EFFECTS OF IONIZING RADIATION, NAT’L RESEARCH COUN-
CIL, THE EFFECTS ON POPULATIONS OF EXPOSURE To Low LEVELS OF IONIZING RADIATION (BEIR III)
(1980); COMM. ON THE BIOLOGICAL EFFECTS OF IONIZING RADIATION, NAT’L RESEARCH COUNCIL, HEALTH

RISKS OF RADON AND OTHER  INTERNALLY DEPOSITED ALPHA-EMITTERS (BEIR IV) (1988); COMM. ON THE

BIOLOGICAL EFFECTS OF I O N I Z I N G  RADIATION, NAT’L RESEARCH COUNCIL_ HEALTH EFFECTS OF ESPOSURE
To Low LEVELS OF IONIZING RADIATION (BEIR V) (1990); COMM. ON THE BIOLOGICAL EFFECTS OF IONIZ-
ING RADIATION, NAT’L RESEARCH COUNCIL, HEALTH EFFECTS OF EXPOSURE TO RADON (BEIR VI) (1998);
COMM. ON THE BIOLOGICAL EFFECTS OF IONIZING RADIATION, NAT’L RESEARCH COUNCIL, HEALTH RISKS
FROM EXPOSURE  TO Low LEVELS OF IONIZING RADIATION: BEIR VII, PHASE I, LETTER REPORT (1998) (vis-
ited March 28, 1998) < http://www.nap.edu/readingroom/>.

86. BEIR VII, PHASE I, LETI’ER REPORT, supre note 85, at 1-5.
87. BEIR V, s u p r a  note 85, at 1-8.
88. BEIR VI, supra note 85, at 5.
Quantitative estimates of the lung cancer risk imposed by Radon are subject to uncertain-
ties-uncertainties that need to be understood in using the risk projections as a basis for making risk-
management decisions (see table ES-5). Broad categories of uncertainties can be identified, including
uncertainties arising from the miner data used to derive the lung-cancer risk models and the models
themselves, from the representation of the relationship between exposure and dose, from the expo-
sure-distribution data, from the demographic and lung-cancer mortality data, and from the assump-
tions made in extending the committee’s models from the exposures received by the miners to those
received by the general population. The committee addtess those sources of uncertainty qualitative-
ly and, to a certain extent, quantitatively.

* * *

The committee’s models may not correctly specify the true relationship between Radon exposure and
lung cancer risk.

BEIR VI, supra note 85, at 5.
89. J OHN W. G o f m a n ,  RADIATION AND HUMAN HEALTH 385 (Sierra Club Books 1981).
90. Id.
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shown that the relative risk increased with attained age.9’ Another way of say-
ing this is that radiation doses that accumulate when the person is young have
the greatest chance of becoming cancers later in that person’s life?*

The radiation cancer-risk for individuals with particular exposures can also
be estimated. This estimation is perhaps easier to understand from an
individual’s perspective. Modeling from the A-bomb data, a 24 year old male
radiologist, accidentally exposed to 78 rads of whole body radiation, could have
a 39% chance of developing cancer in his lifetime. A 32 year-old male, acci-
dentally exposed to 288 rads of radiation, could have a 1 0 0 %  chance.93 If ex-
trapolated to low doses, a nuclear power plant worker, age 26, receiving ap-
proximately the allowable annual dose prior to 1991, or approximately 5 rads
per year for just five years, might have an additional 10% risk of developing
cancer. This is a significant health risk for five years of employment, and it
underestimates-by as yet unknown amounts-the worker’s total health risk.

2. Non-Cancer Health Effects

Radiation’s involvement in non-cancer health ailments is less widely un-
derstood than its involvement in carcinogenesis. And, as was discussed above,
even radiation’s role in carcinogenesis is only poorly understoodY4 There is,
however, some literature that is relevant to this issue. In 1964, the Atomic
Energy Commission published an encyclopedia of biological effects from radia-
tion exposure?’ The effects described range from changes in the blood that
result from relatively low doses to radiation illness syndrome and immediate
death resulting from high (600 rem) whole body penetrating doses.%

Only the least exposed and healthiest residents of Hiroshima and Nagasaki
survived the thermal blast, radiation exposure and social disruption. Of the
91,231 survivors, the average age was 28.4 years and approximately 66,000
received a dose of less than 10 rems.97 Those survivors showed a very wide
range or ailments, including, but not limited to, cancer.9* After the Japanese
bomb blasts a large population existed who had been exposed to radiation and
who had lived through the exposure.W The event, as tragic as any in human

91. Id. at 271.
92. Id. at 289-323.
93. Id.
94.
Information on Radon carcinogenesis comes from molecular, cellular, animal, and human (or epide-
miologic) studies. Radiation carcinogenesis, in common with any other form of cancer induction, is
likely to be a complex multistep process that can be influenced by other agents and genetic factors at
each step. Since our current state of knowledge precludes a systematic quantitative description of all
steps from early subcellular lesions to observed malignancy, the committee used epidemiologic data
to develop and quantify an empirical model of the exposure-risk relationship for lung cancer. The
committee did draw extensively, however, on findings from molecular, cellular, and animal studies in
developing its risk assessment for the general population.

BEIR VI, supra note 85, at 2.
95. ATOMIC ENERGY ENCYCLOPEDIA IN THE LJFE SCIENCES (Charles Shilling ed., 1964).
96. See generally id.
97. JOHN W. GOFMAN, supra note 51, at t. 26E.
98. HIROSHIMA AND NAOASAKI, s u p r a  note 80, at 8 & 86 to 251.
99. S e e  generally Hiroshima and Nagasaki ~UP~CI note 80.
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experience, yielded some very important observations concerning radiation’s
effect on the human body. Distances from the bomb’s hypocenters were drawn
in some studies and the human dose at those distances was approximated.‘@’
The resulting data, in any event, provides a qualitative description”’ of the
types of health effects that can result from radiation exposure.“’ The invento-
ry of these maladies includes blood disorders, immuno-deficiency, anemia,
ocular lesions,‘o3 disorders of the ovaries, abnormal menstrual cycles, birth
disorders, complications with the proper growth of fetus, microencephaly, men-
tal retardation, changed childhood growth and development, enamel hypoplasia,
matured children grew to be smaller than those who were not exposed, mental
disorders, complaints of fatigue liver dysfunction, gastrointestinal disease, endo-
crinological diseases, and cardiovascular disorders.1o4

Forty years later another tragic event, the Chernobyl accident, exposed
hundreds of thousands of Russian and Eastern Europeans to ionizing radiation.
The Russian registry of those who have been exposed numbers 435,276 peo-
ple.“’ The recently published Chernobyl data supports the observations that
were made at Hiroshima and Nagasaki: Non-cancer health effects did result
from exposure to radiation from Chemobyl.‘@j The Chernobyl data clearly
shows that individuals who participated as “liquidators” of the former power
plant experienced the same litany of health effects, experiencing 5 times a
greater incidence of general health disorders than the general Russian popula-
tion. 107 These liquidators clearly were exposed to high levels of radioactivity,
and it can be inferred that they received large radiation doses.

Whether the same non-cancer health effects are seen at lower doses may
still be an unsettled issue, and hopefully one on which the NAS will require
some study. The Chernobyl data does suggest an answer. Studies have also
been completed of people who merely lived in the countryside surrounding
Chernobyl. Some of these individuals were at a great distance from the plant,
and one study estimated that region was contaminated with radioactivity around
15 Ci/km2.“* Although 15 Ci of radioactivity is quite a strong source, when
spread over 1 square kilometer it becomes quite “diffuse.” The dose that any

100. Hiroshima and Nagasaki, s u p r a  note 80, at 8.
101. Hiroshima and Nagasaki, supra  note 80, at 186-25 1.
102. Dr. Alice Stewart recently criticized the quantitative aspects of the Japanese Bomb data, and she is

cited earlier for that proposition. This section is using the same data for a purpose that it is suited-the quali-
tative discussion of different health effects that might result from radiation exposure. In other words, Dr.
Stewart said that the Bomb data is not useful for the third and fourth level of risk analysis-but it probably is
good enough to use in the debate that relates to the first hvo stages of risk analysis-particularly the first stage,
risk characterization. Rob Edward, Living Dangerously: Standard Radiation Safety Limits Used Around the
World may have to be Revised to Protect the Young and Old, N EW SCIENTIST, February 28, 1998, at 12.

103. “The lens of the eyes are especially sensitive to radiation,” Hiroshima and Nagasaki, supra note 80,
at 203.

104. Hiroshima and Nagasaki, supra note 80, at 186-251.
105. Human Health, i n f r a  note 112, at 13.
106. Human Health, infra note 112, at 17.
107. Human Health, infra note 112, at 17.
108. T.V. Belookaya, et al., Dynamics of State of Health for Children’s Population of Belarus under

Present-day Environmental Conditions, in HUMAN HEALTH infra note 112, at 206-218.
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individual might receive from the 15 Ci source would be spread out over a long
period of time, and in the result the doses to humans in the countryside around
Chernobyl might be similar to the types of doses that result from NORM expo-
sure. In any event radiation sources in the Chernobyl countryside are lower in
activity than at either the Japanese bombings or at the site of the Chernobyl
accident.

Nonetheless, individuals in the Russian countryside have exhibited the
same types of non-cancer health effects that were first observed in Japan and
later among the Chernobyl liquidators.‘0g The Chernobyl researchers have doc-
umented immune system deficiency, enhanced fatigue, frequent viral infections,
blood and circulatory disease, asthma, rheumatism, respiratory diseases, urinary
and skin diseases, bone and muscle diseases, and alimentary organ diseases.“’

The U.S. Department of Energy has recently solicited joint studies by
American and Russian scientists of exposed Russian populations in order to
refine risk estimates on a molecular level.“’ Recent developments in molecu-
lar biology make possible the scoring of chromosome abnormalities to reliably
establish, years afterward, the dosage at exposure.“’ The workers at the
Mayak nuclear facility and the surrounding population, exposed to radiation
developing nuclear weapons in the “cold ~a?“‘~ have been studied by the
Russian Academy of Sciences in MOSCOW.“~  Investigations have also been
made of the effects of the Chernobyl accident on fetuses and children.“’ In
the “children of Chernobyl” an excess incidence of metastic thyroid cancer, in-
creased diabetes in children, increased congenital defects, and a declining birth-
rate is well-documented.“6

Frequent experiences of intense anxiety of nearby residents after the Three
Mile Island and Chernobyl accident have been alternatively attributed to psy-
chological and physiological mechanisms.1’7  Radiation (as described in the

109. I.V. Oradovskay, Clinical and Immunological Indices in Health Estimation of Adult Population in
Bryansk Region Localities Contaminated with Radionuclides as a Result of Accident at the Chernobyl Nuclear
Power Station, in Human Health infra note 112, at 154.

110. I.V. Oradovskay, Clinical and Immunological Indices in Health Estimation of Adult Population in
Bryansk Region Localities Contaminated with Radionuclides as a Result of Accident at the Chernobyl Nuclear
Power Station, in Human Health infra note 112, at 154.

111. Department Of Energy, Energy Research Financial Assistance Program Notice 98-11; Cellular Biolo-
gy Research Program-Mechanisms of Cellular Responses to Low Dose, Low Dose-Rate Exposures, 63 Fed.
Reg. 7775-01 (1998).

112. Vladamir Schevchenko & G.P. Signirova, Cytogenic Effects of Ionizing Radiations OR Human Popu-
lations, in HUMAN HEALTH 23 (Russian Academy of Sciences E.B. Burlakova, Ed. 1996).

113. “The Mayak disaster in 1957 created one billion curies of radioactive waste, which is either in un-
derground containers or reservoirs.” Karen DaPonte, et al., Foreign Publications and Book Summaries, 8 GEO.
INT'L ENVTL. L. REV. 375, 378 (1996).

114. Vladamir Schevchenko, Draft Research Proposal: Genetic and Carcinogenic Effects of Chronic Irra-
diation (Feb. 3, 1998) (on file with author).

115. T.V. Belookaya, et al., Dynamics of State of Health for Children’s Population of Belarus Under Pres-
ent-day Environmental Conditions, in HUMAN HEALTH, supra note 112, at 206, 211 (describing the “children
of Chernobyl”); L.S. Baleva, et al., Chernobyl and Child’s Health, in HUMAN HEALTH, supra note 112, at
219.

116. T.V.Belookaya, et al., Dynamics of State of Health for Children’s Population of Belarus Under Pres-
ent-day Environmental Conditions. in HUMAN HEALTH, supra note 112, at 206, 212.

117. SOHEI Kondo,  HEALTH EFFECTS OF LO W-LEVEL RADIATION 19-25 (1993).
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AEC encyclopedia) was observed to affect the endocrine system so as to create
an “alarm reaction” or “stress syndrome.“‘18  At the time of the AEC's investi-
gation, radiation’s role in this stress effect was poorly understood.1’9  It may be
that fear alone results from nuclear catastrophes. Or, it may be that even rela-
tively low doses of radiation can cause an endocrine response that causes the
feeling of fear. An adequate study of this effect has not been forthcoming from
the author’s research. This aspect of radiation exposure needs to be resolved
because different societal, legislative or regulatory responses, would be required
to deal with the different causes.

New light is also coming to the issues surrounding radiation’s role in the
development of diseases other than cancer.“’ For a long period of time it has
been known that radiation can suppress the immune system.‘*’ However, it
was assumed from the Japanese bomb survivor data that the immune system is
only compromised when the dose is very significant.‘22  New data that is being
developed from health studies of populations who live at a distance from the
Chernobyl accident site suggests that serious health effects may result from
relatively small doses of radiation.‘23 The effects on the immune and hormonal
systems from moderate doses (50 rems) are informative in that these systems
modulate disease in the body. If these systems fail to work properly, life may
be shortened. In Russia, the non-cancer health problems that resulted from
radiation exposure around Chernobyl are becoming more clearly understood as
studies of the Chernobyl survivors continue.lz4

In the United States, the NAS is just coming alive to the problems of non-
cancer health effects from radiation in their periodic reports of the Biological
Effects of Ionizing Radiation.‘25 “Cancer is the unusual result from exposure
to radioactive materials,” says Dr. Thomas Callander of Shreveport, La. Dr.
Callander treats a number of NORM patients in his practice.‘26  In conversation
with the author, he related that many of his NORM patients have health prob-
lems resulting from radiation exposure that run the gamut from immuno-defi-
ciency and respiratory aliments to micro-fractures of the bone and arthritis.‘27

The “new learning” concerning the non-cancer health effects from radiation
is taking place in Russia’** and it is beginning to be understood in the United
States by medical practitioners and through the National Academy of Sciences.

118. Id. at 140.
119. Id.
120. See generally HUMAN HEALTH, supra note 112.
121. HIROSHIMA AND NAGASAKI , supra note 80.
122. Because the bomb blasts released huge amounts of radioactivity in a relatively small area, the biolog-

ical results from those radiation exposures could only be related to high-dose exposures. HIROSHIMA AND

NAGASAKI, supra note 80.
123. E.B. Burlakova, Introduction, in Human Health, supra note 112, at 9.
124. See generally CONSEQUENCES OF THE CHERNOBYL CATASTROPHE : HUMAN HEALTH (Russian Acad-

emy of Sciences E.B. Burlakova, ed. 1996).
125. For instance, from pages 352-370 of BEIR V the focus is placed upon cataracts effects, life shorten-

ing and fertility problems. See BIER V, supra note 85.
126. Conversation between Dr. Callander and Mr. Aamodt on Sept. 8, 1997.
127. Id.
128. See generally supra note 112.
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It should be a part of the study of NORM that the NAS recommends in its
study of NORM regulation because it is a radiation effect that has been “left
out” of the regulatory analysis.

Radioactivity has many more health consequences than cancer. The case
studies that are discussed above relate to the NORM problem only for the rea-
son that they provide empirical data on the human health effects caused by
radiation in the environment. It is clear from the review of the NORM litera-
ture, and from a review of almost all literature that relates to radiation exposure,
the focus is on cancer.‘29 The study of NORM health risks should include the
study of non-cancer health effects. Non-cancer health effects are something that
the National Academy of Sciences should find has been “left out” of the study
and regulation of NORM health effects, and of radiation health effects in gener-
al.

D. Risk Analysis and NORM

Risk means different things to different people.‘30  A risk analyst might
define risk as “the probability of an adverse event.“13’  Environmental risk
analysis has developed into a decision making tool to aid legal and policy
choices that must be made about public exposure to pollutants.‘n  Risk assess-
ment is often referred to as a combination of established disciplines including
biostatistics, economics, epidemiology, demography and toxicology.‘33  The
goal of risk assessment is to determine (1) the probability that an individual
will suffer disease or death as a result of a specified exposure to a pollutant;
and (2) the consequences of such an exposure to an entire population.‘34

Risk assessment is different from risk management. While there is an
interconnection between the two, risk assessment tries to characterize the risk in
qualitative terms. More specifically, it uses scientific research to try to define
the probability of harm an individual or a population will suffer as a result of
exposure.‘3 Risk management, on the other hand, is the process of deciding
what to do where a risk or group of risks has been determined to exist. Policy
decisions are required to manage the risk in light of legal, economic, social,
political and scientific factors.‘”

In its most basic model, risk assessment is a four-step process:

129. The EPA notes “Cancer is the major effect of concern from radionuclides . . ." (accessed March 15,
1998)<http://www.eap.gov/ttnuatwl/hlthef/radionuc.html>.

130. Many articles have been written about risk perception. For an interesting examination of differing
risk perceptions, see Howard Margolis, A New Account Of Expert/Lay Conflicts Of Risk Intuition, 8 DUKE

E n v t l .  L. & P o l ' y  F. 115 (1997).
131. THOMAS J. SCHOENBAUM & RONALD H. ROSENBERG , ENVIRONMENTAL POLICY LA W: PROBLEMS ,

CASES AND READINGS 623 (3d ed. 1996)[herinafter S c h o e n b a u m  & ROSENBERG].
132. Id.
133. CARNEGIE COMMISSION ON SCIENCE, TECHNOLOGY, AND GOVERNMENT, R i s k  AND THE ENVIRON-

MENT: IMPROVING REGULATORY D e c i s i o n m a k i n g  76-79 (1993) [hereinafter RISK AND THE ENVIRONMENT].
134. Id.
135. William D. Ruckelshaus, Risk in a Free Society, 14 E n v t l .  L. REP. 10190 (1984).
136. Supra note 9.
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1. Hazard Identification: where a qualitative determination is made as to
the kinds of adverse health or ecological effects a substance can cause.
Typically, agencies have focused on whether an “agent” (i.e., an industrial
chemical, a natural product in the environment, or a particular lifestyle)
increases a person’s risk of developing cancer. Cancer is the effect that
usually drives further analysis and regulation.‘37

2. Exposure Assessment: a determination is made as to the amounts of a
substance to which a hypothetical person (usually the “maximally exposed
individual”) and/or the total population are exposed.‘38

3. Dose-Response Assessment: here, an estimate is made as to the proba-
bility or extent of an injury at the exposure levels determined above, by
determining the “potency” of the chemical in question. Essentially, this
step illustrates how the likelihood of cancer changes with the level of
exposure.‘3g

4. Risk Characterization: after the above steps have been determined, the
numbers are integrated to yield an overall estimate that describes the
nature of the adverse effects and the strength of the evidence. This is
usually expressed numerically as the “lifetime risk of cancer due to a par-
ticular agent at a particular level of exposure.“‘4o
There is no doubt that regulatory agencies will continue to use risk analy-

sis in setting exposure levels. Scientific questions require scientific justifications
and this is the role that risk assessment plays in regulation. There are, however,
some scientific questions that scientific methodologies cannot answer.14’  The
exact effect of exposures to low doses of radiation is one such question. Risk
assessment can be particularly useful if those who rely on it understand its
nature and its limitations. Consequently, decision-makers should be made to
understand where the limitations exist in the basic science, where assumptions
were used in the assessment, and what policy values those assumptions reflect.
Decision- and policy-makers must also understand that in many cases the as-
sessment is really a quantified range, and that real risks will likely be signifi-
cantly higher or lower than the average expressed.‘”

The free flow of information concerning the limits of risk assessment is as
important as the risk assessment information itself. If policy-makers think that
the science lying behind a risk assessment is “bullet proof’-and in fact it is

137. RISK AND THE ENVIRONMENT , supra note 133, at 624.
138. R i s k  AND THE ENVIRONMENT , supra note 133, at 624.
139. RISK AND THE ENVIRONMENT, supra note 133, at 624 (emphasis added). Note, the traditional focus

for risk assessment has been cancer. Should it continue to be? See supra Section II.C.2. Non-Cancer Health
Effects.

140. Alon Rosenthal, et al., Legislating Acceptable Cancer Risk f rom Exposure to Toxic Chemicals, 19
ECOLOGY L.Q. 269, 278-279 (1992).

141. This ability for science to pose a question, but lack the ability to provide an answer creates what
some commentators have called "trans-science." See, e.g., Wendy Wagner, The Science Charade in Toxic Risk
Regulation, 95 COLUMB. L. REV. 1613, 1620 (1995).

142. SCHOENBAUM & ROSENBERG, supra note 131, at 626.
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not-they will have allowed the scientists to make the policy judgements for
them in the form of “scientific assumptions.“‘”

1. Low Doses of Radiation Can Cause Health Risks

A debate over the effects of low doses of radiation is resurfacing within
the discussion of NORM.14 This discussion relates to the third part of a gen-
eral risk assessment-the determination of the dose-response relationship.‘”
National and international radiation protection agencies have uniformly adopted
the “linear, no-threshold” dose response theory.14  But, other theories about
the effects of radiation in the human body have been developed.14’  These the-
oretical viewpoints affect the assumptions that are built into risk assessment and
regulation. For instance, if it is assumed that low doses of radiation do not ad-
versely affect human health, or if the risks posed by low doses are viewed as
not worthy of the cost of regulation, then, no mater what the scientific inquiry
finds, regulation will not be developed to protect against low doses to radiation.
Conversely, application of the assumption that even the minutest exposure to
radiation holds the potential for risk of harm to human health logically develops
very stringent regulations.

Part of the problem that exists in understanding risk is the way it is charac-
terized. Some say that the potential for excess cancers as a result of exposures
to low doses of radiation is so small that they do not merit the expense of regu-
lation.14 Some commentators say that the possibility of contracting a fatal
cancer as a result of living near a nuclear power plant is so low that it doesn’t
hurt anyone.‘@ And, at the same time, some risk commentators point out that
a person who drives a car has a much greater chance of dying in a car crash
than a person who is exposed to “low doses” of radiation has of getting can-
cer. 150 Therefore, these greater risks are thought to overshadow the lesser
ones. If driving a car is thought such a great risk, then a person is likely to die
in a car accident before they have a chance to develop a cancer. As we will see,
this logic is flawed.

When it has been determined that some use of radioactive materials will
cause 1 excess cancer fatality in 10,000 people, it can also be expressed as 1
chance in 10,000 for an individual to contract cancer from some risk. This
“individual based” view of risk causes the risk to be perceived as small. This

143. To read about the affect that scientific assumptions have had on the Clean Air Act, see Joshua D.
Sarnoff. The Continuing Imperative (But Only From A National Perspective) For Federal Environmental
Protection, 7 DUKE ENVTL. L. & P o l ' y  F. 225, 309 (1997).

144. Peter Gray & Assoc., THE NORM REPORT (Summer/Fall 1997).
145. See infra notes 159 to 182 and accompanying text.
146. Standards for Protection Against Radiation, 56 Fed. Reg. 23,360 (1991).
147. Patterson, Setting Standards for Radiation Protection: the Process Appraised. 72 HEALTH PHYSICS

450 (1997). Bernard Cohen, Low Level Radiation Regulations: Costs Far Outweighing Risks, in Peter Gray &
Assoc. THE NORM R e p o r t  21 (Winter 1998).

148. Bernard Cohen, supra note 147, at 21.
149. S o h e i  KONDO, HEALTH E f f e c t s  OF LO W-LEVEL RADIATION 11-26 (1993).
150. RISK AND THE ENVIRONME NT, supra note 133, at 624.
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individual-based analysis is misleading when authorities charged with protecting
the public health use it. If it has been determined that some exposure to radio-
activity will cause 1 cancer in a 10,000 persons, it really means that 1 cancer
will result in that population of 10,000. Assuming that the risk analysis is cor-
rect, there is no uncertainty concerning how many cancers will occur.

Dr. Gofman, in one of his many writings on the effects of low doses of
radiation, dispels the popular myth that low risks of cancer that translate to low
risks for each individual mean there is little or no reason to regulate low doses
of radiation.“’ Dr. Gofman addressed the idea of low doses corresponding to
“low risks,” carefully pointing out that “the difference between risk considered
from an individual’s point of view and from the point of view of public health
is striking.“‘s2 He succinctly put the problem this way:

Not everyone who gets exposed to 100 millirads will develop a radiation-
induced cancer. If we use 270 person-rads as the whole-body cancer dose
for an equilibrium population of mixed ages,ls3  we mean that if 2,700
people are each exposed to 100 millirads (an aggregate exposure of 270
person-rads), only one of them will get a radiation induced cancer. The
dose will be “safe” for 2,699, and lethal for one! If the dose is doubled to
200 millirads, the risk of every individual doubles from one chance in
2,700 (or an individual risk of 0.00037) to two chances in 2,700 (an indi-
vidual risk of 0.00074).

* * *

A small individual risk of 1 in 2,700 would translate into nearly 100,000
radiation-induced cancers if everyone in an equilibrium population of 250
million persons received a “low dose” of 100 millirads. That each of these
250 million individuals has only a risk of developing cancer does not
mean that no one at all is harrned.‘s4
In the Diffuse NORM studyLSS the EPA estimated an additional 0.00012

(1 in 8,333) risk of developing cancer in a lifetime is caused by radiation expo-
sures from oil and gas sludge and scale. 156 The EPA’s assessment for oil and
gas NORM waste is in the same order of magnitudeIs  as Dr. Gofman’s hypo-
thetical that resulted in 100,000 excess cancer deaths in a population of

151. JOHN W. GOFMAN, s u p r a  note 51, at 412-13.
152. JOHN W. GOFMAN, supra note 51, at 412-13.
153. Earlier in his work, Dr. Gofman had, from a review of empirical evidence, deduced that an exposure

to 270 rads of radiation would create, statistically, a 100% chance of a person of about 25 years developing a
cancer. See JOHN W. GOFMAN, supra note 51, at ch. 9.

154. JOHN W. G o f m a n ,  supra note 51, at ch. 9.
155. DIFFUSE NORM STUDY supra note 1.
156. The DIFFUSE NORM STUDY earlier points out that more than 1 billion tons of NORM waste am

generated by all industry sectors (DIFFUSE NORM STUDY, supra note 1, at ES-2), and that oil and gas pro-
duction is responsible for about 260,000 metric tons of NORM waste each year (DIFFUSE NORM STUDY,
supra note 1, at ES-6).

157. In English, the “same order of magnitude” translates to the same number of decimal places behind
the zero, or to numbers that have the same number of decimal places. In this case, the risk of contracting
cancer from NORM is 1 in about 2,000 while the risk in Dr. Gofman’s example is about 1 in 8,000. Al-
though the hypothetical risk is about 4 times greater than the calculated NORM risk, one order of magnitude
is a ten-times change.
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250,000,000 (an additional risk of 0.00037, or 1 in 2,702).
The relation of Dr. Gofman’s hypothetical to real-world excess cancers that

might result from NORM wastes is highly dependent on the definition of the
Critical Population Group (CPG).“’ If it is assumed that the CPG is likely to
be small because not many individuals will have direct access to oil and gas
production sites and the related downstream operations that deal with NORM, it
can be further assumed that-from a public health stand-point-there will be
few excess cancers (a small risk carried in a small population yields a small
total number of cancers). If, however, it turns out that the NORM from oil &
gas production is widespread (and this may be a valid assumption that can be
inferred from the fact that oil and gas production creates more that 260,000
metric tons of NORM waste), then the CPG is quite large, and one would ex-
pect to see a large total number of excess cancers (a small risk borne by a large
population yields a large number of cancers).

2. The Debate Over a Radiation Threshold is Rhetoric

For humans, 1599 the health problems that are caused by NORM lay in ion-
izing radiation’s ability to change the chemical structure and reactivity of mate-
rials. In a DNA sequence, for example, one nucleic acid can be instantly trans-
formed into another by ionizing radiation.‘@’ The biological result may be in-
nocuous-or the cell may simply be killed by the change. In any event, the
incidence of ionizing radiation on cellular material may cause severe health ef-
fects.16’ The problem with determining the risk of these exposures to an indi-
vidual is that they are very difficult to measure empirically. As stated by Dr.
Lindell of the Swedish Institute of Radiation Protection, a “no threshold” theory
that states that any radiation exposure is potentially harmful is often assumed
into radiation risk analyses:

The dose response relationship at low radiation doses is not known be-
cause the [individual] risk is so low that it is difficult to distinguish the
radiation-induced harm from naturally occurring harm of the same type.
However, it is usually assumed that the risk increases in proportion to the
effective dose equivalent, a quantity that sums up radiation doses in all
body organs and tissues after weighting for differences in sensitivities.‘62
The major American’63 and international bodies which are charged with

protecting human radiation health effects of radiation subscribe to this “no

158. The risk estimates are highly dependent on the Critical Population Group (CPG). Although the D IF-
FUSE NORM STUDY spends 40 pages trying to define the CPG, the study finally just infers that all or part of
the population that lives and works within 50 miles of a “reference site.” D IFFUSE NORM STUDY, supra note
1, at A-11 & D-l-l to D-1-40.

159. See supra note 6.
160. JOHN W. GOFMAN, RADIATION AND HUMAN HEALTH 84-5 (Sierra Club Books 1981).
161. Id.
162. Id.
163. “If there is in fact a threshold of exposure below which carcinogenic effects do not occur, science

has not yet proven or disproven it, thus any current measurement of such a threshold must be termed a thresh-
old or non-threshold hypothesis.” Johnston V. United States, 597 F. Supp. 374, 392 (D. Kan. 1984).
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threshold” concept.‘64 The United Nations Scientific Committee on the Effects
of Atomic Radiation, in 1977, clearly indicated that there is not any threshold
below which radiation can be presumed to not cause harm:

Regarding the possible existence of thresholds in dose-effect relationships
there is consistent evidence showing that doses as low as 5 rads may still
be effective in inducing selected malformations. Direct experimental tests
of the absence of thresholds in this dose region would tend to exclude
their existence at lower doses. Theoretically, the possibility does exist that
thresholds might occur at even lower doses, but experiments of sufficient
precision to reveal them would be technically difficult or even impossible
for statistical reasons.16s
The scientific understanding of the effects of low doses of radiation has

been advanced through the study of the effects of tragedies like the Chernobyl
accident and the bombings in Japan. These studies do not provide the same type
of clinical information that is possible, say, with risk assessments that are per-
formed for proposed drugs, or food additives where the stresses are controlled
and elements of causation are clearly defined.lM

Even with these limitations, Dr. Gofman’s statistical work with populations
provides very solid evidence that low doses of radiation to populations have
resulted in excess cancers on a population leve1.16’  He begins his analysis
from first principles, examines the origins of human cancer,‘68  and from a cel-
lular model develops proof for the statement that even a single ionization can
cause cancer.‘@ Linus Pauling may have been one of the earliest proponents
of this view, when in the course of his research on the chemistry of radioactive
matters he concluded, "[t]here is no safe amount of radiation or of radioactive
material, even small amounts do harm.r”70

This conservative scientific policy is challenged.“’ Other theoreticians
posit that there is some incidence below which there is no biological effect (that
there is a threshold in the dose-response curve).ln  Some even say that some
very low levels of radiation are good for YOU.“~  The following figure (Fig. 1)

164. Standards for Protection Against Radiation, 56 Fed. Reg. 23,360 (1991).
165. UNSCEAR, Sources and Effects of Ionizing Radiation, UNGA 1977, reprinted in JOHN W. GOFMAN,

supra note SO, at 758 (Sierra Club Books 1981).
166. NATIONAL RESEARCH COUNCIL, ENVIRONMENTAL EPIDEMIOLOGY 41 (1991).
167. JOHN W. Gofman, RADIATION AND HUMAN HEALTH 102-122 (Sierra Club Books 1981).
168. Id. at 54101.
169. Id. at 82-83.
170. LINUS P a u l i n g ,  No MORE WAR! 82 (1958).
171. The term “policy” is used in this context because the choice of which theory to use is not based

upon science since there is not direct scientific evidence on this issue. Rather, the decision to use one theory
or another is a policy decision.

[T]he linear nonthreshold dose-effect relationship implies that the potential health risk is proportional
to the dose received and that there is an incremental health risk associated with even very small
doses, even radiation doses much smaller than doses received from naturally occurring radiation
sources. These health risks, such as cancer, are termed stochastic because they are statistical in na-
ture; i.e., for a given level of dose, not every person exposed would exhibit the effect.

Standards for Protection Against Radiation, 56 Fed. Reg. 23,360 (1991).
172. SOHEI KNODO, supra note 149, at 16 (1993).
173. S o h e i  KNODO, supra note 149, at 16 (1993).
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roughly sets out the different dose response theories that exist. In the graph, the
“T” represents the threshold theory. The threshold theory states that there is a
cutoff below which no radiation effects occur.‘74 “NT” represents the no
threshold theory, which is explained above. “B” represents the beneficial theory
which states that at some low dose there are fewer observed health effects than
there are at either higher or lower doses-some minute amount of radiation is
good for ~0u.l~~

Dose

FIGURE 1. THREE THEORIES OF THE DOSE-RESPONSE RELATIONSHIP OF

IONIZING RADIATION’S IMPACT ON HUMAN HEALTH.

Although science can not prove the no-threshold theory, there is a great
deal of circumstantial evidence that militates for its application, and for the
exclusion of the other theories. As has been repeatedly pointed out in connec-
tion with the Radium dial painters:‘76

A milligram of Radium bromide is not much larger than a small grain of
sand. One microgram is only one thousandth as large, is invisible, and

174. Standards for Protection Against Radiation, 56 Fed. Reg. 23,360 (1991). "[T]here am effects, termed
nonstochastic effects, for which there is an apparent threshold; i.e., a dose level below which the effect is un-
likely to occur.” Id.

175. Even in the face of ever-stricter standards, some activists tom the use of radioactive materials as
home remedies as evidence of the beneficial effects of low doses of radioactivity. See Sohei Kondo, supra
note 117. Recently, one scientist described this use of radioactive materials as “quack” medicine. Allan
Mazur, supra note 79, at 3.5, 38.

176. Allan Mazur, supra note 79, at 35 (1996). The Radium dial painters were women who were em-
ployed to paint the faces of watches with Radium so that they would glow at night. To make fine tips that
produce fine lines, the women licked the Radium-laced brushes. As a population they exhibited an enormous
excess of cancer, particularly bone cancer. See, e.g., Johnston v. United States, 597 F.Supp. 374,395 (D. Kan.
1984), which discusses the facts of the New Jersey Radium Dial workers in light of similar facts in Kansas.
The Johnston court took a hard swipe at the plaintiffs experts in that trial, and later courts have criticized the
Johnston court’s treatment of the biological effects of radiation that was the subject of the expert testimony.
See In re TMI III, 927 F. Supp. 834, 641, n. 11 (M.D. Pa. 1996).
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cannot be detected by any known chemical method. It is necessary to
have only ten micrograms, or one hundred thousandth of a gram, distrib-
uted over the entire skeleton to produce a horrible death years after it has
been ingested.17’
Furthermore, the threshold and beneficial theories look less appealing in

light of the NRC’s newly lowered exposure limits for the public. The NRC’s
allowable public doses from nuclear power plants were lowered from 500
mrem/year to 100 mr/year’78 on the basis of ICRP recommendations.‘79  And,
the NRC has adopted guidelines for the operation of nuclear power plants
which further lower the permitted yearly public exposures from 100 mr/year to
10 mr/year.‘so

It may be that the three theories of the dose response relationship for ra-
dioactive material’s effects on human health exist because not enough is under-
stood about the biological effects of very low levels of radiation from an empir-
ical standpoint. The no-threshold theory is sometimes supported on the premise
that uncertainty requires conservatism, with the regulator claiming that it is
imperative to provide for the public health and safety to the greatest extent in
the face of uncertainty.‘*’ For instance, a recognized expert in radiation safety
noted that, "[W]e do not have a single set of useful, straightforward recommen-
dations on radionuclides in food to present to the food industry and to a wor-
ried world.“182 This comment was made at the close of a conference that
hoped to provide guidance on the levels of radioactive materials that might be
safe in European foodstuffs that were contaminated by the Chernobyl accident.

A corollary example from outside the realm of radioactivity, but still with-
in the practice of risk assessment can help shed some light on the development
of radiation risk assessment sciences. This example is drawn from the EPA’s
development of data concerning the health effects of carcinogenic materials.
The EPA, in April of 1996 released proposed cancer risk guidelines that com-
pletely change the risk assessment of cancer for many materials.‘83

This drastic change in the EPA’s guidelines illustrates the recent “climb up
the learning curve” concerning the toxicology of carcinogens.184  The new
guidelines presumably reflect more exacting scientific inquiry and therefore, a
simpler task af applying the science to the regulation is possible. For the pur-

177. Allan Mazur, supra note 79, at 37.
178. Compare 10 C.F.R. § 20.105 (1986) with 10 C.F.R. 20.1301 (1992).
179. National Emissions Standards for Radionuclide Emissions From Facilities Licensed by the Nuclear

Regulatory Commission and Federal Facilities not Covered by Subpart H, 61 Fed. Reg. 68972 (1996).
180. Thomas H. Pigford, Maximum Individual & Vicinity-average Dose for a Geologic Repository Con-

taining Radioactive Waste, 8 RISK: HEALTH SAFETY & ENV’T 9 (1997).
181. Standards for Protection Against Radiation, 56 Fed. Reg. 23,360 (1991).
182. W. Sinclair, Radionuclides in the Food Chain, in R a d i o n u c l i d e s  IN THE FOOD CHAIN 475, 483 (J.

Harley ed. 1988).
183. Proposed Guidelines for Carcinogenic Risk Assessment, 61 Fed. Reg. 17960 (Apr. 23, 1996).
184. See. e.g., Bruce Molholt, The Environmental Impacts of USEPA's New Cancer Risk Guidelines,

POLLUTION ENGINEERING (June 17, 1997). Dr. Molholt points out that many carcinogens were regulated far
below the level at which they cause an appreciable risk of harm in humans. Prior guidelines were based upon
more uncertain science, and the regulations that were previously developed incorporated a degree of “cushion”
between doses known to cause effects and those that were uncertain.
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pose of this paper, it is most important to note that the proposed guidelines
were almost twenty years in development at the EPA, and will only become
final after years of comment and refinement-if then,

The great time lag that is necessary to develop reliable empirical data is
the lesson that may be learned from the EPA’s regulation of carcinogens and
applied to the NORM issue. With NORM, the EPA has only begun to embark
on a process that has only recently included the NAS. More precise regulation
of NORM will be possible when more precise scientific studies that indicate the
true health effects of NORM are conducted such that the regulations can be
crafted around the scientific results.

The debate over threshold responses and the weight of unrealistic models
really dissolves into one theme: Should industry try to limit its future NORM
liability by changing-perhaps artificially-the theories about radiation’s ability
to cause harm? Or should industry try to reduce future liability by reducing real
future risks by addressing the problem of NORM waste head-on?

With respect to other environmental pollutants, the United States govern-
ment and industry have spent billions of dollars on the remediation of waste
sites, costs that might have been prevented.‘” Will the same thing occur with
NORM? Selection of a non-conservative dose-response relationship could
sweepingly reduce the perception of NORM liabilities and result in short-term
savings in the implementation of less rigorous regulations. However, these
short-term savings could be very well followed by high costs for remediation
and litigation.

One fact stands out concerning many empirical studies of radiation
risks-they are flawed.‘= Selective perception of risks does not change this
reality. Therefore, the theory that bottoms regulatory action will be chosen as a
policy decision-not as a scientifically provable fact. It would be a relatively
simple matter for an aggrieved plaintiff to show that these types of radiation
protection standards are based on policy and not scientific decisions. This
proved, industry might have little by way of defense in the regulations, and
ultimately might bear the cost of any real risks imposed on others.

In the short-run, selecting a non-conservative dose-response theory might
be less costly than proactively cleaning up sites to stringent standards to make
sure that risks are minimized. But, in the long run the costs created by putting
risk in the public may well be “internalized.” That is, at least some of those
people who may be injured by exposure to NORM will seek redress from the
companies that have been accumulating NORM. If the industry as a whole has
adopted a proactive stance concerning NORM, each of the individual companies
might have an effective shield against future liabilities. And, it is likely that the
risks and corresponding heath effects will not be caused in the first place be-
cause the industries will be conservatively regulating themselves.

185. Richard L. Fruehauf, The Cost Of Knowledge: Making Sense Of "Nonfortuity" Defenses In Environ-
mental Liability Insurance Coverage Disputes, 84 VA. L. REV, 107 (1998).

186. N a t i o n a l  RESEARCH COUNCIL, supra note 166.
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Furthermore, these “risks” really might be substantial, one-way changes to
real human lives. Cancer and other deadly health effects-including genetic
effects-are terrible for individuals and for entire families and communities.
There are strong ethical reasons for preventing these “risks” that are just as
important as the economic ones.

Therefore, from an industry perspective, even “pounds of prevention” may
ultimately prove to be economical. Using the rhetoric over the dose-response
relationship of radiation to health effects as the basis for risk management mod-
els may result in the creation of greater than necessary risks to public
health,ls7 which may in turn result in great personal and financial liabilities in
the future.

III. T H E  Legal Problem

A. The Development of Radiological Protection Guidelines

We have been discussing some of the current concepts in radiation risk
assessment, and we have found that the science of radiation risk assessment is
“climbing the learning curve.” Effective, science based regulation requires a
great deal of knowledge. Further, the regulation of radioactive materials has
been evolving over the past century. It began by applying the science of broad
observations, and has been become more sophisticated as measurement tech-
niques, units and the understanding of radiation’s biological effects have be-
come more clearly understood.

In the late 1800’s radioactivity was discovered through the very beginning
of research on X-Rays,“* Uranium1*9  and Radium.lgo  This opened up a
new world of physics and chemistry to science. It soon became apparent that
this new world might be dangerous. Marie Curie, who discovered the element
Radium, was one of the first people to be injured by exposure to radioactive
materials.“’ At about the same time, those who were experimenting with and
using X-rays noticed that some level of exposure resulted in reddened skin
(erythema)‘=  and even caused lesions.‘93

These operators developed an early “dose limit” so that no reddening or
lesions would occur from their exposure to the X-ray machines.‘94  This stan-
dard for radiation protection was called the Human Erythema Dose (HED).‘95

187. See generally DANIEL FORD, THE CULT OF THE ATOM (Simon & Schuster 1982).
188. W.C. Roentgen discovered X-Rays in 1895. ATOMIC ENERGY supra note 95, at 378.
189. Henri Becquerel discovered the spontaneous decay of Uranium. EVE CURIE, MADAM CURIE 153

(Vincent Sheen trans., Doubleday, Doran & Co. 1937).
190. It was in the examination of pitchblende ores that Marie Curie determined that the radioactivity in

pitchblende was too great to be ascribed solely to Uranium, and the discovery of the more radioactive sub-
stance Radium was made. For an interesting description of the Curie’s lives see supra note 189.

191. Id. at 385.
192. Reddened skin is technically termed erythema.
193. G l a s s t o n e  & JORDAN, supra note 19, at 113.
194. ATOMIC ENERGY ENCYCLOPEDIA IN THE LIFE SCIENCES 145 (Charles Shilling ed., 1964).
195. Id.
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Later experimentation determined that erythema is only caused when a person is
exposed to at least 289 roentgen equivalents.‘% The HED is roughly 3000
times the total yearly exposure that the public is allowed to receive from nucle-
ar power plants in the United States today.lW  The development of this change
in protection guidelines is described below.

The British Roentgen Society was the first scientific body to develop radia-
tion protection guides when it recommended protective measures in 1916.19’
In the following decade recommendations were made by similar “societies” in
the United States, France, Germany, Holland, Sweden and the former Soviet
Union.lW These protection standards were limited to personnel operating X-
rays. Advanced protection guides were still needed for other uses of radioactive
materials.

As a result, in 1921 the First International Congress of Radiology was
convened at London. The first agenda item was the development of a standard
unit of measurement for radiation exposure.2oo  The Congress created the Inter-
national Commission on Radiation Units and Measurements (ICRU), and in
1928 at the Second International Congress of Radiology at Stockholm the unit
for measuring radiation, the Roentgen (R), was proposed by the ICRU?” The
Roentgen is still used, with a number of other units, as a basic unit of radiation
exposure.2o2

The Roentgen is limited to electromagnetic wave radiations, and can not
describe the dose that results from particle radiations. It is important to remem-
ber that radiation takes a number of different forms, including particles203” and
electromagnetic rays, and it develops from the interaction of certain types of
radiation with matterTo  Therefore, to develop meaningful radiation protection
guides, standard methods and units were developed to accommodate this spec-
trum of radiations.ms

The ICRP was founded at the Second International Congress of Radiology
in Stockholm.206 Early recommendations by the ICRP were aimed at develop-

196. Id.
197. Standards for Protection Against Radiation, 10 C.F.R. § 20.1101 (1997).
198. GLASSTONE & JORDAN, NUCLEAR POWER AND I t s  ENVIRONMENTAL EFFECTS 114 (American Nucle-

ar Society 1980).
199. Id.
200. Id.
201. Id. The Roentgen is the quantity of X or gamma radiation 0.001293 grams of air is caused to contain

ions of one electrostatic quantity of energy, either positive or negative. A TOMIC ENERGY ENCYCLOPEDIA,
supra note 94, at 378. Alternatively, the Roentgen can be defined as the quantity of X or gamma rays that
produce, in 1 Kilogram of dry air, charge particles carrying a total charge of 0.000258 Coulomb. A t o m i c
ENERGY ENCYCLOPEDIA, supra note 194, at 378.

202. The units that are currently used am called Sieverts, Grays, Rems and Rads. For a full description of
these units which describe the absorption of radioactivity by matter, particularly living cells, see JOHN W.
G o f m a n ,  supra note 51, at 45-9.

203. When discussing naturally occurring radioactive materials, most of the radiation that wilt result from
oil and gas operations is in a particulate form. In fact, the most common radiation source is Radium, which
emits primarily alpha particles and is most often found in particulate form.

204. See supra notes 41 to 52 and accompanying text.
205. See supra notes 53 to 60 and accompanying text.
206. B. Lindell, International Recommendations on Radiation Protection, in Radionuclides in the
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ing basic radiation protection units, and for establishing guidelines for protect-
ing radiation workers. Later, the ICRP began to suggest dose limitations for
members of the general public-beginning in the 1950~.~’ The ICRP has estab-
lished three basic principles for radiation protection:

1. The practice causing radiation exposure must be justified, i.e., its intro-
duction must produce a positive net benefit.

2. There should be limits for the individual doses and hence the individual
risks for those who are exposed to radiation.

3. Even below these dose limits, all exposures should be kept As Low As
Reasonably Achievable; economic and social factors being taken into ac-
COunt.Zo*
In the United States an advisory committee was established under the

auspices of the National Bureau of Standards (“NBS”). The NBS advisory
committee soon found that radiation protection must be extended beyond X-ray
radiation protection. In 1956 the National Committee on Radiation Protection
("NCRP") was created from the NBS committee. There was an inherent weak-
ness in the NBS and the NCRP that resulted from the fact that neither body had
any legal authority to establish guidelines that would be binding on those who
dealt with radioactive materials. Rather, the NCRP was simply another name for
the advisory committee established by the NBS under its administrative authori-
ty, and the NBS had no statutory authority to develop binding radiation protec-
tion guidelinesm

In an effort to obtain the authority to develop meaningful radiation protec-
tion standards, the NCRP severed its ties with the NBS, and obtained a charter
from Congress in 1964:‘” changing its name from the National Committee on
Radiation Protection to the National Council on Radiation Protection?1’  The

Focdchain (M.W. Carter, ed. 1988).
207. Id.
208. Id. at 73.
209. Information on the NBS is based generally on the work of SAMUEL GLASSTONE & WALTER JORDAN,

supra note 18, at 115.
210. An Act to Incorporate the National Committee on Radiation Protection and Measurements, Pub. L.

88-376, 78 Stat. 320 (1964) (codified at 36 U.S.C.A. § 4503 (West 1998)). In section 3, the objects and pur-
poses of the Committee are stated as:

To collect, analyze, develop and disseminate in the public interest information and recommendations
about (a) Protection against radiation, . . (b) radiation measurements, quantities and units, particular-
ly those concerned with radiation protection; To provide a [means for organizational and scientific
cooperation];
To develop basic concepts about radiation quantities, units, and measurements, about the application
of these concepts and about radiation protection; to cooperate with the Federal Radiation Council, the
International Commission on Radiological Units and Measurements, and other national and interna-
tional organizations, governmental and private, concerned with radiation quantities, units, measure-
ments and radiation protection.

Id.
211. The National Council on Radiation Protection and Measurements (NCRP) is a non-profit organiza-

tion chartered by the United States Congress to provide government, the public, and industry with recommen-
dations and guidance concerning human exposure to ionizing and non-ionizing radiation. The Commission,
along with other government agencies and organizations, has an official relationship with NCRP as a “collab-
orating organization.” Dwight H. Merriam, Dealing With Locally Unwanted Land Uses (LULUS): Wireless
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NCRP has been responsible for a great deal of research concerning radiation
protection guides.212.

While the NCRP was maturing, Congress, in response to the development
of nuclear weapons and the perceived potential for the peaceful splitting of
atoms, created the Atomic Energy Commission (“AFT”) in 1946?13  The AEC
was later disso1ved2’4  with its duties split between the newly formed Nuclear
Regulatory Commission (“NRC/AEC”)“’ and the Energy Research and Devel-
opment Administration.2’6 The NRC/AEC was the first legally established
body in the United States that had the authority to both establish radiation pro-
tection measures and enforce them. In 1957, the first federal radiation safety
standards were promulgated in 10 C.F.R. tit. 20. These standards, however,
were and continue to be limited in scope and they expressly apply only to the
licensing, construction and operation of nuclear power plants and the use and
development of nuclear fuel materials.2’7

One might think that the NRC/AEC would be responsible for developing
radiation protection guides for NORM, but they have expressly declined to do
so,2’s stating that NORMS fall without the definition of radioactive materials
that the NRC is required to regulate. That is, NORM S are not “source and spe-
cial nuclear material, production facilities, and utilization facilities [sic] affected
with the public interest.“2’g

The NRC/AEC's 1957 standards substantially remained the same until
199L=O when the Nuclear Regulatory Commission (“NRC”) reformulated its

Communications Facilities, “Super” Service Stations, “Satellite” Fast Food Restaurants, Etc. SC10 ALI-ABA
173 (1997).

212. See, e.g., NATIONAL C o u n c i l  ON Radiation P r o t e c t i o n  AND MEASUREMENTS , NCRP R e p o r t
(1967); NATIONAL COUNCIL ON RADJATION P r o t e c t i o n  AND MEASUREMENTS , THE RELATIVE BIOLOGICAL

E f f e c t i v e n e s s  OF R a d i a t i o n s  OF DIFFERENT Qualities (1990); NATIONAL COUNCIL ON R a d i a t i o n  P r o -
tection AND MEASUREMENTS , RECOMMENDATIONS ON Limits FOR EX POSURE TO IONIZING RADIATION
(1993).

213. Atomic Energy Act of 1946, 60 Stat. 755 (codified as amended at 42 U.S.C.A. § 2011-2297g-4
(West 1998)).

214. The AEC was initially established with two purposes. The first was to promote the use of nuclear
materials to foster “world peace, improve the general welfare, increase the standard of living, and strengthen
free competition in private enterprise.” Atomic Energy Act of 1954, ch. 1073, § I(b), 68 Stat. 919, 921 (codi-
fied as amended at 42 U.S.C. § 2011 (1998)). The second purpose was to “to protect the health and safety of
the public." Id. § 2(b), 68 Stat. at 921. These two roles were inconsistent because the placed the agency under
the obligation to promote nuclear power, which can create large health risks while it was also to police nucle-
ar operators to protect human health. Prior to the Energy Reorganization Act of 1974 there was a developing
consensus that the separation of these duties was required. See, e.g., WILLIAM WOOD, NUCLEAR SAFETY:
RISKS AND REGULATION 5 (1983); Neal Smith & Michael Baram, The Nuclear Regulatory Commission’s
Regulation Of Radiation Hazards In The Workplace: Present Problems And New Approaches To Reproductive
Health, 13 E c o l o g y  L.Q. 879 (1987).

215. 42 U.S.C.A. §  5841 (West 1998).
216. 42 U.S.C.A. § 5801 (West 1998).
217. 42 U.S.C.A. § 2012 (e) “Source and special nuclear material, production facilities, and utilization

facilities are affected with the public interest, and regulation by the United States of the production and utili-
zation of atomic energy and of the facilities used in connection therewith is necessary in the national interest
to assure the common defense and security and to protect the health and safety of the public.” Id.

218. See Radiological Criteria for License Termination, 62 Fed. Reg. 39,058 (1997).
219. Id.
220. Note, a basic principle of radiation protection, the As Low As is Reasonably Achievable, or

A l a r a ,  principle was established by the AEC in 1970. 35 Fed. Reg. 18,385 (1970).
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Standards for Radiation Protection to come more in line with the recommenda-
tions that had been made in 1977u1  by the ICRP.“2  The main purpose of
the 1991 revision was to reduce the amount of exposures to the public that can
result from nuclear power plant operations from 500 mrem/year to any one
person to 100 mrem/year.223

The Federal Radiation Council ("FRC") was first established by executive
order in 1959,224 and then provided of statutory authority in the same
year?= The purpose of the FRC was to:

advise the President with respect to radiation matters directly or indirectly
affecting health, including matters pertinent to the general guidance of

221. ICRP, Recommendations of the International Commission on Radiological Protection, Pub. No. 26
(1977).

222. Standards for Protection Against Radiation, 56 Fed. Reg. 23,360 (1991).
The AEC and the NRC have generally followed the basic radiation protection recommendations of
the International Commission on Radiological Protection (ICRP) and its U.S. counterpart, the Nation-
al Council on Radiation Protection and Measurements (NCRP), in formulating basic radiation protec-
tion standards. In 1977, ICRP issued revised recommendations for a system of radiation dose limita-
tion. This system, which was described in ICRP Publication 26, introduced a number of significant
modifications to existing concepts and recommendations of the ICRP and the NCRP that ate now
being incorporated in the NRC regulations.

Id .

223. Compare 20 C.F.R. § 20.105 (1986) with 20 C.F.R. § 20.1301 (1998). It is interesting to note that
the revised regulations are currently being used by the Third Circuit Court of Appeals as the standard of cam
in a tort suit that was brought by more than 2,000 plaintiffs who claim to have been adversely impacted by
the Three Mile Island accident in 1979. In re TMI, 67 F.3d 1103 (3d Cir 1995). The court found that the
ALARA principle, which stands for “As Low As is Reasonably Achievable” could not apply to the TMI case
as the standard of care because the ALARA regulations make reference to Appendix I of 10 C.F.R. pt 20,
which said that the “numerical guides for design objectives and limiting conditions for operation am not to be
construed as radiation protection standards.” In re TMI, 67 F.3d at 1109. The court did not discuss the NRC’s
recently published guidance in the Federal Register which stated that:

Some of the concentration limits for the general public are higher or lower than previous concentra-
tion limits; and some are of the same magnitude as the previous limits.
Despite the changes in the dose and concentration limits, the Commission believes that issuance of
the final rule will not have a major impact on the environment. The primary basis for this conclusion
is that NRC (and Agreement State) licensees have implemented radiation protection measures that
keep radiation exposures and radioactive effluents as low as reasonably achievable (ALARA) in
accordance with provisions of 10 CFR 20.1(c) and comparable State provisions. These measures,
whether established by rule, license, or good management practice, have been particularly successful
in minimizing effluents to the general environment and exposures to members of the public and radi-
ation workers. The final rule will make such ALARA programs mandatory as a part of licensee radia-
tion protection programs.

Standards for Protection Against Radiation, 56 Fed. Reg. 23,360, 23,388 (1991).
Instead, the Court in the TMI cases cited to the titles of the various radiation protection regulations,

focusing on the word ‘permissible” with respect to “dose” in those titles, constructing an analysis that essen-
tially said that the regulatory agencies found these “doses” to be ‘permissible” so the court won’t inquire any
further. 67 F.3d at 1114-l 115. The Third Circuit’s perception of the TMI case seems flawed since the Court
was not engaged in regulating the TMI plant after the fact, but was supposed to be trying to determine what
duties existed on the operating utility at the time of the accident in Match, 1979. The Court should not have
been trying to see what “doses” were “permissible,” but what actions the licensee did or did not undertake to
limit exposures to the public during an accident. Somehow, the Court seemed to forget that TMI was in an
accident when the alleged exposures took place. In an accident scenario, the operating limits have no rele-
vance. Rather, the licensee’s actions that caused the accident were the issue. The NRC guidance stated that
ALARA comprised the basic operating standard that nuclear power plant licensees are bound by-requirements
that are much stricter than the operating limits alone. Standards for Protection Against Radiation, supra; see,

Jason Aamodt, Comment, Regulating the Standard of Care Owed to the Public During an Emergency at a

Nuclear Power Plant, 16 ENERGY L.J. 181 (1995).
224. Dwight D. Eisenhower, Establishing the Federal Radiation Council, Exec. Order No. 10,831, 24 Fed.

Reg. 6669 (1959).
225. Atomic Energy Act Amendments of 1959, Pub. L. No. 86-373, 73 Stat. 690 (1959).
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executive agencies by the President with respect to the development by
such agencies of criteria for the protection of humans against ionizing
radiation applicable to the affairs of the respective agencies. The Council
shall take steps designed to further the interagency coordination of mea-
sures for protecting humans against ionizing radiation.226

877

With the reorganization of a number of executive departments in 1970,p7
the FRC was dissolved and its duties were incorporated into the newly created
EPA. At the EPA’s creation, its authority to regulate radioactive materials was
limited to the authority given to the FRC, which consisted primarily of provid-
ing guidance to the President. Under the Clean Air Act Amendments of 1977,
however, the EPA was given the authority to regulate all air-borne radioactive
effluents, including emissions from nuclear power plants licensed and regulated
by the NRC?*’ The statute specifically required the EPA and the NRC to con-
sult and enter into an agreement concerning the standards that the EPA may set
for any NRC-licensed facilities.229

In 1990, with the Clean Air Act Amendments, the EPA was required to
refrain from regulating any NRC-licensed facility if the NRC regulations “pro-
vide [sic] an ample margin of safety to protect the public health.‘“M  In any
event, the EPA retained the authority to regulate sources of radioactive material
that may “contribute to air pollution which may reasonably be anticipated to
endanger public health.‘“3’ Interestingly, the EPA forced the NRC to revise its
emission standards for nuclear power plants down from 100 mrem/year to 10
mrem/year for any member of the public, finding that this would provide the
statutorily required “ample margin of safety.r’232

B. State Regulation

While the theoretical debate over who should regulate NORM contin-
ues,233 several states have begun to control it. After examining the approaches
different states have taken to NORM regulation, it becomes apparent that there
is a vast difference in the strength and coverage of these regulations from state

226. Id. at § 2.
227. Reorg. Plan No. 3 of 1970, 3 C.F.R. 1072 (1966-1970). President Nixon had was delegated the au-

thority to create the EPA from many different existing federal agencies in the Reorganization Act of 1949,
then codified at 5 USC §§ 901,913 (1970).

228. 42 U.S.C.A. § 7422 (West 1998).
229. Id. at § (c).
230. 42 U.S.C.A. § 7412(d)(9) (West 1998). The meaning of this term “ample margin of safety” has been

criticized as ambiguous and because it may have created by a struggle for regulatory authority. See Richard
Goldsmith, Nuclear Power Meets the 101st Congress, A “One Act” Comedy: Regulation of NRC Licensees
under the Clean Air Act, 12 VA. ENVTL. L.J. 103 (1992).

231. 42 U.S.C.A. § 7422 (a) (West 1998). With this mandate, the EPA forced the NRC to lower its ef-
fluent limitations on nuclear power plant operators to 10 mrem from 100 mrem in December of 1996. (61
Fed. Reg. 65,120 (Dec. 10, 1996)). The EPA responded later that same month by removing its regulation of
NRC-licensed power plants, stating that the new NRC program would provide an adequate margin of safety
for the public.

232. See Resolution of Dual Regulation of Airborne Effluents of Radioactive Materials; Clean Air Act, 61
Fed. Reg. 65120 (1996).

233. See, e.g., Bryan R. Reynolds, supra note 11, at 5, 7.
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to state. The purpose of this section is to summarize the different state NORM
regulations that exist in Arkansas, Florida, Georgia, Louisiana, Mississippi, New
Jersey, New Mexico, Oregon, South Carolina, and Texas.‘”

1. Arkansas

Arkansas’ regulations establish standards for worker protection,2%  tanks
containing NORM,*% survey and counting instrumentation,237  selling NORM
contaminated property23a and the transportation of NORM.t39  Arkansas pro-
vides a general license24o for activities that generate NORM wastes.24’
NORM is exempt from regulation in Arkansas if it does not exceed “5
picocuries per gram of Radium-226 and/or Radium-228, 0.05% by weight of
Uranium or Thorium, or 150 picocuries per gram of any other NORM
radionuclide . . . ."” A specific license is required if the NORM is not exempted
or provided with a general license.242  " [T]he manufacturing and distribution of
any material or product containing NORM shall be specifically licensed pursu-
ant to the requirements of this Section or pursuant to equivalent regulations of
another Licensing State.‘“” Worker safety criteria244  limit doses on an organ
basis, measured in mrem?” Public exposures to NORM are limited to 100
mrem per year, or 2 mrem per hour.*‘@ Testing equipment called for under the
regulations has to be sensitive down to 1 mR per hour.247

234. See generally Peter Gray & Assoc., Naturally Occurring Radioactive Material Contamination, THE

NORM REPORT, Summer/Fall 1997. This publication summarizes state regulation activity of naturally occur-
ring radioactive materials. It is published quarterly.

235. See infra notes 244 to 245.
236. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6019, avail-

able in Westlaw, ENPLEX-AR database. Standards for tanks containing NORM require the licensee to de-
velop a schedule and procedure for assessing the condition of each tank containing NORM waste. “The
schedule and procedure must be adequate to detect cracks, leaks, corrosion and erosion that may lead to
cracks, leaks, or wall thinning to less than the required thickness to maintain vessel integrity.” Id. Procedures
for emptying the tank and inspection of the interior are also specified. Id.

237. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6017, Radia-
tion and Survey Counting Instrumentation, available in Westlaw, ENPLEX-AR database.

238. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6032, Vacating
Premises, available in Westlaw, ENPLEX-AR database.

239. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6016, Trans-
portation of NORM, available in Westlaw, ENPLEX-AR database. Arkansas transportation rules require a
license to transport NORM and a manifest.

240. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6010, General
License, available in Westlaw, ENPLEX-AR database.

241. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6005, Exemp-
tions, available in Westlaw, ENPLEX-AR database.

242. Rules and Regulations for Control of Sources of ionizing Radiation, § 7, Pt. A at RH-6020, Specific
License, available in Westlaw, ENPLEX-AR database.

243. Id.
244. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6023, Safety

Criteria, available in Westlaw, ENPLEX-AR database.
245. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6024, Table of

Organ Doses, available in Westlaw, ENPLEX-AR database.
246. Rules and Regulations for Control of Sources of Ionizing Radiation, § 7, Pt. A at RH-6008, Dose

Limits for Individual Members of the Public, available in Westlaw, ENPLEX-AR database.
247. See supra note 51. The term "mR" stands for millirad. As is discussed above, translating from rads

to rems can be difficult. See supra note 56 to 58.
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2. Florida

In Florida phosphate mining is more prevalent than other industries which
accumulate NORM. As a result, Florida’s NORM regulations are specifically
aimed at controlling radiation exposures resulting from technologically en-
hanced concentrations of NORM in the Phosphogypsum industry.‘” Florida’s
regulations prohibit the disposal of unpermitted phosphogypsum,249  set general
stack system criteriam followed by the requirements for permitting of such
stack systems.‘” Florida’s regulations require operator financial responsibili-
tyY2 long-term care (50 years),z53  and closure prockdures.S4  In addition to
its phosphogypsum requirements, Florida has also established general require-
ments for radionuclide monitoring.2s5 Florida regulations limit worker radia-
tion exposures to 5 rem,z6 and public exposures to 100 mrem per year or 2,
mrem per hour.=’ Most survey instruments are required to have a range of
sensitivities from 0.1 mrem to 50 mrem per hour.25*

248. Phosphogypsum management program, FLA. STAT. ANN. § 403.4154 (West 1993).
It is the intent of the Legislature that the department to develop a program for the sound and effec-
tive regulation of phosphogypsum stack systems in the state. It is further the intent of the Legislature
that such regulatory program include the imposition of an annual registration fee on stacks that have
not been closed and that such fees be used for the purpose of paying the costs of the department’s
review of applications to permit the closure of stack systems or the construction of new or expanded
stack systems and of the department’s review of requests for deferral of mandatory closure require-
ments.

Id.
249. Phosphogypsum Management: Prohibitions, FLA. ADMIN. CODE ANN. r. 62-673.300 (1993), avail-

able in Westlaw, ENFLEX-FL database.
250. Phosphogypsum Management: Phosphogypsum Stack System General Criteria, FLA. ADMIN. CODE

ANN. r. 62-673.340 (1993), available in Westlaw, ENFLEX-FL database.
251. Phosphogypsum Management: Permitting of Phosphogypsum Stack Systems, FLA. ADMIN. CODE

ANN. r. 62-673.320 (1993), available in Westlaw, ENFLEX-FL database.
252. Phosphogypsum Management: Financial Responsibility, FLA. ADMIN. CODE AN N. 62-673.640

(1993), available in Westlaw, ENFLEX-FL database.
253. Phosphogypsum Management: Long-Term Cam, FLA. Admin. CODE ANN. r. 62-673.630 (1993),

available in Westlaw, ENFLEX-FL database.
254. Phosphogypsum Management: Closure of Phosphogypsum Stacks, FLA. ADMIN. CODE ANN. r. 62-

673.600 (1993), available in Westlaw, ENFLEX-FL database; Phosphogypsum Management: Closure Plan
Requirements, FLA. ADMIN. CODE ANN. r. 62-673.610 (1993),, available in Westlaw, ENFLEX-FL database;
Phosphogypsum Management: Closure Procedures, FLA. ADMIN. CODE ANN. r. 62-673.620 (1993), available
in Westlaw, ENFLEX-FL database; Phosphogypsum Management: Closure of Unlined Systems, FLA. ADMIN.
CODE ANN. r. 62-673.650 (1993), available in Westlaw, ENFLEX-FL database.

255. Radionuclides Monitoring Requirement, FLA. ADMIN. CODE ANN. r. 62-550.519 (1995), available in
Westlaw, ENFLEX-FL database. These requirements fall into two categories: (1) monitoring requirements for
naturally occurring radionuclides for community and non-transient non-community water systems, and (2)
monitoring requirements for man-made radioactivity in community water systems using surface water and
serving more than 100,000 persons, and public water systems vulnerable to man-made radioactive contamina-
tion as determined by the Department. Id.

256. Occupational Dose Limits for Adults, Fla. ADMIN. CODE ANN. r. 64E-5.309 (1995), available in
Westlaw, ENFLEX-FL database.

257. Dose Limits for Individual Memben of the Public, FLA. ADMIN. CODE ANN. r. 64E-5.312 (1995).
available in Westlaw, ENFLEX-FL database.

258. See, e.g., Use, Calibration and Check of Survey Instruments, FLA. ADMIN. CODE ANN. r. 64E-5.615
(1995). available in Westlaw, ENFLEX-FL database.
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Georgia’s regulations for the control of NORM became effective in Octo-
1994?B The regulations exempt Radium with activities less than 30 pCi

per gram where the Radon emanation rate is less than 20 pCi per minute.260
Produced water from petroleum production is exempted if it is reinjected into
an approved we11.26’ And, recycled materials are exempted if they do not ex-
ceed 50 mR per hour.262 The regulations provide a general license “to mine,
extract, receive, possess, own, use, store, transfer, process, and dispose of
NORM not exempted in [these regulations] without regard’ to quantity.“263  The
regulations do require a manifest when NORM is transported to a radioactive
waste facility-but apparently not ivhen the generator disposes of it without
transporting _ it.264 Georgia’s worker safety regulations,265  and public doses
are derived by reference to the federal register appendix for dosage limits.%
They limit worker doses to 5 rem whole body, or 50 rem to any organ?67
Public doses are limited to 100 mrem per year, or 2 mrem per hour?” Geor-
gia requires that radiation survey meters can measure from lmR per hour to
500 mR per hour.%’

4. Louisiana

Louisiana, one of the first states to develop NORM regulations, set stan-
dards for worker protection?” the treatment, transfer and disposal of
NORM,n’ requires NORM manifests,“’ limits the release of NORM con-
taminated land for unrestricted use,273 regulates waste piles,274  and containers
holding NORM wastes?” There are also specific inspection provisions for

259. Regulation and Licensing of NORM, GA. Comp. R. & Regs .  r. 391-3-17-.08(1) 7  (2) (1997). The
purpose of Georgia’s NORM regulation is to establish radiation protection standards for the possession, use,
transfer, and disposal of NORM.

260. Id. § (4)(a).
261  Id. § (4)(g).
262. Id. § (4)(f).
263. Id. § (7). The general license seems to provide blanket authority to deal with NORM wastes, includ-

ing disposing of them any way the operator sees fit - as long as the operator created them (This general li-
cense does not authorize the . . . the disposal of wastes from other persons.). Regulation and Licensing of
NORM, GA. COMP. R. & Regs .  r. 391-3-17-.08 at § (7)(a).

264. Standards for Protection Against Radiation, GA. COMP. R. & Regs. r. 391-3-17-.03 (1997).
265. Annual Limits on Intake (ALIs) and Derived Air Concentrations (DACs) of Radionuclides for Occu-

pational Exposure; Effluent Concentrations; Concentrations for Release to Sewerage, G A. COMP. R. & Regs .
r. 391-3-17-.03 app. B (1997) (citing 10 C.F.R. pt. 20 app. B (1997)).

266. Id.
267. Standards for Protection Against Radiation, GA. COMP. R. & Regs. r. 391-3-17-.03 § (S)(a).
268. Id. § (5)(j).
269. Regulation and Licensing of NORM, GA. COMP. R. & Regs .  r. 391-3-17-.08 § (5) (1997).
270. Regulation and Licensing of Naturally Occurring Radioactive Materials, LA. ADMIN. CODE tit. 33, pt.

XV, ch. 14, § 1402 (1995).
271. Regulation and Licensing of Naturally Occurring Radioactive Materials: Treatment, Transfer, and

Disposal of NORM, LA. ADMIN. CODE tit. 33, pt. XV, ch. 14, § 1412 (1995).
272. Id. § 1418.
273. Id. § 1417.
274. Id. § 1415.
275. Id. § 1414.
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storage tanks containing NORM.276 Louisiana exempts NORM wastes from
regulation if they contain less than 5 pCi per gram of Radium, or 150 pCi of
any other NORM radionuclide-with a provision for the state to approve differ-
ent limits on a case-by-case basis.“’ The Louisiana NORM regulations ex-
empt the wholesale and retail distribution, possession and use of phosphate and
potash fertilizer, phosphogypsum for agricultural uses, materials used for build-
ing construction if such materials contain NORM that has not been technologi-
cally enhanced, as well as natural gas and natural gas products, and crude oil
and crude oil products and produced water.278  Louisiana’s general radiation
worker protection regulations limit occupational exposures to 5 rem whole
body, and 50 rem to a specific organ.279 One regulation says that public expo-
sures are to be limited to 100 mrem per year or 2 mrem per hour,280  while an-
other says that “concentrations of radioactive material which may be released to
the general environment in ground water, surface water, air, soil, plants, or ani-
mals shall not result in an annual dose exceeding an equivalent of 25 mrem to
the whole body, 75 mrem to the thyroid and 25 mrem to any other organ of any
member of the public.“28’

5. Mississippi

In Mississippi the Oil and Gas Board has jurisdiction over NORM at the
well site,%* but after it leaves the well site, the NORM comes under the au-
thority of the Department of Healma The State Oil and Gas Board’s regula-
tions seek “to ensure that radiation exposures of workers and members of the
general public resulting from oil field NORM are prevented, eliminated or
reduced to acceptable levels in order to protect the public health, safety and
envir0nment.“2s4 Mississippi’s health regulations provide a general license “to
mine, extract, receive, possess, own, use, process, and transfer NORM not ex-
empted in section 801.N.4 without regard to quantity.“285 Disposal of wastes
generated by the licensee is not generally permitted or unpermitted under the
general license, but disposal is required to meet certain management practic-
es.286 Specific licenses”’ are required for NORM decontaminators. NORM

276. Regulation and Licensing of Naturally Occurring Radioactive Materials: Inspection of Storage Tanks
Containing NORM Wastes, LA. ADMIN. CODE tit. 33, pt. XV, ch. 14, § 1416 (1995).

277. Id. § 1404.
278. Id. § 1404 (H).
279. Occupational Dose Limits for Adults, LA. ADMIN. CODE tit. 33, pt. XV, Ch. 4, Subch. B § 410(A)

(1998).
280. Radiation Dose Limits for Individual Members of the Public, L A. A d m i n .  CODE tit. 33, pt. XV, Ch.

4, Subch. B § 421(A) (1998).
281. Protection of the General Population from Releases of Radioactivity, L A. Admin .  CODE tit. 33, pt.

XV, Ch. 4, Subch. B § 1319 (1998) (promulgated 1987).
282. Control of Oil Field Naturally Occurring Radioactive Materials (NORM) § 69, available in Westlaw

ENFLEX-MS (1992).
283. Protection of Workers and the General Population, Safety Criteria § 801 pt. N, available in Westlaw

ENFLBX-MS (1992).
284. Control of Oil Field Naturally Occurring Radioactive Materials (NORM) § 69(l)(a), available in

Westlaw ENFLEX-MS (1992).
285. General Licenses § 801.N.10, available in Westlaw ENFLEX-MS (1992).
286. Disposal and Transfer of Waste for Disposal, § 801.N.12, available in Westlaw ENFLBX-MS (1992).
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clean up standards are set for Radium at 30 pCi per gram in soil, or at Radon
emanation rates not exceeding 20 pc i  per minute when the Radium concentra-
tion is either 5 or 15 pci per gram, depending on depmB8  Those who apply
for specific licenses must keep occupational and public exposures below either
5 rem or 500 mrem per year to a worker’s or a member of the general public’s
whole body?@ Radiation survey instruments are required to be able to mea-
sure between 1 and 500 mR per hour.290

6. New Jersey

In New Jersey, certain very low concentrations of NORM are exempted
from state regulation.29’ If not exempted, a “license is required for production,
transfer, receipt, acquisition, ownership, possession or use of all naturally occur-
ring and accelerator produced radioactive materials.‘m  NORM exposure lim-
its in “controlled areas” at 1/25 rems to the whole body.293  Outside “controlled
areas” exposures are limited to 500 mrem per year?% The regulations require
periodic radiation surveys?9s  and limit NORM disposal.296

7. New Mexico

‘New Mexico’s regulations address NORM in the environment by licensing
NORM waste disposalB7 The regulations deal specifically with the disposal
of NORM in pipelines, and the disposal of NORM in underground injection
wells.298 General radiation licensees in New Mexico are required to keep oc-
cupational exposures below 5 rem.299 Public exposures are limited to 100
mrem.300 However, “Concentrations of radioactive material which may be re-
leased to the general environment in ground water, surface water, air, soil,
plants, or animals shall not result in an annual dose exceeding an equivalent of
25 mrem to the whole body, 75 mrem to the thyroid, and 25 mrem to any other

287. Requirements for the Issuance of Specific Licenses § 801.N.22, available in Westlaw ENFLEX-MS
(1992).

288. General Licenses § 801.N.10, available in Westlaw ENFLEX-MS (1992).
289. Table for organ doses § 801.N.24, available in Westlaw ENFLEX-MS (1992)(this regulation also

provides for other exposure limits for organs).
290. Radiation Survey Instruments § 801.N.6, available in Westlaw ENFLEX-MS (1992).
291. Exemption From Requirement for a License for Production, Transfer, Receipt, Acquisition, Owner-

ship, Possession or Use of All Naturally Occurring and Accelerator Produced Radioactive Materials, N.J.
ADMIN. CODE tit. 7 § 28-4.3 (1996).

292. License Required for Production, Transfer, Receipt, Acquisition, Ownership, Possession or Use of
All Naturally Occurring and Accelerator Produced Radioactive Materials, N.J. ADMIN. CODE tit. 7 § 284.1
(1996).

293. Exposure of Individuals in Controlled Areas, N.J. ADMIN. CODE tit. 7 § 28-6.1(1996).
294. Radiation Levels Outside Controlled Areas, N.J. ADMIN. CODE tit. 7 §  28-6.2 (1996).
295. Radiation Surveys and Personnel, N.J. ADMIN. CODE tit. 7 § 28-7.1 to 28-7.5 (1996); Radioactive

Contamination Control, N.J. ADMIN. CODE tit. 7 § 28-9.1 to 28-9.4 (1996).
296. Disposal of Radioactive Materials, N.J. ADMIN. CODE tit. 7 § 2811.1 to 28-11.7 (1996).
297. Disposal of Regulated Naturally Occurring Radioactive Material (Regulated NORM), N.M. A DMIN.

CODE tit. 19 § 714 (19%).
298. Id. § 714 (B) & (E).
299. Occupational Dose Limits for Adults, N.M. ADMIN. CODE tit. 20 § 405 (1998).
300. Dose Limits For Individual Members of the Public, N.M. ADMIN. CODE tit. 20 § 413 (1998).
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organ of any member of the public.“30’

8. Oregon

Oregon provides a general license to “mine, extract, receive, possess, own,
use, process and dispose of NORM not exempted in [section] 333-117-0040
without regard to quantity.“302 NORM wastes that come from operations sub-
ject to licensing requirements must be disposed of according to EPA manage-
ment practices, or disposed of in an NRC or state-licensed landfill.“3
Oregon’s regulations limit releases of radioactivity from causing doses of “25
mrem (0.25 mSv) to the whole body or 75 mrem (0.75 mSv) to the critical
organ of any member of the public.““4  Oregon also sets specific NORM
worker radiation exposure standards.“’ Oregon restricts the transfer of land
with Radium having an activity greater than either 5 or 15 pCi per gram, de-
pending on depth,% and exempts NORM contamination from regulation when
it has less than 5pCi per gram of Radium or Thorium, or 150 pCi of other
NORM radionuclides.307

9. South Carolina

South Carolina NORM regulations were added to the state register May
26, 1995, and are part of South Carolina’s general provisions on radiation.“’
The regulations provide specific exemptions,309  for Radium contamination be-
low 30 pCi per gram in soil that has a Radon emanation rate of less than 20
pCi per minute, or for soil that has 5pCi per gram Radium with a greater Radon
emanation rate, or for any other NORM contamination up to 150 pCi per
gran13’0 South Carolina also exempts surface NORM contamination that aver-
ages less than either 5,000 or 15,000 disintegrations per minute per square
meter.3’1 South Carolina provides a general license to work with NORM,
which allows persons to “mine, receive, possess, own, use, process, transport,

301. Protection of the General Population from Release of Radioactivity, N.M. A DMIN. CODE tit. 20
§ 1317 (1998).

302. General License, OR. ADMIN. R. 333-l 17-0100 (1998).
303. Disposal and Transfer of Waste for Disposal, O R. ADMIN. R. 333-l 17-0130 (1998).
304. Protection of the General Population From Releases of Radioactivity, O R. ADMIN. R. 333-l 17-1020

(1991).
305. Protection of Workers During Operations, OR. ADMIN. R. 333-l 17-0110 to 333-l 17-0110 (1995).
306. General License, OR. ADMIN. R. 333-I 17-0100 (1998).
307. Exemptions, OR. ADMIN. R. 333-l 17-0040 (1998).
The possession and use of natural gas and natural gas products as a fuel am exempt from the re-
quirements of these rules. The distribution of natural gas and the manufacturing and distribution of
natural gas products are exempt from the specific license requirements of this Division but am sub-
ject to the general license requirements . . .

Id.
308. Licensing of Naturally Occurring Radioactive Material (NORM), 61-63 S.C. Code Ann. Regs pt. 9

(supp. 1997).
309. Id. § 9.3.
310. Licensing of Naturally Occuning Radioactive Material (NORM), 61-63 S.C. Code Ann. Regs §§ 9.1

t o  9.7.5 (1997).
311. Id.
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store and transfer for disposal NORM, or to recycle NORM contaminated
NORM contaminated materials not exempted . . . without regard to quanti-
ty* "3122 South Carolina requires that permitted NORM wastes be disposed of in
facilities that are specifically licensed to receive NORM.3’3 Specific licenses
are required for NORM cleanup activities.3’4  Exposure limits are measured in
rems, with exposure limits set at 5 mrem and 500 mrem.3’5  Radiation sensing
equipment is required to be sensitive between the ranges of 10 mR and 500 mR
per hour316

10. Texas

Texas takes control of NORM waste by bifurcating responsibilities. The
Texas Department of Health ("TDH") has jurisdiction over NORM except for
its disposal and the Texas Natural Resource Conservation Commission
("TNRCC") has authority over the disposal of oil and gas NORM wastes.317
Texas NORM rules, enacted in February 1, 1995, regulate the disposal of
NORM associated with oil and gas wastes, allowing for on-site burial,3’8  dis-
posal at a licensed facility,319  or for reinjection.no  Texas rules exempt a
number of NORM wastes from regulation.” Texas worker standards”
allow for 5 rem whole body and 50 rem organ doses.323  Public dose limits are
set at 100 mrem.3z4

C. NORM Regulation: Today and Tomorrow

According to the authority that the EPA has under the Clean Air Act,“’
and the authority that it may have under the Toxic Substances Control Act,326
or the Clean Water Act,=’ the EPA is reviewing the public health dangers
from NORM contamination in “The Diffuse NORM Study.“328  The Diffuse
NORM Study was the first federally organized risk assessment of NORM as it
exists in the oil field and in other industries. The EPA’s preliminary findings on

312. Id. § 9.5.
313. Id. § 9.6.
314. Id. § 9.7.
315. Licensing of Naturally Occurring Radioactive Material (NORM), 61-63 SC. Code Ann. Regs § 9.5

(1997).
316. Id. §  9.4
317. Radiation Rules General Provisions: Memorandum of Understanding Between the Texas Department

of Health and the Texas Natural Resource Conservation Commission Regarding Radiation Control Function,
Tex. A d m i n .  CODE § 336.11, app. a to s (1996).

318.
319.
320.
321.
322.
323.
324.
325.
326.
327.
328.

Disposal of Oil and Gas NORM waste, Tex. ADMIN. CODE §  3.94 (19%).
Id. at (e)(3).
Id. at (e)(4).
Disposal of Oil and Gas NORM Waste, Tex. ADMIN. CODE § 3.94(e)(1) (1998).
Disposal of Oil and Gas NORM Waste, Tex. ADMIN. CODE § 3.94(c) (1998).
Radiation Control, Tex.  ADMIN. CODE § 289.202 (1998).
Standards for Protection Against Radiation TEX. ADMIN. CODE § 289.202(n) (1998).
Supra notes 228 to 232, and accompanying text.
Regulation of Hazardous Chemical Substances And Mixtures, 15 U.S.C.A. § 2605 (West 1998).
Water Pollution Prevention and Control, 33 U.S.C.A. § 1317 (West 1998).
See DIFFUSE NORM STUDY, supra note 1.
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NORM risks are summarized in Figure 2.3’9
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F I G U R E  2. EPA’s PRELIMINARY ASSESSMENT OF NORM RISKS

The EPA’s Science Advisory Board reviewed the Diffuse NORM Study,
and found it to be lacking.3M Among other things, the Diffuse NORM study
“did not adequately convey the deficiencies and uncertainties in the information
available to characterize the sources of NORM.“33’

Because of the SAB's determination, and because of the perceived variabil-
ity in the existing regulation of radioactive materials, Congress charged the
EPA to negotiate with the NAS to have the NAS study the “scientific basis for
EPA’s recommendations relative to indoor Radon and other naturally occurring
radioactive materials.“33* The specific duties of the NAS were set forth in an
earlier House Conference Report:

The Academy shall summarize the principal areas of agreement and dis-
agreement among these bodies and shall evaluate the scientific and techni-
cal basis for any differences that exist. EPA is to submit this report to the
appropriate committees of Congress within 18 months of the date of en-
actment of this Act, and state its views on the need to revise the guide-
lines for Radon and NORM in light of the Academy’s evaluation. The
agency also shah explain the technical and policy basis for such
views.333

329. The data for this figure was taken directly from the DIFFUSE NORM STUDY, supra note 1.
330. SAB NORM REPORT, supra note 3, at 1. " [T]he RAC does not believe that the NORM document

meets its goal of providing a scoping analysis of the NORM problem sufficient to determine the need for
additional investigations or regulatory initiatives.” Id.

331. SAB NORM REPORT, supra note 3, at cover letter from EPA Administrator Carol Browner.
332. Sen. Rep. No. 104318 (1996).
333. H.R. Conf. Rep. No. 104-384 (1995).
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The NAS has defined the issues it must address as:
[E]xamining whether [the differing numerical values that exist in state and
federal NORM regulations] are based upon scientific and technical infor-
mation, or on policy decisions related to risk management. If there are
differences in the scientific and technical bases for these guidelines,
whether there is merit for the different scientific and technical assump-
tions [that were] made. Whether there is relevant and appropriate scientif-
ic information that has not been used in the development of contemporary
risk analyses for NORM.334

More simply put, the NAS335 is asking: 1) what is the reason for differing
health and safety regulations for NORM versus other radioactive materials when
the regulations hope to provide protection against essentially the same materials
and, 2) is there anything that regulators are not investigating?

The first question posed by the NAS drives to the heart of the regulatory
issue: If the regulations are variable, and there is not scientific justification for
the variability, then there seems to be a great deal left to learn and do with
respect to NORM. From the limited review of the 10 state regulations above,
clear reasons can be found for some variations, and not for others. For instance,
Florida’s regulations have to be different than Louisiana’s because the problem
in Florida is different. However, in some cases the different ways that NORM
waste disposal is treated among the states does not seem supported by any
scientific reason. The harms caused by diffuse radioactive waste probably are
the same in each state, and the costs of disposal should also be similar. Howev-
er, in Georgia, a NORM waste generator can dispose of its own wastes without
any permit as long as it does not transport them.336  In New Jersey, however, it
appears that NORM wastes cannot be disposed of absent some regulatory over-
sight.337

NORM clean-up standards, or the standards at which NORM in the soil is
not regulated, vary widely. Many states set Radium standards at 5, 15, or 30
pCi per gram. South Carolina has an alternative NORM exemption standard set
at either 5,000 or 15,000 disintegrations per second.338  New Jersey’s exemp-
tion standard is based upon the dose that an individual might re-
ceive33g-which,  ostensibly means that the clean up standard would vary with
each isotope, location and expected exposure pathway(s).

The radiation measurement tools that are required by regulation also differs
among the states. For instance, Arkansas requires a radiation meter that can
measure 1 mR per hour3@ while South Carolina requires an instrument that

334. Evaluation of EPA Guidelines for Exposures to Indoor Radon and Naturally Occurring Radioactive
Materials, BRER-K-97-02-A. (accessed March 1, 1998)<http://www.nas.edu>.

335. The full NAS report will be available this spring or summer. Conversation between Author and
Steven Simon, Staff Officer, NAS by telephone on Feb. 13, 1998.

336. See supra note 264.
337. See supra note 296.
338. See supra note 311.
339. See supra note 293 to 296.
340. See supra note 247.
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can measure 10 mR per hour.34’ Both states have similar NORM exemption
standards.342

Most disturbingly, there does not seem to be a requirement in either state’s
NORM regulations regarding the measurement tools for alpha radiation. Radia-
tion meters that record in mR units describe “wave” radiations-gamma and X-
rays, while those that measure disintegrations per minute describe wave radia-
tions and “particle radiations”-beta and alpha radiation emitters.%’  The vast
majority of radioactivity that is emitted by Radium (p6Ra)  is alpha.3M  If tech-
nicians are allowed to measure Radium contamination with a meter that mea-
sures Rads-the gamma portion of Radium’s radioactivity-only a small frac-
tion of the radioactivity that is actually there will be measured. Worse yet, the
alpha radiation, if the source is ingested, is much more biologically damaging
and imparts more rems per Rad than the alpha radiation that is measured.36

There are many other variations between the state regulations on issues,
such as posting radiation signs in contaminated areas. Some states adopt federal
guidelines for allowable sources of radioactive materials, while others do not.
Some states set storage requirements for NORM, others do not.

What is most surprising about this variability is the fact that it exists al-
though a national advisory conference exists, and that conference provided
specific recommendations about NORM regulation.346  The Conference of Ra-
diation Control Protection Directors (“CRCPD”), a group made up of the radia-
tion officers from many different states, developed a model set of rules.347
These rules were adopted by a number of states, although the adaptations vary
from the model rule in most states.348

The history of radiation protection was reviewed in short-form above to
illustrate the different changes that occurred in the evolution of existing regula-
tions. It seems the regulation of NORM is only in its infancy. The CRCPD
acknowledged this fact when it published in a policy statement:

There is first a need to develop and agree upon a common methodology
for assessing risks and thereby defining standards and guidance for all
NORM sources.

* * *

There is a need to better identify and catalog the various types of NORM
sources and the risks and regulatory control problems which they pres-
ent.3”

3 4 1 .   S e e ,  n o t e  3 1 6 . s u p r a
342. C o m p a r e  n o t e  2 4 2  w i t h  n o t e  3 1 0 . s u p r a  s u p r a
3 4 3 .   S e e  n o t e  4 0  t o  5 9  a n d  a c c o m p a n y i n g  t e x t .  s u p r a
344. S e e  Supra note 25, at 50.
3 4 5 .  S e e  s u p r a  n o t e  4 1  t o  6 0
346.  See supra note 11.
3 4 7 .    S e e  n o t e  1 1 . s u p r a
348. C o m p a r e  n o t e s  2 3 5  t o  2 4 7  w i t h  n o t e s  s u p r a  3 0 8 t o 3 1 6 .
349. Board Position Relating to a Strategy for Uniform Regulation and Control of Naturally Occurring

a n d  A c c e l e r a t o r  P r o d u c e d  R a d i o a c t i v e  M a t e r i a l  ( a c c e s s e d  8/24/97),
http://www.webpub.com/~crepd/r_nl3str.htm.
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This policy statement was written after the CRCPD's model NORM rules were
drafted.

The current state regulations are varied, control different risks, and do not
seem to do so for objectively scientific reasons. It also seems that there are
nation-wide flaws in the way that the measurements of some radionuclides are
being controlled. Whether or not there actually is a scientific basis for these
differences has yet to be determined. The variations and the flaws do, however,
need to be studied and investigated.

VI. CONCLUSION

The radiation in NORM is harmful. Non-cancer health effects that might
be caused by NORM require study and attention. Current NORM regulations
may not adequately protect human health because this important perspective has
been forgotten in the study of radiation health effects. The references above
show that, at the very least, non-specific health effects are a very real possible
result from NORM exposure. The NAS review of NORM regulation and risk
assessment should find that current NORM regulations have wrongly forgotten
the non-cancer health effects of radioactive materials.

Fortunately, a large regulatory bureaucracy has not been established to deal
with NORM. A few states have regulations; a few studies are underway. Com-
paring NORM regulations to the way that general radiation protection guide-
lines developed shows that we are at “bottom of the learning curve” with
NORM. New federal efforts may have a chance to be developed without being
crippled by existing bureaucracies.

However, the fact that a large regulatory system does not exist to deal with
NORM is also a problem. NORM contamination exists now and is being com-
pounded daily in many different industry segments making this position all the
more challenging. Clever theoretical constructs and arguments over dose-re-
sponse theories are not going to make NORM less of a problem in the future.
Action--driven by industry-that seeks to lower future NORM wastes and
looks for more efficient ways of dealing with past NORM problems is needed.
And, if industries that concentrate NORM hope to reduce future liabilities for
NORM pollution this action is needed before regulation requires it.

Many arguments can be made in support of regulating NORM at the feder-
al level. The single most important is the fact that NORM is not an issue
solely affecting the petroleum industry. NORM in an unwanted by-product in
chemical plants, paper and pulp plants, fertilizer plants, refineries, public water
wells and treatment plants, mineral processing, geothermal plants and wells,
petrochemical plants, and glass and ceramic manufacturing. Because NORM
touches such a wide cross-section of industry, there is a need for a centralized
form of regulation to effectively manage NORM that keeps workers and the
general public from NORM-related risks. Because industry’s competitiveness
can be impacted by variable state regulation, NORM regulation can only be ef-
fective if it applies to all industries that technologically enhance NORM, and
only if it fairly allocates the costs of NORM by applying in a manner which
does unfairly alter the market forces within a single industry or between several
industries. It seems that only the long arm of the federal government can meet

350. Professor Esty discusses a number of legal arguments for centralized environmental regulation Daniel
Esty, Revitalizing Environmental Federalism, 95 MICH. L. REV. 600 (1996).
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these needs.
The object of any regulation will be the adequate protection of human

health and the environment from the potentially deleterious effects of NORM.
Private action that meets that goal before it is officially set will only serve to
strengthen the companies that implement such measures and the industries that
support them.
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INTRODUCTION

 Forensic chemistry can be especially useful for investigations of petroleum
hydrocarbons for three primary reasons: (1) petroleum products are chemically complex
and can be highly variable in composition within certain performance-based ranges, (2)
routine EPA analytical methods only generalize the nature of petroleum products and
reflect little of the chemical detail needed for forensic purposes, and (3) these materials
weather in the environment and change in chemical composition over time; incorporation
of the effects of weathering is critical to forensic interpretations.  Forensic chemistry is
frequently used to answer questions about the type, ownership, or age of petroleum in the
subsurface.  These questions have proven to be important in both litigation and regulatory
compliance arenas.  This paper discusses five key components to developing a successful
case using forensic testing from an environmental consultant’s viewpoint  These key
components are: (1) clarity about the question(s) to be answered, (2) using appropriate
investigation and sample collection methods, (3) using appropriate analytical laboratory
methods, (4) data interpretation, and (5) communicating results or opinions to a non-
scientific audience.  The fundamental basis for a successful case is communication
between the consultant and the expert chemist.

WHAT QUESTION ARE YOU
TRYING TO ANSWER?

Questions routinely answered using forensic chemistry include: product
identification (gasoline, fuel oil, motor oil, etc.); discriminating between sources of
similar product type; identifying a specific manufacturer’ product; identifying the type of
weathering; and age-dating products. The first step in the successful use of forensics is to
be clean about the specific question(s) to be answered because it affects both
investigation (fieldwork) and analytical methods used for the project.  For example, age-



dating a product will likely require different data than identifying a product type or
discrimination between sources of similar product types.  The goal of the forensic testing
is to produce useful data relevant to the case and to avoid producing unnecessary or
irrelevant data. Depending on the question, some cases are excellent candidates for
forensic testing, others are not.  Because petroleum product specifications are
performanced-based and not constituent-based, combined with the fact that these
products weather in the environment, there are practical limitations to forensic
interpretations.  For example, age-dating weathered medium- to high-boiling products
may be very difficult due to the general lack of time-specific additives; however, it may
be possible to discriminate between fuel oils manufactured by different refining processes
(catalytic cracking vs. straight-run distillation) by comparing concentrations of certain
aromatic hydrocarbon families.

FIELD METHODS

Site hydrogeology, sample handling, the physical distribution of petroleum in the
subsurface, and other field observations can be important to interpretation of forensic test
data; this is an area that is often overlooked by analytical chemists.  Site hydrogeology
plays an important role in the distribution and weathering of petroleum.  Shallow water
tables, fluctuating water tables, and/or coarse-grained sediments provide mechanisms for
relatively rapid weathering (loss of volatiles, loss of water-soluble constituents, or
biodegradation) of residual petroleum.  Conversely, stable groundwater conditions and/or
find-grained sediments generally contribute to relatively slow weathering.  Accordingly,
sample depths, proximity to the suspected source, proximity to the water table, annual
water table fluctuations, and lithologies are very important data for forensic
interpretations.  Site climate (temperature, rainfall infiltration, relative humidity) can also
impact weathering of petroleum in soil.  Sample collection and preservation methods can
impact the loss of volatiles and the onset of ex-situ biodegradation.  Key field
observations to note include non-petroleum organics in soil samples, staining, odors, the
presence of pavement or other surface coverings, and sheens or measurable product on
the water surface in monitoring wells.

It is important to note that because of extreme heterogeneity of the matrix and,
therefore, the distribution/concentration of petroleum within the matrix, soil sample “field
duplicates” are not collected as standard environmental practice.  It follows that
constituent concentrations cannot be expected to be the same from two soil samples
collected from the same site.

ANALYTICAL METHODS

There are no strict protocols for analytical testing methods used in a forensic
manner.  Many of the analytical tests used are based on gas chromotography (GC) and/or
mass spectrometry (MS).  Some types of analytical procedures used to conduct forensic
testing of petroleum are: GC pattern matching, discrete constituent analysis, biomarker
identification, identification of selected constituents that are resistant to weathering,



analyses of key groups or families of constituents, identification of additives, trace
element analyses, and stable isotope analyses.  Key target analytes or analytical methods
should be selected based on the specific question to be answered.

Product identification via GC pattern-matching is probably the most commonly used
method of forensic chemistry in environmental work.  The GC trace will have a certain
pattern of humps and peaks over a certain boiling range.  The boiling range of the
material is key to the identification because the molecular weight and physical properties
of the constituents present strongly control the performance of the various fuels and
products.  For example, Jet A fuel can be discriminated from Diesel #2 because although
the low-boiling limit can be similar between the two (about C8 to C10), the higher boiling
limit is significantly different (about C18 to C25).  Using GC/MS analyses, the presence of
certain families of aromatic hydrocarbons can be used to distinguish between middle- to
high-boiling fuel oils (e.g., Diesel vs. Bunker C).  Using MS analyses, the relative
abundance of isomers within certain families of polynuclear aromatic hydrocarbons
(PNAs) can be used to discriminate between a liquid petroleum source or a combustion
source of the PNAs.  Using GC/MS analyses, products of similar boiling range can be
discriminated by comparing abundances of selected families of constituents (paraffins,
isoparaffins, aromatics, naphthenes, and olefins).

The chemist and the consultant should be aware if the methods employed are
unique or are commonly used by forensic experts.  It is also important to discuss the
chemist’s QA/QC for forensic testing (e.g., are constituent identifications based solely on
GC retention time or are they confirmed at some frequency by MS?).  Finding
deficiencies or problems with the analytical methods or laboratory practices, and
therefore the data produced by the opposing chemist, is a fundamental assignment in
most forensic cases.  These problem areas can range from very simple issues like method
blanks and column carry-over to sophisticated issues like equipment operating parameters
and sequencing of multiple analyses.

DATA INTERPRETATION

Interpretation of forensic testing data from petroleum samples relies on the
interpreter’s detailed knowledge about a large number of factors, including petroleum
product chemistry, refining practices, transportation practices, analytical methods, and
effects of weathering.  To build a successful case, one must know the strengths of the
interpretation and its weaknesses.  Strong (robust) interpretations generally: focus on key
discriminating constituents or patterns that are well recognized by experts (e.g., gasoline
and diesel have many characteristics that distinguish the two fuels); make use of data
from two or more different types of tests to corroborate findings; have good laboratory
QA/QC; and follow a relatively simple logic.  Weaknesses in an interpretation may
include (1) reliance on very detailed quantitative analysis (e.g., constituent ratios)
performed on samples with unknown history (this can be further complicated when
working with soil samples, which normally produce variable analytical results); (2)
difficulty in incorporating the effects of weathering, especially site-specific factors; (3)
relying on additives/markers in weathered samples; (4) not accounting for refinery or
transportation practices; and (5) confusing weathering and age.  In addition, forensic
interpretation of water samples containing only dissolved petroleum constituents, and no



additives, can be very difficult because the soluble fraction of most petroleum products is
quite similar.

COMMUNICATING THE RESULTS

Successfully communicating forensic interpretations to a non-scientific audience
is very important -- it may be more critical to the case than the interpretation itself.
Because petroleum products are chemically complex and variable in composition,
communicating the interpretation can overwhelm the audience with technical details.
The key issues in most forensic cases center on the abundance of certain constituents or
pattern matching.  This requires a balanced discussion about the physical properties of
various classes of organic molecules and their environmental fate, which ties to their
presence in certain petroleum products and how they persist in the environment.  In some
cases the expert must also successfully explain the basics of analytical methods,
equipment, or operating procedures to defend the interpretation.  These highly technical
topics are not part of most people’s experience and must be presented in terms that the
audience can relate to.

Based on experience with attorneys, responsible parties, and regulators, simpler
presentations are most successful.  The most effective presentations rely on simple visual
displays with patterns that are easy to see, such as GC traces, star diagrams, plotted data
clusters, and histograms.  These patterns can be used to easily demonstrate similarity or
dissimilarity to the untrained eye.  Tables of numbers or ratios are unlikely to be as
effective.

CONCLUSIONS

Our experience has demonstrated that forensic testing can be very successful
during litigation and/or routine environmental characterization.  Forensic interpretations
are based on a large number of interrelated factors and require a significantly detailed
technical understanding of each factor to create a successful case.  Addressing each of the
five key components described herein is the best route to the successful use of forensic
chemistry by the team composed of the environmental consultant and expert chemist.
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n   Chemical Handling



Record Keeping Guidelines

JUST DOcument IT!



Fundamentals

q  Samples are evidence

q  Sample records are evidence

q  All actions taken on samples must
 be documented

q  All records must be retained for
 required time



Data Examples

1 2

Technically
Acceptable

Complete
Documentation

Technically
Acceptable

Incomplete
Documentation

3 4

Complete
Documentation

Technically
Unacceptable

Technically
Unacceptable

Incomplete
Documentation



   Types of Data
Technically    Fully   Impact
Acceptable Documented

Yes  Yes Legally Defensible

Yes No Subject to rejection

No  Yes Subject to rejection

No  No Subject to rejection

Fraudulent    Fraudulent Subject to civil and
criminal prosecution



Sample/Documentation Chain

Sampling Delivery

Decision

Receipt

Preparation

Analysis

ReportingData Verification
& Validation



Minimum Information Required
in Regulations for Recordkeeping

Sample Collection

- Sample ID
- Sample location

- Date and time
- Sampling method

- Sampler

Sample Analysis

−  Sample ID

−  Laboratory ID

−  Date and time

−  Analytical method

−  Analysts

−  Results



Data Entry Guidelines

q   Maintain a signature list

q   Use preprinted forms or logbooks

q   Use permanently bound logbooks

q   Sequentially number logbook pages

q   Review logs regularly



Documentation Do’s
and Don’ts



q   Date and initial all entries and    
 corrections

q   Use permanent ink

q   Cross out errors using a single line

q   Cross out blank spaces on page

Documentation Do's



q   Provide complete information
-  who, what, where, when, how

q   Use standard terminology

q   Record in chronological order

q   Maintain authentic records

Documentation Do's



Documentation Don'ts

q   Overwrite entries

q   Obliterate entries

q   Use correction fluid

q   Use pencil or non-permanent ink



Documentation Don'ts

q   Skip pages or sections of page

q   Leave out necessary information

q   Include confidential information

q   Alter or falsify records



Typical Logbook Deficiencies

q  Uncontrolled logbooks

q  Pages not numbered

q  Data/analyst not recorded

q  Units not recorded

q  Calibration and QC analyses
 not recorded



Typical Logbook Deficiencies

q  Standard IDs not recorded

q  Incomplete sample IDs

q  Obliterated or overwritten entries

q  Manual entries on data not initialed

q  Blank spaces not crossed out



Document Control



Document Control

q   Establish and follow a procedure

q   Issue control numbers for documents

q   Use most current approved revision

q   Control access to documents

q   Protect records from damage/loss

q   Retain records for required  period



Records Retention Requirements

Wastewater (CWA)
Sewage Sludge (CWA)
Hazardous Waste (RCRA)
Drinking Water (SDWA)

TSCA
CERCLA
CAA
  -  RFG

Minimum Retention Time
 3 years
 5 years
 3 - 5 years
 5 years - bacteriological
 10 years - chemical
 10 years
 10 years
 Variable
 5 years



Examples of Records

q   Sampling Records

q   COC Records

q   Laboratory Logbooks

q   Raw Analytical Data

q   Standards Records

q   Instrument Records

q    Report Files

q   Correspondence 
 and Notes

q   SOPs

q   Training Records

q   Signature List

q   Other related 
 documents



Sampling and Sample Handling



Sampling and Sample Handling
Documents

q    Field Logs

q   Chain of Custody Records & Airbills

q   Sample Bottle Labels

q   Sample Receipt Checklist

q   Sample Receipt Logs

q   Sample Tracking Logs



Sampling and Sample Handling

Deficiencies Impact

Full sample IDs not
recorded on bottle labels

Samples are not traceable
back to collection and COC

Sample IDs not recorded
on COC

Custody cannot be proven

Information on sample
bottle does not match
COC

Correct information cannot
be determined

Sample dates/times
not recorded on label or
COC

Holding times cannot be
determined



Sampling and Sample Handling
Deficiencies Impact

COC records not signed
or dated

Sample custody cannot be
determined

Method of analysis not
specified on COC

Potential for incorrect
method being used

Airbills not maintained Transfer of samples via
courier cannot be proven

Bottle certificates not
maintained or not
referenced to sample
bottle

Purity of sample bottles
cannot be determined



Sampling and Sample Handling

Deficiencies Impact

Date/time received not
recorded on receipt log

Sample receipt and custody
not verifiable

Temperature of cooler not
recorded

Sample preservation cannot
be proven

Custody seals not used or
condition of custody seals
not recorded

Sample integrity cannot be
proven

pH check not documented Sample preservation cannot
be proven



Sample Preparation and Analysis



Sample Preparation and Analysis
Documents

q   Sample Extraction Logs

q Sample Digestion Logs

q   Sample Analysis Logs

q   Instrument Run Logs 

q   Instrument Maintenance Logs



Sample Preparation and Analysis

Deficiencies Impact
Date of preparation/analysis
not recorded

Holding times cannot be
verified

Sample preparation not
recorded

Preparation cannot be
verified

Unique IDs not used for QC
samples or standards

QC samples or standards
not traceable

Method of preparation or
analysis not recorded

Compliance with methods
cannot be determined

Samples or standards not
listed on run log

Sequence of analysis
cannot be verified



Sample Preparation and Analysis

Deficiencies Impact
Instrument maintenance not
recorded

Operational integrity of
instrumentation in question

Analyst ID not recorded in
logs or data

Qualifications of analyst
cannot be evaluated

Dilutions not recorded Sample quantitation may be
incorrect

Calculations not documented Results cannot be verified

Transcription errors Final results may be
incorrect



Chemical Handling
and Preparation



Chemical Handling Documents

q   Chemical Receipt Logs

q   Standard Certificates

q   Standard/Reagent Prep Logs

q   Standard/Reagent Labels



Chemical Handling and Preparation

Deficiencies Impact

Standard certificates not
maintained

Purity of standards cannot
be verified; accuracy of
sample results in question

Unique IDs not assigned to
standards/reagents

Standards/reagents not
traceable

Dates of standard
preparation not recorded

Expiration dates cannot be
determined

Standard IDs not used in
preparation or analysis logs

Standards not traceable



. . . Before we go, just a

“sample” reminder . . .



Don’t forget to include the . . .

 Who, what, where, when and how

ü Initials/signatures (field or lab personnel)

ü Sample ID

ü Location (field site or laboratory)

ü Date & time (sample collection or analysis)

ü Procedure (sampling or analysis method)

ü Sample specific information (results)
 



       Remember !

If it’s not documented,
    it didn’t happen . . .



Ann Rosecrance

Core Laboratories
5295 Hollister Road

Houston, Texas 77040
(713) 329-7414  Fax: (713) 895-8982

arosecrance@corelabcorp.com
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