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TECHNICAL SESSIONS

INTRODUCTION 

●     NMOGA Presentation (Lunch talk) 
Bob Gallagher, President, New Mexico Oil and Gas Association 

●     Time Flies When You're Having Fun: Ten Years of Environmental Research and Sweat Equity at 
DOE 
H. William Hochheiser, Manager, Oil and Gas Environmental Research, U.S. Department of 
Energy 

POLLUTION PREVENTION, WASTE MANAGEMENT AND WASTE MINIMIZATION 

●     Offshore Waste Management-Discharge, Inject, or Haul to Shore? 
John A. Veil, Argonne National Laboratory, Washington, DC 

●     New Developments of Environmentally Acceptable Drilling Chemicals Following the 
Implementation of the HMCS and Use of the CHARM Model in the Ospar Convention Area 
Jonathan Getliff, MI Drilling Fluids UK Ltd., West Tullos, Aberdeen, United Kingdom; Ian Still, 
M-I, LLC, Dubai, United Arab Emirates 

●     Adaptation and Evaluation of Two Petrochemical Residual Streams to be Useful as Fuels in a 
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Gas Boiler 
Miranda Cambronne, Isaac Schifter Secora, E. Lopez Salinas, and J. Bravo, Instituto Mexicano 
del Petroleo, Mexico City,. Mexico, D.F 

●     Alternative Energy Resources and Environment: A New Paradigm 
Ravi P. Sinha, Elizabeth City State University, Elizabeth City, NC 

●     Low-Cost and Environmentally Sound Plugging of Abandoned Wells 
Fred Sabins, Cementing Solutions, Inc., Houston, TX; Paul Yates, Bureau of Indian Affairs, 
Pawhuska, OK; Virginia Weyland, Department of Energy, National Energy Technology 
Laboratory, Tulsa, OK; Stanton McDonald, Plugging Systems, Inc., Austin, TX 

●     Project of Environmental Monitoring for Stabilizing the Coastline Between the Jetties of 
Construction and Petrozuata at Jose Complex-Venezuela 
Jose Ruiz-Garagorri, Aguilera Alberto, and Carreno Simon, Petroleos de Venezuela, S.A., 
Caracas, Venezuela 

●     Phillips Alaska Kuparuk Oil Field (North Slope) Target Zero Spills Program 
Jeff Smith, Phillips Alaska Kuparuk, Anchorage, AK 

●     Assessment of Sludges and Tank Bottoms Treatment Processes 
Ezra Kam, Kuwait Institute for Scientific Research, Safat, Kuwait 

●     Pollution Prevention and Reuse Alternatives for Crude Oil Tank Bottom Sludges - IPEC-
FUNDED PROJECT 
DeeAnn Sanders and J. Veenstra, Oklahoma State University, Stillwater, OK 

●     Development of an Environmentally Friendly Process for Plugging Abandoned Wells - IPEC-
FUNDED PROJECT 
Hyon Cho and Subhash N. Shah, The University of Oklahoma, Norman, OK 

●     Use of Solution-Mined Caverns for the Disposal of Non-Hazardous Oil and Gas Waste (NOW) 
Carl L. Brassow, Trinity Field Services, LP, Houston, TX 

●     Newpark's Composting Process: A Biotreatment Process for Hydrocarbon Contaminated Drilling 
Wastes 
Sean Parenteau, Newpark Environmental Services, Calgary, AB, Canada; Frank Lyon, Newpark 
Resources, Inc., Metairie, LA 

●     Landspraying While Drilling: A Drilling Waste Management Technique for Minimal Disturbance 
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Wellsites 
Sean Parenteau, Newpark Environmental Services, Calgary, AB, Canada; Stephen Skarstol, 
PanCanadian Resources, Calgary, AB, Canada 

LEGAL AND REGULATORY ISSUES IN THE OIL AND GAS INDUSTRY 

●     How the Oklahoma Corporation Commission's New Water Quality Standards Implementation 
Plan Applies to Site Remediation and RBCA 
Patricia Billingsley, Oklahoma Corporation Commission, Oklahoma City, OK 

●     New Michigan Site Cleanup Rules and Their Impact on the Oil and Gas Industry 
Del Malzahn, Exponent, Farmington Hills, MI 

●     Ecological Risk Assessment Requirements of the Texas Risk Reduction Program (TRRP) 
Vickie Reat, TNRCC Remediation Division, Austin, TX 

●     Proposed Regulatory Changes for Commercial E&P Waste Facilities in Louisiana 
Gary W. Snellgrove, State of Louisiana, Department of Natural Resources, Baton Rouge, LA 

●     The United States Environmental Protection Agency: National Oil and Hazardous Substances 
Pollution Contingency Plan, Subpart J Product Schedule (40 CFR 300.900) 
William J. Nichols, U.S. Environmental Protection Agency 

●     Expediting Permitting for Oil and Gas Exploration through Archaeological Resource Modeling 
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●     Environmental Regulatory Approaches For Petroleum Refineries 
Deborah Elcock, John Gasper, Argonne National Laboratory, Washington, D.C., David O. 
Moses, U.S. Department of Energy 

●     The Illinois Oil and Gas Industry Program for Environmental Responsibility and Awareness 
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Illinois 

CHARACTERIZATION AND REMEDIATION OF BRINE-IMPACTED SOILS 
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●     Remediation of Brine-Impacted Soil with a Leachate Collection System with Evaluation of 
Several Performance Enhancements - IPEC-FUNDED PROJECT 
John Veenstra and Robert W. Warden, Oklahoma State University, Stillwater, OK; Thomas M. 
Harris, University of Tulsa, Tulsa, OK 

●     Comparison of Two Soil Salinity Extraction Methods 
Hailin Zhang, J.J. Pittman, and M. W. Kress, Oklahoma State University, Stillwater, OK 

●     PLFA Analysis for Total Microbial Biomass in Oilfield Brine-Impacted Soil 
Brooke Stephenson, Thomas Harris, and Kerry Sublette, University of Tulsa, Tulsa, OK 

ENVIRONMENTAL ISSUES IN THE PRODUCTION OF COAL BED METHANE 

●     Environmental Issues and Challenges in Coal Bed Methane Production 
J. Berton Fisher, Exponent, Inc., Tulsa, OK 

●     Coal Bed Methane (CBM) and Coal Mine Methane (CMM) in North America, Where and Why? 
Robert McCurdy, NorWest Mine Services, Inc., Salt Lake City, UT 

●     Air Quality Issues Related to Coal Bed Methane Development in the Powder River Basin 
George McVehil, McVehil-Monnett Associates, Englewood, CO 

●     Regulatory and Permitting Challenges in Coal Bed Methane Development 
Steve Dole, Exponent, Boulder, CO 

●     Overview of Environmental Issues Related to Coal Bed Methane Development in Montana 
James A. Sorensen and Mark Kurz, Energy and Environmental Research Center, University of 
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AIR EMISSIONS 

●     Development and Implementation of an Air Quality Management System 
Ma. del Pilar Ibars Hernandez and Manuel Muriel Garcia, Instituto Mexicano del Petroleo, Cam. 
Mexico 

●     Environmental Monitoring - Mercury Concentration in Ambient Air and Hares at GTP Molve 
Area 
Zdravko Spiric, INA-Naftaplin, Zagreb, Croatia; Emil Srebocan, University of Zagreb, Zagreb, 
Croatia 

●     Contribution of the Gasoline Distribution Cycle to Volatile Organic Compounds Emissions in the 
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Metropolitan Area of Mexico City 
Isaac Schifter, M. Magdaleno, L. Diaz, B. Kruger, M.E. Palmerin, R. Casas, A. Melgarejo, and E. 
Lopez-Salinas, Instituto Mexicano del Petroleo, Madero, Mexico 

BIOREMEDIATION 

●     Use of Ammoniated Bagasse to Remediate Petroleum Contaminated Soils 
Dean A. Goodin, BEM Systems, Inc., Orlando, FL; Wayne H. Hudnall, Louisiana State 
University Agricultural Experiment Station, Baton Rouge, LA 

●     Bioremediation of Polluted Soil with Heavy Hydrocarbons at Onshore Locations from Lobitos, 
Talara, Peru 
Manuel A. Navarro, Petro Tech Peruana S.A, Talara, Peru; Sandra Vanegas, PTI of Peru, Talara, 
Peru 

●     Comparison of Biopile Effectiveness with Land Treatment 
C. Hunter Nolen and Gilbert E. Long, Camp, Dresser & McKee, Houston, TX 

●     Biodegradation of MTBE and Gasoline in Various Soil and Sediment Samples from Polluted 
Sites in Mexico 
Marcia Morales, Elia Velasquez, and Elias Razo, Instituto Mexicano del Petroleo, Atepehuacan, 
Mexico, D.F. 
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Elias Razo-Flores, Patricia Olguin-Lora, and Carlos Hernandez-Garcia, Instituto Mexicano del 
Petroleo, Mexico City, Mexico, D.F. 

●     Simultaneous Degradation of Phenol and Alkylphenols in Continuous Methanogenic Reactors 
Elias Razo-Flores, Laura Puig-Grajales, and Miguel Angel Meza-Vudoyra, Instituto Mexicano 
del Petroleo, Mexico City, Mexico, D.F. 

●     Devices to Support Ignition and Burning of Spilled Oil on Water 
Gary Breitenbeck, Louisiana State University, Baton Rouge, LA 

file:///D|/Conf_toc.html (6 of 9)6/19/2008 1:40:41 PM

file:///D|/pdffiles/rosario_luis_rosa_carlos_38.pdf
file:///D|/pdffiles/rifai_suarez_webb_20.pdf
file:///D|/pdffiles/meier-lohr_battermann_werner_9.pdf
file:///D|/pdffiles/tyagi_sayler_65.pdf
file:///D|/pdffiles/gomez_pardue_133.pdf
file:///D|/pdffiles/white_kirkpatrick_wolf_thoma_29.pdf
file:///D|/pdffiles/vavrek_colgan_campbell_111.pdf
file:///D|/pdffiles/olguin-lora_45.pdf
file:///D|/pdffiles/olguin-lora_45.pdf
file:///D|/pdffiles/puig-grajales_36.pdf
file:///D|/pdffiles/breitenbeck_108.pdf


Conference Table of Contents

●     Removal of Petrochemicals from Water Using Magnetic Filtration - IPEC FUNDED PROJECT 
Allen Apblett, Sulaimon Al-Fadul, and Tarek Trad, Oklahoma State University, Stillwater, OK 

●     Evaluation of Subsurface Flow Wetlands vs. Free-water Surface Wetlands Treating NPR-3 
Produced Water 
Lorri Jackson, Rocky Mountain Oilfield Testing Center, Casper, WY 

●     Produced Water Polishing: Filtration and Filter Monitoring System Promotes Compliance During 
Conventional Treatment Upsets 
Greg Norman, CETCO Environmental Services, Houston, TX; Jeffrey J. Smith and John 
Occhipinti, CETCO Environmental Offshore Services, New Orleans, LA; Sean A. Werner, 
CETCO Environmental Offshore Services, Broussard, LA; Jerald W. Darlington, CETCO, 
Chicago, IL; Thomas F. Marcotte, Chevron USA Production Company, New Orleans, LA; Walt 
Zeon, Chevron USA Production Company, Lafayette, LA; Michael Berger, Aztech Services, Inc., 
New Orleans, LA 

●     Localized Produced Water Management Practices and Disposal Economics 
Deidre Boysen and J. Boysen, B.C. Technologies, Ltd., Laramie, WY; J. Rudolph and J. Harju, 
GTI, Arvada, CO 

●     Modeling of Wastewater from the Manufacturing Processes at a Petrochemical Complex in Texas 
Nish Vasavada, Camp Dresser & McKee, Inc., Houston, TX 

●     Selection of Granular Activated Carbon for Remediation of Waters Contaminated with MTBE 
Melanie Jollet and Fernando Cadena, New Mexico State University, Las Cruces, NM 

SULFATE-REDUCING BACTERIA AND MICROBIALLY INFLUENCED CORROSION 

●     Biofilms and Adhesion Protein in Anaerobes Bacterias Isolated From Mexican Gas Pipelines 
Gloria Lopez-Jimenez and Luis Fernandez Linares, Instituto Mexicano del Petroleo, 
Atepehuacan, Mexico, D.F.; Oscar Monroy Hermosillo, Universidad Autonoma Metropolitana, 
Iztapalapa, Mexico, D.F. 

●     Monitoring and Mitigation of Sustained Localized Pitting Corrosion 
Yupo J. Lin, Edward J. St. Martin and James R. Frank, Argonne National Laboratory, Argonne, 
IL 

●     Development of Molecular Probe by Random Amplified Polimorphic DNA (RAPD) of Sulfate-
Reducing Bacteria Isolated From Mexican Gas-Pipelines 
Gloria Lopez-Jimenez, Luis Fernandez Linares, and Sylvie Le Borgne, Instituto Mexicano del 

file:///D|/Conf_toc.html (7 of 9)6/19/2008 1:40:41 PM

file:///D|/pdffiles/apblett_101.pdf
file:///D|/pdffiles/myers_jackson_82.pdf
file:///D|/pdffiles/myers_jackson_82.pdf
file:///D|/pdffiles/smith_69.pdf
file:///D|/pdffiles/smith_69.pdf
file:///D|/pdffiles/boysen_121.pdf
file:///D|/pdffiles/vasavada_17.pdf
file:///D|/pdffiles/jollett_cadena_thompson_109.pdf
file:///D|/pdffiles/lopez-jimenez_28.pdf
file:///D|/pdffiles/lin_martin_frank_152.pdf
file:///D|/pdffiles/lopez_jimenez_27.pdf
file:///D|/pdffiles/lopez_jimenez_27.pdf


Conference Table of Contents

Petroleo, Atepehuacan, Mexico, D.F.; Oscar Monroy Hermosillo, Universidad Autonoma 
Metropolitana, Iztapalapa, Mexico 

MANAGING ENVIRONMENTAL DATA 

●     An Environmental Information Management System for Oil, Gas and Injection Wells 
Stan D. Belieu, Nebraska Oil and Gas Conservation Commission, Sidney, NE; M.J. Paque, 
Ground Water Protection Council, Oklahoma City, OK; P.H. Jehn, Ground Water Protection 
Council, Republic, WA 

●     Relational Management and Display of Site Environmental Data 
Dr. David W. Rich, President, Geotech Computer Systems, Inc. 

●     The Journey Toward Sustainable Growth: Reporting and Verifying Performance 
Catherine Peddie, Ernst & Young, Houston, TX; Gary Unruh, Conoco, Houston, TX 

●     Federal Lands Analysis Natural Gas Assessment Southern Wyoming and Northwestern Colorado 
(Greater Green River Basin) 
Jeffrey Eppink, Michael Marquis, and Childs Cantey, Advanced Resources International, Inc., 
Arlington, VA; William Hochheiser, U.S. Department of Energy, Office of Fossil Energy, 
Washington, D.C. 

TREATMENT AND REMEDIATION OF PETROLEUM HYDROCARBONS 

●     Louisiana's Highly Diversified Oil Spill Research Program: 75 Projects and Still Counting 
Donald W. Davis, Louisiana State University, Baton Rouge, LA 

●     Processes Affecting Free-Phase Hydrocarbon Removal by Vapor Extraction 
Robert J. Frank, CH4M Hill, Tempe, AZ; David Huntley, San Diego State University, San 
Diego, CA 

●     Pay-For-Performance Remediation At Hydrocarbon-Impacted Sites 
Leon Chen, OCC Certified UST Consultant, Norman, OK; Thomas Soerens, University of 
Arkansas, Fayetteville, AR 

●     Remediation of a PNA Release at a Railroad Switchyard 
William L. Lundy, BMS, Inc., Tinley Park, IL; Larry Hollish, Patrick Engineering, Lisle, IL 

●     Remediation of a Heating Oil Release Under a Basement Floor 
William L. Lundy, BMS, Inc., Tinley Park, IL; Robert Nauta, URS/Dames & Moore, Madison, 

file:///D|/Conf_toc.html (8 of 9)6/19/2008 1:40:41 PM

file:///D|/pdffiles/belieu_paque_jehn_79.pdf
file:///D|/pdffiles/rich_160.pdf
file:///D|/pdffiles/unruh_peddie_25.pdf
file:///D|/pdffiles/eppink_etal_117.pdf
file:///D|/pdffiles/eppink_etal_117.pdf
file:///D|/pdffiles/davis_5.pdf
file:///D|/pdffiles/frank_huntley_51.pdf
file:///D|/pdffiles/chen_soerens_8.pdf
file:///D|/pdffiles/hollish_bowden_lundy_55.pdf
file:///D|/pdffiles/nauta_lundy_53.pdf


Conference Table of Contents

WI 

●     Asphaltic Incorporation of Crude Oil Affected Soils 
Dennis Patton, Raba Kistner Consultants, Inc., San Antonio, TX 

●     Using Chemical Oxidation to Delineate a Contaminate Plume from a Pipeline Release 
William L. Lundy, BMS, Inc., Tinley Park, IL; James Buckhahn, Terracon, Davenport, IA 

●     Simple Techniques for Assessing Impacts of Oil and Gas Operations on Public Lands - A Field 
Evaluation of a Photoionization Detector (PID) at a Condensate Release Site, Padre Island 
National Seashore, TX 
James Otton and Robert A. Zielinski, U.S. Geological Survey, Lakewood, CO 

file:///D|/Conf_toc.html (9 of 9)6/19/2008 1:40:41 PM

file:///D|/pdffiles/patton_58.pdf
file:///D|/pdffiles/buckhahn_lundy_54.pdf
file:///D|/pdffiles/otton_77.pdf
file:///D|/pdffiles/otton_77.pdf
file:///D|/pdffiles/otton_77.pdf


 
 

REMOVAL OF PETROCHEMICALS FROM 
WATER USING MAGNETIC FILTRATION 

 
 

Allen W. Apblett*, Sulaiman  M. Al-Fadul, and Tarek Trad, Department of Chemistry, 
Oklahoma State University, Stillwater, Oklahoma 

 
 

ABSTRACT 
 
Magnetic filtration has a long-standing reputation for fast-efficient separations in 
industrial practice. However, it’s application to separation of petrochemicals from water 
requires the development of magnetic extractants that can absorb and “magnetize” the 
organic compounds. We have investigated several approaches for the preparation of 
magnetic extractants. including activated carbon/magnetite or nickel ferrite composites 
and polymer-coated iron and iron oxide powders. Testing with decane/water solutions 
have demonstrated that these extractants can reduce the concentration of decane rapidly 
from 104 ppm to low ppb levels. In the case of poly(dimethylsiloxane)-coated hematite, 
the concentration of decane was reduced below 1 ppb. Magnetic filtration was found to 
have significant potential for the separation of oil or VOC’s from water and for breaking 
oil in water emulsions. 



INTRODUCTION 
 

Magnetic separation has been developed as a recovery and pollution-control 
process for many environmental and industrial problems including treatment of 
radioactive water (1) waste water (2)  effluents from steel mills (3), desulfurization of 
coal (4), separation of mining ores and wastes (5), clay processing (6), purification of 
drinking water (7), and filtration of cooling water in nuclear reactors (8). Magnetic 
separation has been used since the nineteenth century but the development of high 
gradient matrix-type separators has greatly extended the range of applications of 
magnetic separation and magnetic filtration. There are a myriad of designs of magnetic 
separators that are capable of filtering out even weakly magnetic particles and their are 
also numerous methods for their application (10).  

 
 

 The application of efficient magnetic filtration to petroleum-related 
decontamination and waste treatment operations is attractive because it can provide rapid 
removal of contaminants from aqueous waste streams. This coupled with the ability to 
switch the filter on and off electronically (avoiding any need for mechanical contact) 
allows the minimization of exposure of workers to harmful agents. However, since most 
contaminants of concern to the petroleum industry are not magnetic, magnetic filtering 
aids must be developed that bind the contaminants and allow their magnetic separation. 
The magnitude of this challenge is demonstrated by the fact that of 964 papers and 
patents in the literature concerning magnetic filtration, only 40 address hydrocarbon or 
oil separations and the majority of these concern separation of metal particles from 
lubricating oils (see for example ref. 11). This problem has been addressed in coal 
beneficiation by use of magnetic fluids that are composed of magnetic particles, a 
suspending agent, and a carrier solvent that selectively wets the contaminant particles 
(oxide minerals in the case of coal) (12). In the case of oil in water mixtures several 
approaches have been previously developed. The simplest method was to mix an 
extremely large excess of magnetite {ratio of 40 Fe3O4:1 oil (fatty acid) by weight} so 
that the oil absorbed onto the surface of the magnetic powder (13). Subsequent magnetic 
filtration reduced the oil from 500 ppm to 2 ppm. The success of the absorption method 
can be attributed to the oil first being emulsified in an ionic form-an approach that is not 
applicable to normal hydrocarbons. When the same approach is applied to a 3000 ppm B-
heavy oil in water emulsion, the final concentration of oil was only reduced to 57 ppm 
(14). Another method that utilized a magnetic suspension and an acidic coagulant merely 
achieved a final concentration of 103 ppm (15).  
 
 

The objective of the research reported herein is the development of single 
component systems for use as magnetic filtration aids i.e. magnetic materials that can 
absorb hydrocarbon contaminants and allow their separation from water via magnetic 
filtration (Figure 1). Our approach is the similar to that used for the most common type of 
magnetic extractants for metal ions in which a magnetic filler is dispersed in a polymeric 
ion-exchange resin (2). A typical example of this type of material is the MAG*SEP 
technology developed by Argonne National Laboratory and Selentec, Inc. that uses small 
magnetite particles coated with an ion exchange resin (16). The MAG*SEP process has 
been used to remove radioisotopes from milk after the Chernobyl accident and to 
concentrate radioactive cesium and technetium from dilute aqueous solution (17, 18). 



There is a successful application of the magnetic-filler-in-polymer technology that has 
been used for oil slick removal. In this case the polymer was polystyrene and the filler 
was iron oxide. The extractant was sprayed onto an oil slick by a water craft travelling  
through the spill (19). The polymer/oil sludge was then collected on rotating magnetic 
disks. Using this approach, a 99% recovery of spilt oil was achieved with 20 volumes of 
oil being collected per unit volume of polymer. In this investigation, several different 
approaches were used to coat magnetic particles to enhance their absorption of 
hydrocarbons. The most successful material of this type were polyoctadecylmethacrylate-
coated particles and materials with surfaces derivitized with octadecyltrimethoxysilane. 

 
 

 
 
 

Figure 1. Cartoon of Magnetic Extraction 
 

 
 The binding of organic polymers to a magnetic core is not as common as the 
magnetic-filler-in-resin technology but such materials have uptake kinetics for metal ions 
that are five times the speed of the latter extractants (20). A typical magnetic extractant of 
this type is polyacrylic acid grafted to a magnetite/poly(vinylalcohol) core (21). This 
material has been successfully used to replace ion exchange columns with magnetic 
filtration for removal of metal ions from water. The favorable acceleration in kinetics is 
attributed to much more open access to the active sites of the uncrosslinked shell. The 
third type of extractant, iron-oxygen polymers, with a magnetic backbone that will be a 
very minimal fraction of the active extractant, would be expected to display the fastest 
kinetics since the polymers will be composed primarily of contaminant binding sites 
rather than magnetic core. In this investigation, polydimethylsiloxane was grafted onto 
iron and iron oxide particles using a thermally-induced radical process. 
 
 

Activated carbon has a long-standing history as an absorbent for contaminants, 
volatile organic compounds, chlorocarbons, etc. Thus, conversion of activated carbon 
into a magnetically-active material would provide an excellent magnetic filtration aid. 
Previously, Imshennik et al. reported a method for the preparation of porous carbon that 
was loaded with iron particles (22).  These researchers applied this material as magnetic 
carriers that could be used in conjunction with a magnetic field to deliver medical drugs 
to target organs or tumors. Based on their results, similar materials for this investigation 
will be readily prepared but instead of iron, an iron oxide will be deposited in the carbon. 



Magnetically-active activated carbon could be dispersed as an extremely reactive fine 
powder that would absorb petroleum products with enhanced kinetics compared to the 
granular material used in columns and then the powders could rapidly be separated from 
the aqueous stream by magnetic filtration.. In this investigation, magnetic activated 
carbon was prepared by a novel process that yielded magnetite or nickel-ferrite 
impregnated activated carbons. 

 
Separation of oil/water emulsions might also be feasible using magnetic 

extraction. The outer shells of the extractants will have a strong affinity for both the oil 
and the hydrophobic tails of any surfactants that might be present. Therefore, it should be 
possible to have the surfactant/oil micelles bind strongly to the extractant and be 
influenced to separate from the water via a magnetic field. This potential alternative to 
other methods of breaking emulsions such as coalescing filters could provide 
considerably time and money savings to the petroleum industry. 

 
 

 
 

EXPERIMENTAL 
 

Reagents were ACS grade and were purchased either from the Aldrich Chemical 
Company or Strem Chemicals. These chemicals were used as received. Water was 
purified by reverse osmosis and deionization. Toluene and hexane were HPLC grade and 
were used without further purification. X-ray powder diffraction (XRD) patterns were 
recorded on a Bruker AXS  D-8 Advance X-ray powder diffractometer using copper Kα 
radiation. Gas chromatographic/mass spectroscopic analysis (GC/MS) for decane was 
performed on a Hewlett Packard G1800A instrument equipped with 30 m x 0.25 mm 
HP5 column (Crosslinked 5% PhME silicone). The temperature program used was an 
initial hold of 2 min at 35oC, a ramp of 5oC/min to 170oC, and a final hold of 5 min. The 
helium flow rate was 1 ml/min and the injection port was set at 250oC. The mass 
spectrometer was used in the selective ion monitoring mode with the parent ion of decane 
(m/e = 142 a.m.u.). Concentrations of decane were determined by use of a standard 
solution of decane in hexane and calculation of response factors from peak areas. 
 
Preparation of Polydimethylsiloxane/Iron or Iron Oxide 
Composites 
 

 Composites of polydimethylsiloxane (PDMS) with were prepared by cross-
linking a PDMS polymer at moderate temperature  with the magnetic substrate. Equal 
weights of the PDMS (typically 4 g of each) was stirred with either iron metal, hematite, 
and the resulting mixtures were heated to 280oC for one hour. Afterwards, the material 
was washed extensively with toluene to remove any unattached PDMS and was then 
dried in a vacuum oven at room temperature.  Two different PDMS oils were used as 
starting materials: a low viscosity (10 centistokes) material and a moderate viscosity 
material (1000 centistokes). These yielded strikingly different materials, a homogenous 
thinly-coated powder in the first case and a rubbery composite in the latter. 
 



Preparation of Poly(octadecylmethacrylate)/Iron Composite 
 

A fine iron powder ( 10 g) was mixed with 1.0 g of an as-purchased toluene 
solution of  poly(octadecyl methacrylate) (average molecular weight of 170,000) thinned 
with an additional 3 ml of toluene. The solvent was evaporated under ambient conditions 
to yield a waxy solid with imbedded iron particles.  
 
Preparation of Octadecylsilsesquioxane-Coated Magnetic 
Powders 
 

Iron and magnetite powders (30 g) were treated with a  solution of octadecyl-
trimethoxysilane (1.0 g) in toluene (20-25 g). After 12 hours, the derivitized powders 
were isolated by filtration, washed with toluene, and were dried in vacuo 
 
Preparation of Magnetic Activated Carbons 
 

Paper towels were saturated with an aqueous solution of iron(II) gluconate ( 10 g 
in 30 ml) mixture. The towels were hung from a rack to air dry and were then fired to 
500oC under a nitrogen atmosphere. After cooling to room temperature, the resulting 
powders were exposed to air at which point they became quite hot due to rapid oxidation 
or iron(II) by oxygen. The final result was a magnetite-containing activated carbon. A 
similar procedure using a nickel gluconate (5g)/ iron gluconate (10 g) mixture in water  
(45 ml) yielded a nickel-ferrite impregnated activated carbon.. 
 
Testing of Magnetic Extractants for Hydrocarbon Removal from 
Aqueous Solution 
 

A stock solution of approximately 100 ppm decane in water was prepared by 
stirring the required amount of decane with 250 ml of water. GC/MS analysis was used to 
determine the actual concentration of decane to be 104 ppm. 20 g of this solution was 
treated with 0.5 g of extractant and the mixture was stirred for two hours. After filtration, 
6 g the aqueous solution was extracted with 1 g hexane and the extracts were analyzed for 
decane by GC/MS. 

 
Testing of Magnetic Extractants for Breaking of an Emulsion 

 
 A stable emulsion was prepared by diluting a 35:20:45 weight percent 

paraffin oil/triethanolamine/oleic acid mixture to 1000 ppm in water (25). This yielded an 
indefinitely stable white emulsion. Ten grams of this emulsion was treated with 0.5 g of 
the nickel ferrite/activated carbon extractant by briefly shaking the two materials together 
in a glass vial for one minute. The mixture was then passed through a magnetic filter 
consisting of a glass pipet packed loosely with steel wool and taped to the side of a bar 
magnet. The solution passed through the filter was much clearer. The extent of emulsion 
removal was then assessed by measuring the solution’s absorption at 500 nm. using a 
digital Spectronic 20 spectrometer.  
 
 



RESULTS AND DISCUSSION 
 
 
Preparation of Magnetic Extractants 
 

A facile method for making magnetically-active activated carbons was 
developed. These materials were simply prepared by impregnating paper towels with an 
aqueous solution of iron gluconate mixture and then firing at 500oC under a nitrogen 
atmosphere. X-ray powder diffraction showed that the resulting material contained 
nanocrystalline magnetite (Figure 2) while infrared spectroscopy demonstrated the 
presence of an activated carbon phase.  A similar procedure using a nickel gluconate/ iron 
gluconate mixture yielded a nickel-ferrite impregnated activated carbon. Magnetic testing 
of the powders with a strong bar magnet indicated that the magnetite and ferrite-
containing powders were strongly and completely ferromagnetic. Furthermore, none of 
the powders demonstrated any remnant magnetization outside of a magnetic field, an 
important property so that the powder will not stick to non-magnetized steel. Also, in the 
case of the magnetite, the lack of a remnant magnetization means that we have achieved 
our goal of creating particles too small to become permanently magnetized. As expected, 
the nickel ferrite-containing material exhibits the strongest response to a magnetic field.  

 
 

 

 
 

Figure 2. XRD Pattern for Magnetite/Activated Carbon Composite. Solid bars represent 
the ICDD Pattern for Magnetite 

 



A recent report indicated that polydimethylsiloxane (PDMS) is a good absorbent 
for phenanthrene prompted us to prepare composites of PDMS with iron metal, hematite, 
and magnetite (23). These were prepared by cross-linking a PDMS polymer at moderate 
temperature in a mixture with the magnetic substrate. This is similar to a procedure 
reported by Soares et al. for coating alumina, calcium carbonate, and hematite with 
PDMS (24). Two different PDMS oils were used as starting materials: a low viscosity (10 
centistokes) material and a moderate viscosity material (1000 centistokes). These yielded 
powders with substantially different thicknesses of PDMS coatings. 
 
  A different polymer-coated powder was prepared by casting poly-octadecyl 
methacrylate from a toluene solution onto a fine iron powder. The polymer is only 
physically adsorbed onto the magnetite and can be washed off with organic solvents. 
However, the coated powders are stable in water and are suitable for use as magnetic 
extractants. The difficulty with these materials is the problem of removal of extracted 
organics without displacing the polymer during regeneration. 
 

A second method of incorporating octadecyl residues onto the surface of a 
magnetic particles was also investigated. In this case the octadecyl groups were 
covalently anchored to the surface by treating iron and magnetite powders with 
octadecyltrimethoxysilane. This reagent condenses with surface hydroxyls on the iron or 
iron oxide surface, leading to a monolayer of pendant octadecyl groups grafted to the 
metal surface via a cross-linked silica layer. Thus, the particle surface becomes coated 
with a monolayer of polymerized octadecylsilsequioxane, (C16H37SiO1.5)x. 

 
 

Testing of Magnetic Extractants 
 
The testing of the extractants was performed using aqueous solutions of decane 

with a concentration of 104 ppm , a point that is below the solubility limit of decane in 
water. This provides a stringent separation challenge for the magnetic extractants since 
the decane must be adsorbed from solution and not from a non-aqueous phase that is 
much easier to separate from water.  The ratio of extractant to solution  was kept low 
(2.5%) and the contact time with the aqueous solutions was short, a matter of only a few 
hours. After filtration, the aqueous solution was extracted with hexane and the extracts 
were analyzed for decane by GC/MS. The results of these experiments are outlined in 
Table 1. All of the magnetic extractants removed significant quantities of decane from the 
aqueous solutions with the best performing materials being the activated carbons and the 
magnetic materials coated with the thicker poly(dimethylsiloxane) (PDMS-1000). In fact 
there appears to be a strong correlation between the amount of absorbent present and the 
performance, thus the 10-centistokes poly(dimethylsiloxane) products (PDMS-10) 
performed less effectively than the PDMS-1000 series, while the material with only a 
monolayer of octadecylsilsequioxane performed very poorly by comparison. 
Nevertheless, the results do show that the magnetic extractants are effective for removing 
decane, and, by extrapolation, other hydrocarbons from water. 

 
  
 



TABLE 1.  Results from Treatment of Aqueous Solutions 
of  Decane with Magnetic Extractants 

 
Extractant    Final Concentration Percent Decane Removal 

 
Magnetite/Activated Carbon   61.2 ppb  99.94% 

Nickel Ferrite/Activated Carbon            59.1 ppb  99.94% 

Poly(octadecylmethacrylate)/iron 93.9 ppb  99.91% 

Octadecylsilsesquioxane/iron  3332 ppb  99.53%  

Octadecylsilsesquioxane/magnetite 1037 ppb  99.85% 

PDMS-10/Iron     34.6 ppb  99.995% 

PDMS-10/Magnetite   187 ppb   97.40% 

PDMS-10/Hematite   261 ppb   99.96% 

PDMS-1000/Iron   7.8 ppb   99.995% 

PDMS-1000/ Hematite               <1 ppb**  100 % 

PDMS-1000/ Magnetite   256 ppb   99.96% 

 
 
* Below detection limit 
 

 
 The nickel ferrite/activated carbon extractant was also tested for its 

ability to break a very stable emulsion prepared according to the method of Shin and 
Kim. It was briefly mixed with such an emulsion and then separated by magnetic 
filtration. The effectiveness of treatment was determined by measuring the transmittance 
of the solution at 500 nm. Before treatment the absorbance of the emulsion was 1.66 
while after it was 0.21. In terms of transmission, an increase from 2 to 62% was 
observed. Thus, magnetic extractants are capable of breaking emulsions and these initial 
results suggest that optimization of the magnetic extractant could result in complete 
breaking of an oil in water emulsion. Notably, the emulsion used in this study was very 
high in surfactant and extremely stable and it is likely that real world samples may not be 
as challenging. 
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ABSTRACT 
 
The Ground Water Protection Council (GWPC), working with agencies that represent 

the oil and gas producing states, has developed a comprehensive system titled Environmental 
Information Management Suite (EIMS) to manage data for oil, gas, and injection wells.  

 
 
The EIMS program offers flexible integration of highly customizable data solution 

tools.  A complete well data base system, titled Risk Based Data Management System 
(RBDMS), as well as many stand alone modules that automate the information system needs 
of oil and gas regulatory programs.  RBDMS has received the Department of Energy’s 
Energy 100 Award, during 2001. 

 
 
An important aspect of this project is the cooperative team approach employed by the 

group of users.  Personnel from agencies, staff of the GWPC, and database design consultants 
have worked together to develop this system that is easily customized to meet the variations 
that exist between state agency programs. New data management application tools are 
currently being implemented that will increase this systems usefulness to the industry, public 
and regulatory agencies.   

 
 
This paper describes the development of the EIMS/RBDMS program and details its 

applications and benefits to user agencies, industry and the public. 
 



INTRODUCTION 
 
The GWPC is working with personnel from the agencies that represent the oil and 

gas producing states to facilitate the development of a comprehensive data management 
system titled Environmental Information Management Suite (EIMS).  The core of this suite is 
the Risk Based Data Management System (RBDMS).  This suite of programs allows agencies 
the ability to utilize a flexible integration of highly customizable data solution tools needed 
for the cost effective management of enormous amounts of data covering all facets of 
exploration and production activities. 

 
As the need for information increases, personnel from various state agencies, GWPC, 

and database design consultants are working to use current technology to provide agencies 
the software tools to effectively manage this information. 

 
EIMS/RBDMS has become the national standard for oil and gas information systems. 

Additional agencies are completing system installations.  Agencies already using this system 
are upgrading existing modules.  These efforts will increase the accessibility of information 
used by the oil and gas industry, the public, and other regulatory agencies. 

 
 

SYSTEM BENEFITS 
 

This project is successful because it allows agencies cost effective data management 
solutions.  However, the benefits to user agencies are only part of the success of the project.  
The industry and public are receiving increasing benefits from the continuing development of 
this project.  Several of these benefits to user agencies and the oil and gas industry are: 
 

Improved access to oil and gas agency web sites gives exploration geologists the 
ability to research drilling prospects from remote location without incurring travel cost.  
Drilling permits will be obtained electronically, speeding up the permitting process.  Through 
the ability to electronically file standard forms, operators can manage their leases more cost 
efficiently.  

 
According to an Interstate Oil and Gas Compact Commission survey, there are over 

300,0000 shut-in and idle wells in the United States. (1)  These wells represent a valuable 
resource to the country’s energy needs.  Through RBDMS tracking and evaluation of 
mechanical integrity, static fluid levels, and idle well reports, those wells that pose a low risk 
for USDW contamination can be preserved until market conditions allow workovers to be 
economically possible.  Select wells can be preserved as candidates for enhanced oil recovery 
projects. 

 
The use of RBDMS by multiple state oil and gas agencies is furthering the goal of 

uniform application and reporting requirements among states, thus decreasing costs to 
companies that operate across state boundaries. 

 
Cost savings realized from the EIMS user agencies reduces the amount of the 

production-based conservation tax paid by operators and royalty owners, which funds the 
activities of many state oil and gas agencies. 

 
The time required to process applications is decreased because oil and gas agency 

staff can research and process Applications for Permit to Drill, much more quickly by 
avoiding the repetivness of manual data re-entry and form recompletion.  

 



RBDMS automates the evaluation of environmental risk resulting in construction and 
testing requirements commensurate with the level of risk. 

 
The ability to focus attention and resources, by both governmental and industry, on 

those wells that pose the greatest environmental risks enhances protection of the nation's 
ground water, a concern of all. 

 
In summary, RBDMS reduces regulatory barriers, increases environmental 

protection, and allows operators to produce more oil and gas domestically. 
 
 

SYSTEM DEVELOPMENT HISTORY 
 
The development of EIMS began in 1989, when the GWPC* undertook a Department 

of Energy (DOE) and the American Petroleum Institute (API) funded research project titled 
“Evaluation of Injection Well Risk Management Potential in the Williston Basin.”(2)  One of 
the purposes of the study was to develop a methodology to assess the risk of Underground 
Sources of Drinking Water (USDW) contamination posed by injection well operations.  
Based on this study, it was determined that state agencies collected sufficient data to 
construct a risk based information system that could be used to effectively administer UIC 
programs and operations. 

 
State agencies were very interested in this study and based on their input to the 

GWPC, it was found that a nationwide need existed for a database system that could provide 
the necessary data fields and queries needed to run a state UIC Class II program. 

 
The GWPC then undertook a study to assess the data inventory and system needs of 

states.  The objective of this study was to collect and analyze this information, establish 
design requirements, and assess the potential benefits of implementing a database in 
individual state UIC programs. (3) 

 
The inventory and needs assessment portion of the RBDMS project surveyed 25 

states and gathered information that showed most of the data required for the risk assessment 
model was identical to information needed by the state oil and gas agencies to manage their 
regulatory programs. 

 
This last study was significant in that Mr. Mike Paque, the GWPC Executive 

Director, and personnel representing their state agencies realized the best management 
approach in overseeing the development of this program was to ask the future users of the 
system to detail their system needs.  A design team of consultants was then formed and 
directed to effectively incorporate these needs into the development of the system. During 
this planning phase, important system design criteria were mandated, including: the system 
must be user friendly; the system will be developed in off-the-shelf software; the system will 
be easy to customize; and there would never be any fee associated with its distribution. 

 
This approach of listening to state agency personnel rather than prescribing to them 

has been the real secret to the success of this project.  
  
Over time, RBDMS has continued to evolve and add the features that agencies need 

to manage their oil and gas, injection well, and environmental programs.  This group of 
software solution tools is collectively refereed to as EIMS.  This project has been so 
successful that currently, two-thirds of the oil and gas producing states use all or part of this 
system to fill their electronic data information needs. Figure 1 

 



The receipt of the Department of Energy’s Energy 100 Award has further measured 
the success of this project.  RBDMS was chosen as one of 100 best scientific and technologic 
accomplishments of the DOE projects during this century. 

 
  

SYSTEM FEATURES 
 

In order to serve the needs of many agencies, the modules that comprise EIMS 
must be designed to be flexible.  To achieve this goal, we have borrowed the Microsoft Office 
concept of modules working together as software suites or they can function independently as 
stand-alones.  All EIMS modules are designed to operate on single or networked personal 
computers that use any of the current Windows operating systems. 

 
All of the EIMS modules are developed in inexpensive off-the-shelf 

commercial software.  In the case of RBDMS it has been developed in easy to use Microsoft 
Access.  RBDMS has been designed to be scalable, that is, if the data set contains a limited 
number of records then it can run in Access or if the data set is large it can be attached to 
heavy-duty backend database management systems such as SQL Server or Oracle.  This 
scalability is necessary so small, as well as large, agencies can efficiently manage their data 
information needs.  Users in all agencies, regardless of size, see on their computer screen the 
familiar Windows graphical user interface.   

 
The risk assessment portion of RBDMS functions by first collecting statistical 

information from the database on well operations, mechanical integrity failures, and 
construction information.  From this information, risk prediction models are developed.  The 
resulting information’s practical application is that, field inspection activities are directed 
toward those areas that have a higher probability of posing environmental risk to a USDW.(4) 

 
 

 
 

    CUSTOMIZING AND IMPLEMENTING RBDMS 
 

Regulatory programs vary by agency, so RBDMS is designed to be customized to meet 
the specific requirements of different agencies.  This is done to allow for individual state 
differences and still maintain compatibility of the EIMS add-on modules. 

 
As with any dynamic piece of software, compatibility problems between the suites of 

EIMS modules can arise as agencies modify the modules for their particular needs.  To address 
this problem a group of state agency personnel is assembled to review the current version of 
RBDMS and versions modified by agencies.  The result of these efforts is the maintenance of a 
RBDMS “generic core” program.  This core RBDMS program provides a standard format that 
modules can be tested against to insure compatibility among the EIMS modules.  Another 
important facet of this generic RBDMS core is to provide a database that can be easily 
customized and implemented by an agency.  The use of MS Access as a development tool 
allows for relatively easy of incorporating legacy databases into RBDMS.  This core program 
also contains at least 75% of the data fields necessary to run a typical state program as well as 
many standard features and reports.  Agency personnel then have the ability to modify and add 
fields needed for their specific programs for a fraction of the cost of developing a custom 
system. 

 
Maintaining the System 

 
After the system is installed and is being used by an agency, there are a number of 

system support resources that the agency database administrator can access.  These include:  An 



on-line users group forum, containing interactive system help information, a section that 
contains all of EIMS modules that are available for free downloading and a bulletin board to 
post system errors and fixes.  Because all user agencies operate a common platform, state 
personnel help each other solve technical problems. The group also offers agency personnel 
advanced training sessions on the development and maintenance of the EIMS modules, as well 
as instructional videos designed to introduce new users to the features and navigation of 
RBDMS.  Each agency is also allowed “help desk” time at no charge to the agency.  “Help 
desk” allocates consultants’ time to aid the database administrator in such areas as system 
modifications, customization, and installation of new modules. 

 
 

 

PROJECT MANAGEMENT 
 
The management of the project has evolved as the suite of software has grown more 

complex.  Currently, the project management occurs on several levels.  The Research 
Foundation Committee of GWPC, whose membership is comprised of representatives of state 
agencies, receives grant monies and provides project administration.  The Research Foundation 
provided early project direction and instituted many of the important development guidelines 
that insure the success of the project.  This direction included the hiring of the team of design 
consultants.  From the project’s beginning, the same group of design consultants has been 
employed for programming, implementation, and project development.  These consulting 
groups process an extensive knowledge of the system and the needs of state programs  

 
One of the most important aspects of the management of this project has been the 

involvement of the people that use the system.  As the project continued to expand and systems 
grew complex, the need to formalize state input was realized.  Thus, the Data Management 
Advisory Committee was chartered through the by-laws of GWPC.  This group provides 
project direction and oversight.  The membership of this group consists of personnel from state 
agencies that elect a “Core Group” of officers and technical advisors.   This group works to 
promote a teamwork approach to developing and maintaining standards for the system. They 
also set priorities for new projects.   

 
Many times, states have common software needs, so the group works on projects that 

will benefit a group of states and leverage both state and federal dollars.  This group works 
directly with Paul Jehn, the GWPC staff Project Manager whose primary focus is the 
management of this project.  

 
The GWPC Executive and Associate Directors carry out project management.  They 

administer grants and have final authority over all project decisions 
 

Development Cost Sharing 
 
State and federal agencies share the cost for new module development and system 

enhancements.  As agencies uptake cooperative development on modules, dollars are 
compounded. The ability to build on others experience has continually improved the product. 

 
Development costs have been shared almost equally by the DOE and State Agencies.  

Since 1992, the DOE has contributed over four million dollars to this project. State agencies 
have provided an additional five million dollars.  Because of this teamwork approach, GWPC 
estimates that user agencies combined have saved approximately $20 million in development 
costs.(5) 



 

EIMS MODULE FEATURES 
 

RBDMS Data Source 
 
RBDMS is the heart of the EIMS modules.  This complete information system has 

become the national standard foroil and gas regulatory programs.  It has been designed to 
manage all of the information an agency needs to collect as a function of their statutory 
duties.  Some of the specific data fields contended in RBDMS include: well construction data, 
formation tops, well location, and well inspection and compliance data.  Permit tracking for 
UIC wells and UIC well specific information such as mechanical integrity test data, injection 
volumes. 

 
RBDMS is unique in that well risk analysis is automated.  RBDMS includes many 

standard reports that can be run from the “Reports” menu, as well as the easy-to-use and 
powerful Access query and report wizard that allow the user to design custom queries.   

 
Internet Data Sharing 

 
Agencies have enormous amounts of information contained in their databases, and 

one of this group’s major priorities is to make this information available to the industry, other 
agencies and the public.  The most popular media for disseminating this information is the 
Internet.  This real-time data access yields both efficiency and conveniences.  We have been 
working with states to make the information contained in their RBDMS databases available 
on websites for downloading and generating on-line database reports. Figure 2 

 
Field Inspection Module 
 

GWPC is currently developing several applications to view and collect field data 
using Personal Digital Assistants (PDA) and laptop PC’s.  These applications allow the user 
to view and capture data in the field for well plugging, mechanical integrity testing, blowout 
prevention inspections, field inspections and violations.  This module allows the user to 
access paper-less well information data at remote locations and allows the input of data that is 
collected in the field.  This data can be synchronized with a server database using various 
methods including the Internet. Figure 3  

 
Agencies can choose between several different PDA platforms, including Palm OS or 

Windows CE devices.  If an agency needs the computing power of a laptop computer, this 
option is available, also.  

 
Wellbore Schematic Module 

 
 Users have the ability to view a well bore schematic to evaluate well construction 

details.  This visual rendering of a well’s construction details aids the viewer in reviewing 
documents for well plugging, and permitting plans.  Well construction and production zone 
information is read directly from the RBDMS database and is used to create and scale the 
construction components.  Figure 4  

 
Production Forecasting and Economic Evaluation Tool (PFEET) 
 

This module has been designed to attach to most data sources and aid the user in 
determining the economics and decline rates of oil and gas properties using various standard 



and accepted methods.  The user has the ability to group data in a variety of formats including 
statewide production, by operator, by county, field, unit, or individual well/lease.  The results 
of the analysis can be stored for later review by the user. Figure 5 

 
 

Oil and Gas Production Accounting System 
 

This module manages oil and gas well, lease, and unit production data for the 
maintenance of monthly or yearly production reports.  Compiles statistics on production data.  

 
GIS Utility 
 

The GIS Utility module, integrates well locations and other environmental data with 
state GIS base map coverage’s for spatial display and analysis. Figure 6 

 
Runtime Database 

 
The agency can “burn” a compact disk (CD) that contains all of that agency’s data on 

oil, gas, and injection wells.  This CD can then be distributed to interested parties, such as 
operators, for installation on their computer system.  This CD is a read-only “runtime” 
version that does not require the user to purchase any software to view this database 
application. 

  
Compare Database Utility 
 

Compares the agencies legacy databases to a now “standard” database and prepares a 
report showing missing tables and fields. 

 
Source Water Data Source 
 

Provides central repository for the data collected for source water assessments and 
contaminant source inventories, including Public Water Systems (PWS) and vulnerabilities 
determinations.  This module is compatible with all EIMS modules and will help integrate the 
various Environmental Protection Agencies Water Programs.  

 
 

CURRENT AND FUTURE DEVELOPMENTS 
 

EIMS/RBDMS is dynamic.  As commercial software continues to improve and add 
features, the core modules are being reviewed to determine if developments in new software 
could be utilized with EIMS modules to improve their utility. 

 
From the inception of this project, a major goal of GWPC has been to install 

EIMS/RBDMS modules in any agency that requested them.  This task continues as more and 
more agencies homogenize their information systems to this national standard.  Now that 
installations are nearly complete throughout the country, the GWPC goal is to make the 
information contained in these databases accessible to operators, regulators, and the public, 
and to allow electronic data exchange using a variety of modules. 

 
As new technologies change exploration and production techniques, new modules 

will be developed to allow agencies and industry greater management of these technologies.  
  



Several of these new modules are include:   
 

Electronic Permitting 
 

Electronic permitting allows for on-line approval of drilling and routine permits.  
This greatly reduces permit, processing time and can save the operator rig hours.  This system 
is being pilot tested in California. We are also working with the Bureau of Land Management 
to eliminate or reduce the duplicate permits necessary for permits on federal lands.  An 
extensive markup language (XML) schema is under development and should be in beta form 
by early 2002. 

 
Electronic Filing of Production and Injection Data 
 

Electronic filing will allow operators to electronically file routine state regulatory 
forms using XML.  The labor saving advantages of this system are enormous to both the 
operator and the agency.  Our vision of electronic filing will be geared for operators with 
varying computer expertise.  Specific options under consideration include: The development 
of an XML schema that will map data fields between an operator’s database and the states 
database.  Smaller operators will be able to download an executable file, which will contain 
all the necessary data reporting fields. The operators will be able to complete the form on 
their computer and then e-mail the results to the state agency. 

 
We are currently looking for oil and gas operators who are interested in helping 

design the functionality of the RBDMS e-commerce system.   
 

Coal Bed Methane Well Module 
 
Coal bed methane wells will continue to be an increasing source of gas production in 

the U.S.  A module is currently being developed that will focus on coal bed methane’s unique 
set of requirements including, permitting, monitoring water quality, and produced water reuse 
issues. 

 
The GWPC and state agencies are currently developing an alpha version of a coal bed 

methane module for RBDMS. Again this will function with RBDMS or as a stand-alone 
application.  This module will track the appropriate coal bed methane data fields and will 
contain a water quality database for environmental compliance.  We hope to begin beta 
testing of the coal bed module in 2002. 
 
 
Multi-Lateral Well Module 

 
The smaller “foot print” allowed by the use of horizontal drilling methods and multi-lateral 
wells requires special permitting and bottom hole tracking methods.  This module allows the 
user a visual rendering of the well’s construction and tracking on multiple bottom hole 
locations within the module. 



  

CONCLUSION 
 
The GWPC is currently seeking the input of industry and other regulatory agencies in 

making the data contained in EIMS available to industry, the public, and other regulatory 
agencies.  By overcoming these technological barriers, agencies can make valuable, cost 
effective contributions to planning, resource development and protection throughout the 
country 
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Figure 1 Map of US with EIMS/RBDMS states shown 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 2 Screen view of the Internet reporting module 



 

 
 
 
Figure 3. Screen snapshot of palm inspection device 
 
 

 
 
 
Figure 4 Screen snapshot of Wellbore Schematic Module 



 

 
 
 
Figure 5 Screen snapshot of PFEET module 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Screen snapshot of GIS module 
 



 
 
 
 

HOW THE CORPORATION COMMISSION’S 
NEW WATER QUALITY STANDARDS 

IMPLEMENTATION PLAN APPLIES TO SITE 
REMEDIATION AND RBCA 

 
 

By Patricia Billingsley, Oklahoma Corporation Commission 
 
 

ABSTRACT 
 
Oklahoma Senate Bill 549, passed in 1999, required all of Oklahoma’s 

environmental agencies to write and by July 1, 2001 implement a Water Quality 
Standards Implementation Plan (WQSIP) specifying how the State’s water quality 
standards will be applied within each agency’s areas of environmental jurisdiction.  The 
Oklahoma Corporation Commission’s (Corp Comm’s) Oil and Gas Division has 
jurisdiction over many areas, from pipelines to oil and gas exploration and production to 
spill remediation, that are addressed by the Division’s newly adopted WQSIP.  Included 
in the WQSIP are 1) how the WQSIP applies in each Corp Comm jurisdictional area, 2) 
the water quality standards to be met when a spill affects or potentially affects surface or 
ground water, 3) where (regulatory point of compliance) these Water Quality Standards 
must be met, and 4) how the remediation/cleanup standards for soil and water (numerical 
table or RBCA derived) at the problem’s source will be set.   
 



BACKGROUND INFORMATION ON THE 
WQSIP  

 
Senate Bill 549 
 

The federal Clean Water Act requires that each state write state Water Quality 
Standards.  In Oklahoma, this is done by the Oklahoma Water Resources Board 
(OWRB).  However, the OWRB has no enforcement authority in areas that the other state 
agencies regulate.  To settle this issue, Oklahoma Senate Bill 549, passed in 1999, 
explicitly required all seven Oklahoma state environmental agencies to enforce the 
state Water Quality Standards (WQS) written by the OWRB.     

 
In Oklahoma, many different state agencies have authority over specific 

jurisdictional areas.  For example, the Department of Agriculture enforces the state’s 
Agricultural laws; the Bureau of Mines enforces laws related to mining; the Department 
of Environmental Quality enforces rules relating to NPDES permits, industrial activities 
(including refineries), water supply systems, etc.; and the Corporation Commission 
enforces laws relating to trucking, utilities, oil and gas production and transportation (but 
not refining), and petroleum storage tanks.  Prior to 1999, when SB 549 was passed, there 
was no explicit state enforcement mechanism for the OWRB’s Water Quality Standards.  
Now, each state agency whose authority includes environmental oversight has had to 
explicitly: 
• State that it will enforce the WQS; 
• Determine what the to standards be enforced are; 
• Determine how and where the standards will be met, and 
• By July 1, 2001, write and adopt into rule a Water Quality Standards 

Implementation Plan (WQSIP), approved by the state’s WQSIP Advisory 
Committee, specifying exactly how within its specific areas of environmental 
jurisdiction this will be done 

 
The Oklahoma Corporation Commission must thus enforce OWRB’s WQS for 

Oil and Gas exploration and production and underground storage tank activities, 
including pollution cleanups. The required WQSIP for the Oil and Gas Conservation 
Division is described in this paper.  Corp Comm’s Petroleum Storage Tank 
Division will have its own WQSIP.  
 
 Water Quality Standards 
 

Water Quality Standards (WQS) are the numerical and/or narrative standards set 
by the Oklahoma Water Resources Board (OWRB) as required by the Federal Clean 
Water Act. While the CWA only requires surface water standards, the OWRB has chosen 
to include ground water standards.  The goal of OWRB’s rules is to prevent 
“degradation” of, and protect the OWRB defined beneficial uses of, state surface and 
ground waters.  The specific standards set for each natural stream, lake, or groundwater 
source depends on the beneficial uses and historical background data for that water body.  
Different water bodies have different standards, depending on their historical uses. 
OWRB’s WQ standards must be followed unless “more appropriate” standards are found 
to prevent degradation and protect the beneficial uses. 
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Examples of WQS are the requirement that pH levels in fishable streams be 

between 5.5 and 9.0, or that there be no visible oil on the water or in stream sediments. 
Water bodies with natural pollutants (e.g. the Cimarron or the Salt Fork of the Arkansas, 
which have high natural salt levels), and streams with seasonal low flow preventing use, 
will have different standards than those historically usable for irrigation, water supply, 
swimming, etc. 
 
Surface Waters 
 

Protective Beneficial Uses set by OWRB for individual water bodies include: 
 
• Public or private water supply (PPWS) or Emergency water supply (EWS). 

No harmful levels of chemicals, metals, oil, etc. can be present in primary 
drinking water supply waters; Numerical standards are set for many substances.  
Less restrictive standards are set for rarely used emergency supplies.  

 
Public and private water supplies that are especially sensitive or vulnerable to 

potential pollution are to get special protection (SWS). For example, Commission rule 
165:10-7-6 allows the Corp Comm to enact special Oil & Gas field rules in specific areas 
to protect water and water supplies if a city or other governmental entity requests it. 

 
• Fish and Wildlife Propagation (F&W).  
 Different standards are set to protect a: 

1. Cool Water Aquatic Community (e.g. trout streams and Lake Tenkiller in 
eastern Oklahoma), than a 

2. Warm Water Aquatic Community (the average Oklahoma Stream) or a 
3. Habitat Limited Aquatic Community (intermittent streams or those with 

natural pollutants inhibiting aquatic life). 
4. Some Wetlands Aquatic Community standards have also been proposed.  

 
• Agricultural use (Ag).   

Maximum total dissolved solids (TDS) and salinity anions are defined for waters 
used for livestock watering and/or irrigation.  In the state WQS there are four 
possible surface water numerical standards (codes M, 1, 2, and 3 in OAC Chapter 
45) Appendix A Table 2, and three possible groundwater classes. 

 
• Primary Body Contact Recreation (PBCR). 

Standards for bacteria and other pollutants are set to protect swimmers  
 
• Secondary Body Contact (SCBR). 

Lesser standards are set for occasional water contact during boating and fishing. 
 
• Aesthetics (Aes). 

Natural waters must be free of visible oil, excess sediment, noxious odors, etc. 
 
• Scenic rivers, their tributaries, and some waters in designated parks and wildlife 

areas have been designated Outstanding Resource Waters (ORW) or High 
Quality Waters (HQW).  These get special protection. 
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• Requirements for Navigation (Nav), Industrial and Municipal uses including 
cooling water (I&M), and Hydropower (HP) are NOT included in the WQSIP, 
since Corp Comm doesn’t regulate these activities. 

 
Listed beneficial uses for streams and lakes are in the water quality rules; 

however, many small and intermittent streams are not listed in Table 2 (cited above).   
 

Ground Water - Class I, II, and III 
 

The OWRB has split the state’s groundwaters into three classes, with different 
levels of protection and water quality standards for each. 
 
• Class I, special source groundwaters, includes waters that 

1. Have exceptional water quality and/or are ecologically important 
(example – support endangered species), or 

2. Are an irreplaceable source, or 
3. Are in a public water supply wellhead protection area, or 
4. Underlie and supply scenic rivers or designated parks, wildlife areas and 

wetlands listed in Appendix B of OAC Chapter 45. 
 
• Class II groundwaters are those capable of being used as water supplies for 

humans, with total dissolved solids < 3,000 mg/l (ppm).  The OWRB publishes 
maps showing the state’s alluvium and bedrock groundwater aquifers. 

 
• Class III Groundwaters have limited use since their TDS is > 3,000 mg/l.  While 

they can still provide drinking water for some animals or supply some streams, 
they are generally not protected since human don’t use them. 

 
The OWRB has also classified groundwater aquifers according to their 

vulnerability to contamination.  The OWRB's Technical Report 99-1 has maps of the 
different areas and their vulnerabilities.  The Commission may have to add special 
protection rules in areas the OWRB has designated as highly vulnerable.   
 
Specific Water Quality Standards 
 

Water Quality Standards for specific uses are set by OWRB for certain 
parameters, both pollutants and related stream conditions.  Depending on the use, limits 
are set for one or more of these parameters.  The second column (below)  lists parameters 
rarely if ever apply to Oil and Gas activities regulated by the Commission; these are not 
included in the WQSIP. 
 

 • Total Dissolved Solids 
• Pesticides  • Salts (chlorides) 
• Herbicides  • Petroleum compounds  
• Sulfate  • Dissolved heavy metals 
• Dissolved Oxygen • pH  
• Bacteria• Turbidity (man-caused excess 

erosional runoff sediments into 
surface water)  
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In addition, the Corporation Commission has Water Quality Decision Level 
Criteria for pollution cleanups, discussed below in the Commission WQSIP section. 
 
USAP 
 

The OWRB also wrote Use Support Assessment Protocols (USAP), specifying 
how many times a water body had to be sampled and how many of those samples had to 
exceed standards in order to determine whether or not the water body is impaired.  One 
water sample is almost never enough to prove impairment.  Examples of how USAP 
works are: 
 
• A minimum of 10 samples collected over a year (all 4 seasons) is usually 

required to determine if the water body meets WQ standards.  However, if staff 
collect 3 or more samples that exceed sample standards for one or more 
parameters, the other 7 samples are not needed – impairment is already obvious. 

 
• For some parameters (such as TDS, sulfates and chlorides), there are both a 

numerical individual sample standard, set two standard deviations above the 
historical mean, and a mean standard, set one standard deviation above the mean. 

 
• If a water body exceeds the sample standard for one or more parameters for 

>10% but <25% of the total samples collected, the water body is partially 
supporting and may need action. 

 
• If a water body exceeds the sample standard for one or more parameters for > 

25% of the samples, it is impaired and action, such as a cleanup or TMDL plan, 
is needed. 

 
• If  a water body averages higher than the mean standard, it is deemed impaired 

and action, such as a cleanup or TMDL plan, is needed. 
 
• If a water body exceeds sample standards for one or more parameters in one or 

more samples by an order of magnitude, it may be deemed impaired. 
 
To Get OWRB Water Quality Rules 
 

Water quality standards information is in OWRB’s Chapter 45 (uses/standards) 
and Chapter 46 (USAP) rules.  These are available at 
http://www.state.ok.us/~owrb/rules/Rules.html, or from the  

  
Secretary of State, Office of 
  Administrative Rules  
2401 North Lincoln Boulevard, Rm. 220    
405/521-4911 

Secretary of State, Office of 
  Administrative Rules 
P.O. Box 53390 
Oklahoma City, Oklahoma, 73152-3390 

 

http://www.state.ok.us/~owrb/rules/Rules.html


THE COMMISSION’S WQSIP 
 
Section I - Required Background Information. 
 

This section is divided into subsections, by subject:  
A. Pages 2-3 list the SB 549 required elements.  
 
B. Pages 3-13 list the Commission’s definitions of terms. 
 
C. Page 13 has the General statement of intent for the WQSIP. 
 
D. Pages 14-16 list the legal citations of state OWRB Chapter 45 Water Quality 

Standards for surface and ground water (this is a good cure for insomnia). 
 
E. This subsection lists the Corporation Commission’s functional jurisdictional 

areas:  
  

1. There are two Corp Comm Divisions that handle pollution matters – Oil 
and Gas Conservation, and Petroleum Storage Tanks.  This WQSIP is 
ONLY for the Oil and Gas Conservation Division (Oil & Gas). 

 
2. Within Oil & Gas the Field Operations and Pollution Abatement/UIC 

departments handle environmental/pollution matters. 
 

3. The Field Ops Field Inspectors, who work out of four district offices in 
the northeast, northwest, southeast, and southwest quadrants of the state: 
a. inspect sites to make sure all Oil and Gas rules are followed, 
b. are the first to respond to spills and pollution complaints at drill sites, 

pipeline breaks, etc,  
c. perform the initial soil sampling, and sometimes water sampling 

also, and  
d. oversee or approve most surface spill cleanups and soil remediation 

activities. 
 

4. The Pollution Abatement section (PA) within the PA/UIC department 
has four hydrologists assigned one per Field Operations district office.  
There are also the PA/UIC Manager, an engineer who oversees land 
application and commercial mud pits, the PA supervisor, and one 
hydrologist in the Oklahoma City office.  The hydrologists: 
a. do most of the water sampling, and assist Field Ops with complex 

pollution cases, especially cases involving surface and ground water;  
b. directly oversee assigned complex cases; and  
c. perform federal Clean Water Act (CWA) related activities, including 

sampling surface and ground waters of the state to determine which 
waters are impaired and need to be placed on the 303d list, and  
participating in state/federal interagency work groups, grant 
committees, and the Oklahoma Water Quality Monitoring Council. 
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5. The Underground Injection Control (UIC) section sets pollution 
prevention requirements on saltwater disposal (injection) and secondary 
recovery wells, and inspect for compliance. 

 
6. There are other related departments with related duties –  

a. The Oil & Gas Technical Department (Tech) oversees technical 
matters and rules for pollution prevention, and issues drilling 
permits; 

b. The Pipeline Safety program (Transportation Division) oversees the 
design, installation, operation, maintenance and abandonment of 
natural gas and liquid petroleum pipelines.  Field Ops and PA/UIC 
handle pipeline spill cleanup. 

c. The Pollution Response section within the Consumer Affairs 
division takes pollution complaints and passes them to the 
appropriate Oil and Gas staff for investigation.  They also assist 
when needed with site and stream sampling. 

 
F&G   Pages 19-22 – This section has tables listing the specific jurisdictional areas of 

the Commission, and OWRB defined beneficial uses each could affect. 
 
H. The OWRB Use Support Assessment Protocols are described in this sub section. 
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Section II - Requirements For Cleaning Up Pollution Caused By 
Spills And Other Problems 

 
This section is divided into subsections, by subject. 

A. The Oil & Gas Water Quality Decision Level Criteria were adopted to implement 
requisite water quality standards in pollution cleanups.  The point of compliance 
to meet standards is usually at the receptor location – the stream, well, or 
other location where an entity could be exposed to pollutants.  This is usually 
not at the spill or other source location; cleanup standards at the source are set on 
a site-specific basis to assure compliance at the receptor location. 

 
1. Most of these criteria are based on the OWRB Water Quality Standards, 

or (for drinking water receptor locations such as wells) from EPA 
Drinking Water Standards as used by the Oklahoma Department of 
Environmental Quality. 

 
2. When specific WQ standards have not been set for certain parameters, 

criteria were developed to prevent degradation of state waters and 
continue their beneficial uses.  For example, the OWRB has not set 
standards for sodium.  Since excess sodium in irrigation water can 
damage soils in croplands, the sodium standard for irrigation water 
sources is set at the Oklahoma State University’s (OSU’s) recommended 
levels for irrigation water.  

 
3. The Commission may also enact special Oil & Gas field rules in specific 

areas to protect water and water supplies if a city or other governmental 
entity requests it. 

 
Some specific standards are: 
 

• For Class I groundwaters, by Class II drinking water wells, and by surface water 
supply intakes: 

 
1. EPA and DEQ drinking water standards must be met for all listed 

substances (petroleum, metals, salts, etc) and 
 

2. No visible free product allowed. 
 

• For salinity in irrigation water: 
 

1. OWRB surface water agricultural (OAC Chapter 45 Appendix C and F) 
standards must be met, and 

 
2. OSU’s guidelines (on analysis forms) for excessive sodium applied to 

soils via irrigation water will be used for both surface and ground water. 
 

• For salinity in other surface waters: 
OWRB Appendix C and F standards must be met. 

 
• For petroleum in Class II groundwater not by water wells:   
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1. Corp Comm O&G defined (see attached Table) or Risk Based (RBCA) 

numerical criteria in guidelines must be met, and  
 

2. Measurable free product is removed.  
 

3. The levels of GRO and/or DRO and/or other specific petroleum carbon 
ranges will be used as guidelines on a case-by-case basis. 

 
• For petroleum in surface waters not by water supply intake areas: 
 

1. Visual presence of oil and (when there is analytical data) 
 

2. OWRB standards for benzene, ethyl benzene, and toluene or RBCA 
numerical criteria are used.   

 
3. GRO and/or DRO and/or other specific carbon range levels will be used 

as guidelines on a case-by-case basis. 
 
• For heavy metals in Class II groundwater away from wells:  

Risk based standards are used.  
 

• For heavy metals in surface waters not at a water supply:  
OWRB WQ standards set for PPWS, F&W, and other beneficial uses are used.  

 
• For turbidity from excess sediments in erosional runoff into surface water:  

OWRB WQ standards for F&W and Aesthetics determine the need for corrective 
action. 

 
B. The compliance elements for spill cleanups are: 
 
• Corp Comm O&G does not become involved in specific cases unless:  

1. a complaint is made, or 
2. probable impairment is found, or 
3. a violation of rules is found by staff, or 
4. a request for approval of a voluntary pollution abatement plan is 

submitted to the agency. 
 
• The goal of the Commission is to prevent spills from impairing state waters, 

and/or to restore water quality whenever feasible if waters become impaired in 
order to protect beneficial uses.   
 

• Recent spills and new polluted sites are remediated by the responsible party. 
 

• Historic pollution sites with no RP to do a cleanup are referred to the Oklahoma 
Energy Resources Board. 
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Specific guidelines and procedures to follow include the following: 
 
• The Commission must be promptly notified when spills or leaks are found. 
 
• Operators must promptly undertake cleanup activities.  Field Inspectors will 

provide guidance (in their “Oklahoma Corporation Commission Guidelines for 
Responding to and Remediating Spills”) and oversee most cleanups. 

 
• Extensive problems (especially involving water pollution) may be assigned to 

Pollution Abatement staff. 
 
• The Commission may request a thorough site assessment that includes soil and/or 

groundwater and/or surface water observations, measurements, and/or sampling 
and laboratory analyses. 

 
• Commission staff will determine or approve the appropriate soil and water action 

and cleanup levels.   
 
• The Pollution Abatement section provides guidance in their “Site/Risk 

Assessment and Cleanup Guidelines for Petroleum Hydrocarbon and Heavy 
Metal Pollution”.  RPs can use either a Risk Based Corrective Action 
methodology or the fixed numerical standards in PA’s guidance, which includes 
the ‘Soil and Groundwater Petroleum Products Remediation Index Table’. 

 
• State Water Quality Standards or other more appropriate numerical criteria as 

specified in the Commission’s Water Quality Decision Level Criteria will be met 
at the nearest potential water body or well and/or other receptor location on a site 
specific basis. 

 
• The Commission may monitor or require the responsible party (RP) to monitor 

surface and/or ground waters to ensure that appropriate water quality will be met 
before pollutants can reach a possible receptor/recipient. 

 
• When a remediation is completed, appropriate water quality monitoring will be 

done to ensure that water quality standards have been met; the new rules require 
1 year of monitoring or as approved by staff. 

 
• In a water quality problem relating to historic activities, when there is no RP or 

when a cleanup is not technically feasible, a finding of "irreversible man-induced 
impacts" under federal law (40 CFR 131.10(g)(3)) may be made. 

 
In addition, Corp Comm guidance indicates that USAP will be followed for 

determining water body impairment except where no protocol has yet been written by 
OWRB, in which case the Commission’s “Water Quality Decision Level Criteria” or 
other standards and actions proven to be more applicable will be used.  
 
C. While most Corp Comm Oil and Gas environmental activities are related to 

pollution complaints and cases, some other work related to the Clean Water Act 
or state mandates is done.  Some of these are listed below: 
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• Programs generally affecting water quality, and Clean Water Act issues: 
1. Commission staff will monitor (sample) and/or request that other state 

agencies such as the OWRB assist them to monitor ground and surface 
waters of the state in response to widespread non case-specific 
complaints and in historically polluted areas. 

2. Surface waters found to be impaired or only partially supporting will be 
placed or kept on the federal 303(d) list and/or into the 305(b) report as 
appropriate. 

 
• Technical Information and Procedures: 

1. The Commission provides guidance documents. 
2. Ground and surface Water Quality monitoring data is kept in computer 

spreadsheets, which are used in the determination of water body 
impairment. 

 
• Compliance With Mandated Water Quality Management Activities: 

Corp Comm PA staff participate in all state interagency environmental 
workgroups, grant meetings, water quality standards revisions, and the Oklahoma 
Water Quality Monitoring Council. 
 

• Public Participation: 
The Commission has public meetings for rules adoption, has had four public 
Water Quality Standards Implementation explanatory meetings, and is planning 
additional meetings. 
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ABSTRACT 
 
 Produced water disposal can significantly contribute to an operator's 
natural gas production costs.  In some regions of the United States, the cost of 
produced water disposal has been reported by operators to be as high as $7.00/bbl. 
Rising costs of transportation coupled with the development of new gas fields in 
remote locations, will continue to affect and increase produced water disposal 
costs.  Operators, working in conjunction with the regulatory agencies, are 
developing ways to lower their disposal costs by finding new uses for the water 
and new ways to dispose of it.  Beneficial re-use and technologies such as Freeze-
thaw/ Evaporation (FTE) and down hole gas/water separation are helping 
operators lower their costs. 
 
 A study was recently funded by Gas Technology Institute to identify what 
produced water disposal methods operators in several western states are using, 
and the costs they associate with water disposal. Individuals in state regulatory 
agencies were also contacted to determine the climate for the application of new 
produced water disposal technologies in each of the states considered.  Results of 
this study are summarized in this paper. 
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GTI PRODUCED WATER 
MANAGEMENT STUDY 

 
 
 In 1996, Gas Research Institute funded a project to develop an ACCESS database 
containing production information (oil, gas and water volumes) for the Rocky Mountain 
States of Wyoming, New Mexico, Utah and Colorado.  One of the primary goals of the 
project was to identify gas fields in the region that were experiencing high volumes of 
produced water, and to also identify the producers at those fields who were managing 
large volumes of water.  A second component of the study was to personally contact 
professionals in those companies who could discuss the methods being used to manage 
the produced water and to identify the costs that they were experiencing with water 
disposal.  That project was expanded in 1998 to include additional information on the 
wells in the database and to update the existing production data to the most current 
available.  Montana, Oklahoma, Kansas, Illinois, Michigan, Louisiana and Alberta, 
Canada were also added to the project, along with an ArcView mapping component.   
 

At the time of this publication, the database has been updated to include publicly 
available well data for most of the states in the study, and operators in all of the US study 
states have been contacted for economic information.  This paper focuses on the states of 
Wyoming, Colorado, Utah and New Mexico, primarily because of the availability of 
comparative data.  Further economic information from operators in the other states will 
be made available through GTI after the conclusion of the project.  The information 
provided in  this study is a reflection of data provided by the operators who were 
contacted.  Not all operators in a given basin were contacted and therefore, some 
management practices may have been excluded and economic data may vary more than 
the representation provided. 

 
 

COST CONSIDERATIONS 
 
Several of the questions that producers were asked pertained to how they 

managed produced water volumes at specific fields in specific basins.  These questions 
were generally answered knowledgeably and with specific methods identified.  Those 
responses were either re-injection (either for disposal or for secondary recovery), surface 
discharge, evaporation or a combination of methods.  More specific information such as 
whether or not the injection well or evaporation pits were company-owned or a 
commercial facility was considered.  The method of how water was transported from the 
well site to the disposal site was also identified and was generally reported as either use 
of a commercial water hauling service or a pipeline system -- which might have been 
exclusively for one company's use or by a partnership.  Disposal costs were generally 
highest when producers combined the use of a commercial water hauling service with a 
commercial disposal facility and lowest for surface discharge, although the low figures in 
several basins were for disposal by evaporation.  Specific information follows. 

 
Producers were also asked to provide information about capital costs related to 

produced water disposal.  This included any information that they felt comfortable 
identifying and most frequently was a report on what they paid to either install a new 
disposal well or to convert an existing well from production to disposal.  In some cases, 
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the cost of constructing an evaporation pit was provided, in others, the cost of installing 
pipeline.  Again, these specific costs are included in the study for basins where they were 
identified. 

 
 

DISPOSAL ECONOMICS 
FOR THE STATE OF WYOMING 

 
State Overview 
 
 Massive volumes of water are co-produced with oil and gas in the State of 
Wyoming each year.  These volumes, when coupled with real dollar values provided by 
producers as their estimated disposal costs, are significant indicators that a water 
management plan can benefit the operator.  The volumes of produced water in each basin 
are summarized in Table 1 and were arrived at by adding the volumes of water reported 
by producers to the Wyoming Oil and Gas Conservation Commission for their leases in 
each county.1  Produced water reported by operators with leases in Wyoming to the 
WOGCC totaled 1,903,700,000 barrels in the year 2000.  Figure 1 shows where the gas 
producing basins in Wyoming are located. 
 
Powder River Basin 
 
 The development and production of coal bed methane gas in the Powder River 
Basin of northeastern Wyoming is a relative newcomer.  That area of the state has been 
producing gas and oil for decades.  The fact that coalbed methane dewatering produces 
massive volumes of produced water that must be disposed in some manner, only 
complicates the many problems faced by operators in that region.  Surface discharge is 
the most commonly used method of produced water management in this region, and it is 
reportedly coupled with a variety of beneficial re-uses in many of the cases.  Producers 
most frequently reported the use of pipeline systems to convey the water either to natural 
drainages, to impoundments constructed for livestock and/or wildlife watering, or to 
irrigation systems managed by the landowner.  Water in this region is of good quality in 
most locations and when possible, is being re-used to benefit landowners.  The operating 
costs associated with disposal using surface discharge coupled with conveyance by 
pipeline were reported in the range of $0.01 - $.80 per barrel.  The high end of the range 
reflects one producer's high cost associated with electricity to run their pumps.  Most 
operators reported values closer to the low end of the range. 
 
 Several operators reported that they were re-using produced water for secondary 
oil recovery projects in the basin, but were not able to provide economic data.  In some 
cases, this information is proprietary, and in others, it was not within the respondent's 
area of expertise. 
 
 An interesting produced water disposal method which was reported by many of 
the respondents was the use of misting towers, which could be classified as a new 
approach to evaporation.  This disposal method appears to be unique to this region and 
well suited to both large volumes of water and the climate.  Personnel in both the 
Wyoming Department of Environmental Quality and the Wyoming Oil and Gas 
Conservation Commission were contacted for information about this water management 
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method and agreed that at this time, this method is sanctioned by both agencies for use 
without going through a permitting process.  The misting tower is a 30' high structure that 
operates on the same principles as a snowmaking machine.  Water is pumped upward 
through the center of the tower and sprayed out a nozzle on the top of the structure.  In 
the hot, arid climate found in Wyoming during the summer months, the water evaporates 
before it hits the ground.  This equipment is legitimate as long as water is not allowed to 
puddle below or around the tower.  One company reported that they can evaporate 30 
gallons a minute using the misting process.  Specific economic data was not provided by 
operators using this method, it was usually described as a method of "enhanced" 
evaporation. 
 
 A couple of respondents reported that they were experimenting with shallow 
injection wells, with a goal of helping to recharge the aquifer.  Specific operating costs 
were not provided, however, the costs of electricity to operate the equipment coupled 
with well maintenance costs were acknowledged as being  "out there". 
 
 In this region, producers reported a range of values associated with capital costs 
for produced water disposal.  Costs reported for installing a new CBM well were 
identified around $100,000 with costs of $50,000 to drill and $50,000 to complete the 
well. This amount varied according to the depth of the well to be drilled.  Impoundment 
construction ranged from $3,000 per reservoir to $8,000, and again, that varied with the 
size of the impoundment and whether or not it was lined.  Pipeline costs were reported to 
run $0.30 per foot to $1.00 per foot. When operators look at installing a complete 
distribution and gathering system, the cost could range from $2.00 to $6.00 per foot.  
Several producers reported that they were enjoying lower costs for pipeline installation 
because they dig one trench (rather than two) and could run their water distribution 
system alongside their gas lines.  Many producers reported that they experienced a very 
high cost during the permitting process, and this was attributed to the need for third party 
consultants, water testing and the costs associated with developing environmental 
assessments. 
 
 The use of commercial water hauling or commercial disposal facilities was not 
reported by operators in either the 1997 or 2001 telephone survey.   In 1997, when the 
survey was first completed, about 50% of the producers reported using surface discharge 
and paying less than $0.01/barrel. 20% of the respondents reported using evaporation pits 
- with similar low costs reported.  25% of the respondents were re-using their water for 
waterflood projects; and 5% reported using company owned disposal wells.  In 2001, 
when the most recent survey was completed, about 85% of the producers reported using 
surface discharge coupled with some type of beneficial re-use.  The remainder of the 
producers reported the use injection for secondary recovery or for shallow injection wells 
for aquifer recharge.  Although evaporation pits were not specified as a use for managing 
water in this basin, the fact that water will evaporate as it resides in an impoundment for 
livestock watering was certainly a consideration. 
 
Greater Green River Basin 
 
 The Greater Green River Basin, for the purpose of this study, encompasses the 
area that the Wyoming Geological Survey classifies as the Washakie Basin, the Great 
Divide Basin, the Green River Basin and the Hoback Basin (including the Pinedale 
Anticline).  All of those basins are located in the southwestern quadrant of Wyoming.  
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This area includes many wilderness areas and remotely located gas fields. The fact that 
the terrain is not conducive to the extensive use of water pipelines noticeably affected the 
cost of produced water disposal.  The most frequently cited alternative for transporting 
water in this area was the utilization of commercial water haulers.  Producers 
acknowledged that weather and the distance the water needed to be transported 
significantly affected their disposal costs.  Two companies reported paying as much as 
$5.50/barrel to dispose their produced water.  Both reported the use of commercial water 
hauling coupled with commercial disposal pits.  Several companies reported the use of 
company owned injection wells and cited their disposal costs to be between $1.85 - 
$2.65.  Again, this varied according to where the wells were located in relationship to the 
disposal site. One company cited the use of it's own pits for produced water disposal and 
reported the cost of disposal to be about $0.20/barrel.  Many operators reported using a 
combination of methods to dispose their water. 
 
 One producer reported the use of a commercial disposal facility in the Red Desert 
area that utilizes the Freeze-Thaw Evaporation process to treat their produced water.  He 
reported paying $2.65/bbl to dispose produced water at this facility as opposed to others 
in the area paying around $5.00/bbl.  One factor contributing to the difference is the 
distance the water needed to be transported. 
 
Big Horn Basin 
 
 Huge volumes of water are produced in the Big Horn Basin, which is located in 
north central Wyoming.  In Park County alone, producers reported 419 million barrels.  
Fortunately, water in this area is very fresh and meets the EPA standards for NPDES 
permits.  All disposal costs in this basin were very low, with reports of free to $0.10/bbl.  
Some producers reported using on-site pits and/or reinjection.  The cost of disposal using 
pits was also reported as virtually free to pennies per barrel.  The high end cost of 
$0.10/bbl was reported by a producer who was using re-injection. 
 
Central Western Overthrust 
 
 The Central Western Overthrust is located in western Wyoming and northeastern 
Utah.  Producers with leases in this basin reported that much of the water produced in this 
area is a bi-product of sour gas and is transported by pipeline to an injection well owned 
by one operator. Operators reported paying between $0.10 per barrel and $0.95 per barrel 
for both transportation and disposal fees in 1997.  Those figures have not changed 
significantly since then. 
 
Wind River Basin 
 
 The Wind River Basin is located in central Wyoming and ranges over the Wind 
River Reservation and Fremont County.  Producers in this basin reported that they use a 
variety of methods to dispose of their water -- and primarily consider the location of the 
well when making their decision.  Some of the operators reported using a commercial 
water hauling service, some had installed water gathering and distribution systems to 
transport their water to either commercially operated disposal wells or to company owned 
injection wells.  In some cases, producers reported using surface discharge.  The cost of 
produced water disposal in this basin ranged from $0.04 to $0.35 in 1997.  An 
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insufficient amount of economic data was collected in the 2001 survey to provide an 
accurate range of disposal costs. 
 
 

DISPOSAL ECONOMICS 
FOR THE STATE OF COLORADO 

 
State Overview 
 
 Colorado reported about one-eighth the volume of produced water found in 
Wyoming. Production volumes for CY2000 for selected Colorado basins are reported in 
Table 2 and were originally reported on the Colorado Oil and Gas Conservation 
Commission website.2  Figure 2 shows a map of the basins and their locations.  Other gas 
producing basins exist in the state but were not included in this study. 
 
Denver Basin 
 
 The Denver Basin is located in the northeastern quadrant of Colorado and 
southeastern Wyoming.  In both the 1997 and the 2001 study, operators with leases 
throughout the basin were contacted for water management practices and disposal 
economics.  In 1997, operators reported that they were using evaporation pits coupled 
with flow lines; surface discharge – where the water quality met EPA discharge 
standards, and commercial water hauling coupled with commercial injection wells.  
Operators reported that their costs for disposal ranged from $.01 to $1.00 per barrel.  
Intermediate values reflected variations in water hauling costs – i.e. distances that the 
water had to be transported.  Commercial water hauling coupled with commercial 
injection well fees represented the high end of the disposal costs.  Evaporation pits with 
flow lines from the well to the pit were the lowest values provided by respondents.  In 
2001, none of the operators contacted reported the use of evaporation pits or surface 
discharge however those water management methods may still be in employed by 
operators who were not contacted.  When operators were contacted in 2001, several 
reported using commercial trucking and disposal to manage their water.  These operators 
reported that their wells produced little water and that this method made the most sense 
for them economically.  These operators reported a cost of $1.00 - $1.75/bbl.  Two other 
operators in the area reported different produced water management strategies.  One 
reported that all their produced water is pumped via pipeline to their nearby water flood 
projects.  Another reported that they use a combination of company owned evaporation 
pits and injection wells.  Water is pumped from the well sites to the disposal sites.  This 
producer was not familiar with the cost of disposal using these methods. 
 
Las Animas Arch 
 
 The Las Animas Arch is located on the eastern side of Colorado.  Operators with 
leases in this basin were contacted in 1997 and in 2001.  In 1997, many of the 
respondents reported using a commercial water hauling service to transport produced 
water from their wells to a “co-op” disposal well.  In this situation, members all pay to 
share the pipeline and each pays a disposal fee to maintain the disposal well.  Disposal 
costs reported in 1997 were in the range of $.05 - $.45/bbl.  The water management 
scenario appears to have remained much unchanged according to operators who were 
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contacted in 2001.  The co-op system is still in place, but disposal costs have risen to $.60 
- $2.10/bbl.  This change is attributable in large part to rising costs of commercial 
transportation.  Also, a responding operator reported re-using their water for secondary 
recovery.  He did not provide a cost associated with this water management method.  
Most operators reported that they do not re-use their water. One operator however,  
reported that their water is very fresh and they are looking into irrigation as an option in 
the future. 
 

In terms of capital costs, one operator estimated the cost of converting an old 
producing well to an injection well to be about $50,000 - depending on the depth of the 
well.  Another estimated that it would cost between $40,000 to $50,000 to convert a well, 
purchase a tank battery and add a filtration system.  

 
Paradox Basin 
 
 The Paradox Basin is located in western Colorado and eastern Utah.  This basin 
was examined in both the 1997 study and the 2001 study.  Respondents in 1997 reported 
that their water was mainly re-injected for secondary recovery projects.  Costs reported 
for this disposal method were $.07 - $.25/bbl.  One respondent reported that his company 
employed a commercial trucking service that hauled his water to a commercial disposal 
well.  He reported that the cost of those services were approximately $2.00/barrel. 
 

In the 2001 study, only one operator reported any economic data.  In his 
situation, the company reinjects their produced water into company owned injection wells 
for pressure maintenance.  This company stores the water in on-site tanks, then pumps the 
water via pipeline from the well site to the disposal well.  This producer estimated the 
cost of disposal to be about $1.33 per barrel.  This figure was determined in part from a 
calculation based on a $5,000 per month electricity cost to operate his pumps. 
 
Piceance Basin 
 
 The Piceance Basin is located in the northwestern corner of Colorado.  In the 
1997 study, producers reported managing their produced water with either the use of 
company owned saltwater disposal wells or they re-injected their produced water for 
secondary recovery.  The producers who reported re-using their water for water flood 
projects estimated their costs to be in the range of $.05 - $.25 per barrel.  The operators 
who reported using company-owned injection wells did not provide economic 
information on their disposal costs. 
 

In 2001, one operator reported that his company manages their water using a 
company-owned disposal well at a cost of $.05/bbl.  The other company that provided 
economic information employs a combination of methods to manage their water.  Some 
of their water is pumped via pipeline to a commercial disposal pit for evaporation and 
some of the water is trucked by a commercial water hauling service to a commercial 
disposal well.  His per barrel costs for disposal were in the range of $.20 - $.25. 
  
Raton Basin 
 
 The Raton Basin is located in south central Colorado and northern New Mexico.  
No disposal economics were provided for this basin, however, one producer with leases 
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on the Colorado side of the basin reported that his company uses a combination of 
methods to dispose its produced water.  Those methods include the use of injection wells, 
evaporation pits and surface discharge.  They also have several off-site pits which 
provide livestock water.  In addition, this company uses a combination of methods to 
transport the water from the well site to the disposal site, including pipelines and both 
commercial and company owned water-hauling trucks.  This company also re-uses some 
of its produced water for “frac” water and a small amount for road spray (when it is 
available). 
 
San Juan Basin 
 
 The San Juan Basin is located in southwestern Colorado and northwestern New 
Mexico.  Information about disposal economics for the Colorado portion of the San Juan 
Basin will be discussed with New Mexico. 
 
Sand Wash Basin 
 
 The Sand Wash Basin is located in northern Colorado and is essentially a 
southern extension of the Greater Green River Basin (located south of the Washakie 
Basin in Wyoming).  One operator, located at the Hiawatha Field in this basin reported 
that they pump their water via pipeline to company owned evaporation tanks.  No 
economic data was provided for this method of disposal.  Another producer reported 
using a commercial trucking service as well as a commercial saltwater disposal well.  
Transportation and disposal fees amounted to about $1.75/bbl for this operator. 
 
 

DISPOSAL ECONOMICS 
FOR THE STATE OF UTAH 

 
Central Western Overthrust 
 
 The Central Western Overthrust (CWO) is located in both northern Utah and 
southwestern Wyoming.  Many of the operators in this basin have leases on both sides of 
the state line and provided information that was relevant for the management of their 
water in both states.  The CWO was discussed in more detail in the Wyoming section of 
this paper.  No operators with leases only in the Utah portion of the Central Western 
Overthrust were contacted in 2001.  In 1997 one operator with leases in Utah reported the 
use of a company-owned saltwater disposal well and another reported that their water is 
used for secondary recovery.  Neither operator provided information on their disposal 
costs. 
 
Paradox Basin 
 
 The Paradox Basin encompasses a large portion of the southeastern corner of the 
state as well as several counties in Colorado.  The Colorado portion of the basin was 
addressed in a previous section.  Operators with leases in the Utah side of the basin were 
contacted in both the 1997 study and the 2001 study.  In 1997, almost all respondents 
reported that they were re-using their water for secondary recovery, with disposal costs 
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ranging from $.07 - $.25/bbl.  These costs were a reflection of the costs including 
electricity, chemicals and labor.  In 2001, respondents reported that they use a 
combination of methods to manage their produced water and keep their costs down.  In 
many cases, operators reported that they produced very little water and it was most 
economic for them to use a commercial water hauler to transport the water to company 
owned disposal wells.  In some cases, pipelines were mentioned as the method to convey 
the water.   None of the operators contacted in 2001 provided economic information. 
  
Uinta Basin 
 
 The Uinta Basin is located in eastern Utah and encompasses several large plays 
including the Altamont, Bluebell and Natural Buttes fields, to name just a few.  Operators 
with leases in this basin were contacted in both 1997 and 2001.  In 1997, many operators 
reported that they managed their produced water using a combination of disposal at both 
company owned injection wells and commercial disposal wells.  These operators 
estimated their disposal costs to range from $.35 to $1.25/bbl, and included such things as 
pump maintenance, chemicals, and transportation in their calculations.  
 
 Many gas properties in this basin changed ownership during the period between 
1997 and 2001.  As a result of the changes, the new owners were for the most part unable 
to provide economic information on their disposal costs.  One operator reported that they 
are re-using all of their water for secondary recovery.  He reported that their process 
includes pumping the water to a tank, where the water is separated out.  It is then pumped 
to a gathering system where it is treated with a filtration system, then re-injected back 
into the well for secondary recovery.  He estimated the cost of this process to be about 
$.05/bbl.  Another operator reported that their produced water is pumped via pipeline to 
company owned disposal wells or re-used for drilling.  He was not able to provide 
information on the cost of this method of disposal. One other operator reported that they 
use a commercial water hauling service that transports the water to a commercial disposal 
site.  He estimated the cost of disposal to be about $1.00/bbl using this method.  
 
 

DISPOSAL ECONOMICS 
FOR THE SAN JUAN BASIN 

 
 
 The San Juan Basin is located in southwestern Colorado and northwestern New 
Mexico.  Interestingly, there were significant differences in the methods operators on 
each side of the state line used to manage produced water.  These differences are 
described below. 
 
Operators with Leases in Colorado 
 
 Operators with producing gas leases at the Ignacio Blanco Field in the Colorado 
portion of the San Juan Basin were contacted in both 1997 and 2001.  In 1997, operators 
reported that they managed their produced water by using one or more of the following 
disposal methods: company-owned disposal wells; secondary recovery; fresh water 
disposal wells; a commercial disposal service; or evaporation pits.  Costs for produced 
water disposal (including any fees or transportation) ranged from $0.04 to $1.88/bbl.  An 
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operator who used a company-owned fresh water disposal well reported the lowest per 
barrel cost ($0.04/bbl).  Economic data was not provide by the operators who reported 
using evaporation pits, although that cost has traditionally been very low.  Midrange 
values reflected variations in whether or not the disposal well was company owned or 
commercially operated and whether a pipeline or commercial trucking service was used 
to transport the water.  The highest values were always reported for commercial trucking 
coupled with a commercial disposal service. 
 
 In 2001 fewer operators were contacted for this part of the basin.  Operators who 
were contacted reported the use of company owned disposal wells coupled with either 
pipeline systems or commercial water hauling services.  One operator reported that his 
company’s disposal costs were in the range of $0.30 to $1.50/bbl. 
 
Operators with Leases in New Mexico 
 
 Operators with leases in this area reported that they mainly manage their 
produced water by employing a commercial water hauling service to transport their water 
to a commercial disposal service.  In 1997, operators reported that it cost between $1.39 - 
$3.75/bbl to use this method.  Some operators reported that they re-used their produced 
water for secondary recovery projects.  The range of responses for disposal costs using 
that method was $1.00 - 2.10/bbl.  Other operators reported the use of evaporation pits, 
but did not provide a disposal cost for that method.  Midrange values were expressed for 
the use of company owned disposal wells coupled with the use of a commercial trucking 
service or the use of pipelines to convey the water to the disposal site.  Higher costs in 
this area were often reported as the result of remote well locations coupled with longer 
trucking distances (time equals money).  Some of the lowest disposal costs were provided 
by operators who disposed their water in company owned “fresh-water” disposal wells.  
Unfortunately when their low disposal fees were coupled with commercial water hauling, 
the cost rose to the middle of the ranges described above.  One company reported a 
midrange disposal cost of $1.80/bbl.  This value reflected the cost of disposal at a 
“partner-owned” disposal well coupled with the cost of commercial water hauling. 
 
 In 2001, operators also reported using a variety of methods, alone and in 
combination, to address their produced water disposal needs.  The methods described by 
operators with leases in this area focussed on the use of both commercial and company-
owned disposal wells and active and passive evaporation in pits and/or tanks.  The water 
was conveyed either by commercial trucking service or pipeline, depending on the well 
location.  By using different combinations of these methods, producers could best 
manage their disposal costs.  Commercial disposal costs (transportation and disposal fees) 
were reported in the range of $.50/bbl to $4.00/bbl.  The low end is a reflection of shorter 
hauling distances from well site to disposal site.  Many mid-range values were reported. 
 
 Several operators with leases in this area provided capital costs associated with 
produced water disposal.  The costs provided by respondents for converting an old 
producing well to a disposal well were reported in the range of $100,000 to $600,000.  In 
one case, an operator reported that his company had paid as much as $1.5 million to 
convert a very deep well in that region.  Another operator reported that when his 
company evaluated the pros and cons of converting a well from production to disposal, 
they figure how many barrels the well would have to take to give the company a 15% 
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return on their investment.  He remarked that capital costs can vary significantly from 
well to well. 
 
 

CONCLUSIONS 
 
 Operators who responded to the telephone surveys reported that water is 
managed in many ways and at varying costs to their companies.  Most operators indicated 
that they evaluated several alternatives before identifying the most economical way to 
dispose their produced water in any given gas basin.  They said they consider many 
factors before developing their disposal strategies. They review water disposal 
regulations i.e. what disposal methods are acceptable in each state.   They examine 
subsurface conditions and evaluate the cost of drilling their own disposal wells versus the 
cost of paying for commercial disposal.  They explore all their options, including new 
technologies, when they research their options.  And, they communicate with interested 
stakeholders and other producers who have experience with water disposal in the state.  
They get “a handle” on their produced water disposal costs before they move forward.  A 
good water management strategy helps producers to save money. 

 
 

TABLES 
 
Table 1.  Produced Water Volumes by Basin and County for the State of Wyoming (2000 
Production Data) 
 
Basin Name 

Volume of 
Water 
(barrels) 

 
Counties Included in Estimate 

Powder River Basin 819,143,314 Campbell, Sheridan, Johnson, Natrona 
Big Horn Basin 814,681,576 Park, Hot Springs, Big Horn, 

Washakie 
Wind River Basin 124,350,205 Fremont 
Greater Green River Basin 92,758,028 Sweetwater, Carbon, Sublette 
Central Western Overthrust 4,599,935 Lincoln, Uinta 
Other Counties 50,149,217 Albany, Crook, Converse, Laramie, 

Niobrara, Weston 
Total Water Reported in 2000 1,905,682,275  
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Table 2.  Produced Water Volumes by Basin and County for the State of Colorado (2000 
Production Data) 
 
Basin Name 

Volume of 
Water 
(barrels) 

 
Counties Included in Estimate 

Piceance Basin 107,069,727 Moffat, Rio Blanco 
Denver Basin 41,134,251 Larimer, Logan, Morgan, Washington, 

Weld 
San Juan Basin (CO only) 24,779,891 La Plata 
Raton Basin (CO only) 59,763,544 Huerfano, Las Animas 
Las Animas Arch 9,950,296 Cheyenne, Kiowa, Yuma 
Paradox Basin 1,135,072 Montezuma 
Other Counties 12,327,797 Adams, Arapahoe, Archuleta, Baca, 

Bent, Boulder, Denver, Dolores, 
Elbert, Garfield, Jackson, Kit Carson, 
Larimer, Lincoln, Mesa, Prowers, 
Route, San Miguel, Sedgewick, Yuma 

Total Water Reported in 2000 256,160,578  
 

 
Table 3.  Produced Water Volumes by Basin and County for the State of Utah (2000 
Production Data)* 
 
Basin Name 

Volume of 
Water 
(barrels) 

 
Counties Included in Estimate 

Central Western Overthrust 7,146,338 Summit  
Uinta Basin 42,535,495 Uintah, Carbon, Duchesne 
Paradox Basin 47,087,973 San Juan, Emory 
Other Counties  Other Counties Were Not Analyzed for 

Water Production 
Total Water Reported in 2000 
for Basins Listed Above 

96,769,806  

*Production volumes are downloadable from the Utah Department of Natural Resources 
website.  Volumes reported in this table are a summary of well production reports from 
the database.3 
 
 
Table 4.  Produced Water Volumes by Basin and County for the State of New Mexico 
(2000 Production Data).* 
 
 
Basin Name 

Volume of 
Water 
(barrels) 

 
Counties Included in Estimate 

Raton Basin 2,116,433 Colfax 
San Juan Basin  22,125,324 McKinley, Rio Arriba, San Juan, 

Sandoval 
Other Counties  Other Counties Were Not Analyzed for 

Water Production 
Total Water Reported in 2000 
for Basins Listed Above 

24,241,757  
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*Production volumes are downloadable from the New Mexico Institute of Mining and 
Technology website.  Volumes reported in this table are a summary of well production 
reports from the database.4 
 
 
 

FIGURES 
 

 
Figure 1.  Map of gas producing basins in Wyoming that are included in the GTI study. 
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Figure 2.  Map of gas producing basins in Colorado that are included in the GTI study. 
 

 
Figure 3.  Map of gas producing basins in Utah that are included in the GTI study. 
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Figure 4.  Map locating the San Juan Basin and the Raton Basin in New Mexico and 
Colorado. 
 
 
                                                           
1 The Wyoming Oil and Gas Conservation Commission website is located at 
http://wogcc.state.wy.us. 
 
2 The Colorado Oil and Gas Conservation Commission website is located at  
http://oil-gas.state.co.us 
 
3 The Utah Department of Natural Resources - Division of Oil, Gas and Mining website is located 
at http://www.dogm.nr.state.ut.us/oilgas 
 
4 The New Mexico Institute of Mining and Technology website is located at http://octane.nmt.edu. 
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ABSTRACT 
        The increase in world population and the development of global economic 
activity has put huge demands on the exploration, development and production of energy 
resources, particularly oil and gas resources worldwide.  Coincidently governments 
throughout the world have recognized that post practices in the industry (including 
downstream industries) have resulted in environmental and ultimately eliminated. 
             Oil and Gas Exploration and production activities produce large volumes of 
waste products that need to be managed properly.  Post practices include technologies 
that still result in adverse environmental impacts.  Until now, large volumes of solids and 
cuttings were disposed in shallow near surface facilities with fluids either being injected, 
or treated and discharged or land formed.  Cavern solutions-mined into domal salt 
deposits offer a long-term solution for the disposal NOW waste stream.  The paper 
reviews the regulatory framework, the history of cavern useage and the application of the 
technology at a facility in the Texas Gulf Coast.           

 
 
 

 
 
 

  



  
 
 
 
 

 
 
 

 INTRODUCTION 
 
 The overall growth in world population, the resulting increase in industrial 
activity and the recognition of environmental and health impacts from indiscriminate 
disposal of waste products has led to the need for an alternative to traditional methods of 
land filling and costly high temperature combustion for the management of waste 
products. 
 
 The use of geologic repositories (particularly in salt formations) for the storage of 
crude oil, natural gas, liquefied petroleum gases (LPG) and other petro-chemical products 
is well established throughout the world.  This paper discusses the use of salt formations, 
particularly caverns within domal salt formations which are developed by modern 
solution-mining techniques, for the long term disposal and isolation of non-hazardous oil 
and gas waste streams from the environment.  This paper describes the specific 
requirements and design parameters used by Trinity Field Services, L.P. of Houston, 
Texas (USA) in the development of the first Gulf Coast project to be permitted by 
regulatory authorities and constructed for the management of high volumes of oil and gas 
wastes from on shore and offshore drilling activities. 
 
 

  STATUTARY AND REGULATORY 
PROGRAMS 

 
Statutory Citations   
 
 Historically, five different NOW waste disposal projects have been permitted in 
Texas since the early 1990’s.  The latest project by Trinity Field Services was permitted 
in February, 2000. 
  
 Each project has had progressively more stringent regulations to meet prior to 
reaching the final public hearing stage of the project.  The primary Federal and State 
statutory program on which the specific regulatory requirements are based include: 

 
       
 
 

  



The Safe Drinking Water Act (SDWA) as amended; 
 
In addition to the above statutory requirement, the following statutes were used as         
guidance in the permitting effort. 
 
The Resource Conservation and Recovery Act (RCRA) of 1976 as amended; 
 

      The Clean Air Act (CAA) as amended.    
        

The Clean Water Act (CWA) as amended.   
 

 The citations to these statutes and to the implementing regulations are found in 
the reference section to this paper.  Texas is a state that has been granted authority to 
administer the federal (EPA) programs within the state.  The specific regulations for the 
state programs are also cited.  
 
Regulatory Requirements 
 
             The regulatory requirements that implement the Safe Drinking Water Act have 
been adopted by the State of Texas and are required as part of the permitting standard for 
cavern disposal of NOW waste.  As in the case of the statutory provision, the regulatory 
requirements that implement RCRA, the CAA and the CWA were used as guidance in 
the siting and design  of the facility even though these regulations are not specifically 
mandated for permitting.  Reference to these regulations and use in design allowed for 
the facility to be operated in anticipation of regulatory ranges. 
 
 The entire body of regulatory requirements are voluminous  and very detailed.  
The reader is encouraged to obtain full text copies off the internet at: 
www.tnrcc.state.tx.gov (for Texas State regulation)and www.epa.gov/epahome/rules.html 
for Federal EPA regulations. 
 
 With reference to the above regulations, the following major considerations were 
addressed as part of the permitting of the cavern facility. 
 

A. Considerations under the Safe Drinking Water ACT- Underground Injection 
Control Program (Cavern Development) 
1. Siting Considerations 
2. Geologic Requirements  
3. Cavern Development  
4. Cavern Operations 
5. Cavern Closure 
6. Financial Assurance 

 
B. Considerations under the Resource Conservation Recovery Act (Surface Facility 

Development) 
1.    Siting Requirements 
2. Waste Identification/Receipt  

Requirements 
3. Process Requirements 
4. Emergency Response Considerations 
5. Tank Design/Storage Considerations 
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6. Financial Assurance 
 

C.  Considerations Under the Clean Air Act 
 

      1.    Property line Emission Limit Requirements 
2. Technology consideration  
3. Testing and Monitoring requirements 
4. Financial Assurance  
 

C. Consideration under the Clean Water Act (Waste water discharge) 
1.    Discharge Limitations  
2. Technology Requirements 
3. Financial Assurance 

 
 

HISTORICAL USE OF SALT 
REPOSITORIES 

 
Location of Salt deposits  
 

Salt as geologic formation are found  
Worldwide.  Salt generally is found either as intrusive (domal or ridge) deposits whereby 
salt from a major underlying source has been forced up into overlying formations because 
of the weight of the sediments.  Salt is also found as an evaporitic (bedded) deposits 
formed from the evaporation of ancient seas.  In these types of deposits, multiple layers 
of salt and non-salt (shale, limestone, sandstone) materials are interbedded forming a 
layered formation. 
 
              In the United States, major salt deposits are found across the nation.  Figure 1 
illustrates the locations of major salt deposits in the U.S. 

 

  
Figure 1

 



 
              Instrusive or domal deposits are found primarily along the Gulf Coast in the 
states of Texas, Louisiana, Mississippi, and Alabama.  The depth to the top of the salt 
varies and can range from several hundred feet to over 6000 feet below the ground 
surface.  The diameter of domal deposits can range from about ½ mile to over 5 miles. 
Often times because of the nature of the domal formation, oil, gas and other minerals are 
associated with salt dome locations.  The minerals are found around the flanks of the salt 
stock or in the overlying caprock formation which can have significantly porous zones. 
 
              Bedded salt deposits make of the remainder of salt deposits in the U.S.  These 
beds are also found at variable depth ranging from about 500 feet to over 6000 feet in 
depth and with overall thickness of up to 3000 feet or more. Bedded salt deposits are 
found in over 21 of the 48 contiguous lower states. 
 
 
Historical  Use Of Salt Caverns  

 
 

              Salt as a mineral is crucial to life.  The uses of salt vary from food seasoning to 
medicinal to feed stock for chemical products.  Salt is produced by hardrock mining 
(mechanical) techniques or by solutions mining (liquid) techniques.  In either case, a void 
or cavern is left after the salt is extracted.  Until now, the void or cavern space has 
generally been a liability to the developer. 
  
              In the 1940’s liquefied petroleum gases (LPG) were stored in solutions-mined 
caverns located in Canada.  In the 1950’s crude oil was stored in caverns located in 
England.  In the 1960’s natural gas was stored in caverns located in Michigan and 
Kansas.  LPG’s were first stored in Texas caverns in the 1950’s and in the 1970’s, the US 
Department of Energy initiated the Strategic Petroleum Reserve (SPR) program along the 
Gulf Coast for the storage of crude oil.  Today, there are over 1000 intentionally 
developed salt caverns in the US  for the storage of products including waste products. 
 
 

SPECIFIC SITING AND 
DESIGN CONSIDERATIONS 

 
Siting Considerations    
      
 Texas has two major areas of domal salt formations – The East Texas Basin and 
the Houston Salt Basin.  There are well over five hundred different on-shore and off-
shore (Gulf of Mexico) domes ranging in depth from a few hundred feet to top of salt to 
deep seated domes where the top of salt is several thousand feet below ground surface.  
Deep seated domes are not considered suitable at this time for disposal purposes. 
 
  Regulatory requirements depend on the geographical location of the site.  Sites in 
the US have many different state regulations that may supercede federal regulations.  
Locations outside of the US may have simple basic requirements or have comprehensive 
complex regulations or no regulations at all.  Although at first thought, the lack of 
regulatory guidelines may seem advisable, a basic and somewhat universal minimal 

  



standard of operations may have merit to avoid large inter jurisdictional transfer of waste.  
(i.e. state-to-state) and vastly different operational requirements. 
 
 Proper siting of a facility requires an evaluation of multiple factors including 
technical and regulatory items.  Regulatory items were discussed briefly above but 
certain other considerations are important. Technical factors include the location of the 
salt deposit relative to the source of waste to be disposed; depth of salt below ground 
surface; lateral and vertical extent of salt deposit; proximity to brine receptors 
(consumption or disposal); quality of salt; overburden materials including cap rock 
characteristics; topography and general construct ability issues such as surface soil types, 
rock types, water, etc. 
 
Specific Site Characteristics 
  
 The site chosen for the TFS project is a domal salt deposit located in the Houston 
Salt Basin.  The specific dome is known as the Moss Bluff Dome and is located some 
forty (40) miles east of Houston, Texas.  The dome has plan dimensions of about 2 by 3 
miles and an estimated depth of over  35000 feet below ground surface. 
 
 The dome is located essentially equidistant between Beaumont / Port Arthur and 
Houston, Texas.  These two areas (Houston and Port Arthur) are areas of high activity for 
servicing the oil and gas drilling industry in the western portion of the Gulf of Mexico 
and allows wastes to be transported to the disposal site at about equivalent cost. 
 
 Beginning in the early 1930’s, sulphur deposits in the cap rock formation over 
the salt stock were mined using the Frasch process.  Mining at Moss Bluff stopped in 
1982.  The location of the main mining area is about  ½ mile from the receiving site.  In 
addition to the disposal facility there is a natural gas storage facility located about 2 miles 
from the facility location.  This natural gas facility is the only co-user of the salt stock at 
this time.  
            A selection criteria was set up when domes were being considered for disposal.  
The   location of the facility meets the basic siting criteria of:  1.) being reasonably close 
to waste sources;  2.) being a relatively large salt formation; 3.) being reasonably isolated 
from high population centers; and, 4.) having few other co-users of the salt stock or cap 
rock formation near the facility. 
 
Design and Process Provisions 
  
 The basic design philosophy of the facility was one of having an enclosed 
facility, capturing nearly all emissions (water), and reducing exposure of the waste to 
personnel and environment. 
 
 The receiving facilities consist of two separate components: 1) a barge dock 
receiving area and 2) the processing and injection facility.  The barge dock consists of a 
remotely located protected bulkheaded slip which allows barges to be securely moored at 
the dock.  Drip pans with secondary containment provisions are provided to insure that 
drips and spills are collected and prevented from escaping into the water way.  Recovered 
material is placed into trucks for disposal at the cavern site. 
 
               The injection and processing facility is located near the one cavern well head 
and the one brine injection well.  The facility consists of concreted approach aprons, 

  



concreted and covered wash out areas, concrete receiving basin and concreted and curbed 
wellhead areas.  Figures 2 through 4 illustrate the processing and injection area. 

 

  



 
               After the waste is received at the processing and injection area from the barge 
receiving area, the waste is discharged into the receiving basin for resuspension and 
equalization.  After brief conditioning, the waste is pumped to the cavernhead assembly 
for injection into the cavern.  Figure 5 illustrates the plan view of the processing and 
injection area.  As waste is injected into the cavern , saturated brine is displaced from the 
cavern.  The displaced brine can be sold but is used as process make-up water or disposed 
if not required as make up. 
 
 All incoming waste streams have first been subjected to strict pre-acceptance 
protocol that have been reviewed and accepted by the regulatory authorities.  When 

  



arriving at the facility, the actual waste load is subjected to waste receipt analyses and 
then compared to the pre-acceptance protocol. Differences must be rectified before 
further processing can proceed. 
   
 The surface facility design meets the basic criteria  of: 1) addressing current and 
anticipated future regulations; 2) having a minimal surface area footprint size; 3) 
collecting and managing all emissions resulting from processing the waste including air 
and water; and 4) treating all waste received to meet the same end conditions so as to 
have a consistent as possible physical properties in the cavern repository.  
  
              Figure 5 illustrates the plain view of the disposal facility exclusive of any of the 
receiving barge dock locations. 
 

 

 
        Figure 5 

              The figure illustrates the receiving basin area, the truck washout area, the 
transfer pipeline to the cavernhead, the brine storage tanks at the cavernhead and the 

  



brine transfer line to the brine disposal well.  Figures 6 through 8 are photographs of the 
same facility components.  Figure 9 illustrates the injection process in the cavern. 
 

    
Figure 6 – Processing & Injection Facility 
 

 
Figure 7 – Cavern Wellhead 
 

 
Figure 8 – Brine Wellhead 

  



 

 
Figure 9 – Cavern Injection Process 
 
Operational History  
 
              The facility has been operational for over one year.  The primary source of 
product is from drilling activities in or near the Gulf of Mexico.  On an annual basis, it is 
estimated that in excess of 10 million barrels of NOW waste products are produced by 

  



the drilling activities.  The facility has been permitted to receive and dispose of 10,000 
bbls per day.  To date, in excess of 100,000 bbls per month have been disposed, 
approximately 1/3 of the permitted capacity.  Operationally the system has functioned as 
designed.  The average density of the waste streams varies between 12 and 16 ppg.  The 
exit temperature of the displaced brine is 110ºF.  The average solids content of the waste 
is about 17 percent.    
 
 

COMPARISON AND PRICING OF EXISTING 
TECHNOLOGY 

   
Comparison of Technologies 
 
              There are multiple technologies in use today that include the following most 
common: 1) Land Spreading, 2) Landfilling or pit disposal, 3) Evaporation, 4) Treatment 
and injection, 5) Thermal treatment and 6) Cavern disposal.  Brief descriptions of the 
technologies are as follows: 
 
Land  Spreading- Land spreading is a very simple technology that includes aspects of 
bioremedeation, evaporation and dilution.  The NOW waste is placed directly on the land 
and in many cases is disced into or injected into the very shallow soil where the mud is 
allowed to dry out (evaporate), is dispersed into the soil matrix (dilution) and any oily 
residues are degraded by microbes or natural weathering bioremedeation.  The limitations 
on the technology is generally the surface area to volume ratio (large volume require 
large surface area), surface moisture content (muddy conditions), surface water runoff 
and infiltration into groundwater resources. 
 
Landfilling or Pit Disposal- Landfilling or pit disposal is also a very simple technology. 
This is primarily a containment technology with some aspects of evaporation.  The NOW 
waste is placed directly into a shallow pit or in some cases an elevated landfill.  Solid 
cuttings are sometimes used as daily cover in such landfills.  The limitations on this 
technology are the volume to volume ratio (large volumes of waste require large pit 
volumes), and rainfall amounts that impact groundwater infiltration.  
 
Evaporation- Evaporation is another simple technology that is based on containment and 
volume reduction.  NOW waste is either spread on the surface of the land directly or 
placed in very shallow ponds or lagoons.  The limitation in this technology is based on 
the surface area to volume ratio,  the longterm exposure to sunlight, heat and wind, 
surface water runoff and groundwater infiltration. 
  
Treatment and Injection- Treatment and injection is a more complex technology that 
require both surface processing equipment and the installation of a deep injection well 
into a proper receiving formation .  Deep well technology is essentially a containment 
technology in a deep reservoir located below groundwater resources.  The limitation of 
this technology are related to operational effectiveness of proper grinding and pre-
conditioning, well capacity and geologic integrity.   
 
Thermal Treatment- Thermal treatment is a complex and expensive technology that 
requires surface processing and supplement fuel resources to degrade oily residues and 
evaporate other acqeous fluids.  The limitation on this technology is operational in so far 

  



as throughput  capacity.  Large volumes of oily waste require large throughput devices or 
multiple smaller devices to achieve the same results. 
  
Cavern Disposal- Cavern disposal is more complex than the first three technologies 
describe but less complex than injections or thermal treatment.  Cavern disposal is an 
isolation technology.  The limitation on the technology is location in as much as salt 
dome formation are not universally distributed along the Gulf Coast and bedded deposits 
are at descrete locations.  
            
Pricing Of Technologies 
 

The pricing of the technologies involve many factors.  Some of the factors are  
technology related (i.e. actual cost of development and operation) and some are market 
driven (available of competing technologies).  The following is a table of relative prices 
of the technologies described in Table1.  
 

Disposal Method $/bbl w/o Transport 
Land Spreading $350 

Landfill or Pit Disposal $600 
Evaporation $650 

Treatment & Injection $8.50 
Thermal Treatment $25.00 
Cavern Disposal $6.00 Onshore 

 
          
 

CONCLUSIONS 
  
 The oil and gas industry is challenged worldwide to continue to explore, develop 
and deliver ever increasing energy needs to the world.  Despite recent global events, the 
need for continued and expanded drilling activities will increase.  Along with these 
requirements, the industry is also challenged to control costs of exploration and address 
complicated environmental aspects of the business. 
 
               The use of solution mined caverns for the management and disposal of ever 
increasing NOW waste volumes, addresses the need in several areas.  The material 
properties of salt mine cavern disposal an ideal medium for the isolation of waste 
products.  The simplicity and effectiveness of operations allows for large volumes of 
wastes to be disposed in a cost effective manner without compromising environment 
requirements and demands. 
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Devices to Support Ignition and Burning of 
Spilled Oil on Water 

Gary Breitenbeck 
Agronomy Department 
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Baton Rouge LA 70803-21 10 

Devices that serve as floatinwicks were developed to facilitate in situ burning of oil 
slicks on open water. Using these devices, slicks of thin oils such as diesel and bunker fie1 
can be burned as readily as slicks of weathered crude oil and heavier oils. When slicks 
are greater than -1.5 rnm thick, use of these devices results in rapid ignition of the entire 
oil surface. However, slicks as thin as 0.15 mm are also easily ignited and burned without 
the need of confining booms. Even emulsified oils can be ignited. These devices were 
designed to be biodegradable, non-toxic, water-resistant, light-weight, and easily deployed 
fiom fixed-wing aircraft. Numerous natural and synthetic materials were tested. The most 
effective were ellipsoid-shaped disks approximately 3” in diameter and comprised of kenaf, 
a fiber crop, bonded and coated with a hydrophobic copolymer. When burning thin slicks 
(1 mm) of various oils with these devices, the average burn rate is 104-106 mVh each. 
Final slick thickness after burning is 0.05-0.08 mm. Because the thickness of most oil 
slicks is not sufficient to maintain combustion without the addition of a wick, these devices 
allow controlled burns of large and small spills even in close proximity to ships or other 
objects. 













































USING CHEMICAL OXIDATION TO DELINEATE A 
CONTAMINATE PLUME FROM A PIPELINE 

RELEASE 
James R. Buckhahn (Terracon) 
William L. Lundy (BMS, Inc.) 

Introduction 

Because conventional plume delineation techniques had failed to locate the boundaries of 
a plume caused by a pipeline release, the BIOX@ chemical oxidation process was evaluated to 
assess it’s usefulness as a contaminant delineation technique. 

Project Background 

The subject site is identified as an alfalfa field located in rural Illinois. The pipeline 
operator maintains one (1) twenty-four (24Finch diameter petroleum product pipeline in an 
approximate north-south orientation in the site vicinity. The petroleum pipeline was installed in 
1971, and the pipeline depth in the subject site vicinity is approximately seven (7) feet below 
surface grade. Only three (3) refined petroleum products are pumped through the pipeline, 
specifically unleaded gasoline, jet fuel and fuel oil. Two (2) petroleum product releases, 
attributed to an insulated flange failure, occurred in 1983 and 1984. Unleaded gasoline was 
released in both incidents, and approximately fifty (50) barrels of product were recovered 
following the releases. Approximately three hundred (300) feet of pipeline, north from the 
insulated flange, was excavated and re-aligned following the second release. 

Soil samples were collected from twelve (12) probe locations and groundwater was 
collected from ten (10) of the twelve (12) probe locations. It was determined that total petroleum 
hydrocarbons (TPH) concentrations in site groundwater ranged from below the method detection 
limit to 174 parts per million (ppm). Free product was reportedly encountered in the area of the 
former release. Soil TPH concentrations at depths of 4 to 5 feet below ground surface (BGS) 
ranged from 0.0005 ppm to 305 ppm; soil TPH concentrations at depths of 8 to 10 feet bgs ranged 
from 0.001 ppm to 443 ppm; and soil TPH concentrations at depths of 12 to 15 feet bgs ranged 
from below reporting limits to 185 ppm. 

The previous consultant concluded that the petroleum hydrocarbon plume had been 
delineated, and added that the plume had migrated approximately 450 south, approximately 150 
feet west, approximately 250 feet east, and approximately 210 feet north from the release area. It 
was concluded that groundwater flow was in a “southerly” direction. Soil and groundwater 
analytical data were tabulated and included in a summary report. 

Terracon performed limited Phase I1 ESA sampling on the subject site on February 14, 
1997. Activities consisted of advancing hand auger samples at six (6 )  locations on the subject 
site to assess impact to site soils. Soil samples were collected at depths ranging from 2.5 to 3.5 
feet bgs. Benzene, ethylbenzene, toluene, and total xylenes concentrations exceeding regulatory 
guidelines were identified in three (3) of the six (6 )  submitted soil samples. Between December 
28* and 30*, 1998, Terracon mobilized to the site to advance seven (7) soil borings using an all 
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terrain vehicle (ATV) mounted CME drill rig. The soil borings were completed as monitoring 
wells. 

Site Conditions 

The soil at the subject site is classified as Elco silty clay loam, 5 to 10 percent slopes, 
severely eroded and Marine silt loam, 2 to 5 percent slopes. Elco silty clay loam consists of silty 
clay and clay loam. Permeability is moderate and surface runoff is medium. The site soils are 
also referred to as the Hickory-Elco-Rozetta Association. The association consists o f moderately 
sloping to steep, well drained and moderately well drained soils that have a moderately permeable 
for moderately slowly permeable subsoil. The association is formed in glacial till, loess, and less 
over an older buried soil on uplands. The association is on narrow upland ridges and on valley 
side slopes, which were originally covered dominantly by deciduous forest. Subsurface soils at 
the site generally consisted of interbedded layers of silt, lean clay, and fat clay. Trace amounts of 
sand and rounded gravel were observed in several borings. 

According to the Soil Survey, scattered sand and gravel aquifers in the underlying till 
plain deposits supply wells with moderate amounts of water for small communities and rural 
households. Drinking water for most rural households is supplied by low-yielding wells that are 
35 to 150 feet deep. 

Groundwater has been encountered at depths ranging from 4.8 feet to 18.7 feet below 
ground surface (bgs). Typically the groundwater averages in the range of 12 to 14 feet bgs. The 
groundwater flow direction appears to be to the southhouthwest, reflecting the topography, 
drainage pattern, and proximity to a south-trending tributary of Indian Creek. Located 
approximately 500 feet west from the subject site. Subsurface and localized geologic conditions 
can alter normally expected flow direction. In addition, perched groundwater zones may be 
present. 

Free Product Remediation 

Enhanced Fluid Recovery (EFR) was initially used to recover the free product. EFR is an 
integrated approach involving three-phase flow and recovery. The process involves applying a 
high vacuum (approximately 26 inches of mercury) to the subsurface at a well point to create a 
pressure gradient toward the well. The pumping technology simultaneously extracts 
groundwater, separate-phase petroleum hydrocarbon, if present, and vapors from the subsurface 
in the same process stream. The greater the vacuum applied to the subsurface, the larger the 
pressure gradient achieved, and therefore, the higher the flow rates from the formation. 

Vacuum is applied using a vacuum truck. The vacuum is applied at the aidwater 
interface or in the case of shallow groundwater or small diameter well casings, at the well head. 
The length of time the vacuum is applied to well varies based on field conditions. Typically, the 
wells are evacuated several times in one day or round. Collected fluids were transported to a 
recovery facility for recycling. Once the determination was made that the EFR remedial 
technique had reduced the free product to the point that on-going operation of the system would 
be ineffective, a chemical oxidation technology was selected to “polish” the site and hopefully 
bring it to environmental closure. The process selected was the BIOX process. On November 
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29, 1999, BMS mobilized to site to start site remediation activities using BIOX@ injection 
process. However, the injection process was not started after free phase petroleum product was 
observed in monitoring wells MW-6 and MW-1 (See Photo 1). 

Photo 1 : Free Product 

Upon discovery of the unexpected free product, further free product removal and 
delineation was conducted. Through Geoprobe assessments and EFR events, the general areal 
extent of the product plume has been delineated. However, there is a concern that additional 
perched product concentrations exist, which are outside the effective influence of the installed 
wells. To further address free phase product conditions on site, Terracon performed a BIOX@ 
Process site characterization program to delineate areas of high petroleum impact, which would 
encompass perched free product zones. This process is similar to the original proposed BIOX@ 
remediation process, which was to be implemented before the discovery of free phase product 
conditions on site back in December 1999. 

BIOX@ reagent contains oxidizers, which in the presence of petroleum impact reacts by 
producing carbon-dioxide gas. This reaction can be seen as a foaming of reagent and/or 
groundwater issuing fiom the finished injection probe h ole (See Photo 2). The amount of 
reaction or foaming as well as the appearance of the foam is used to determine the relative degree 
of impact at this probe location. By observing reactions from one injection point to another on a 
grid pattern across the site, allows for the delineation of areas of high petroleum impact. 

The differences between the BIOX@ site characterization program and the originally 
proposed remedial process, is the number, spacing, and volume of BIOX@ reagent used. An 
additional benefit to BIOX@ site characterization is that since the same reagent is used as in the 
remedial process, a certain degree of in-situ remediation will occur during the characterization 
process. 



~~ ~~ ~ 

Photo 2: Mild off-gassing of the reagent in contact with hydrocarbons. 

Injection Process 

As previously stated, one of the components in BIOX@ is an oxidizer. The 
oxidizer, in the presence of petroleum type hydrocarbons causes a chemical reaction to occur. 
The reaction caused an effervescing, along with its coloration, appearance, and off-gassing (i.e. 
odor) is used as a quantitative indicator of potential hydrocarbon impact at that location. The 
assessmenthnjection process was started in the known or suspected areas of high impact and 
proceeded outward in a criss-cross type grid until observations of the chemical reaction indicated 
a lack of substantial impact. The depth of the injection was based on water table elevations at the 
time of injection. The injection depth was generally between (10) to fifteen (15) feet below 
ground surface. 

The BIOX@ solution was prepared on the site for direct injection into the soil. Direct 
push drilling technology was used to inject the agent. A patented high pressure pumpinghnking 
unit, developed by BMS, was used to inject the agent at the prescribe depth. Approximately 20 
gallons of BIOX@ solution was delivered to each injection point. 

0 bservations 

Each injection point was observed by Terracon and BMS personnel and logged. The 
following characteristics were logged; 

Relative intensity of effervescing from the injection probe. 
Coloration of foam and/or observance of a petroleum type sheen. 
Olfactory characteristics and/or organic vapor readings. 
Comparison of characteristics to previous probes along the injection grid. 

Four levels of potential impact were established, reference Inset 1 below details. In 
general, the color of the foam produced by the chemical reaction would change from a cream 
color to more yellowish as impact concentrations increased. If free product conditions were 
present, there would also be a noticeable petroleum type sheen along with the foaming reagent 
exiting the probe hole. A ThermoEnvironmental Organic Vapor Meter ( O W )  was also used to 
quantify the off-gasses from the injection point as part of the evaluation process. 
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Each injection point was assigned a unique number and then assigned a ranking number 
that indicated the apparent concentration of product in the soil encountered at that particular 
injection point. Observations of the injection points ere tabulated and are included as Table 1. 

Letter 
Designat 

A 
- ion 

Table 1 

Impact Potential Description Map 

Strongest indication of free product 
Coloration 

Red 

B 

C 

D 

- 
conditions 

product conditions 

petroleum impact (i.e. non-free product 
conditions) 

concentrations of petroleum impact (i.e. 
approaching a remedial boundary condition) 

Good indication of potential free 

Fair indicator of high concentrations of 

Orange 

Yellow 

Probable indicator of reduced Green 

A graphical depiction of the designated areas are shown on Figure 1. Square footage fore 
each area has also been calculated and shown on Figure 1 .  Table 2 below gives estimated total 
square footages of each designated area. 

Impact Potential Description 

Strongest indication of free product 
conditions 

Good indication of potential free 
product conditions 

Fair indicator of high concentrations 
of petroleum impact (i.e. non-free product 
conditions) 

Probable indicator of reduced 
concentrations of petroleum impact (i.e. 
approaching a remedial boundary condition) 

Table 2 - Estimated Sauare Footage 

Square 

North South 

6,800 240 

7,100 14,000 

12,15 11,300 

_ _ _-  Areain Feet * 

Side Side 

0 

10,15 18,700 
0 

Design 
ation 

r 
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Conclusions And Recommendations 

Based on the site activities performed, Terracon Concludes the following; 

Observations indicated that a substantial area (2.05 acres) surrounding the 
original pipeline release area has been significantly impacted with petroleum 
product. Based on a review of all data obtained to date, an estimated area of 
approximately 4.5 acres could be classified as impacted above Illinois Tier 1 
levels. 

Approximately 7,000 sqft. of are appears to have free product conditions present, 
with an additional 21, 200 sqft. Of area indicating a good potential for the 
presence of free product within the substrate. 

Based on the BIOX@ assessment as compared to previous assessment data and 
free product recovery efforts, free product pooling appears too exist both at the 
water table interface and within non-homogenous pockets in vadose zone soils. 

Remediation of this site to Illinois TACO Tier 1 levels is not practical or 
economically feasible. 

Risk based closure may be feasible utilizing site specific clean-up objectives and 
engineering controls. The primary road block at this time to site closure is the 
presence of free product. 

The BIOX process performed well as an economical site characterization tool. 
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Adaptation and Evaluation of two Petrochemical 
Residual Streams to be Useful as Fuels in a Gas 

Boiler 
 
Arturo Miranda Cambronne*, Isaac Schifter Secora, E. Lopez Salinas, J. Bravo Zamudio 

Instituto Mexicano del Petróleo, DEPMA, Gerencia  de Protección  Ambiental, Eje L. 
Cárdenas 152,  07730 D.F. México. 

ABSTRACT 
A practical study was performed to evaluate potential use as fuels and disposal 

alternative of Pyrolysis Liquids and Butane 1,3 Butadiene. Potential evaluation include: 
Chemical characterization of residual streams,  combustion aspects, practical adaptations 
for these streams and standard burners for liquid fuels into the  existing gas boiler, 
considering flame length, caloric content, combustion chamber design, control during 
burning operation, analysis of stack gases and economical aspects. 
 

Chromatographic analysis  results shown that this alternative was considered for 
managing these streams.   
 
 
 
 



INTRODUCTION 
In order  to obtain Ethylene,  fresh  and recicled Ethane  and steam are feed  into  

furnaces  heated to 1562 °F., the reaction yields besides Ethylene, Hydrogen, Methane, 
Propylene,  Pyrolisis Liquids.and 1,3 Butadiene [1]. These last two streams are 
byproducts harmful to health Table 1 [2].  Pyrolisis Liquids contain 41.15 mol % of 
Benzene, among other hydrocarbons Table 2 and  the stream 1,3 Butadiene  contains 
45.11 mol % of 1,3 butadiene among other components Table 3. Due that the quantities 
of these byproducts , (700 BBL/day of each one), are not enough to justify a processing 
facilty they must be stored. 

 
One  option for eliminating   these byproducts utilizing also its caloric content  is 

burning them suppling these streams to combustion systems equipped with gun burners 
for Pyrolisis Liquids, gas burners for 1,3 Butadiene or for both streams dual burners oil 
and gas . 

 
In this study the combustion test for Pyrolisis Liquids and 1,3 Butadiene were 

carried out in separate boilers each one producing 200 ton/hr of steam at 853 psia., 
pertaining to a Petrochemical facilities  located at  the South of Mexico.   

 
Previously to combustion, the Pyrolisis Liquids and 1,3 Butadiene  streams  were 

analysed  on its composition for knowing the harmful compounds to be eliminated.  Its 
physical  and chemical properties were useful for estimating: the fuels managment, 
caloric content, air combustion requirements, emissions expected as CO2, H20, O2, SO2 , 
NOX , burners operation and flame lenghts [3].  

 
The drawings of  combustion chambers for both boilers were reviewed on its 

dimensions in order to know the longest flame permissible without damaging the front 
wall pipes [4]. 

 
Taking into account all the above, the residual streams were supplied to the 

available burners to carry on the tests, all combustion parameters were controlled and the 
stack gas was sampled for analysing CO2,  H20 and O2 , until the combustion system 
reached the desired operation conditions and when they remained constant, the flue gas 
were sampled according to the method 18 of the Code  of Federal  Regulation Part 60 [5], 
the samples were sent to chromatographic analysis and  the results were useful to 
determinate the efficiency of elimination for all compounds present in the streams.  

 
            The combustion test results of Pyrolisis Liquids and 1,3 Butadiene shown that 
these streams can be supplied  as fuels to boilers and at the same time being eliminated. 
Economical comparison based on caloric content was made. 

 
EXPERIMENTAL 

The combustion experiments were carried out in two steam generators from 
Foster Wheeler Limited on duty  in a  Petrochemical facility located in the South  of  
Mexico. The boilers specifications indicated in Table 4, includes  among others the 
requirements  of natural gas to reach the peak capacity and the distance between the  
burner´s refractory and  the  front wall of pipes. The boilers are  equipped with dual 
burners oil and gas, from Peabody Engineering Type H-30, with twin fluid atomisers, the 



cone angle physically set by the method of construction and firing rates from 18 million 
to 160 million BTU/hour according with specifications  given in  Table 5.  

 
In order to know the composition and their physical and chemical properties of 

Pyrolisis Liquids and 1,3 Butadiene, representative samples of both streams were 
analysed giving the following  results: Pyrolisis Liquids Table 6, and 1,3 Butadiene, 
Table  7.Hereinafter these streams will be refered to as PL and 1,3 B respectively. 

 
The Physical and Chemical results  were useful for estimating the fuels 

management, air combustion requirements, emissions expected as CO2, H20, O2, SO2, 
NOX, burners operation and flame lenghts. The composition was useful for knowing the 
harmful compounds  to be eliminated.  
Pyrolisis Liquids combustion 

Ethylene plant produces 700 BBL/day of  PL and due  that the  boiler  was on  
duty  three  lower burners were available to handle the PL volume and  the upper three 
remained operating with natural gas. In order to comply with the environmental standard, 
the combustion air and stack gas composition  were  estimated to obtain  4 vol. % of 
oxygen  in stack dry gas Table 8, the practical combustion test  was carried  under  these 
conditions.  

 
From the above basis, the  gun burners  fired PL , from  57.06 gal/hr  to  220.07 

gal/hr (5.2 BBL/hr),  in each burner, this last figure gives a firing rate of 25 million 
BTU/hr for each burner locating them within specification. Flow rate measurement   was 
made using a portable ultrasonic flowmetering system, from Panametrics  with accuracy 
of ± 1 % in velocity (m/sec) and volumetric (lt/hr). 

 
During  the combustion test to measure the stack gases:  oxygen (O2), carbon 

monoxide (CO), and carbon dioxide (CO2), a  portable analyser with standard 
electrochemical  sensors from Enerac 2000, calibrated  with gases of  known 
concentration was utilized. The steam output  decreased  6 Ton/hr,  (from 174  to  168 
tons/hr), in spite of this fact  the natural gas supply was not increased and when reached  
desired operation conditions and they remained constant, the flue gas were sampled 
according to the method 18 “Measurement of gaseous organic compound emissions by 
gas chromatography” of the Code  of Federal  Regulation Part 60, utilizing the integrated  
bag sampling train consisting of Probe (stainless steel),  filter (glass wool), teflon sample 
line, ball check, vaccum line,  vaccum pump, charcoal tube, needle valve, tedlar bag 
(12”x 19”) and flowmeter Figure 1 
1,3 Butadiene combustion 

Ethylene plant produces  700 BBL/day of 1,3 Butadiene. For 1,3 B  same as for 
PL, the combustion air and stack gas composition  were  estimated to obtain  4 vol. % of 
oxygen in stack dry gas, Table 9 , The volume of 1,3 B, was distributed in two gun 
burners with the same design specifications as those used for burning the PL. and due its 
low viscosity they do not need atomization fluid. The gun burners fired 1,3 B, at a rate of 
116.25 gal./hr, (2.77 BBL/hr)  in each one,  giving a firing rate of  11.44 million BTU/hr, 
locating them out of  burners specifications. During this test due that natural gas supply 
was not reduced  in a significant quantity the steam output keeped constant .The test 
procedure for firing 1,3 B and measurement of flue gas were the same as for PL.   



 

RESULTS AND DISCUSSIONS 
Initially the chromatographic analysis of  PL  detected 105 compounds and 

during  combustion the stack gas chromatography detected  small quantities of 12 original 
compounds,  from those, 6 were part of original PL stream, none of them were Benzene,  
the rest pertained to natural gas Table 10. These 12 remaining components constituted 
3.63 wt. % of total stack gas where methane from natural gas contributed with 1.40 wt %. 

 
During PL combustion test, the flue gas monitored gave the results showed in 

Table 11. The high value of CO2  expected in flue dry gas was 10.6 vol. %  Table12, the 
value obtained from stack gas was 12.3 vol. % , this figure shows that the combustion 
efficiency was high.  

 
The gun burners fired 1,3 B., at a rate of 116.25 gal./hr, (2.77 BBL/hr)  in each 

one, this figure gives a firing rate of  11.44 million BTU/hr, locating them out of  
burner´s specifications,  however, in spite of this fact the stack gas results shown that the 
combustion was complete and the main purpose of eliminating  this compounds was 
achieved, Table 13. The  test carried with 1,3 B stream show that it can be supplied and 
burned through gun burners  with good results and in basis of these combustion test 
results the Petrochemical  facility will made the necessary arrangements for vaporizing  
and mixing 1,3 B with air previously to supply it to the gas burners, with this 
arrangements it is expected   to keep the performance of boiler´s  gas  burners avoiding  
adjustments  or changes  in the heating  cycle.  

 
Initially the chromatographic analysis of 1,3 B, detected 18 compounds and 

during combustion the stack gas chromatography detected  small quantities of 11 original 
compounds, from those, 10 were part of the original 1,3 B stream,  none of them were 1,3 
Butadiene  and  1 pertained to natural gas Table 13. These 11 remaining compounds 
constituted 6.63 wt. % of the total stack gas, where  the olefines C5 and C6  plus  heavier 
components contributed with 2.58 wt %.   

 
During 1,3 B combustion test, the flue gas sample gave the results showed in 

Table 14. The value of CO2  expected in  flue dry gas was 10.15 vol.%  Table 15  and the 
value obtained during the test was 13.8 vol. %,  showing that the combustion efficiency 
was high.  

 
In order to set the sales value for  PL and 1,3 B, this streams, were compared with 

Natural  Gas price, based on their caloric contents Table 16. 
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Table 1. How can 1,3-butadiene affect the human health. 
The Environmental Protection Agency (EPA) requires that discharges or spills into the 
environment of 1 pound or more of 1,3-butadiene be reported. The Occupational Safety 
and Health Administration (OSHA) has set an occupational exposure limit of 1,000 
parts of 1,3-butadiene per million parts of air (1,000 ppm) codified as 29 CFR 
1910.1000, Table Z-1 in 1971 under the authority of Section 6(a). The National Institute 
for Occupational Safety and Health (NIOSH) recommends that 1,3-butadiene be kept to 
the lowest feasible concentration because of its potential to cause cancer. 
Breathing very high levels of 1,3-butadiene for a short time can cause central nervous 
system damage, blurred vision, nausea, fatigue, headache, decreased blood pressure and 
pulse rate, and unconsciousness. There are no recorded cases of accidental exposures at 
high levels that caused death in humans, but this could occur. 
Breathing lower levels may cause irritation of the eyes, nose, and throat. Studies on 
workers who had longer exposures with lower levels have shown an increase in heart 
and lung damage, but these workers were also exposed to other chemicals. We don’t 
know for sure which chemical (or chemicals) caused the effects. We also do not know 
what levels in the air will cause these effects in people when breathed over many years.  
Animal studies show that breathing 1,3-butadiene during pregnancy can increase the 
number of birth defects. Other effects seen in animals that breathed low levels of 1,3-
butadiene for one year include kidney and liver disease, and damaged lungs. Some of 
the animals died 
There is no information on the effects of eating or drinking 1,3-butadiene. Skin contact 
with liquid 1,3-butadiene can cause irritation and frostbite.  
The Department of Health and Human Services has determined that 1,3-butadiene may 
reasonably be anticipated to be a carcinogen. This is based on animal studies that found 
increases in a variety of tumor types from exposure to 1,3-butadiene.  
Studies on workers are inconclusive because the workers were exposed to other 
chemicals in addition to 1,3-butadiene.  

 



Table 2. Composition of Pyrolisis Liquids 
Compound wt. % vol. % 

butene-1 + isobutilene 0.04 0.05 
n-butene 0.22 0.30 
transbutene-2 1.62 2.10 
2,2-dimethylpropane 0.02 0.02 
cisbutene-2 1.69 2.13 
1,2-butadiene 0.54 0.66 
3- methylbutene-1 0.13 0.16 
Isopentane 0.08 0.10 
pentene-1 2.54 3.14 
2- methylbutene-1 0.15 0.19 
n-pentane 0.07 0.08 
Isoprene 1.04 1.20 
Transpentene 1.51 1.83 
Cispentene 0.66 0.79 
2-methylbutene-2 0.45 0.53 
t-1,3-pentadiene 1.57 1.82 
c-1,3-pentadiene 5.44 6.18 
2,2- dimethylbutane-2 0.98 1.18 
Cyclopentene 6.16 6.25 
Cyclopentane 0.28 0.29 
3-methylpentane 0.01 0.01 
olefines c6 2.90 3.36 
n-hexane 0.11 0.13 
2,2- dimethylpentane 0.10 0.11 
Methylcyclopentane 0.05 0.05 
2,2,3-trimethylbutane 0.00 0.00 
Benzene 46.09 41.15 
Cyclohexane 0.01 0.01 
2- methylhexane 0.01 0.01 
1,1-dimethylcyclopentane 0.01 0.01 
3- methylhexane 0.01 0.01 
3- ethylpentane 0.01 0.01 
2,2,4-trimethylpentane 0.10 0.11 
olefines C7 3.07 3.43 
n-heptane 0.02 0.02 
Methylcyclohexane 0.05 0.05 
Ethylcyclopentane 0.01 0.01 
2,5- dimethylhexane 0.01 0.01 
2,4- dimethylhexane 0.21 0.23 
t-c-1,2,4-trimethylcyclopentane 0.16 0.17 
2,3,4-trimethylpentane 0.02 0.02 
Toluene 4.92 4.46 
c-t-1,2,4-trimethylcyclopentane 0.02 0.02 
2-methylheptane 0.02 0.02 
4-methylheptane 0.03 0.03 
3,4-dimethylhexane 0.05 0.06 

 



Table 2. Composition of Pyrolisis Liquids (Cont.) 
3-methylheptane 0.02 0.03 
c-1,3-dimethylcyclohexane 0.01 0.01 
2,2,4,4-tetramethylpentane 0.03 0.03 
c-1-ethyl-3-methylcyclopentane 0.05 0.06 
t-1-ethyl-2-methylcyclopentane 0.01 0.01 
t-1,2-dimethylcyclohexane 0.01 0.01 
olefines C8 0.12 0.13 
n-octane 0.04 0.05 
2,4,4-trimethylhexane 0.02 0.02 
Isopropylcyclopentane 0.01 0.01 
c-1-ethyl-2-methylcyclopentane 0.01 0.01 
c-12-dimethylcyclohexane 0.05 0.04 
n- propylcyclopentane 0.01 0.01 
113-trimethylcyclohexane 0.01 0.01 
Ethylbenzene 0.63 0.57 
meta-xilene 0.09 0.08 
para-xilene 0.07 0.06 
2,3-dimethyl-3-ethylpentane 0.01 0.01 
4-methyloctane 0.01 0.01 
2-methyloctane 0.01 0.01 
orto-xilene 0.06 0.05 
1-methyl-2-propylcyclopentane 0.01 0.01 
c-1-ethyl-3-methylcyclohexane 0.01 0.01 
t-1-ethyl-4-methylcyclohexane 0.02 0.02 
Naphthene C9 0.02 0.02 
olefines C9 0.02 0.02 
n-nonane 0.02 0.03 
olefine C10 0.01 0.01 
t-1-ethyl-3-methylcyclohexane 0.01 0.01 
isopropylbenzene 0.02 0.01 
3,5-dimethyloctane d/l 0.01 0.01 
naphthene C9 0.01 0.01 
n-butylcyclopentane 0.01 0.01 
n-propylbenzene 0.07 0.06 
3,3-dimethyloctane  0.04 0.06 
meta-ethyltoluene 0.02 0.01 
para-ethyltoluene 0.01 0.01 
1,3,5-trimethylbenzene 0.01 0.01 
5-methylnonane 0.07 0.07 
naphthene C10 0.03 0.03 
isobutylbenzene 0.01 0.01 
n-decane 0.04 0.05 
1,2,3-trimethylbenzene 0.09 0.09 
parafine C11 8.06 8.55 
secbutylcyclohexane 0.01 0.01 
1-methyl-2-isopropylbenzene 0.03 0.03 
1,3-diethylbenzene 0.07 0.07 

 



Table 2. Composition of Pyrolisis Liquids (Cont.) 
1-methyl-2-propylbenzene 0.19 0.18 
n-butylbenzene 0.01 0.01 
1,3-dimethyl-5-ethylbenzene 0.02 0.02 
1-methyl-2-propylbenzene 0.01 0.01 
n-undecane 0.61 0.65 
parafine C12 0.00 0.00 
aromatic C11 0.04 0.04 
aromatic C11 0.01 0.01 
parafine C12 0.09 0.09 
aromatic C11 0.23 0.21 
aromatic C11 0.16 0.14 
n-dodecane 0.18 0.19 
weight fractions 0.47 0.46 
not identified 4.84 5.09 
total 100.00 100.00 

 
Table 3. Composition of 1, 3 Butadiene stream 

Compounds mol  %  
Propane 1.40 

iso-butane 0.04 
n-butane 12.82 

iso-pentane < 0.01 
n-pentane 0.05 

cyclo-pentane < 0.01 
Propadiene < 0.01 
Acetylene 0.04 
Propylene 2.37 
1- Butene 12.54 

cis-2-Butene 6.22 
trans-2 -Butene 15.62 

iso-Butene 0.67 
1-2- Butadiene 0.61 
1-3-Butadiene 45.11 

Ethyl-Acetylene 0.22 
Vinyl-Acetylene 1.18 

Olefines C5 and C6 + Heavier Fractions 1.10 
Total 100 .00 

 



Table 4. Main features in the gas boiler used for the combustion test 
Feature Description 

Peak Capacity 544,000 lb/hr 
Normal Capacity 495,000 lb/hr 
Boiler H.P. 3,395 bhp 
Operation Pressure 650 psia 
Design Pressure 850 psia 
Number of burners 6 
Distance from burner’s tile to frontal 
wall of pipes 

22.96 ft. 

Distace between lateral burner and the wall 
of pipes 

6.56 ft. 

Volume of Combustion Chamber  26,553.12 ft3 
Volume of Convection area  14,830.2 ft3 
Requeriments of natural gas to reach the 
peak capacity 

732,612 ft3 

 
Table 5. Burner´s specifications.  

Feature Description 
Make Peabody Engineering 
Model Type H Register Burners 
Burner Type Dual oil and gas 
Firing rate 18 million  to 200 million BTU/hour 
Throat diameter 30 in. 
Type of atomizer Twin fluid atomizer: Air or steam with 

internal mix 
Atomizer nozzle 6 holes φ 9 mm. 30 ° angle 
Liquid fuel outlets 6 holes φ 10 mm 
Atomizing steam or air outlets 19 holes φ 9 mm 
Gun length 6.56 ft. 
Fuel liquid Inlet pressure 7.11 to 21.33 psia. 

 
Table 6. Properties of  Pyrolisis Liquids 

Properties Value 
Viscosity @ 37.8 °C, SSU 27.6 
Specific  Weight  20/4 °C 0.8245 
API Gravity, °API 39.50 
Net Heat Capacity, Btu/lb 16726 
Raw Heat Capacity, Btu/lb 17745 
Carbon, wt.% 90.00 
Hydrogen, wt. % 9.3 
Nitrogen, wt. % 0.005 
Oxygen, wt. % 0.33 
Sulfur, wt. % 0.071 
Vapor Pressure. Lb/in2 9.0 
Conradson Carbon, wt. % 0.18 
Ramsboton Carbon, wt. % 0.22 

 



Table 7. Properties of  1,3  Butadiene 
Properties Value 

Specific  Weight  20/4 °C 1.916 
Carbon, wt.% 85.55 
Hydrogen, wt. % 14.40 
Nitrogen, ppm wt. 32.4 
Sulfur, wt. % 0.002646 
Net Heat Capacity, Btu/ft3 7.36  X 105 
Vapor Pressure. lb/in2 55 

 
Table 8. Operation conditions required for Pyrolisis Liquids combustion test  

Parameter Burners 1,2 and 3  
(lower location) 

Burners 4,5 and 6  
(upper location) 

Fuel Type Pyrolisis Liquids Natural gas 
Flow 88.275 ft3/hr 438,020.5 m3/hr 
Air feed temperature  356 °F 356 °F 
Stoichiometric air 
requirement 

836,599.8 ft3 at 77 °F 
1,271,760.27 ft3 at  
356 °F 

5,412,458  ft3 at 77 °F 
8,227,653.7 ft3 at 356 
°F 

Excess % Air requirement  
to obtain 4 % O2 in flue 
dry gas  

21.37 % 21.37 % 

Air requirement  to obtain 
4 % O2 in flue dry gas  

178,774.5 ft3 at 77 °F  
271,781 ft3 at 356 °F 

1,156,614 ft3 at 77 °F 
1,758,226 ft3 at 356 °F 

Relation air/fuel 16.39 lb air/lb fuel 19.28 lb air/lb fuel 
Fuel pressure in the head 14.22 psia. ------- 
Fuel pressure at the burner 
inlet 

8.53 psia. 7.11 psia. 

Total air requirement 1,015,374 ft3 at 77 °F  
1,543,541 ft3 at 356 °F 

6,569,072  ft3 at 77 °F 
9,985,879 ft3 at 356 °F 

Atmospheric pressure 760 mmHg 760 mmHg 
Ambient temperature 77 °F 77 °F 
% O2 atmospheric 21 % 21 % 

 



Table 9. Operation conditions required for 1,3 Butadiene combustion test  
Parameter Burners 1 and 3  

(lower location) 
Burners 4,5 and 6  
(upper location) 

Fuel Type Butadiene Natural gas 
Flow 31.07 ft3/hr 501,649 ft3/hr 
Air feed temperature  356 °F 356 °F 
Stoichiometric air 
requirement 

243,003 ft3 at 77 °F 
369,378 ft3at 356 °F 

6,199,094 ft3 at 77 °F 
9,423,427 ft3 at 356 °F 

Excess % Air requirement  
to obtain 4 % O2 in flue 
dry gas  

21.09 % 21.09 % 

Air requirement  to obtain 
4 % O2 in flue dry gas  

51,234 ft3 at 77 °F 
77,894 ft3 at 356 °F 

1,307,388 ft3 at 77 °F 
1,987,388 ft3 at 356 °F 

Relation air/fuel 17.88 lb air/lb fuel 19.23 lb air/lb fuel 
Fuel pressure at the burner 
inlet 

18.49 Kg/cm2 7.11 kg/cm2 

Total air requirement 294,238 ft3 at 77 °F 
447,272 ft3 at 356 °F 

7,506,482 ft3 at 77 °F 
11,410,815 ft3 at 356 °F 

Atmospheric pressure 760 mmHg 760 mmHg 
Ambient temperature 77 °F 77 °F 
% O2 atmospheric 21 % 21 % 

 
Table 10. Pyrolisis Liquids combustion products  

Compound mol %  wt. % 
Metane 2.57 1.40 
Etane 0.05 0.05 

Propane 0.08 0.13 
Iso-butane 0.12 0.24 
n-butane 0.36 0.71 

Iso-pentane 0.14 0.35 
n-pentane 0.04 0.10 

etylene 0.08 0.08 
1-Butene 0.13 0.25 

Cis-2-butene 0.04 0.09 
Trans-2-butene 0.06 0.11 

Iso-butene 0.06 0.12 
Carbon Dioxide 13.90 15.18 

Oxygen 4.57 6.86 
Nitrogen 77.79 74.34 

Total 100.00 100.00 
 
 

 



 
Table 11. Combustion emissions of flue gas, obtained during the combustion test of 
Pyrolisis Liquids  

Compound Dry gas  
CO2, vol.%  12.3 
CO, vol.% 0.00 
O2, vol.% 4.4 

Stack temperature, °F 406.4 
Combustion efficiency  %  92 

Flame length ft. 10 
 
Table 12. Theoretical emissions in flue gas. Pyrolisis Liquids combustion test 

Pyrolisis Liquids Natural gas Pyrolisis Liquids + 
Natural gas  

Compound Wet gas Dry gas Wet gas Dry gas Wet gas Dry gas 
CO2, mol % 12.6063 13.7060 8.59 10.09 9.1095 10.5894 
SO2, mol % 0.0037 0.0040 0.00 0.00 0.0005 0.0006 
H2O, mol % 7.9900 0.0000 14.88 0.00 13.9900 0.0000 
O2, mol % 3.5700 3.8800 3.42 4.02 3.4400 4.0000 
N2, mol % 75.8200 82.4100 73.11 85.89 73.4600 85.4100 

Total 100.0000 100.0000 100.00 100.00 100.0000 100.0000 
 
Table 13. 1,3 Butadiene combustion products 

Compound mol %  wt. % 
Metane 1.11 0.58 
Propane 0.04 0.06 

Iso-butane 0.12 0.23 
n-butane 0.77 1.47 

Iso-pentane 0.03 0.08 
n-pentane 0.04 0.10 
1-Butene 0.33 0.60 

Cis-2-butene 0.14 0.27 
Trans-2-butene 0.25 0.47 

Iso-butene 0.10 0.19 
Carbon Dioxide 7.76 11.22 

Oxygen 7.41 7.79 
Nitrogen 80.84 74.36 

Olefines C5 and C6 + 
Heavier Fractions 

1.03 2.58 

Total 100.00 100.00 
 

Table 14. Combustion emissions of flue gas, obtained during the combustion test of 1,3 
Butadiene 

Compound Dry gas  
CO2, vol.%  13.8 
CO, vol.% 0.00 
O2, vol.% 2.2 

Stack temperature, °F 415.4 
Combustion efficiency  %  92 

Flame length ft. 8 
 



 
Table 15. Theoretical emissions in flue gas. 1,3 Butadiene combustion test 

Pyrolisis Liquids Natural gas Pyrolisis Liquids + 
Natural gas  

Compound Wet gas Dry gas Wet gas Dry gas Wet gas Dry gas 
CO2, mol % 10.8940 12.2406 8.61 10.11 8.69 10.18 
SO2, mol % 0.0001 0.0001 0.00 0.00 <1 ppm <1 ppm 
NO, mol % 0.0004 0.0004 0.00 0.00 <1 ppm <1 ppm 
H2O, mol % 11.0019 0.0000 14.91 0.00 14.77 0.00 
O2, mol % 3.4575 3.8850 3.38 3.98 3.39 4.00 
N2, mol % 74.6461 83.8739 73.10 85.91 73.15 85.82 

Total 100.0000 100.0000 100.00 100.00 100.00 100.00 
 
Table 16. Theoretical emissions in flue gas. 1,3 Butadiene combustion test 

Fuel Caloric content 
BTU/ft3 

BTU/USDlls. Price USDlls./ft3 

Natural Gas 1,000 478,029.04 2.61 
Pyrolisis Liquids 849,617.67 478,029.04 2,216.05 

1,3 Butadiene 736,335.31 478,029.04 1,920.51 
 
 
 
 



 
 
 
 
 
 
 

Figura 1. Integrated Bag Sampling Train 
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ABSTRACT 
 

Pay-for-performance (PFP) cleanups pay out a total fixed price incrementally as 
measurable contamination reduction is produced.  PFP cleanups reward contractors for quickly 
and efficiently reaching cleanup goals. The State of Oklahoma implemented PFP remediation at 
hydrocarbon-impacted sites in October 1997. The purpose of this paper is to present several case 
studies that are representative of the State approved PFP site remediation. In each case study, PFP 
performance is presented in terms of average reduction of benzene concentrations in selected key 
monitoring wells. Remedial technologies evaluated include air sparge and soil vapor extraction, 
high-vacuum liquid-ring pump system, and enhanced bioremediation. Benzene was used as the 
only Chemical of Concern (CoC) for PFP performance evaluation as other CoCs such as toluene, 
ethylbenzene, xylenes, and naphthalene were less than the established cleanup levels in these case 
studies. Key limitations affecting PFP performance were identified in each case study. From the 
case studies we have learned several lessons.  Experience has shown that pilot tests are useful 
when site conditions are uncertain.  We have seen that bioremediation is suitable for lower 
concentrations but that mechanical systems are necessary for high start-up concentrations.  
Regulatory agencies are inclined to adopt enhanced bioremediation as the remediation alternative 
as it is more “user-friendly” to both the regulatory agency and the consultants. 
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INTRODUCTION 
 

In the past, environmental cleanups have been funded through time-and-materials (T&M) 
agreements in which the contractor is reimbursed for time and materials regardless of whether 
contamination is actually reduced.  There was often no assurance of the ultimate cost or whether 
the site would reach treatment goals. PFP cleanups pay directly for reductions in contamination.   
In a PFP cleanup, the contractor is paid incrementally as cleanup milestones and goals are 
reached.  For existing sites being transitioned to PFP, the price is negotiated between the 
consultant and the state.  At new sites, it’s possible that the price could be determined through 
open, competitive bidding (Foskett, 1999).  Thus, there is an economic incentive for the 
contractor to quickly and efficiently reduce contamination.  PFP is attractive to regulators because 
the burden of cleanup is on the contractor, not the agency, and because it can reduce the 
regulators’ paperwork and administrative work. 

 
The State of Oklahoma implemented Pay-For-Performance remediation at hydrocarbon-

impacted sites beginning in October 1997. The purpose of this paper is to present selected case 
studies that are representative of the State required PFP site remediation. In each case study, PFP 
performance is presented in terms of average reduction of benzene concentrations in selected key 
monitoring wells. No case number and facility numbers are mentioned in this paper. Key 
limitations affecting PFP performance were identified in each case study. Benzene was used as 
the only Chemical of Concern (CoC) for PFP performance evaluation as other CoCs such as 
toluene, ethylbenzene, xylenes, and naphthalene were less than the established cleanup levels.  

 
 

Oklahoma PFP 
 
Per the Oklahoma PFP rule, SB-27, performance payments under PFP contracts shall be 

based on the actual reduction of contamination. The first 20% of total contract price will be 
reimbursed for the first 25% reduction in contamination. An additional 20% of total contract price 
will be reimbursed for the next 25%, or a total of 50% reduction in contamination. An additional 
20% of the total contract price, or 60%, will be reimbursed for the next 25% reduction, or a total 
of 75% reduction in contamination. An additional 20% of the total contract price, or 80%, will be 
reimbursed for the next 25%, or a total of 100% reduction in contamination. The last 20% of the 
total contract price being reimbursed after contamination levels at the site remain less than 
specified cleanup levels for target constituents for 6 months.  

 
The current method of determining reduction of contamination is to collect groundwater 

samples from selected key wells. Usually the OCC requests a minimum of 4 key wells and a 
certain number of compliance wells depending on the size of the hydrocarbon-impacted 
groundwater plume area.  All wells containing at or in excess of 1/8 of an inch of free product 
will be identified as a key well prior to system start-up. A baseline sampling event will be 
conducted usually 2 weeks prior to system implementation. 

 
A typical PFP contract term runs from 24 to 36 months with a 6-24 month warranty 

period. During the warranty period, consultants will have to continue operating and maintaining 
remedial systems to achieved required site cleanup levels. At the end of the contract period, the 
PFP contracts will terminate and the consultant will be released from further obligation. 
Termination of the contract will not constitute “site abandonment”.  

 



The following presents three types of technologies for PFP remediation. The reason of 
selecting these technologies is because the three technologies represent the philosophical and 
chronological changes of PFP remediation. These technologies are over-the-counter technologies 
that are readily available for consultants’ implementation.  

 
 

CASE STUDIES:  
HOW HAS PFP WORKED SO FAR? 

 
Site A: AS/SVE 

 
A PFP site remediation at Site A was implemented in early 1997. The projected cleanup 

is 36 months with a 24-month guarantee period. Prior to remediation, a Remediation Plan was 
submitted to the Oklahoma Corporation Commission for review and approval. The remedial 
system consists of two air sparge and soil vapor extraction (AS/SVE) units. Two AS blowers 
(Roots Model 53 URAI Blower) and two SVE blowers (Roots Model 59 URAI Vacuum Pump) 
were installed.  A total of 60 air sparge points (2” PVC screened with sparge point from 22’ – 24’ 
bgs) and 45 SVE wells (4” PVC screened with well screen from 8’-10’ bgs) were installed at Site 
A.  The treatment area was approximately 48,000 square feet with an estimate treatment depth of 
22 feet below ground surface (bgs). 
 

The site lithology consists of predominantly of gray and reddish-brown clay to an 
approximately 8 to 9 feet (bgs). A reddish-brown, fine-grained sand with interbedded clay layers 
was generally found from a depth of 8 to 20 feet bgs.  Site A was entered into PFP remediation in 
early 1998. After approximately 3 years of operation of an air sparge and soil vapor extraction 
remedial system, an average benzene reduction of approximately 90% was achieved from 
selected key wells. Figure 1 presents the performance curve (in terms of average benzene 
reduction) over time. Note that the remedial system has achieved 72% benzene reduction for the 
first 14 months since system start-up. It appears that the water table fluctuations (i.e, 3 to 15 bgs 
affected operation of the system. An additional 9 Multi-Phase Extraction remedial wells were 
installed to expedite site remediation. The site is still under on-going remediation and quarter 
monitoring. 

 
Several lessons were learned from Site A: 

 
1. During the early stage of PFP, consultants jumped into the PFP wagon by overly designing 

remedial system without conducting pilot tests. Based on the authors’ experience, even the 
pilot test results (i.e., radius of influence, etc.) may not be able to accurately estimate PFP 
remediation performance. But a sound pilot test is critical to determine start-up injection 
pressure of AS. Site A has a water table fluctuation problem that inhibits effective 
performance of traditional AS/SVE technology. 

 
2. A thorough cost-effectiveness analysis should be conducted prior to PFP remediation. The 

cost structure of PFP is to allow a Purchase Order to be reimbursed up front for agreeable 
scope of work (i.e., type of remedial system, number of remedial wells, etc.). The OCC 
would approve PFP costs based on in-house unit costs (say $35/cubic yard to $50/cubic yard 
of soil to be treated). However, the recovery rate of future reimbursable costs per PFP 
contract is sill a function of remedial system efficiency and effectiveness. The system 
efficiency is defined as the rate of mass removal of CoCs.  The effectiveness is defined as the 



total mass removal of CoCs.  As demonstrated in Figure 1, at Site A the last 10% of benzene 
reduction would take much longer than the first 75% reduction. From the business point of 
view, its critical to know how to optimize the remedial system by installing an effective 
system that can clean up sites within the projected timeframe. A tool needs to be developed to 
better address cost-effectiveness of PFP systems.  

 
 

Site B: Liquid-Ring System   
 
PFP remediation at Site B was implemented in the spring of 2000. The projected site 

cleanup is 36 months with a 12-month guarantee period. Observations of lithology at Site B have 
identified the top of a consolidated to semi-consolidated siltstone from approximately 3 ft to 5 ft bgs. 
Within the siltstone interval, two saturated and highly weathered “soft” zones were observed. These 
“soft” zones were generally encountered from 8.5 ft to 11.0 ft bgs and from 12.5 ft to 13.5 ft bgs. 
These zones were not observed in all site monitoring wells and may not be continuous across the 
area. It appears that the saturated zone is semi-confined. 

 
Air sparge (AS) and soil vapor extraction (SVE) pilot tests were conducted at the site prior 

to system design. The AS/SVE pilot tests indicate that the site lithology has an air permeability of 
0.58 darcy or 5.70 x 10-9 cm2. It appears from the pilot tests that the observed interbedded hard 
siltstone layering at the Facility inhibited vertical air traveling from AS wells to SVE wells. A radial 
zone of influence ranging from 17 to 22 ft was observed from AS test results and no significant 
zones of influence were observed during the pilot tests for SVE.  

 
The average depth to groundwater in the site monitoring wells is 5.11 ft below top of casing. 

The seasonal groundwater elevation fluctuation observed was less than 0.50 ft. The measured 
groundwater potentiometric surface indicates the groundwater flow is generally to the northeast with 
a hydraulic gradient of 0.016 ft/ft.  The site aquifer has hydraulic conductivities that range from 
0.309 ft/day to 0.033 ft/day. These values were determined from several pump tests performed at the 
Facility. Monitoring well baildown tests have concluded that Facility monitoring well production 
rates range from 0.06 to 0.31 gallons per minute.  Fractures may exist in the subsurface, which may 
contribute to preferential flow for CoCs transportation. 

 
 The following procedures were used for system design: 

 
1. Estimate total mass of CoCs to be removed in the treatment zone area. 
2. Determine required mass removal rates for CoCs to achieve PFP cleanup within a 

specified timeframe. 
3. Determine number of pore volumes for air to be extracted from the treatment zone and 

number of PVs of air to be injected into the treatment zone. 
4. Determine total effective screen length required for remedial systems 
5. Estimate total mass removal rate of CoCs. 
6. Verification of estimated flow rate per well using the Hantush Leaky equation. 
7. Size remedial wells and blowers according to engineering charts and considering safety 

factors.  
 
Based on the pilot test results and using the concept of “pore volume” treatment, a total 

of 49 AS wells (2” PVC screened with sparge point from 18’ – 20’ bgs) and a total of 33 MPE 
(4” PVC screened with well screen from 3.4’ – 8’ bgs) wells were installed. The MPE wells 
consist of drop tubes in the wells for total fluid recovery. The estimated treatment zone area is 



31,000 square feet. The remedial system has achieved approximately 75% reduction of benzene 
within the first 200 days without turning on AS. 

 
Lessons learned at site B: 

 
1. Pilot tests were conducted at Site B prior to PFP design. A 7-step design protocol was 

followed. The PFP remediation was engineered. A thorough validation of assumptions 
used in the design protocol should be conducted. 

 
2. The oil-sealed liquid pump generated less noise (i.e., 65dB vs. 100 dB for AS/SVE). The 

system was installed in a highly populated urban area. No complaints were ever received 
for the type of system installed.  

 
3. Compared PFP performance of Site B to Site C, a typical AS/SVE system in sandy soil, it 

appears that the liquid-ring system performed better than the typical AS/SVE site. 
 
 

Site D: Bioremediation  
 
Remediation at Site D was implemented in early 2001. The projected cleanup is 36 

months with a 12-month guarantee period. After approximately 3 years of PFP experience, the 
OCC was looking for other innovative technologies of expediting site remediation. Enhanced 
bioremediation was plugged into the PFP equation. Enhanced bioremediation involves with 
injection of oxygen-releasing materials mixed with a proprietary “solution cocktail” to slow down 
the release of oxygen. Boyle, et al (1999) documented typical implementation of enhanced 
bioremediation at hydrocarbon-impacted sites.  The treatment area is estimated to be 61,375 
square feet.  A direct push rod was used at Site D.  The first treatment was conducted in January 
2001. Nine key wells were selected for benzene tests. A 52% average benzene reduction was 
achieved after 2 months of the first treatment. A 63% average reduction was achieved in June 
2001. Multiple treatments are required to expedite treatment of Site D.  

 
Lessons Learned at site D: 

 
• It appears that enhanced bioremediation is performing very well in PFP implementation. 

The advantage of the enhanced bioremediation is that no mechanical system is required. 
The up-front costs are spent on actual materials such as ORMs, microbes, and nutrients. 
No remedial system O&M is required. The consultants can use their own mobile lab, 
solution trailers, and direct push rods, which can be moved to the sites as needed. The 
technology is versatile and easily implemented.  
 
 
 

CONCLUSIONS 
 

Consultants and the state regulatory have been working together since 1997 to come up 
with better understanding of how to implement PFP remediation for hydrocarbon-impacted sites. 
The three technologies represent the stages of PFP implementation in Oklahoma, or at least the 
philosophical change during the course of PFP implementation. Each technology has its strengths 



and weaknesses. The “bottom line” question would be finding the optimal systems for the sites. 
What we have learned from the sites are: 

 
1. If we are not sure of the site conditions, pilot tests shall be always conducted. 

 
2. Mechanical systems will be suitable for sites with high start-up concentrations of 

CoCs. Enhanced bioremediation would be suitable with concentration lower 
concentrations (usually less than 10 mg/l of benzene). 

 
3. The regulatory agencies are inclined to adopt enhanced bioremediation as a way of 

cleaning up the sites. Enhanced bioremediation is more “user-friendly” in a sense 
both to the state regulatory agency and the consultants.  
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ABSTRACT 
 

 With the passing of the Illinois Petroleum Education and Marketing Act in July 
1998, the Illinois Petroleum Resources Board (IPRB) was created.  The main goal of the 
IPRB is to improve the Illinois oil and gas industry’s image and credibility.  The 
Governor of Illinois appointed a twelve-member board to carry out the purpose and 
provisions of the Act.  The board was appointed in June 1999.  The board established an 
office in Mt. Vernon, Illinois in 2000 and the IPRB programs were initiated in late 2000. 
 
 The Illinois Petroleum Resources Board (IPRB) is an industry-funded state 
agency.  The IPRB is voluntarily funded through a one-tenth of one percent (0.1%) 
assessment on the value of oil and natural gas sold by oil and gas producers and royalty 
owners in Illinois.  The monies are used by the IPRB to fund environmental remediation 
and educational programs to improve the image and credibility of the Illinois oil and gas 
industry.  Illinois is the third state to initiate such a program following the lead of 
Oklahoma and Ohio. 
 
 Environmental remediation and responsibility are important goals for today’s 
Illinois oil and gas producers and royalty owners.  Remediation of selected abandoned oil 
and gas exploration and production sites across Illinois exemplifies the Illinois oil and 
gas industry’s resolve for environmental responsibility. 
 
 The IPRB education programs are designed to increase community awareness 
about the significance and viability of the oil and gas industry in Illinois.  IPRB 
educational programs and presentations have sparked a growing interest for oil and gas 
industry information across Illinois.   
 
 Oil and gas companies in Illinois have traditionally transformed resources into 
goods and services to meet the energy needs of society.  Today’s committed Illinois oil 
and gas producers and royalty owners exemplify the industry’s belief that oil and gas 
companies can exercise their traditional responsibilities while still meeting their 
responsibility to protect the environment. 



INTRODUCTION 
 

 With the passing of the Illinois Petroleum Education and Marketing Act in July 
1998, the Illinois Petroleum Resources Board (IPRB) was created.  The IPRB is charged 
with a two-fold mission:  1) remediation of abandoned oil and gas exploration and 
production sites, and 2) a public education campaign to emphasize the significance and 
viability of the oil and gas industry in Illinois.  The Governor of Illinois appointed a 
twelve-member board to carry out the purpose and provisions of the Act.  The board was 
appointed in June 1999.  The board established an office in Mt. Vernon, Illinois in 2000 
and the IPRB programs were initiated in late 2000. 
 
 The Illinois Petroleum Resources Board (IPRB) is an industry-funded state 
agency.  The IPRB is voluntarily funded through a one-tenth of one percent (0.1%) 
assessment on the value of oil and natural gas sold by oil and gas producers and royalty 
owners in Illinois.  The monies are used by the IPRB to fund environmental remediation 
and educational awareness programs without cost to landowners or taxpayers.  Illinois is 
the third state to initiate such a program following the lead of Oklahoma and Ohio.  
 

The Illinois Petroleum Resources Board (IPRB) is gaining momentum as we 
progress toward our goal to improve the Illinois oil and gas industry image and 
credibility.  We are blessed, first with a host of committed oil and gas producers and 
royalty owners whose voluntary financial support make the IPRB possible, and second 
with a noble vision of community awareness and environmental remediation. 
 
 The IPRB environmental remediation programs are improving the Illinois oil and 
gas industry’s image and credibility.  Environmental remediation and responsibility are 
important goals for today’s Illinois oil and gas producers and royalty owners.  
Remediation of selected abandoned oil and gas facilities demonstrate the industry’s 
resolve for environmental responsibility.  The IPRB has experienced a 63% growth in 
environmental remediation projects since March 2001.   
 
 The IPRB education programs are designed to increase community awareness 
about the significance and viability of the oil and gas industry in Illinois.  The IPRB 
Petroleum Professionals in the Classroom (Petro Pros) program brings professionals from 
the Illinois oil and gas industry into the classroom to educate students about the 
exploration and production of oil and gas in Illinois.  In addition, the IPRB is developing 
state-approved teacher workshops for teachers across Illinois and developing industry 
training modules to meet the specific training and education needs of the Illinois oil and 
gas industry.  The IPRB public awareness campaign has grown by 82% since February 
2001. 
 

Strategic planning has set a course for the IPRB.  Our goals to improve the image 
and credibility of the Illinois oil and gas industry are just beginning and many good 
things wait.  The Illinois oil and gas industry is blessed with many hard-working people 
with a clear vision for the future of the oil and gas industry.  Environmental remediation 
and public awareness goals are noble visions from a noble industry.      
 
 
 



THE ILLINOIS PETROLEUM RESOURCES 
BOARD 

 
 The Illinois Petroleum Resources Board (IPRB) is an industry-funded state 
agency created by the passing of the Illinois Petroleum Education and Marketing Act in 
July 1998.  The IPRB is charged with remediating abandoned oil and gas production and 
exploration sites across Illinois and managing a statewide education campaign designed 
to increase awareness about significance and viability of the oil and gas industry in 
Illinois.   
 

The IPRB is voluntarily funded through a one-tenth of one percent (0.1%) 
assessment on gross revenues of oil and natural gas sold by oil and gas producers and 
royalty owners in Illinois.  The first purchaser collects the assessment levied.  The 
assessment is voluntary and those assessed have the opportunity to request a refund of 
their assessments each year.  The assessed monies are dedicated funds deposited with the 
Illinois Department of Revenue into the Illinois Petroleum Resources Revolving Fund.  
The monies are used by the IPRB to fund environmental remediation and educational 
awareness programs without cost to landowners or taxpayers.  Illinois is the third state to 
initiate such a program following the lead of Oklahoma and Ohio. 

 
Responsible management of the monies collected is imperative for the success of 

the IPRB.  Since the assessments are voluntary, mismanagement or less than responsible 
management of collected monies could cause a significant loss of funds.  The funds are 
oil industry monies expected to be managed and allocated in the best interest of the oil 
and gas industry within the context of the provisions of the Illinois Petroleum Education 
and Marketing Act.  Calendar year 2000 IPRB refund requests amounted to 1.26% of the 
total assessed amount, a testament to the responsible manner in which the Illinois oil and 
gas industry’s monies are being managed. 
 
 

ENVIRONMENT REMEDIATION 
 

 Environmental remediation and responsibility are important goals for today’s 
Illinois oil and gas producers and royalty owners.  The Illinois Petroleum Resources 
Board (IPRB) environmental remediation programs improve the industry’s image and 
credibility by demonstrating industry resolve for environmental responsibility.  The IPRB 
is charged by statute to remediate abandoned oil and gas production and exploration sites 
in Illinois.  The IPRB is committed to providing a practical and economical remedy for 
environmental problems caused by abandoned oil and gas production and exploration 
sites in Illinois.  The IPRB risk-based environmental management processes follow 
recognized environmental standards specially adapted to meet the unique needs of the 
Illinois oil and gas industry (1). 
 
Risk-Based Environmental Management 
 
 Risk-based environmental management is based upon assuring the adequate level 
of protection of human health and the environment.  Risk is the magnitude of the 



consequences of an event times the probability of the event occurring (2).  Managing 
risks are certainly in the best interest of the IPRB mission.  Risk management attempts to 
mitigate risks associated with a given remediation project.  In most cases, a zero-risk 
scenario is not possible.  However, managing risks can certainly mitigate a project’s long 
term cost position. 
 
 Risk management begins with a good risk assessment (3).  A remediation project 
risk assessment will provide information about the project’s potential for adverse effects 
to human health and the environment.  Risk assessments include exposure assessments 
and toxicity assessments since both parameters must be present in order for a potentially 
adverse human health and/or environmental impact to exist (2). 
  
 Exposure is the potential for a contaminant to reach a human or environmental 
receptor.  The pathway for exposure is determined by the release mechanism (e.g., 
infrastructure failure) and transport mechanism (e.g., surface water movement).  Toxicity 
studies combined with the physical setting and distance to potential receptors contribute 
to the total risk assessment.  Risk assessments represent estimated risks because of the 
uncertainties inherent to risk assessment sources (3). 
 
 IPRB remediation activities are designed to ensure the risk remaining after the 
completion of the remediation activities is below target levels.  Proactive strategic risk 
management prior to remediation activities mitigates the risks associated with 
remediation projects (4).  Limiting the magnitude of the consequences of an event and/or 
reducing the probability of an event occurring, as defined herein, can mitigate risk. 
  
 Several management tools are used by the IPRB to limit the magnitude of 
consequences at IPRB remediation projects.  Planning and designing remediation 
activities prior to initiation greatly reduce the magnitude of consequences of an event by 
requiring the planner to evaluate potential event consequences (3).  Such pre-planning 
measures include reviewing and/or developing integrated contingency plans, best 
management plans, spill prevention control and countermeasure plans, and/or other risk 
mitigation plans. 
 
 The magnitude of consequences is reduced at IPRB remediation projects by 
limiting exposure to contaminated material, removing contaminated material, and/or 
treating contaminated material.  Site-specific conditions are also considered when 
preparing risk management plans.  Planning remediation projects to eliminate or mitigate 
exposure, exposure pathways, release mechanisms, transport mechanisms, and toxicity all 
reduce the potential magnitude of consequences (3). 
 
 The best risk mitigation plans will not succeed if the implementation is not 
adequate.  The IPRB approves remediation contractors who train their employees in safe 
work practices, proper regulatory protocols, and contingency plans to mitigate risks of 
environmental release events occurring. 
 
 Probability of an event occurring is the second parameter of risk.  Reducing the 
probability of an event occurring will reduce the overall risk associated with a 
remediation project (5).  In addition to those measures previously discussed, probability 
reductions are realized on IPRB remediation projects by strategically planning capital 
budgeting objectives to reflect the desire for qualified remediation.  That is to say, 
remediation plans include procedures and capital needed to complete the desired 



remediation strategies.  If necessary, the IPRB remediation plans may call for the 
placement of secondary containment features during remediation and regular monitoring 
of remediation progress. 
 
 Reducing the risk associated with IPRB remediation projects are an important 
part of cost containment.  Risk-based environmental management reduces IPRB 
remediation project risks and enhances IPRB project cost positions. 
 
Prioritizing Risks 
 
 Risk-based environmental management is based upon the protection of human 
health and the environment.  The IPRB evaluates remediation projects to determine the 
extent and nature of intrinsic risks.  These risks are prioritized.  Prioritizing IPRB 
remediation project risks based upon the protection of human health and the environment 
optimizes remediation project cost structures.  IPRB remediation projects are prioritized 
according to such factors as toxicity, exposure, exposure pathway including the release 
mechanism and transport mechanism, site-specific conditions, and distance to potential 
human and environment receptors (2). 
 
 Each IPRB remediation project present different risk factors.  Accordingly, 
different risk management techniques are deployed to mitigate to risks intrinsic to each 
IPRB remediation project.  As a result, budgeting allocations vary between each 
remediation project.  Risks management costs of each IPRB remediation project are 
proportional to the risks associated with the project (4).  In most cases, a zero-risk 
scenario is not possible.  However, prudent risk-based environmental management serves 
to minimize remediation project risks to human health and the environment and optimizes 
a project’s cost structure.  Risk-based environmental management is imperative and 
perpetuates the IPRB’s mission, vision, and objectives. 
 
 

IPRB RISK-BASED ENVIRONMENTAL 
MANAGEMENT GUIDELINES 

 
 The IPRB is charged by statute to remediate abandoned oil and gas production 
and exploration sites in Illinois.  The IPRB is committed to providing a practical and 
economical remedy for environmental problems caused by abandoned oil and gas 
production and exploration sites in Illinois.  The IPRB risk-based environmental process 
follows recognized environmental standards specially adapted to meet the unique needs 
of the Illinois oil and gas industry.  The IPRB risk-based environmental management 
process follows four phases: research and review, sampling and analytical testing, 
remediation, and progress review (2). 
 
Phase I:  Research & Review 
 
 The IPRB selects abandoned oil and gas production and exploration sites for 
remediation based upon the mission and goals of the IPRB.  After a project is selected for 
remediation consideration, extensive research is undertaken to properly characterize the 
environmental and hydrogeological setting.  Risk management plans are constructed to 



mitigate exposure, exposure pathways, release mechanisms, transport mechanisms, and 
toxicity.  Historical operating activities and practices and other previous environmental 
issues are researched.  Information is gained from many sources including industry 
associations, landowners, tenants, Illinois Department of Natural Resources, Illinois 
Environmental Protection Agency, Illinois Geological Survey, Illinois Natural Resources 
and Conservation Service, and others.  A physical assessment of the site area is 
conducted and includes a thorough walkover of the site.   
 
Phase II:  Sampling & Analytical Testing 
 
 If the initial visit reveals that a site may have environmental problems, intrusive 
investigations may be required to determine the nature and extent of these issues.  Phase 
II work includes soil and water sampling for agronomy, toxicity, and/or other analytical 
testing.        
 
Phase III:  Remediation 
 
 IPRB remediation activities are designed to ensure the risk remaining after 
completion of the remediation activities is below acceptable levels.  The IPRB 
remediation plans include risk mitigation procedures designed to limit exposure to 
contaminated material and minimize exposure pathways, release mechanisms, and 
transport mechanisms. The IPRB solicits contractors for environmental remediation 
contracts.  Contractors who train their workforce in safe work practices, proper regulatory 
protocols, and other pertinent contingency training are approved as potential IPRB 
remediation contractors.  IPRB remediation plans include procedures and capital needed 
to complete the desired remediation strategy.  The IPRB remediation plans are designed 
to protect surface water and ground water as well as soil fertility and productivity.  In 
addition, the remediation is designed to meet all applicable environmental laws and 
protect landowner interests.    
 
Phase IV:  Progress Review 
 
 Following Phase III, remediation sites are monitored by the IPRB for several 
months to ensure the remediation process is complete. 
 
 

IPRB ENVIRONMENTAL PROGRAM 
PROGRESS 

 
 The IPRB has remediated twenty-one (21) sites in twelve (12) counties across 
Illinois in FY 2001.  An additional nineteen (19) projects are at various stages of 
progress.  The IPRB has experienced a sixty-three percent (63%) growth in 
environmental remediation projects since March 2001 (see Figure 1) as the 
environmental remediation program begins to grow (1).  FY 2002 promises to be a very 
busy year for IPRB remediation projects.  
 



 By using the economics of environmental efficiency, the IPRB is able to 
remediate environmental projects and achieve economic efficiency.  Environmental 
project economic efficiency is achieved when the marginal benefit of a project is equal to 
the marginal cost (5).  That is to say, the IPRB goal to improve the image and credibility 
of the Illinois oil and gas industry is achieved through environmental remediation 
projects when the incremental benefits of a remediation project, including private benefits 
and external social benefits, are equal to the incremental costs of the remediation 
projects, including private costs of capital and external social costs (6).  
 
 The average cost of an IPRB remediation project in FY 2001 was $4,497 per 
remediation site.  Through risk-based environmental management, the IPRB is able to 
responsibly manage the monies the Illinois oil and gas producers and royalty owners 
voluntarily contribute to the program.  The IPRB believes that projects must meet the 
goal of improving the image and credibility of the Illinois oil and gas industry.  That is to 
say, the IPRB’s fiduciary obligation to Illinois oil and gas producers and royalty owners 
involve managing resources prudently in order to improve the image and credibility of 
the Illinois oil and gas industry.  IPRB remediation projects are designed not only to 
cover the explicit costs of their completion, but also to justify the cost of capital used in 
their pursuit.  The weighted average cost of capital of the monies voluntarily provided to 
the IPRB must be more than justified by enhanced industry image and credibility 
benefits.  The IPRB fiduciary responsibility to Illinois oil and gas producers and royalty 
owners is met by employing the economics of environmental efficiency (7).    
 
 Environmental program progress in FY 2002 is sure to grow.  The IPRB began 
the FY 2002 fiscal year with a very good environmental project.  The IPRB recently 
completed environmental remediation activities near Woodlawn, Illinois that yielded 
plans for the Chapman Park Sports Complex.  The Chapman Park Sports Complex is an 
abandoned oil and gas production site owned by the City of Woodlawn and is adjacent to 
Woodlawn Grade School.  The City of Woodlawn wanted the abandoned oil and gas 
facility remediated so they could proceed with their plans to turn the site into a fully-
functional city park complete with baseball diamonds, playground, concessions, walking 
trails, batting cages, and city swimming pool.  The IPRB participated by addressing the 
environmental problems posed by the abandoned oil and gas production facility.  The 
project involved the remediation of three (3) large evaporation pits left from abandoned 
oil and gas production activities.  The pits and surrounding area (approximately 12 acres) 
were remediated following risk-based environmental management guidelines.  The 
remediation activities included the restoration, grading, and leveling of the abandoned pit 
sites according to recognized environmental standards.  The IPRB further improved the 
site by constructing three (3) baseball diamonds in the locations previously occupied by 
the abandoned pits.  The entire site was seeded.  A televised press conference heralded 
the completion of the project as several school children and community leaders thanked 
the Illinois oil and gas industry for their efforts in helping the community build their 
“Fields of Dreams”. 
 
 Oil and gas companies in Illinois have traditionally transformed resources into 
goods and services to meet the energy needs of society.  Today’s committed Illinois oil 
and gas producers and royalty owners exemplify the industry’s belief that oil and gas 
companies can exercise their traditional responsibilities while still meeting their 
responsibility to protect the environment. 
 
 



EDUCATIONAL PROGRAMS 
 

 The IPRB education programs are beginning to reach the youth and adults across 
Illinois.  IPRB education programs are designed to increase community awareness about 
the significance and viability of the oil and gas industry in Illinois.  Numerous school, 
conference, professional associations, and civic club presentations have resulted in a 
growing interest for more oil and gas industry information.  The IPRB public awareness 
campaign has grown by 82% since February 2001 (see Figure 2). 
 
Petro Pros Program 
 
 The IPRB Petroleum Professionals in the Classroom (Petro Pros) program brings 
professionals from the Illinois oil and gas industry into the classroom to educate students 
about the exploration and production of oil and gas in Illinois.   
 
 The Petro Pros presentations utilize both didactic and interactive educating 
techniques.  That is to say, Petro Pros presentations utilize visual aids and hands-on 
displays to complement the material being discussed.  The petroleum professionals have 
been trained and prepared to deliver an effective and consistent presentation and include 
industry professionals such as geologists, engineers, managers, and others.  The Petro 
Pros program is designed to help meet the Illinois State Board of Education Learning 
Standards for Science and Social Science. 
 
 The Petro Pros program is customized to fit specific class needs and requests.  
The program has been presented to students in classes ranging from pre-kindergarten to 
college.  The presentations have utilized many learning technologies including traditional 
classroom presentations, distance learning presentations, and online presentations. 
 
Teacher Workshops 
 
 As the IPRB Petro Pros program progresses, the IPRB has begun developing 
teacher workshop programs.  The workshop curricula development is just beginning.  
However, with the Illinois State Board of Education’s requirement for Illinois teachers to 
accumulate professional development units and/or continuing education units as part of 
their Certificate Renewal Plan, developing curricula for teachers will increase oil and gas 
industry awareness and further develop demand for the Petro Pros program. 
 
 The IPRB has prepared the necessary documentations and has been approved by 
the Illinois State Board of Education as a professional development provider.  Approved 
professional development providers can issue continuing professional development units 
(CPDUs) and continuing education units (CEUs) to teachers who complete the 
workshops, seminars, and symposia offered.  The IPRB can provide workshops, 
seminars, and symposia to help teachers across Illinois meet the certification 
requirements and help foster better energy education for Illinois youth. 
 
 
 
 



Industry Training 
 
 The IPRB has sponsored and conducted several industry training events in FY 
2001.  Industry training events support the IPRB mission to support research and 
educational activities concerning the oil and gas industry. 
 
 The IPRB sponsored training presented by the American Petroleum Institute 
entitled “Remediation of Salt-Affected Soils at Oil and Gas Production Facilities” in 
February 2001 and March 2001.  More than sixty (60) industry representatives learned 
new scientific facts and solutions for treating salt damaged sites. 
 
 The IPRB presented training on the OSHA Hazard Communication Standard, the 
OSHA Energy Control Standard (Lockout/Tagout), and the development of effective safe 
work performance management programs in July 2001 and August 2001 in three 
locations across the state of Illinois.  More than sixty (60) industry representatives 
learned how to develop effective safe work performance programs, about the OSHA 
Hazard Communication Standard, and about the OSHA Energy Control Standard 
(Lockout/Tagout). 
 
Conference & Civic Club Presentations 
 
 The IPRB has made several presentations at conferences and civic clubs in FY 
2001.  Several civic club presentations across the state of Illinois have increased demand 
for oil and gas industry information.  Presentations have been made in 11 counties across 
Illinois including Chicagoland area presentations.     
 
 IPRB presentations have been made or are scheduled at the Kentucky Oil & Gas 
Association 2001 Annual Meeting in Lexington, Kentucky, the Eighth Annual 
International Petroleum Environmental Conference in Houston Texas, the 22nd Annual 
Mt. Vernon Teachers Conference in Mt. Vernon, Illinois, and the 2001 Governor’s 
Conference on Energy and the Illinois Environment in Springfield, Illinois.  In addition, 
several professional association presentations have been made including the Illinois Basin 
Section of the Society of Petroleum Engineers. 
 
 

CONCLUSION 
 

 Prudent strategic planning has set a course for the IPRB.  Our goals to improve 
the image and credibility of the Illinois oil and gas industry are just beginning and many 
goods things wait.  The Illinois oil and gas industry is blessed with many hard-working 
people with a clear vision for the future of the oil and gas industry.  Good information 
about the Illinois oil and gas industry is spreading across the state and plans and 
strategies for perpetuating that momentum are ongoing.  Stay tuned! 
 
 The IPRB vision for a better Illinois is growing.  So, we advance in the name of 
the industry, pausing only to acknowledge the accomplishments of those whose voluntary 
financial support makes the IPRB possible.  To you, our gratitude. 
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Figure 1.  IPRB Environmental Remediation Progress 
 
 
 
 

0

800

1600

2400

3200

4000

4800

Ju
l-0

0

Sep
-00

Nov-0
0

Ja
n-01

Mar-
01

May
-01

Ju
l-0

1

Sep
-01

Month

C
um

ul
at

iv
e 

Ex
po

su
re

s

 
 

Figure 2.  IPRB Educational Program Progress 
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APPLICATION OF RISK BASED CORRECTIVE 
ACTION PLANNING TO A FORMER WASTE 

OIL PROCESSING POND 
 
 

J.T. Dance, EBA Engineering Consultants Ltd., Calgary, Alberta 
 
 

A risk based corrective action plan was developed for a former waste oil processing pond 
associated with a waste processing plant.  The waste oil pond had been abandoned and 
backfilled in 1990 but was operated in the mid 1970s through late 1980s.  Seepage from 
the pond spread beneath a surrounding wetland owned by the public and towards a 
nearby river used for recreational purposes.  The plan was prepared by a waste processing 
operator who purchased the site after the pond was closed and had not used the pond in 
its operations.  The operator wished to limit the potential environmental liability for the 
former waste processing operations. 
 
The risk based correction action plan was developed following excavation and removal of 
the majority of hydrocarbons contaminated soil contained within the pond.  Subsurface 
investigations characterised the geologic and hydrogeologic conditions for application of 
pathway models to assess the potential impact on water quality and to establish site 
specific clean-up levels. 
 
Pathways modelling showed the potential impacts of the residual contaminants in the 
walls and floor of the excavation on water quality was small.  A monitoring program was 
designed to confirm the assumptions used in the pathway modelling.  The RBCA plan 
called for further excavation if ongoing monitoring suggested that the conditions in the 
groundwater worsened with time.  Ongoing monitoring has shown that the water quality 
impact due to leachate from the pond has declined and the concentrations in 
downgradient wells are decreasing with time. 



INTRODUCTION 
 

A risk based corrective action plan (RBCA) was developed for a former waste oil 
processing pond in northwestern Alberta.  The pond contained waste oils from a nearby 
petroleum production field.  The pond was unlined and was used during the 1970s and 
1980s and was covered by a layer of gravel fill prior to 1991 when ownership of the plant 
changed.  Seepage from the pond spread beneath a surrounding wetland owned by the 
public and toward a nearby river. 

 
The RBCA plan was developed after the majority of hydrocarbon contaminated 

soil (11,000 m3) had been removed from the former pond.  The limits of the excavation 
were controlled by a pipeline right of way (Figure 1).  Some hydrocarbon contaminated 
soil was left on the edges of the excavation.  The purpose of the RBCA plan was to 
determine whether further remedial action was necessary to reduce potential adverse 
effects on the adjoining marsh and nearby river. 

 
To prepare the plan involved extensive characterisation of the geologic and 

hydrogeologic conditions, characterising risk using a combination of regulatory policy 
(1) and ASTM methods (2) and a groundwater monitoring program. 

 
 

SITE DESCRIPTION 
 

Physical Setting 
 
The former waste oil processing pond is situated on an alluvial terrace 

approximately 250 m from a nearby stream (Figure 1).  When it was operating in the 
early 1970s to 1980s, the pond was understood to contain approximately 4,500 m3 of 
produced water and waste oil and occupy an area approximately 26 m x 78 m in 
dimension (Figure 2).  The pond was filled with gravely cobbles sometime prior to 1991.  
The majority of the processing plant was located on a hill slope 3 to 4 m higher than the 
former processing pond. 

 
Climate 
 

Annual precipitation in the region of the site averages 450 mm.  Most of the 
precipitation (309 mm) occurs as rain with the peak rainfall in June and July each year.  
The majority of the rainfall occurs during intense 24 hour events. 

 
The ground surface freezes in early November and thaws by early May.  Wind is 

generally from the west with peak speeds ranging from 70 to 90 km/hr. 
 
Geology and Hydrogeology 
 

A network of 51 monitoring wells were installed during various subsurface 
investigations at the site between 1995 and 2000 (Figure 3).  The monitoring wells were 
installed to characterise the geologic and hydrogeologic conditions across the site and to 
map the extent of dissolved contamination in the groundwater. 

 



The site may be considered to consist of two terrain types marked by the break in 
slope (Figure 2), which separates the upper terrace, underlain by glacial till and the lower 
terrace, underlain by alluvial sediment. 

 
The glacial till beneath the upper terrace is composed of brown to grey silty clay 

and the occasional layer of silty clay and clay loam.  The till is in the order of 8 to 9 m 
thick.  From place to place and predominantly beneath the former processing area, the till 
is mantled by imported fill composed of gravel and cobbles used to construct roadways 
and basepads. 

 
The lower terrace is underlain by alluvial and glacio-fluvial sediments covered 

by a thin layer of topsoil and peat.  Topsoil exists primarily in the western portion of the 
site, while the peat thickens to the east towards the marsh and the river.  The gravel and 
cobble layer is in the order of 2 m thick immediately beneath the former waste oil pond 
but thins to the southeast.  The gravel and cobbles are underlain by an eroded bedrock 
surface. 

 
The bedrock surface slopes generally to the south across the upper terrace 

(Figure 4) and to the east beneath the lower terrace.  The slope of the bedrock surface 
across the upper terrace is much steeper than across the lower terrace.  In the eastern 
portion of the site, a trough in the bedrock extends to the east on the north side of an east-
west access road. 

 
The upper most bedrock material consists of bentonitic sandstone with a distinct 

salt and pepper texture.  The sandstone is interbedded with siltstone and clay shale.  Little 
evidence of natural fractures is observed in bedrock cores.  Several breaks along bedding 
planes were observed but most occurred during extraction of the cores.  Some planar 
discontinuities occur, however, these discontinuities were noticed as highly oxidised 
layers in the core samples and were noticeably stained with iron oxide.  At one interval in 
each of the boreholes an organic rich layer of brecciated or carbonaceous clay shale was 
detected.  This brecciated and carbonaceous clay shale was black in colour.  This material 
was encountered, immediately adjacent to the pond and was originally believed that this 
material was a conduit for liquid phase product migration.  Subsequent testing however 
yielded no evidence of hydrocarbon contamination. 

 
Cross-section A - A’ (Figure 5) shows the distribution of these materials across 

the site. 
 
Groundwater was encountered at depths ranging from ground surface to a depth 

of 2 m across the lower terrace.  The depth to the water table decreased to the east 
beneath the marsh area and wetlands. 

 
Water table elevation contours are plotted on Figure 6.  The contours suggest that 

much of the groundwater flow beneath the former waste oil pond comes from beneath the 
former process area on the upper terrace.  Steep water table slopes exist across the upper 
terrace and correspond with the steeper ground surface slope.  Across the lower terrace 
the water table slope is shallow in the order of 1 m/120 m (about 1%). 

 
Nested monitoring wells installed at seven locations across the lower terrace to 

measure the vertical gradient indicate that a consistent downward gradient exists from the 
alluvial sediments to the bedrock (Figure 5). 



 
It would be expected in this geologic setting, that a horizontal gradient through 

the glacio-fluvial cobbles would be the preferred groundwater pathway with a minor 
component of the groundwater received from flow through the bedrock.  Hydraulic 
conductivity testing was performed on five monitoring wells in the upper terrace and six 
monitoring wells across the lower terrace and in the bedrock.  The results yield values for 
the hydraulic conductivity of the till (mean of 3 x 10-8 m/s) and the siltstone bedrock 
(mean of 7 x 10-8 m/s) about two orders of magnitude lower than the estimated hydraulic 
conductivity of the glacial-fluvial cobbles (mean of 3 x 10-6 m/s).  This distribution of 
hydraulic conductivity supports the interpretation that the majority of groundwater flow 
beneath the former waste oil pond occurs within the glacio-fluvial gravel and cobbles. 

 
At the range in hydraulic conductivity values measured within the gravel and 

cobble layer, a hydraulic gradient of 1% and assuming an effective porosity of 25%, the 
average linear groundwater velocity was estimated to be of the order of less than 
10 m/year.  In contrast, the velocity in the fractured bedrock (estimated porosity of 0.001) 
was estimated to be greater than 100 m/year. 

 
Nature and Extent of Subsurface Contamination 

 
The wastes placed in the pond were understood to consist of crude oil and 

produced water.  Crude oil seepage was noticed to the southeast of the processing plant 
by the current operator shortly after they began operating the facility in 1991.  The 
seepage emerged from beneath a layer of gravel and cobbles covering the ground surface 
to the southeast of the plant and spread as a thin film on the surface of the drainage water 
to a distance of about 10 m from the edge of the former pond.  Much of the area where 
the seepage occurred was marshy with the water table at or very close to the ground 
surface. 

 
Subsurface investigations demonstrated that the hydrocarbon contaminated soil 

in the former pond was in the order of 2 to 3 m thick.  On May 20, 2000, about 1.3 m of 
liquid phase product was measured in monitoring wells placed along the western edge of 
the former pond. 

 
In March of 1999, removal of the hydrocarbon contaminated soil from beneath 

the gravel and cobbles used to infill the former waste oil pond began.  The dimensions of 
the excavation are shown on Figure 7.  The excavation was halted when it became 
difficult to excavate soil from beneath the marsh.  The excavation is in the order of 78 m 
long.  Much of the north wall of the excavation showed some visible evidence of 
hydrocarbon contamination.  The residual contamination in this north area was therefore 
assumed to be 5 m wide and 78 m long and approximately 3 m deep (extending to a depth 
of 1 m below the water table).  This south area was approximately 19 m wide, 78 m long 
and 2 m deep. 

 
The walls and floor of the excavation were sampled in April of 1999.  Chemical 

analysis of soil samples yielded concentrations (As, Ba, Pb and Zn) for metals and the 
benzene, toluene ethylbenzene and xylene compounds (BTEX) which exceeded the 
regulatory criteria (3).  The results of this confirmation sampling program are tabulated in 
Table 2. 

 



In the summer and early autumn of 1999, five monitoring wells (99-BH01 to  
99-BH02) were placed to the southeast of the pond to determine whether hydrocarbon 
contaminants had migrated from the former waste oil pond.  Analysis of groundwater 
collected from the walls showed only trace concentrations of the BTEX compounds but 
some liquid phase product had accumulated on the surface of the water in the furthest 
downgradient well (99-BH01).  Given the history of oilfield use in the portion of the 
investigative area, it was considered that a second source of hydrocarbon contamination 
might exist. 

 
To further evaluate the extent of liquid phase product and dissolved contaminant 

migration, an additional seven wells were placed at this site in May 2000.  Only minute 
evidence of liquid phase product existed in the wells downgradient from the former pond.  
This finding indicated that an extensive liquid phase product pool on the surface of the 
water table did not exist. 

 
Water quality samples were collected from each of the monitoring wells in May 

2000 to determine the extent of contamination downgradient from the site.  The results of 
these chemical analyses are summarised in Table 3. 

 
To illustrate the extent of contamination, chloride concentrations measured in the 

monitoring wells are plotted on Figure 8.  The contour plot suggests that chloride 
contaminant caused by seepage from the waste oil pond extends to the southeast in a long 
narrow plume in the order of 100 m from the edge of the excavation.  The chloride plume 
extends across the roadway.  Beyond the roadway however, the chloride concentrations 
are less than 250 mg/L (the Canadian Drinking Water Quality Criteria (3)).  A standard 
for protection of fresh water aquatic life (FAL) for chloride does not exist. 

 
The BTEX compounds in all of the wells downgradient from the former waste oil 

pond were less than the analytical detection limit.  Comparison of polycyclic aromatic 
hydrocarbon concentrations in wells upgradient from the pond to those downgradient 
from the pond showed that the concentrations decrease substantially downgradient from 
the pond.  Consequently, it has been assumed that the PAHs in the water are not 
associated with leachate from the pond.  Further, the concentration for several of the 
dissolved metals exceeded the FAL Criteria.  However, because the metal concentrations 
in wells upgradient from the former waste oil pond were greater than the concentrations 
in the wells downgradient from the pond, it was considered that leaching from the former 
waste oil pond was not responsible for the concentrations of dissolved metals observed in 
the groundwater. 

 
Figure 9 is a map showing the distribution of total petroleum hydrocarbon 

concentrations in the water samples collected from the monitoring wells.  This plot shows 
that the maximum concentration of dissolved hydrocarbons downgradient from the 
former waste oil pond was (175 mg/L) in 00-BH02.  Concentrations close to the pond are 
much less than the maximum concentration and suggest that leaching from the pond is 
not the source of the total petroleum hydrocarbon concentrations observed at 00-BH02. 

 
 



RISK ASSESSMENT 
 
The screening level assessment of risks due to exposure to the residual 

contaminants associated with the former waste oil pond followed the basic framework 
illustrated on Figure 10 (4). 

 
The screening level risk assessments used a highly conservative (oriented 

towards safety) approach to ensure that potential risks were not understated.  In addition, 
uncertainty and variability associated with estimated risks were not explicitly addressed; 
rather generally conservative estimates were used for site specific exposure and toxicity 
variables. 

 
The assessment involved four tasks: 
 
• problem formulation; 
• receptors and exposure pathways characterisation; 
• toxicity assessment; and 
• risk characterisation. 
 

Problem Formulation 
 
The first stage of the assessment of potential risks associated with the residual 

hydrocarbon, metals and salts at the former waste oil pond was the creation of the risk 
scenarios.  The scenarios were developed to focus predictive modelling on the critical 
attributes of the physical setting and contaminant situation at the site, which most 
contribute to potential exposure of receptors to the contaminants of potential concern. 

 
To formulate the risk scenarios, a step matrix model was developed.  The step 

matrix model follows the approach developed by Zeiss (5) for screening health related 
impacts associated with waste management facilities.  The step matrix model is a 
qualitative method for identifying and evaluating those casual factors contributing to risk.  
Those factors comprise: 

 
• categories of receptors; 
• physical attributes of exposure pathways; and 
• the chemical characteristics of the contaminants of concern. 
 
The step matrix approach is used as a decision making tool to both identify and 

document the basis for selecting a limited number of pathways for predictive modelling 
using quantitative models. 

 
The step matrix model consists of a series of comparisons of the factors 

contributing to risk.  Those factors are compared sequentially in a series of seven tables; 
beginning with identifying categories of receptors and ending with a link of the receptors 
to the chemical compounds and elements identified in the soil and groundwater at the 
site. 

 
Figure 11 illustrates the relationships between the seven tables and compares the 

risk factors used to develop the scenarios for predictive modelling.  To make the 



comparison, three ranking categories were used: significant, insignificant and mitigated.  
Mitigated refers to prudent measures which would be applied to the site to limit exposure 
routes or to alter an exposure pathway without applying any exceptional efforts or 
detailed engineering measures.  Significant refers to a pathway or exposure route which 
would ordinarily not be subject to mitigation but depending upon the estimation of risk, 
may require further remedial efforts.  Insignificant refers to those circumstances were the 
risk factors do not interact and consequently do not contribute to risk. 

 
Contaminants of Potential Concern 

 
The principal contaminants of potential concern (COPCs) included: 
 
• human: benzene, toluene, xylenes and ethylbenzene; 
• terrestrial wildlife: As, Ba, Pb, Zn, xylene and toluenes; and 
• aquatic wildlife: xylene and toluene. 
 
Polycyclic aromatic hydrocarbons (PAHs) were cited as a concern by the 

regulatory agency.  Subsequent sampling for these compounds in the groundwater 
suggested that PAHs occurred in the groundwater downgradient from the flarepit.  
However, the largest concentrations were detected upgradient from the pond and 
consequently the former waste oil was not considered to be a potential source of these 
compounds. 

 
Potential Human Receptors 

 
There are no residences or cabins in proximity to the site, and these are unlikely 

in the future due to the industrial development of the area.  Therefore, off-site exposures 
to COPCs would be limited to intermittent visitors.  Potential sensitive receptors include 
an oilfield worker who intermittently works near the site, as well as a recreational hunter 
who hunts in proximity to the site during a regular hunting season.  It is expected that 
these types of receptors would potentially receive the greatest degree of exposure to 
COPCs. 

 
Potential Exposure Pathways 

 
Human receptors can be exposed to chemicals in environmental media through 

inhalation, ingestion and dermal absorption.  The activities likely conducted by the 
sensitive receptors indicated that inhalation of organic COPC vapours is the most likely 
exposure pathway (EBA 2000).  It is unlikely that any other exposure pathways would 
result in appreciable exposures to either the hypothetical oilfield worker or the 
recreational hunter.  

 
Potential Ecological Receptors 

 
With regard to ecological receptors, both aquatic and terrestrial receptors were 

identified as being potential at risk from emissions at the site. 
 
Terrestrial receptors were chosen on the basis of observations made at the site, as 

well as potential sensitivity to toxic effects of COPCs.  Typically, ground-dwelling 
mammals are identified as sensitive receptors; however, the nature of this site (marshy 
ground) precludes appreciable populations of these animals.  Moose and deer have been 



observed at the site, and are potentially exposed to COPCs; therefore, these animals were 
chosen as sensitive receptors.  Aquatic fauna within the nearby river and marsh were also 
potential receptors. 

 
Potential Exposure Pathways 

 
As with humans, terrestrial receptors can be exposed to chemicals in 

environmental media through inhalation, ingestion and dermal absorption.  The uptake of 
COPCs into forage plants and subsequent consumption by terrestrial mammals would be 
a major source of exposure.  To ensure that risks to wildlife were not underestimated, it 
was assumed that deer and moose would also be exposed to COPCs through vapour 
inhalation and incidental soil ingestion while frequenting the site.  The principal exposure 
point for aquatic fauna was considered to be at the point of discharge of the groundwater 
to the river. 

 
Exposure Pathways Characterisation 

 
Exposure pathways modelled as part of the risk assessment involved the release 

of vapours from the soil and leaching of residual constituents to the groundwater. 
 
Vapours in the soil were considered to be released from two portions of the 

residual contaminants at the site.  The residual contamination to the north of the site (the 
north area) was buried by a minimum of 1 m of gravel fill.  This zone was about 5 m 
wide and 78 m wide.  The residual contamination to the south of the site was estimated to 
extend from the edge of the excavation to the edge of visible surface seepage 
contaminants (10 m wide by 78 m long). 

 
Inhalation exposure modelling involved four steps.  These steps were: 
 
1. estimating the maximum soil vapour concentration (Cv, eq) based upon the 

concentration in the soil Csoil (Equation 1, Table 5); 
2. estimating the effective diffusion coefficient (Deff) using Equation 2 

(Table 5); 
3. estimating the vapour flux rate from a buried source (the north area) using 

Equation 3 and from a surface source (the south area) using Equation 4 
(Table 5); and 

4. estimating the exposure concentration from Equation 5 (Table 5). 
 
All analytical expressions were obtained from ASTM (2 and 6). 
 
Assessing the potential for leaching of soluble constituents from the soil to the 

groundwater involved three steps.  These steps were: 
 
1. estimating the maximum concentration of a contaminant in the porewater 

(Cw, eq) based upon the soil concentration Csoil (Equation 6, Table 5); 
2. estimating the maximum concentration in the groundwater (Csource) beneath 

the contaminated soil using Equation 7 (Table 5); and 
3. estimating the concentration with distance (Cx) from the source due to 

attenuation and biodegradation using Equation 8 with supplemental 



calculations for contaminant velocity, retardation factor and sorption 
coefficients (Equation 9, 10 and 11, respectively). 

 
All analytical expressions followed those of ASTM (2 and 6). 
 
The dissolved contaminants used in the model were the BTEX compounds and 

chloride.  The predictive modelling results for concentration with distances from the pond 
are plotted on Figures 13 and 14 respectively.  The results show that all of the 
hydrocarbon contaminants are attenuated to less than the CCME freshwater aquatic life 
(3) criteria (FAL) within 100 m of the source.  These results correspond to the most 
recent water sampling results.  Modelling of chloride concentrations suggested a greater 
distance of chloride migration.  Because it is a conservative element, chloride is a good 
surrogate for contaminants such as the PAHs, which migrate in the groundwater flow 
system as an adsorbed phase (particulate transport).  The concentration versus profile 
presented on Figure 13 suggested that most of the chloride or conservative elements will 
be taken up within 100 m of the source.  This finding corresponds to the most recent 
chloride concentrations measured (Table 3).  It also confirms suspicions that the 
hydrocarbon contaminants at 99-BH02 detected in 1999 may be from another source. 

 
The transport modelling of the groundwater exposure pathway suggests that it is 

unlikely contaminants leached from the pond will have an impact on aquatic receptors.  A 
toxicity assessment of this exposure rate was not undertaken. 

 
Toxicity Assessment 

 
The methodology used in this assessment was based on the fundamental dose-

response principle of toxicology; the response of biological systems to toxicant exposure 
increases in proportion to the concentration of that toxicant in critical target tissues where 
adverse effects may occur.  All toxic substances have thresholds of effect, or doses below 
which adverse effects are very unlikely.  Toxicity assessment involves the identification 
of potential toxic effects of COPCs, and the determination of the maximum dose that 
humans can receive without experiencing adverse health effects.  In addition, the toxicity 
assessment provides an estimate of the amount of COPC exposure that can occur with a 
low likelihood of adverse health effects (for COPCs that have clear thresholds), or that is 
associated with a regulatory agency- or stakeholder-determined acceptable level of risk 
(for COPCs assumed to be “non-threshold” carcinogens).  These toxicity estimates are 
dependent on the toxicological characteristics of the COPC, and are known as exposure 
limits (ELs).  An EL is defined as an exposure that is unlikely to result in deleterious 
effects to human health, and is expressed as a daily dose (usually µg chemical/kg body 
weight/day).  These ELs usually incorporate from 1 to 4 orders-of-magnitude of safety 
factors, and therefore are very conservative estimates of safe doses in humans.  

 
ELs used for this assessment were obtained from publications and databases 

produced by regulatory agencies such as Health Canada and USEPA.  For assessing 
chronic exposures, the ELs used in the human health assessment were inhalation and/or 
oral reference doses (RfDs, in µg/kg/d) or reference concentrations (RfCs, in µg/m3; for 
inhalation exposure routes) for COPCs considered to have thresholds of effect.  A risk-
specific dose (RsD, in µg/kg/d) was used for benzene, which can cause cancer in humans 
at high doses and is assumed to have a genotoxic mode-of-action, and is therefore 
regulated as a “non-threshold” agent. 



 
An important aspect of systemic toxicity is the fraction of the COPC that is 

absorbed into the body upon exposure.  This fraction is termed the bioavailable fraction 
of the COPC, and adjusts the external dose of the COPC to reflect the internal dose that is 
available to produce systemic effects. 

 
Risk Characterisation 

 
Maximum estimated exposure point concentrations of COPCs in respective 

media were used in all risk calculations.  This is an extremely conservative assumption 
because off-site receptors are unlikely to be exposed to such concentrations.  
Conservative exposure and toxicity estimates were combined to result in estimates of the 
lifetime incremental probability of cancer for chemicals that are thought to be 
carcinogenic in humans.  This risk was then compared with a regulatory-agency 
acceptable level of lifetime incremental cancer risk (1 in 100,000).  The only chemical 
that was evaluated as a human carcinogen in this assessment was benzene.  The 
calculated risks for benzene using maximum calculated exposure point concentrations 
was less than 1 in 100,000, therefore there is no need to estimate a risk-based remediation 
criterion for benzene in soil at this site.   

 
For COPCs that can have toxic effects other than cancer (threshold effects) in 

both humans and wildlife, estimated exposures are divided by appropriate ELs to result in 
Hazard Quotients (HQs).  All COPCs other than benzene were evaluated in this fashion.  
A HQ greater than 1.0 indicates an exceedence of a “safe” level of a COPC.  For humans, 
a HQ of 0.2 is often used to account for exposures to other sources.  There were no HQs 
greater than 0.2 in the human health and wildlife scenarios evaluated other than xylene, 
therefore there is no need to estimate risk-based remediation criteria for ethylbenzene, 
toluene, arsenic, barium, lead, or zinc at this site.  For xylene, the HQ exceeded equalled 
0.2 in the oilfield worker scenario.  However, use of maximum estimated exposure point 
concentrations, as well as a number of conservative exposure and toxicity assumptions, 
assures that this is an overestimate of the true HQ.  Therefore, there is no need to estimate 
a risk-based remediation criterion for xylene. 

 
The conservative, screening-level risk assessment indicated that existing levels of 

COPCs at this site are unlikely to adversely impact human or wildlife health. 
 

Risk Management Requirements 
 
Although the existing circumstances in the vicinity of the former waste oil pond 

suggests that the risk to human and ecological receptors due to exposure to contaminants 
released from the site is minimal, there were several prudent measures followed to ensure 
that the site was secure.  These measures involved closure of the existing excavation and 
monitoring of the groundwater conditions following backfilling of the excavation. 

 
The existing excavation was backfilled in the summer of 2001, to ensure that 

future drainage through the excavation is managed.  In addition, a thin layer of liquid 
phase product has been noticed on the water seeping into the excavation.  The 
opportunity of the open excavation was used to install a drainage blanket and culvert type 
product recovery well to collect any accumulated product. 

 



The material used to backfill the excavation was composed of relatively fine-
grained soil and not free draining sand and gravel.  The native material underlying the 
upper terrain is a silty clay till and was adequate for use as backfill.  Fine-grained backfill 
limited the amount of infiltration through the residual contamination and reduced loading 
of contaminants on the shallow groundwater.  The surface of the backfill was graded to 
limit ponding of water on the surface and reduced the tendency for erosion of surface 
soils. 

 
Vegetative growth was established in the fall of 2001 after the cover was in 

place.  Vegetation will assist in reducing the tendency for surface erosion and also 
consume water from the soil to limit the quantity of infiltration. 

 
The network of groundwater monitoring wells downgradient from the pond is 

being monitored on a biannual basis to ensure that the groundwater quality does not 
substantially differ from those evaluated in this assessment. 

 
Monitoring results in the spring of 2001 indicated that the volatile hydrocarbons 

(C6 to C10) in the groundwater increased over those measured in previous years.  At the 
same time, the C10 to C16 hydrocarbons had decreased in concentration.  Increase in the 
more soluble volatiles was understood to be due to leaching from the former pond prior 
to backfilling.  Monitoring in the spring of 2002 should aid in determining whether 
further remediation efforts are required. 

 
 

CONCLUSION 
 
 

Although the concentration of residual hydrocarbons, selected metals and salts in 
the walls and floor of the excavation exceeded regulatory criteria, application of 
conservative prediction models put forward by ASTM (2 and 6) has suggested that these 
residuals do not pose an threat to local terrestrial or aquatic life nor to human health.  
Impacts predicted to local aquatic habitat are consistent with groundwater monitoring 
results. 

 
The excavation was backfilled in the summer of 2001.  Prudent measures to 

backfill, regrade and encourage vegetative growth over the excavation with groundwater 
monitoring were put in place to minimise and monitor future loading to the groundwater.  
Monitoring is in place to ensure that the risk management plan is effective at protecting 
downgradient water resources. 
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Table 1.  Legend 

Approximate Location of Active Pipelines 
Approximate Location of Abandoned Pipelines 
Location of Former Tanks 
 

Location of Former Incinerator 
 

Location of Former Berm 
Location of Form Shed 
 

Extent of Excavation (Former Waste Oil Pond) 
 

Former Flare Pit 
 

Slough 
Monitoring Well Locations 1996 
 

Monitoring Well Locations 1997 
Borehole Locations; Monitoring Well Removed 
 

Culvert Well Location 
Monitoring Well Location 1998 
Bedrock Well Location 1999 
Borehole Location 1999 



                                                      Table 2.  Soil Chemical Analysis

Stockpile Samples Excavation Samples Criteria
Stp 1 Comp Stp 2 Comp Stp 3 Comp W. Wall E. Wall S. Wall N. Wall NW Bottom SE Bottom SW Bottom CCME1

0-1.0 m 0-1.0 m 0-1.0 m Comp Comp Comp Comp Comp Comp Comp Residential/
 Units Oct 29-99 Oct 29-99 Oct 29-99 Nov-5/99 Nov-5/99 Nov-5/99 Nov-5/99 Nov-5/99 Nov-5/99 Nov-5/99 Tier I 2 Agricultural Parkland Commercial Industrial

Routine
pH 6.9 7.4 7.0 7.2 7.1 7.1 7.1 7.5 7.0 7.2 6-8.5 6-8 6-8 6-8 6-8
EC dS/m 15.7 *# 7.12 *# 9.39 *# 12.5 *# 3.11 *# 1.23 *# 21.3 *# 10.2 *# 27.2 *# 12.9 * # 2 2 2 4 4
Saturation % 89 72 118 57 92 94 62 63 71 69 NC NC NC NC NC
SAR 17.1 *# 17.1 *# 13.3 *# 16.3 *# 4.3 1.9 16.0 *# 17.1 *# 24.5 *# 17.8 *# 6 5 5 12 12
Soluble Salts
Calcium (Ca) meq/L 61.4 16.8 31.8 40.4 15.4 7.41 100 25.8 93.9 36.3 NC NC NC NC NC
Magnesium (Mg) meq/L 11.5 3.46 6.58 5.22 2.81 1.49 15.2 4.36 11.2 5.25 NC NC NC NC NC
Sodium (Na) meq/L 103 54.5 58.4 78.0 12.9 4.00 121 66.3 178 80.9 NC NC NC NC NC
Potasium (K) meq/L 4.58 2.61 2.63 NC NC NC NC NC
Sulphate-S (SO4) meq/L 2.92 3.10 2.77 15.3 10.9 1.07 41.3 13.2 3.46 9.15 NC NC NC NC NC
Chloride (Cl) meq/L 124 71.8 135 115 18.8 5.53 201 86.9 267 114 NC NC NC NC NC
TGR t/ac >20.0 5.5 9.1 10.1 <0.1 <0.1 >20.0 7.5 >20.0 11.3 NC NC NC NC NC
Hydrocarbon Analysis
Benzene mg/kg 6.19 *# 2.71 2.39 13.3 *# 0.09 <0.02 0.35 1.15 1.36 0.50 0.05 0.05 0.5 5 5
Toluene mg/kg 34.7 *# 15.7 *# 16.6 *# 75.7 *# 0.24 <0.02 3.19 *# 14.3*# 11.1 *# 10.1 *# 1.0 0.1 0.8 0.8 0.8
Ethylbenzene mg/kg 12.1 9.61 7.75 31.8 *# 0.69 0.19 2.43 7.84 4.89 7.60 0.5 1 1.2 20 20
Total Xylenes (o,m & p) mg/kg 79.8 *# 60.3 *# 53.7 *# 214 *# 8.66 1.55 26 *# 55.5 *# 36.6 *# 58.2 *# 1.0 0.1 1 17 20
Total Purgeables (C2 - C10) mg/kg 534 427 237 1550 88.4 18.9 212 289 195 277 NC NC NC NC NC
Total Extractables (C11-C60+) mg/kg 101536 53798 39054 56459 61310 4435 42500 37245 31555 26620 1000 3 NC NC NC NC
Leachable BTEX
Benzene mg/kg 0.30 0.06 NC NC NC NC NC
Toluene mg/kg 1.10 0.35 NC NC NC NC NC
Ethylbenzene mg/kg 0.16 0.06 NC NC NC NC NC
Total Xylenes (o,m & p) mg/kg 1.25 0.64 NC NC NC NC NC
PAH Analysis4

Naphthalene mg/kg 30.7 *# 12.0 10.90 0.1 0.1 0.6 22 22
Acenaphthylene mg/kg 0.05 0.07 0.07 0.1 NC NC NC NC
Acenaphthene mg/kg 1.82 1.31 0.96 0.1 NC NC NC NC
Fluorene mg/kg 12.5 6.8 6.06 0.1 NC NC NC NC
Phenanthrene mg/kg 20.7 12.4 10.80 0.1 0.1 5 50 50
Anthracene mg/kg <0.05 <0.05 <0.05 0.1 NC NC NC NC
Fluoranthene mg/kg 0.51 0.17 0.30 0.1 NC NC NC NC
Pyrene mg/kg 1.99 1.19 1.21 0.1 0.1 10 100 100
Benzo(a)anthracene mg/kg 0.38 0.19 0.25 0.1 0.1 1 10 10
Chrysene mg/kg 2.83 1.77 2.12 0.1 NC NC NC NC
Benzo-fluoranthenes(b) mg/kg 0.55 0.25 0.29 0.1 0.1 1 10 10
Benzo-fluoranthenes(k) mg/kg 0.17 0.12 0.12 0.1 0.1 1 10 10
Benzo(a)pyrene mg/kg 0.72 *# 0.30 0.28 0.1 0.1 0.7 0.7 0.7
Indeno(1,2,3-c,d)pyrene mg/kg 0.09 1.10 0.05 0.1 0.1 1 10 10
Dibenzo(a,h)anthracene mg/kg 0.10 0.07 0.06 0.1 0.1 1 10 10
Benzo(g,h,i)perylene mg/kg 0.26 0.14 0.13 0.1 NC NC NC NC
Total PAH mg/kg 73.37 37.88 33.6 1.0 NC NC NC NC
Leachable PAH Analysis5 mg/L <0.1 <0.1 NC NC NC NC NC
Elemental Compounds
Arsenic (As) mg/kg 13.7 *# 11.4 12.8 *# 11.5 8.8 17.1 *# 13.9 *# 11.2 10.5 10 12 12 12 12
Barium (Ba) mg/kg 1240 1370 412 1660 262 1440 485 691 977 600 750 500 2000 2000
Beryllium (Be) mg/kg 0.641 0.593 0.726 0.616 0.673 0.525 0.729 0.617 0.594 5 4 4 8 8
Cadmium (Cd) mg/kg 0.640 0.479 0.307 0.429 0.278 0.622 0.521 0.434 0.435 1 1.4 10 22 22
Chromium (Cr), total mg/kg 51.8 27.2 19.8 26.7 17.7 32.6 25.5 24.0 29.2 100 64 64 87 87
Cobalt (Co) mg/kg 7.30 7.34 7.26 7.63 6.22 7.58 6.99 6.53 6.77 20 40 50 300 300
Copper (Cu) mg/kg 50.9 48.9 23.7 46.8 21.4 65.3 41.0 28.1 33.8 80 63 63 91 91
Lead (Pb) mg/kg 115 86.9 30.9 67.1 17.1 220 82.5 48.1 56.4 50 70 140 260 600
Mercury (Hg) mg/kg 0.16 0.15 0.07 0.12 0.06 0.21 0.15 0.08 0.08 0.2 6.6 6.6 24 50
Molybdenum (Mo) mg/kg 1.88 1.39 0.87 1.17 0.46 1.94 1.12 0.97 1.19 4 5 10 40 40
Nickel (Ni) mg/kg 24.7 23.2 19.9 22.4 19.1 22.9 21.7 19.2 20.5 40 150 100 500 500
Selenium (Se) mg/kg 0.89 1.25 0.83 0.87 0.55 0.78 0.74 0.82 0.95 2 2 3 10 10
Thallium (Tl) mg/kg 1.1 *# 0.5 0.4 <0.4 <0.4 1.3 *# 1.0 <0.4 <0.4 1 1 1 1 1
Vanadium (V) mg/kg 24.3 23.9 25.4 25.3 19.8 24.0 21.2 24.2 25.4 100 130 130 130 130
Zinc (Zn) mg/kg 230 120 94.4 165 50.7 293 181 137 130 120 200 200 360 360
Leachable Metals
Iron (Fe) mg/L 62.3 31.8 NC
Arsenic (As) mg/L 0.05 0.03 NC NC NC NC NC
Antimony (Sb) mg/L <0.005 <0.005 NC NC NC NC NC
Barium (Ba) mg/L 1.89 1.75 NC NC NC NC NC
Beryllium (Be) mg/L 0.0025 0.0027 NC NC NC NC NC
Boron (B) mg/L 0.493 0.356 NC NC NC NC NC
Cadmium (Cd) mg/L <0.0005 0.0017 NC NC NC NC NC
Chromium (Cr), total mg/L 0.017 0.008 NC NC NC NC NC
Cobalt (Co) mg/L 0.0791 0.0820 NC NC NC NC NC
Copper (Cu) mg/L 0.003 0.005 NC NC NC NC NC
Lead (Pb) mg/L 0.213 0.132 NC NC NC NC NC
Nickel (Ni) mg/L 0.178 0.152 NC NC NC NC NC
Selenium (Se) mg/L 0.018 0.009 NC NC NC NC NC
Silver (Ag) mg/L <0.001 <0.001 NC NC NC NC NC
Thallium (Tl) mg/L 0.015 0.010 NC NC NC NC NC
Uranium (U) mg/L <0.050 <0.050 NC NC NC NC NC
Vanadium (V) mg/L 0.009 0.006 NC NC NC NC NC
Zinc (Zn) mg/L 1.94 1.34 NC NC NC NC NC
Zirconium (Zr) mg/L 0.0054 0.0028 NC NC NC NC NC
Flashpoint Analysis
Flashpoint oC >75 >75 NC NC NC NC NC
Alcohol Screen6

Methanol mg/kg 12 5 NC NC NC NC NC
Ethanol mg/kg 5 NC NC NC NC NC
Volatile Organic Compounds6

Benzene mg.kg 6.6 *# 2.4 0.05 0.05 0.5 5 5
Carbon Disulfide mg.kg 0.2 0.1 NC NC NC NC NC
Ethyl Benzene mg.kg 9.7 5.2 0.5 0.1 1.2 20 20
Methanol mg.kg 12 6 NC NC NC NC NC
Toluene mg.kg 34.2 *# 14.9 *# 0.1 0.1 0.8 0.8 0.8
Total Xylenes (o,m & p) mg.kg 72.5 *# 36.4 *# 1.0 0.1 1 17 20
Notes:
1 - Canadian Council o f Ministers of the Environment.  1999.  Canadian Soil Quality Guidelines for the Protection of Environmental and Human Health
2 - Alberta Tier I Criteria for Contaminated Soil Assessment and Remediation, Draft, Mar. 1994 (Tier I Criteria)
3- AEP Tier I Criteria for Gross Hydrocarbons (Mineral Oil and Grease)
4- See laboratory data sheets for list of PAHs analyzed
5- All analyzed leachable PAHs were less than laboratory detection limit, see laboratory data sheets for list of leachable PAHs analyzed
6 - Only compounds greater than the laboratory detection limit are presented, a full list of the compounds analyzed can be found on the laboratory data sheets
NC - No Criteria Established in AEP Tier I
PAH - Polycyclic Aromatic Hydrocarbon
Blank - Not analyzed
Number - Above AEP Tier I Criteria
Number - Above CCME Agricultural Criteria
Number  - Above CCME Residential/ Parkland Criteria
Number * - Above CCME Commercial Criteria
Number # - Above CCME Industrial Criteria
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RISK ASSESSMENT AND ABANDONMENT 
STRATEGY 

PETROLEUM PRODUCTION FIELD 
 
 

J.T. Dance and R.D. Huddleston, EBA Engineering Consultants Ltd., Calgary, Alberta, 
L. Garrett and T. Robbie, Anderson Exploration Ltd., Calgary, Alberta 

 
 

A multi-year strategy has been developed for remediation and risk management 
of a production field in northeastern Alberta.  Production facilities within the field consist 
primarily of abandoned flare pits and waste oil sumps, as well as historical crude oil and 
salt water releases.  The strategy was based upon qualitative and quantitative risk 
assessments to identify priority sites for remedial action and to decide appropriate clean 
up levels which would be protective of local surface and groundwater resources. 
 

The strategy focused on removal of as much original source material as practical 
and in situ management of residual hydrocarbons, metals and salts (primarily as a 
consequence of migration from the original source).  Priorities were established based on 
the potential magnitude of contamination, an analysis of the potential environmental 
sensitivities in the field and appraisal of the valued ecosystem components.  Provision 
was made to update the priorities on a year to year basis as more was learned about the 
site conditions in addition to regulatory changes and technical advances. 
 

Quantitative risk assessments were used to assess the impact of residual 
contaminants on surface water and groundwater resources.  Exposure pathway modelling 
was used to assess the impact of natural attenuation on reducing the concentrations before 
impacting aquatic resources.  To simplify the exposure pathway modelling compounds 
are characterised into four groups: C6 to C10, C11 to C16, C16 to C24 and the BTEX 
(benzene, toluene, ethylbenzene and xylene) compounds.  Monitoring programs were 
established to confirm the results of exposure pathways modelling. 
 

Ultimately the cost of maintaining a monitoring program for the entire field will 
be minimised using predictive models to demonstrate natural attenuation effectiveness on 
reducing the hydrocarbon and metal concentrations in the groundwater. 
 

Future risk management activities may include the study of residual contaminant 
impacts to the environment using an evolving technique: Ecological Impact Monitoring 
(EIM).  This technique focuses on soils, aquatics and terrestrial indicator species. 



INTRODUCTION 
 

The Swan Hills Field is located about 200 km northwest of Edmonton Alberta.  
(Figure 1).  The field has been in production since the mid 1950s.  The field is operated 
by Anderson Exploration Limited (AXL) on behalf of a group of more than 
20 production companies (the Partners).  AXL is responsible for reclaiming and 
remediating the production leases. 

 
Due to the environmental setting, the number, age and variety of production 

facilities throughout the field, it was recognised that effective management and site 
closure would be a multi-year effort (ten years or more).  An overall plan to steer and 
direct the ongoing environmental management and site closure planning was required to 
ensure consistency in the approach and communications with stakeholders throughout 
these ongoing efforts while managing costs efficiently. 

 
The overall plan uses a risk-based remediation and management strategy.  That 

plan was prepared: 
 

• to divide the active and inactive sites requiring environment management into 
manageable units and decide the relative urgency for environmental 
management; 

• to ensure all active and inactive sites are managed in a systematic manner (due 
diligence) and monies are spent on real environmental issues; and 

• to reduce net treatment costs by identifying economies of scale throughout the 
environmental management process. 
 
This paper describes the application of a qualitative risk analyses method to 

establish priorities for environmental management.  Further, the overall approach to 
environmental management involved removal of as much of the source material (buried 
wastes and spill residues) as practical and management of the residual contamination in 
place.  “Source material removal” refers to the obviously contaminated soil or liquid 
phase product within the original pit or spill area but does not include extensive lateral 
excavation of discoloured soils nor small lenses (30 cm or less thick) of hydrocarbon 
stained soil. 

 
Source material removal leaves some hydrocarbon compounds [the benzene, 

toluene, ethylbenzene and xylene (BTEX) compounds, and polycyclic aromatic 
hydrocarbons (PAHs)], trace and heavy metals and salinity parameters in the ground at 
concentrations greater than the current regulatory criteria (1,2,3,4).  In place management 
of this “residual contamination” relies upon natural attenuation processes to reduce or 
eliminate any harmful effects of off-site contaminant migration to sensitive 
environmental receptors.  Ongoing environmental management of these residual 
contaminants involves characterisation of the potential environmental risks, contingency 
planning and ongoing groundwater, soil and (possibly) biophysical monitoring. 

 
 



THE SWAN HILLS FIELD 
 

The Swan Hills field is located immediately to the northwest of the Town of 
Swan Hills.  The field occupies an area of 13 km by 17 km (421 km2) over Townships 66 
to 68 and Ranges 9 to 11 W5M (Figure 2).  The surrounding lands are primarily forested 
lands held in the public trust.  There is potential for sport fishing and hunting in the area.  
The field is located within the natural zone and consequently the end land use is a natural 
area.  However, as with many natural areas in Alberta, the potential use of the area as a 
recreational area has been considered in formulating this strategy. 
 
Environmental Setting 
 

The ground surface across the field is hilly and steep with local relief in the order 
of several tens of metres and grades of 5% to 10%.  Several steeply incised valleys occur 
across the field. 

 
There are two prominent surface water courses within the Swan Hills field, the 

Swan River, which runs from west to east across the central portion and Edith Creek, 
which runs from north to south in the eastern portion (Figure 2).  Edith Creek joins with 
the Swan River in the northeast corner of the field.  Both occupy well-defined valleys.  
The valley of the Swan River is broader and flatter than the steeply incised valley for 
Edith Creek. 

 
Only one named lake exists within the study area, Edith Lake.  Several small 

ponds exist within the field and are drained by small meandering creeks.  Marshy areas 
and wetlands occur throughout the field. 

 
In the valleys of the major water courses, the surficial sediments are composed of 

alluvial sands and gravels.  In the upland areas, the surficial sediments consist of till 
occurring as a hummocky moraine.  A thin (less than 1 m thick) ground moraine is the 
surficial sediment near the marshy areas.  The ground moraine of silt, sand and cobbles 
also occurs across the south central portion of the field (Figure 3). 

 
The bedrock underlying the valley of the Swan River and the northeast corner of 

the field consists of the Cretaceous Wapiti Formation.  This formation is composed of 
grey feldspathic, clayey sandstone, bentonitic mudstone and scattered coal beds. 

 
The remainder of the field is underlain by the Tertiary Paskapoo Formation.  This 

formation consists of grey to greenish grey, thinly bedded chert and cherty sandstone, 
grey and green siltstone and mudstone.  It also contains thin limestone, coal and till beds.  
Both bedrock formations are weathered in the upper few metres and are highly fractured. 

 
The field exists within an ecological region classified as the Upper Boreal 

Cordilleran Ecoregion.  Lodgepole pine and black spruce dominate the upland areas 
while poplar forests and shrubland dominate the lower lying areas. 

 
Overall, the wildlife diversity is low (4).  The majority of birds are transitory 

species.  Slopes within the field provide large grazing opportunities for deer, moose and 
black bear.  No threatened or endangered wildlife are known to occur in the area, 



although the great grey owl, lynx, moose, deer and grizzly bear are reported in the 
area (4).  Rivers and streams in the area have some potential for sport fishing. 

 
Type of Facilities and Production History 
 

The field contains approximately 385 operational or suspended oil and gas sites.  
The original discovery well in the field was drilled in 1956.  Much of the initial 
development took place from the 1950s to early 1960s.  Miscible injection began in the 
1980s. 

 
In 1999, the annual production for the field was about 1 million m3 oil, 

403 million m3 gas and 14.8 million m3 produced water.  Total production to date 
amounts to 560 million m3 std. 

 
The production facilities in the field consist of: 
 
• individual well sites; 
• batteries; 
• satellites; 
• water flood plants; and 
• miscible flood plants. 
 

Potential Environmental Liabilities 
 

Potential environmental liabilities from historical operations in the Swan Hills 
field exist throughout the network of production facilities.  The potential number of sites 
within the Swan Hills Field was assessed by AXL in 1995.  There were as many as 
210 sites requiring environmental management. 

 
Many of the satellites and batteries within the field contain multiple potential 

sources of contaminants.  These sources include: 
 
• oily wastes and produced water placed in flare pits; 
• leakage from above ground and underground storage tanks at battery sites; 

and 
• pipeline breaks (oil and produced water or salt spills). 

 
Subsurface contaminants associated with losses from these sources consist of: 
 
• crude oil – soluble benzene, toluene, ethylbenzene and xylene (BTEX), C6 to 

C10 aliphatics, C10 to C16 aliphatics and aromatics and polycyclic 
aromatic hydrocarbons (PAHs), C16 to C24 aliphatics and C24 to 
C60+ aliphatics 

• trace elements and heavy metals (principally aluminium, arsenic, barium, 
cadmium, copper and zinc) 

• produced water – salty groundwater (predominately chloride) 
 



Leaching of the soluble elements to the groundwater and subsequent discharge of 
this groundwater to local marshes water bodies and water courses is a principal concern 
for environmental management over the longer term. 

 
 

PRIORITISATION SCHEME 
 

To establish the relative priorities for environmental management at individual 
facilities across the field, a qualitative assessment of potential environmental risks was 
undertaken.  Because prioritisation was considered an ongoing management tool, it 
involved an initial appraisal based upon the environmental sensitivity and an annual 
reappraisal based upon the status of site assessment, remedial action and monitoring 
programs. 

 
The environmental sensitivities were mapped during a field program in the fall of 

1993.  The field visit was performed by a geologist, vegetation ecologist and wildlife 
biologist and involved mapping of terrain characteristics, vegetation types (particularly 
rare plants) and aquatic and terrestrial habitat within the field. 

 
Terrain characteristics were used to assess the geologic and hydrogeologic 

conditions and consisted of the composition of the surficial sediments and bedrock, 
evidence of geologic instability, the presence in a local recharge or discharge zone and 
the proximity to surface water.  Nine terrain types were identified: 

 
• thinly mantled sandstone bedrock; 
• thinly mantled clayey sandstone bedrock; 
• thinly mantled bedrock outcropping within 25 m of a water course; 
• thin ground moraine; 
• hummocky moraine; 
• plateau uplands underlain by alluvia; 
• lowland alluvia; and 
• peat and bogs. 
 
The ecological land classification segregated the area according to biodiversity, 

rare plant potential, sensitivity to disturbance and recreational potential.  Four different 
ecological complexes were identified according to their physical settings as either: 

 
• upland; 
• lowland; 
• floodplain; or 
• ravines. 
 
Wildlife utilisation within the area was mapped according to: 
 
• big game usage (bear, moose and deer); 
• species diversity; and 
• opportunities for exposure (grazing land or drinking water). 

 



Mapping was facilitated by the extensive network of roads used to develop the 
field.  A Geographic Information System (GIS) was used to prepare the terrain 
characteristics and ecological land classification into a series of overlays and develop the 
hazard potential map. 

 
The results of the mapping identified the seven hazard units within the field are 

shown on Figure 4.  The hazard units combine a unique combination of exposure 
pathways expressed by the terrain characteristics and ecological receptors (Table 1). 

 
The second ranking process involved a year to year evaluation of the individual 

site’s status and selection of the type of activities to be performed that year. 
 
The activities in the remedial program at each individual site consist of either: 
 
• site assessment; 
• remedial action; or 
• monitoring (to support the risk management plan). 
 
A weighting scheme to rank each site’s environmental concerns and subsequently 

to assign priorities for the next year’s work is shown in Table 2. 
 
The factors used in Table 2 provide a qualitative re-appraisal of potential 

environmental risk by incorporation of site specific findings into the priority ranking 
scheme.  The status of site assessment activities was assigned the highest relative score 
because of its unknown nature.  The remedial action portion of the ranking scheme, 
however incorporated ranking factors including the nature and extent of contamination, 
contaminant velocity and distance to a local water body.  The monitoring portion of the 
ranking scheme incorporated risk factors as statistical trends in chemical concentrations 
and evidence of natural attenuation. 

 
 

QUANTITATIVE RISK ASSESSMENT 
PROCESS 

 
Quantitative risk assessments are the primary tool used on a site by site basis to 

assess the management requirements of residual hydrocarbons, metals and salts 
(residuals) remaining after removal of the more heavily contaminated source materials.  
Ongoing management of the residuals includes monitoring to confirm that the risk has 
been reduced or eliminated by removal of the source materials and active remedial action 
if monitoring identifies an unacceptable risk. 
 

At the outset of the reclamation and abandonment strategy in 1996, it was 
recognised that extensive risk assessment for the number of individual sites in the Swan 
Hills Field would be costly and not sufficiently useful to ensure that AXL’s long term 
environmental management objectives would be satisfied.  As a consequence, a process 
for risk assessment involving a screening level problem formulation, characterising risk 
based upon the selection of most significant exposure pathways and keying on key 
environmental receptors was developed. 

 



Regulatory Framework 
 
The Province of Alberta has established a policy (3) to allow oil and gas 

operators to manage risks associated with the ongoing operation or abandonment of their 
facilities.  The policy is based upon a three tiered approach to establish site specific 
clean-up criteria.  Tier 1 consists of generic criteria representing concentrations of 
residuals in the soil selected to be safe for all end land uses.  Tier 2 involves a 
modification of Tier 1 Criteria for site specific circumstances and Tier 3 involves a risk 
assessment process. 

 
Generic criteria for Tier 1 application has been provided by the Province of 

Alberta (5) for hydrocarbons.  These generic values closely follow those developed by 
TPHCWG, (6).  CCME (1) provides criteria for a variety of other elements (including 
metals) which are used to complement the Tier 1 Criteria.  Both sets of criteria are risk 
based, but do not consider unique site factors creating an opportunity to consider natural 
attenuation processes.  To establish the need for further intervention to manage residuals, 
a three staged process was developed involving: 

 
• Problem Formulation; 
• Risk Characterisation; and  
• Monitoring for Natural Attenuation. 

 
This process is compatible with the regulatory risk management framework (1).  

Within this regulatory framework, the management of residuals involves a screening 
process during the Problem Formulation to identify potential contaminants of concern.  
This screening process substantially reduces the analytical requirements of the risk 
assessment. 

 
Problem Formulation 

 
As applied to the individual sites in the Swan Hills Field, a Problem Formulation 

is used to document decisions made concerning the contaminants of concern, the 
pathways linking the sources areas to the potential receptors and the environmental 
receptors.  To provide documentation, a screening level model developed for landfills (7) 
was adopted for application of the management of residual risks in the Swan Hills Field.  
This screening level model is more fully explained in Dance (8). 

 
Contaminants of concern were identified from confirmatory testing on the floors 

and walls of the excavation used to remove the source materials.  A subsurface 
investigation using testpits, boreholes and monitoring wells is used to establish the nature 
and extent of contamination and to evaluate the potential for subsurface migration off the 
site.  These results are also used to establish the geometry of the source for selection of an 
applicable analytical model.  Hydrocarbon compounds were separated into four groups: 
the C6 to C10 aliphatics, C11 to C16, C16to C24 and the BTEX compounds for exposure 
pathways modelling. 

 
Pathways linking the source area to the receptors primarily are geological 

pathways characterised for their transport properties during a subsurface investigation.  
To date, only a groundwater discharge pathway and an inhalation pathway have been 
identified at the sites within the field assessed to date.  End points consist of drinking 



water quality and fresh water aquatic life protection criteria for the groundwater pathway 
and ambient air concentrations and threshold concentrations for the carcinogenic and 
non-carcinogenic compounds in breathing air.  Consideration is being given to better 
defining tolerable limits for terrestrial and aquatic wildlife which may allow risk based 
performance criteria to be relaxed.  However, for the present, the existing regulatory 
criteria have been considered sufficiently conservative to protect AXL’s concerns. 

 
Receptors are based upon the understanding that once the field is abandoned, the 

principal land use will be to return the area to a natural habitat.  As a consequence, the 
focus has been on preserving aquatic habitat and drinking water for terrestrial wildlife.  
However, given the physical setting of the field, it is likely that some recreational 
opportunities exist in the future.  Consequently, vapour release to casual visitors in 
outdoor and indoor spaces has also been considered. 

 
Figure 6 is a schematic illustrating the risk scenarios developed from the Problem 

Formulation for a specific facility in the Swan Hills Field. 
 

Risk Characterisation 
 
To characterise the potential risk to water resources and to ambient air quality 

represent by the residual contaminants in the soil after the source was removed and 
exposure assessment was undertaken.  The exposure assessment was used to predict the 
potential concentrations of the contaminant reaching the exposure point.  These exposure 
point predictors are compared to ambient air levels (risk thresholds of 10-5 and a hazard 
quotient of 0.2) for an inhalation pathway and to criteria for the protection of fresh water 
aquatic life for the aquatic habitat pathway. 

 
For the vapour inhalation pathway, two potential receptors were considered: a 

casual visitor to the site (exposure point 1.5 m above ground level) and a recreational 
resident (basement air).  For the pathway to the aquatic habitat the exposure point was 
assumed to be the closest streambed or marshy area downgradient from the site.  This 
assumption was conservative since it neglected any mixing efforts within the streambed 
or due to seasonal recharge events. 

 
Each potential exposure pathway was separated into three types of transport 

processes: 
 
• release of contaminants from the residual contaminated soil either to the pore 

spaces (pore water or the soil air); 
• loading of the contaminant form the pore space to the transport media; and 
• pathway modelling to assess the impact of natural attenuation in reducing the 

concentrations in the environmental media during transport. 
 

The three processes were segregated because it was recognised that each 
represented different environmental compartment where remedial action could be 
implemented if necessary.  By separating into compartments, the application of different 
engineering measure (e.g., closure capping, barrier walls or groundwater pump and treat 
systems) could be evaluated and costed separately to support future management 
decisions. 

 



For the vapour inhalation and recreational residential portions of the risk 
characterisation, the approach proposed by ASTM (9) (exposure to outdoor air) and the 
Johnson and Ettinger model (10) (exposure to indoor air) were applied.  For the aquatic 
habitat pathway, the ASTM (11) analytical expressions were also used for each of the 
three types of transport processes.  Details of the parameters used and their derivation are 
contained in Dance (8).  Hydrocarbon transport properties were derived from TPHCWG 
(6) and the compounds segregated into four groups: 

 
• the C6 to C10 aliphatics; 
• the C10 to C16 aliphatics; 
• the C16 to C24 aliphatics; and 
• the BTEX compounds and naphthalene. 
 
To assess the effects of groundwater transport on the attenuation of contaminants 

a variety of aquifer configurations were used.  These configurations were used to 
consider the impact of varying ages and transient versus steady-state loading to the 
groundwater.  The analytical expression use to predict the concentrations at the exposure 
point followed ASTM (11). 

 
Monitoring of Natural Attenuation Processes 

 
Many of the production facilities within the Swan Hills Field are associated with 

visible plumes of ferric oxyhydroxide precipitates in neighbouring surface water bodies.  
The presence of these oxyhydroxides is also common in sections of the field far removed 
from petroleum production sites.  Further, based upon hydraulic conductivity values, 
hydrogeologic assessments conducted throughout the field and the results of monitoring 
programs conducted at several sites, it was evident that zones of dissolved contamination 
in the groundwater were considerable smaller than the range predicted by advective 
transport.  These observations suggest that natural processes influenced the contaminant 
concentrations and stabilised zones of groundwater contaminated produced by leachate 
from the original source.  Removal of a large mass of contamination by excavation of the 
source should intuitively suggest that groundwater quality in the vicinity of the individual 
sites should improve with time.  Counter to that was the understanding that the zones of 
the residual contamination were created by a more mobile liquid phase.  In some 
circumstances the migration from the source had never been destroyed by incineration of 
the flare pit fluids.  This understanding suggests that the residual contaminants might 
differ in chemical composition and leaching characterisation from that of the “source 
materials” and therefore may be disproportionately responsible for zones of groundwater 
contamination. 

 
As part of the multi year strategy it was therefore proposed that a semi-annual 

monitoring progress (spring and fall sampling) be undertaken, specifically directed at 
documenting the relative decrease in concentration of the primary indicators of natural 
attenuation.  Those factors included shrinking of the contaminant plane and declining 
concentrations within the monitoring wells.  These monitoring programs were 
supplemented by chemical analysis of the secondary condition of attenuation process.  
Those indicators include the consumption of oxygen, nitrogen and sulphate and the 
increase in concentrations of iron, manganese and sulphide in downgradient monitoring 
wells.  Predictive models are applied at selected sites to assess the predictive capabilities 



of available models (Bioplan II and Bioscreen) as a third means of illustrating natural 
attenuation. 

 
It is anticipated that in the spring of 2002, sufficient information will be available 

at the selected sites to modify the monitoring requirements for future sites.  
Understanding of the natural processes and application of predictive models to predict 
when significant changes taken place is a desirable criterion of this monitoring program.  
Ultimately, monitoring at selected sites will enable the predictive efforts to be confirmed 
and reduce the monitoring requirements resulting in a considerable cost reduction. 

 
 

FUTURE ACTION 
 
Future actions as part of the risk assessment and abandonment strategy in the 

Swan Hills Field will include: 
 
1. Revised monitoring schedules to reduce the number and frequency of wells 

to reduce the net remediation and reclamation costs. 
2. More comprehensive characterisation of aquatic and terrestrial habitats to 

ensure the criteria used for characterising risk are sensitive to the local 
environment and ensure that the environmental conditions can be sustained 
beyond the life time of the field.  By measuring the total environmental effect 
on the surrounding habitat, it is envisioned that the field can be safely 
abandoned for other beneficial future land uses. 
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Table 1.  Hazard Unit Definition 
 

Unit Exposure Pathway Ecological Receptor 
1 sandstone bedrock upland forests 

2 shale bedrock upland forests 

3 alluvial sand and gravels 
over bedrock upland ravine 

4 thin ground moraine terrace slope 

5 hummocky moraine terrace slope 

6 ground moraine upland plateau 

7 alluvium – plateau upland marshes 

8 alluvium sand and silt marsh and streams 

9 peat ponds 
 
 
Table 2.  Priority Ranking Weighting Factors 
 

Activity Factor Total 
Weight Weighting

Site Assessment Stage 1 - Site Recommission 10
(100) Stage 2 - Subsurface Investigation 25

Stage 3 - Assess Potential for Off-Site Impact 40
Stage 4 - Reporting 15

Remedial Action residual in soil > Tier I 0
(50) free product 5

dissolved in groundwater 10
Contaminant Velocity immobile 0

< 1 m/year 5
> 1 m/year 10
>100 0
100 to 20 m 5
20 m to 0 10
landfill disposal 0
on-site treatment 5
barrier or containment walls 10

Remediation Planning proven technology 0
pilot scale testing needed 5
field trial needed 10

Monitoring RMP Prepared prepared 0
(40) in preparation 10

Monitoring Progress > 5 years 0
< 5 years 5
initial 10

Statistical Trends decreasing 0
no tread 5
increasing 10
O2, NO3, NO2 consumption 0
Fe and Mn concentration 5
SO4 - S 10

10

10

10

10

10

10

100

10

10

10

Status of Remedial 
Action

Evidence of Natural 
Attenuation

Progress of Site 
Assessment to Date

Nature and Extent of 
Contamination

Distance to Sensitive 
Area/Water Course 

offsite
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ABSTRACT 
Immediately following passage of the Oil Pollution Act of 1990, Louisiana lawmaker=s enacted 

legislation that annually provides $551,300 to support oil spill research. Consequently, since the fall 
of 1993 the program has granted more than 90 awards in support of 75 projects; $46,925 is the 
average award.  A generic summary of these projects includes: a CD-based GIS; in-situ burning; 
phytoremediation, remediation and restoration in wetlands and uplands; pipeline analysis and 
mapping; oil spill risk on the Mississippi River; oceanic and atmospheric conditions off the 
Mississippi delta; Louisiana seabird colonies; wave-current online information system; estuarine 
trajectory analysis; boat ramp and launch site inventory and other projects are helping define where 
the Louisiana Applied and Educational Oil Spill Research and Development Program (OSRADP) is 
going in the future. All of these efforts focus on a common goal: oil spill prevention and cleanup in a 
scientifically-based efficient and practical manner using the best techniques available, with approval 
from the regulatory community to meet the integral demands of an oil spill.  The completed projects 
can be reviewed on the Internet at www.osradp.lsu.edu.   



INTRODUCTION 
In the beginning of the 20th century, oil entrepreneurs= speculative approach to exploration and 

development helped establish the United States= energy future.  In 1901, W. Scott Heywood drilled 
Louisiana=s first producing oil wellCin September 2001, the industry celebrated its 100th 
anniversary.  While this well was located near the community of Jennings in south Louisiana, north 
Louisiana was more promising.  In 1904, the search moved to Caddo Lake in the northwest corner of 
the state.  It was around the lake=s perimeter where some of the first primitive water-oriented 
exploration and development technologies were tried and perfected.  By early 1911, the world=s first 
oil well over inland waters was completed at Caddo Lake.  Eventually, piling-supported-platform 
drilling soon became common from the Great Lakes to Venezuela.   
 

These new exploration methods would henceforth be required to cope with south Louisiana=s 
swamps, marshes and, eventually, offshore.  During the exploration phase, crews often hit high-
pressure gas pockets that caused frequent blowouts. These unfortunate events were part of the 
business as well as part of the many dangers associated with the drilling industry.  The technology to 
prevent these disasters was in its infancy.  Therefore, the derricks and machinery were destroyed and 
the resulting fires often burned for years.  It was a hazardous business, with both financial and life-
threatening risks. Oil was being exploited rapidly.  To those working in the industry, it appeared 
exploration crews were everywhere.  Oil was, in fact, being produced so fast large-earthen 
impoundments, with a carrying capacity of up to seven million barrels, were often used to store the 
product. 
 

With the exploration and production successes in north Louisiana, oilmen ignored south 
Louisiana=s swamps and marshes.  This landscape was, at best, difficult to work in and considered 
by many as worthless and not fit for human habitation.  The oil industry changed that perspective 
quickly.  Once seismic crews began to survey the area, they brought attention to the hydrocarbon 
reserves locked in the subsurface stratigraphic traps that underlie the surface topography. 
 

Wetland exploration, however, required new and different exploration techniques.  Boats and 
barges were essential.  Oil companies needed port facilities to aid and support their marine 
operations; yet, none existed.  It was not until the 1930s that the necessary ancillary support facilities 
were sufficiently developed to make extensive wetland exploration practical.  To approach potential 
drilling sites, suction (or bucket dredges) cut navigable channels through the region=s alluvial 
wetlands.   
 

The completed canals guaranteed lease access.  However, a major problem remained: no one had 
yet devised an efficient, mobile drilling platform.  Companies could move to drilling sites by boat 
and house their crews on barges, but did not have a cost-effective drilling platform.  The industry 
needed a stable, shallow-draft drilling platform (1).  The Texas Company (Texaco), while searching 
patent records, discovered the plans for a submersible drilling barge.  They obtained the rights to the 
design, built the structure and thus, revolutionized the industry=s approach to wetland exploration 
and development. The search for marketable hydrocarbons in south Louisiana accelerated as a result 
of this improved drilling equipment.  Quickly, new fields were added to the state=s inventory and oil 
entrepreneurs began to eye the Gulf of Mexico as a potential site for new Afinds.@  
 

In the 1930s, the industry left the safe confines of land for the harsh and untested aquatic 
environments of the Gulf of Mexico.  This voyage has brought the industry to the edge of the 10,000-
foot water depth.  The odyssey begins in 1933 when the first attempt was made to drill a well in the 
Gulf of Mexico.  This endeavor from a piling-supported platform was in 12 feet of water about 3,000 



feet off Louisiana=s western coastline.  It was a dry hole, but essentially gave birth to the offshore 
industry (2, 3, 4).  The following nine years brought a series of steps into deeper water, further and 
further from the shoreline.  It was not until 1947 that a consortium led by Kerr-McGee, at that time an 
Oklahoma independent, (along with Phillips Petroleum Company and the Stanolind Oil and Gas 
Company) successfully completed a well out-of-sight of landC10.5 miles from shore (5, 3).  
 

This event completed the land, marsh/swamp, and offshore exploration history of Louisiana's 
petroleum industry (6, 7).  The state became the nation's boiler room.  Oil was, without question, 
Louisiana's economic mainstay.  Within seven years after Kerr-McGee=s initial discovery, oil 
companies extended the offshore frontier to 50 miles and were hitting hydrocarbons on 25% of the 
exploration wells drilled. More than 40 offshore rigs were in operation by 1955.  Consequently, the 
modern offshore oil industry was born during the 1940s with the industry focusing their efforts from 
the shore to a depth of 1,500 feet.  Today, this area is no longer regarded as an exploration frontier.  
Even so, this shelf zone has yielded 40 billion barrels of fossil fuel from more than 1,000 fields.   
 

Although production numbers declined in the 1980s and early 1990s, the use of new technologies 
on and offshore suggest Louisiana was poised for another boomCa forbidden word, loaded with 
lessons painfully learned in the 1980s (8).  A new mantra takes its place: Acautious optimism.@  
Regardless, this hydrocarbon province is hardly dead; it is alive and well and the companies involved 
are operating with a new lean attitude.  The 1980s downturn was a powerful learning experience (8).  
The industry, for nearly a decade, had been in the doldrums; a renaissance occurred with the 
remarkable resurgence of exploration and production activity in the Gulf of Mexico.  The lure of 
large finds in deepwater (defined by the federal government as 656 feet, with the industry defining 
the term as water greater than 1,500 feet) coupled with new incentives and improved oil prices, 
helped generate a record number of bids at the April 1996 Federal auction of leases within the central 
Gulf of Mexico.  There were 1,381 bids on 924 lease blocks (five years earlier producers were 
interested in only 151 blocks); 442 of the properties were in water deeper than 1,300 feet.  The sale 
resulted in $520.9 million in bids and represented the first sale involving deepwater tracts eligible for 
consideration under the Federal government=s Deepwater Royalty Relief Act (9). After completion 
of a two-phase evaluation process, $511 million was added to the Federal treasury. The oil and gas 
industry promised to pay $825 million to explore for oil and gas on 1,032 tracts in March of 1997.  
That was the most money garnered from a lease sale since 1985. Between 1943 and 1998, 8,395 
leases were issued under federal supervision.  These leases involved more than 43 million acres. 
 
 Industry leaders were expressing a new optimism that was manifested in the drilling activity in 
the northern Gulf of Mexico.  Drilling is now at a frantic pace, breaking decade-old records, Athe 
finding rate surpassed all expectations@ (10:36).  A new euphoria is affecting the Gulf of Mexico 
with the discovery of an extraordinary 10 billion barrels of new reserves.  Led by a deepwater and 
ultra-deepwater (water depths greater than 5,000 feet) exploration and production programs 
pioneered by Shell Offshore, subsalt programs headed by British Petroleum (BP) and Phillips and a 
shallow water/transition zone program being championed by independents, the Gulf of Mexico is 
defying all predictions of its demise.  Blockbuster discoveries have attracted considerable attention.  
 

It is clear a new oil and gas province is being carved from the deepwater of the Gulf of Mexico.  
Deepwater is America=s new frontier.  Very high rates of production by prolific deepwater wells 
have convinced operators that this area of the Gulf of Mexico is a sound economical investment.   It 
has been estimated than one in every four wells drilled has found recoverable hydrocarbons. Between 
4 and 5 billion barrels of oil have been discovered.  Some estimate the full potential of the deepwater 
Aplay@ may go as high as 25 billion barrels. 
 



The vulnerability of Louisiana=s coast from an oil spill derived from the Outer Continental Shelf 
(OCS) is of great concern. Of more than 4,000 active production platforms located on the country=s 
OCS, less than 50 are not in the Gulf of Mexico (11, 12).  The vast majority of these structures are 
located off Louisiana=s coast.  Although the spill potential is great, the actual quantity of oil spilled 
from these operations is relatively small.  Oil production from OCS wells was more than 7.1 billion 
barrels between 1971 and 1991.  During this 20-year period, oil spills accounted for 108,000 barrels.  
This number represents .0015% of what was produced, which is roughly equivalent to spilling one 
forth of a teaspoon of gasoline from a 20-gal.fuel tank (13, 14).  In comparison, Bedinger et al. (15) 
estimated the Mississippi River might add more than 151,000 barrels of oil to the Gulf annually.  
Regardless, any spill is a concern. 
 

In the 1990s, onshore sites B along with the western and central Gulf of Mexico B have become 
the hottest drilling sites in the nation (9).  Three-dimensional seismic geology and improvements in 
drilling technology dramatically increased the chances of finding oil and/or natural gas.  These 
innovations, coupled with new state incentives, lowered the costs to find hydrocarbon reserves and 
improved the probability of discovering new reserves.  With little to no fanfare, indeed in relative 
anonymity, the industry has been reborn.  With this renewed activity, the chance of an accidental 
discharge of oil is increased and the state=s valuable estuarine/marine environment is particularly 
vulnerable.  Louisiana=s onshore and offshore production, coupled with the quantity of oil 
transported through the state=s ports, waterways and pipelines, also contribute to the danger. 
 

Unlike the Agushers@ that characterized the industry=s early history, wild wells are rare today.  
At the same time, spills do occur.  The most frequent spill event today is small and measured in tens 
of barrels, instead of thousands; nevertheless, they are important.  Reactions to oil spills range from 
major international events, such as the Nakhodka and New Carissa spills off the coast of Japan and 
Oregon respectively, to the development of regional contingency plans and strategies. More than 
1500 of these plans are in the library of the Louisiana Oil Spill Coordinator. 
 

If a spill occurs, the Louisiana Oil Spill Coordinator and his staff are responsible for oil spill 
response.  In general more than 3,000 oil spills annually are reported to the Louisiana Oil Spill 
Coordinator=s Office.  Most of these spill events are extremely small.  Even so, to assist in 
developing effective oil spill strategies based on the best research and development techniques 
available in the state, the Oil Spill Coordinator can utilize information derived from the state=s Oil 
spill Research and Development Program (16).   
 

THE LOUISIANA APPLIED AND EDUCATIONAL 
OIL SPILL RESEARCH AND DEVELOPMENT 

PROGRAM  (OSRADP) 
Various methods are used to combat oil spills.  Yet the common lesson learned from most spills 

is that the best combat strategy is to avoid the spill in the first place.  Once sizeable amounts of oil are 
spilled into the coastal/marine environment, cleanup is difficult and costly.  Mechanical spill cleanup, 
involving containment booms and oil recovery skimmers, is one of the primary oil spill response 
methods.  Although sometimes controversial, dispersants, in-situ burning and bioremediation can also 
be used.  Of particular concern is that many of the cleanup techniques and/or activities sometimes can 
prove more damaging than not cleaning up the spill.  This is particularly true in Louisiana=s wetland 
environments.  In some cases, shovels can be used; yet at the same time, this low technology clean up 
tool may be quite harmful to the environment.  Therefore, in order to minimize negative impacts, 
monitoring the spill rather than trying to clean it up could prove to be most effective; 



phytoremediation may be the best clean up technique.  In addition to phytoremediation research, 
more than 40 projects have been funded through the OSRADP to look at less intrusive clean up 
alternatives.  These endeavors are leading to viable options that are cost-effective alternatives to 
traditional clean up procedures. 
 

The objective of projects funded through the OSRADP is to deal with the broad range of 
problems associated with oil spills and use this information in the oil spill response, prevention, and 
training process.  These strategies involve understanding the ecological risks posed by particular oil 
spills, socioeconomic impacts, response training, clean up procedures, and using this information in 
decision or policy making purposes, as well as educating interested parties. As a result, a dedicated 
commitment exists to address a wide variety of oil spill issues. 
 
Selecting OSRADP Funded Research Projects 

The OSRADP recognized from the beginning it takes time to plan, design, fund and implement 
targeted major research and development initiatives. A one to two year Astart up@ may seem a long 
time for some industry stakeholders, but in government this time frame would be equated with a 
Afast-track@ schedule.  
 

After a highly organized series of meetings and mass mailings, pre-proposals are submitted to the 
program in October for evaluation by the OSRADP=s Proposal Review Board B a seven member 
board made up of individuals from the petroleum industry, government, academics and the public-at-
large.  No projects are funded without being reviewed by the Proposal Review Board as a pre-
proposal.  Unsolicited proposals are not accepted.  Pre-proposals are written in response to the 
OSRADP=s guidelines for submission, which include the program=s research agenda.  A nine 
member Advisory Panel B made up of individuals representing the petroleum industry, state and 
federal government, and academics B set the agenda.  Although the program does not want to stifle 
the imagination of the research community, general areas of concern include: dispersants, in-situ 
burning, chemical analysis, physical and chemical cleanup techniques in inland waters, vegetated 
woodlands, and uplands; information systems, remote sensing and geographic information systems 
(GIS), and training and public education. 
 

Each submitted pre-proposal undergoes a Ablind@ review B no scientist(s) name or affiliated 
university can appear on the pre-proposal. After this review, Board members= individual rankings are 
submitted to the OSRADP Administrator to be tabulated and forwarded to the Oil Spill Coordinator.  
Once the pre-proposals are ranked, the Board is informed of the rankings to see if further evaluations 
are necessary. After this evaluation, the Board requests full proposals from those projects that 
successfully meet the program=s criteria.  Pre-proposals are evaluated on: (1) their direct application 
to Louisiana and its environment; (2) their potential for widespread and demonstrated field 
application; and (3) their ability to demonstrate an increased, measurable, and enhanced response 
efficiency.  Education-related pre-proposals are assessed based on their general criticality to the 
program=s goals and objectives versus their likelihood of success. This in-depth review determines 
the researchers that are asked to submit full proposals.  
 

Full proposals are due in early January from the 19 eligible public colleges and universities. Once 
all proposals are carefully critiqued, ranked, and tabulated all principal investigators are invited to 
discuss their projects informally with the Proposal Review Board.  This meeting, coupled with the 
tabulated rankings, determines the projects that are funded.  Awards are initiated on May 1st with a 
completion date of May 31st the following year.  This 13-month time line provides for a one-month 
start up and 12 months of intense research activity.  One year after submission of final deliverables, 
and after a thorough and complete editing, all projects are distributed together on a single CD-ROM.  



 
Selected Abstracts and Bibliography of Oil Spill Research 

To help foster the research effort, the OSRADP has compiled an electronic bibliography from a 
key word list that best fits the goals and objectives of the program.  Consequently, some of the words 
and phrases used may apply only to oil spill issues in Louisiana.  Forty-three databases were searched 
and more than 4,000 citations were downloaded.  The Louisiana Applied and Educational Oil Spill 
Research and Development Program, Deliverables 1999-2000 and Selected Abstracts and 
Bibliography of International Oil Spill Research, 2001 CD-Rom is a Aliving@ document.  It serves as 
a conduit to oil spill information and includes citations obtained from a detailed search of articles 
listed in the 1995 International Oil Spill Conference: Proceedings, Environmental Canada=s 
publication Emergencies Science Division, Reference Section, February 1994 and all references in 
the Proceedings of the Seventeenth Arctic and Marine Oil Spill Program (AMOP) Technical 
Seminar.  Duplicates were deleted. In this document some citations are accompanied by annotations 
and/or abstracts.  Currently, the OSRADP staff is editing and Acleaning-up@ more than 800 new 
references obtained from a detailed search of more than 80 databases.  These citations will be added 
to the next edition of the program=s deliverable CD. 
 

FUNDED PROJECTS 
 The program=s research initiatives are divided into four categories: (1) spill of opportunity; (2) 
education, training and public awareness; (3) remote sensing and mapping; and (4) spill response 
cleanup and harmful ecological consequences.  Each project=s scientific merit is based on the simple 
question: Can the results be implemented in a spill event? To be a practical field tool, many of these 
projects need approval from the regulatory community.   In this regard, efforts are underway to 
increase the collective awareness of the results of these research initiatives.  
 
Spill-of-Opportunity 

Spill-of-opportunity funds are used to apply and evaluate new and/or experimental technology to 
enhance the recovery of spilled oil or to test experimental cleanup techniques in a field situation. The 
program is not interested in monitoring, although some monitoring may be necessary to prove results. 
Therefore, the OSRADP has supported projects that can benefit from a field event.  Four projects 
have used these funds:  

1. AApplication of MicrotoxTM assay to establish and evaluate the efficacy of in-situ burning of 
oiled marshes@ (Dr. Edward Overton, Phone: 225-578-8634, e-mail: ebovert@lsu.edu, 
Louisiana State University [LSU]);  

2. AOil spill in Lake Barre: economic and social consequences@ (Dr. Allan Pulsipher, Phone: 
225-578-4550, e-mail: agpul@lsu.edu, LSU);  

3. APotential for enhanced anaerobic BTEX degradation at the Blind River spill@ (Dr. John 
Pardue, Phone: 225-578-8661, e-mail: jpardue@lsu.edu, LSU); and  

4. AFollow-up surveys of inland sites where in-situ burning was used as a cleanup method,@ 
(Dr. Edward Overton). 

 
 An oil spill at Louisiana=s Rockefeller Refuge presented a rare opportunity to investigate in-situ 
burning as a mitigation technique in a coastal marsh environment.  To augment standard monitoring 
techniques at this site, scientists integrated the MicrotoxJ system as a screening tool for residual oil 
toxicity.  The research effort focused on the appropriateness of the MicrotoxJ assay to establish and 
evaluate the efficacy of oil spill cleanup and response activities, and specifically, in-situ burning in a 
marsh environment.  The ability of the MicrotoxJ system to quantify change related directly to the 
presence of residual oil pollution was limited by a lack of assay sensitivity relative to analytical 
chemistry.  In addition, the presence of background toxicity derived from other anthropogenic and 



natural biogenic sources and storage effects on sample integrity were also critical.  Consequently, the 
MicrotoxJ assay of solvent-extracted marsh sediment samples provided very little data to assess 
efficacy or recovery after the prescribed in-situ burn. 
 
 The socio-economic study of the Lake Barre incident concluded that the spill=s short-term social 
and economic consequences were modest when measured with the available data on numbers of 
people employed or as reflected in the interviews conducted with businesses, public officials, and 
area residents.  There are concerns about negative economic and social consequences in the long 
term, particularly if fishing, shrimping or oystering were to suffer or were to be perceived as having 
suffered as a result of this spill.  However, no persuasive evidence exists at this time to support or 
refute such concerns. 
 
 In the Blind River gasoline incident of June 1996, the research team determined that sediments 
from this swamp site appeared to have a relatively low ability to naturally attenuate gasoline, 
especially the BTEX (benzene, toluene, ethyl benzene and xylene) components.  Further, the natural 
attenuation of gas components of these sediments is limited with only toluene exhibiting degradation. 
 Sulfate amendments were successful in promoting faster degradation rates and promoted degradation 
over a broader spectrum of compounds.  Limited success was observed with nitrate amendments and 
none with iron.  Sulfur reduction, in fact, appears to be the primary oxidation pathway under which 
the BTEX and other gas components degrade.  The findings indicate further studies are necessary to 
fully develop the use of sulfate to promote gasoline degradation in fresh-water habitats. 
 
 In 1998, Research Planning Incorporated (RPI) conducted a literature compilation and review of 
data on the environmental effects of in-situ burning of inland and upland oil spills for the American 
Petroleum Institute (API).  There are relatively few documented case histories (only 31 were found) 
on the medium- and long-term recovery rates of habitats where in-situ burning was used.  LSU=s 
Institute for Environmental Studies, in collaboration with the API-funded RPI project, is in the 
process of conducting chemical characterization studies of up to 30 sediment samples collected from 
five sites determined by RPI to be relevant.  This is an on-going project that will not be completed 
until mid-2002. 
 
Education, Training, and Public Awareness 
 Education, training, and public awareness have evolved into important components in the 
OSRADP=s mission.  Public perception often far exceeds reality.  Originally, the program focused on 
educating middle and senior high school students about earth sciences and the oil and gas industry 
through the AOil spill awareness through geoscience education (OSAGE)@ CD-ROM and AOil spill 
awareness through geoscience education (OSAGE): an overview of its development, implementation, 
and impact@ (Dr. Gary Stringer, Phone: 318-342-1893, e-mail: gestringer@alpha.nlu.edu, University 
of Louisiana at Monroe).  The curriculum associated with the CD is based on national science reform 
efforts and consists of four major concepts: (1) What is oil, and why is it important? (2) Why and 
how is oil transported? (3) What are the methods for the clean up of oil spills? And (4) What are the 
environmental and economic ramifications of oil spills?  The CD evolved from an original project 
that focused on concepts, activities and resources into a multimedia-oriented educational tool.  Nearly 
10,000 copies of the CD have been systematically distributed to appropriate science educators 
throughout the state.  The CD has the endorsement of the State Department of Education and the 
Louisiana Science Teachers Association.  Both are encouraging classroom instructors to incorporate 
the CD into their earth science classes.  As part of Louisiana=s Oil Centennial, the oil and gas 
industry is underwriting production of at least 5,000 additional copies of this CD. 
 



 Like OSAGE, the program=s Proposal Review Board felt that the Louisiana GIS CD (see 
Remote Sensing and Mapping section for a discussion of this product) needed to be formatted as an 
educational tool.  Consequently, we are in the process of finalizing our efforts to put the Louisiana 
Oil Spill Contingency Plan Map CD in all of the state=s middle and senior high schools.  This is an 
exciting project and one that has the potential of familiarizing students with some of the newest 
computer technology.  To our knowledge, this project is a first in the nation. Dr. Debra Dardis 
(Phone: 504-549-3851, e-mail: ddardis@selu.edu, Southeastern Louisiana University [SLU]) 
developed an AInterdisciplinary exploration of Louisiana using the OSRADP=s satellite imagery.@  
This multi-disciplinary curriculum involves mathematics, science, social studies and language arts. 
The curriculum and satellite tour is being reviewed by a number of curriculum specialists and will be 
introduced into the state=s public schools by the end of 2001.   
 
 In order to guarantee widespread utilization of this product several members of the Louisiana 
Science Teachers Association are involved in the project.  In addition, through the generous 
donations of more than a dozen agencies, private foundations, and oil and gas companies 10,000 
copies of the two CD-ROM sets have been incorporated into 1,000 binders.  Each school will receive 
10 copies of the CD.  More importantly, this effort has shown how industry, working in tandem with 
the academic community, can produce a product that meets their immediate needs.  By modifying 
this oil-spill product, the curriculum team has added a significant element to the state=s middle and 
senior high schools environmental curriculum.   
 
 In addition, the Oil Spill Coordinator=s office has developed a web-accessible database that 
includes 72 data bundles.  Using Internet Explorer, go to http://atlas.lsu.edu, which will bring up the 
Louisiana statewide GIS.  Along with more than 60 overlays, there are 3,211 aerial photographs 
available on this site at a resolution of one meter.  About 90% of the entire state is now covered by 
digital ortho-quarter-quadrangles.  These are available through the atlas web site. If help is required 
accessing this material, the atlas home page (http://atlas.lsu.edu) has detailed instructions on what one 
needs to download, unzip, and how to view the compressed map image. 
 
 With a state that has five of the nation=s ten top fishing ports, the diesel and gasoline-powered 
fishing fleet exceeds 6,000 vessels.  With each vessel representing a potential oil spill, used oil 
disposal has become a major concern.  APotential impact of used oil recycling in Louisiana=s coastal 
fishing communities@ (Rodney Adams, Phone: 225-578-6343, e-mail: radams@lsu.edu, LSU) 
collected information on the quantity of used oil generated annually by coastal fishermen.  Current 
disposal practices and attitudes toward recycling waste engine oil were also assessed.  The study 
revealed approximately 250,000 gallons of waste oil is generated by the commercial fishing industry 
annually.  This large figure represents more than 50,000 disposal events. On a parish (county) basis, 
survey respondents indicated a recycling rate that varied from 50% to 100%.  Based on 
environmental stewardship concerns, more than 95% expressed a positive attitude toward recycling.  
Three percent felt recycling was important only because of penalties involved; only 1.5% felt 
recycling was not important. To call attention to the positive benefits of recycling, a poster Small 
Spills Add Up: Recycle used Engine Oil Protect Your Fisheries Resources, was distributed to more 
than 1,000 entities, including more than 750 schools. 
 
 Since the Mississippi River is a major transportation corridor for the movement of a wide array of 
petroleum or petroleum-based products, a series of projects involving the river were funded: 

1. AModeling the Mississippi: oil spill risk on Louisiana=s largest river@ (Dr. Craig Forsyth, 
Phone: 337-482-5372, e-mail: cjf5714@louisiana.edu, University of Louisiana at Lafayette 
[ULL]); 



2. AModeling the Mississippi: transportation risks on the nation=s busiest waterway@ (Dr. 
Robert Gramling, Phone: 337-482-5375, e-mail: gramling@louisiana.edu, ULL); 

3. AA test and refinement of a risk model for vessel traffic on the lower Mississippi River A 
(Dr. Robert Gramling); 

4. AA risk model for vessel traffic on the lower Mississippi River@ (Dr. Robert Gramling); and  
5. AOil resource atlas for Louisiana: creating and maintaining a focused baseline for oil spill 

response@ (Dr. Robert Gramling).   
 

 In these projects, tankers (1994) and barges (1995) were tracked utilizing maritime experts, 
previous research, and existing databases to evaluate and assess risk factors on the Mississippi.  
Vessel traffic data and geographic risk location information were combined to produce relative risk 
scores for each mile (km) along the river.  The analysis extends from the mouth of Southwest Pass to 
the termination of shipping at the U.S. 190 Bridge in Baton Rouge, Louisiana.  
 
 Many river pilots consider the most dangerous river situation to be a blind turn, which leads into 
an anchorage.  Other combinations (e.g. a floating anchorage near rafts, barges, dangerous currents, 
or narrow channels) also affect the risk associated with particular portions of the river.  It is 
important, therefore, to assess accident risk for various locations along the lower Mississippi River in 
order to aid in the development of realistic risk reduction, contingency, and response plans.  Since 
this is the first systematic model of river traffic to assess accident risks, training is crucial.  
Awareness of potential risk sites can considerably reduce accidents and thereby reduce insurance 
costs.  
  
 In order to complete this analysis the University of Louisiana at Lafayette (ULL) team=s final 
deliverable will be a database of oil spills on and off the coast of Louisiana between 1992 and 1999.  
When combined with information that the Oil Spill Coordinator=s office has been collecting since 
2000, this database will provide a continuously updated coverage of oil spills from 1992. For each 
spill, a variety of information will be included, such as the latitude and longitude coordinates, the size 
of the spill, the substance spilled (e.g. crude oil, diesel fuel, etc.), the cause of the spill, and a 
description of the physical location.  This information will be available on the 2002 Deliverable CD-
Rom.  This ULL team currently has a project: AHistorical analysis of oil spills in Louisiana@ (Dr. 
George Wooddell, Phone: 337-482-6044, e-mail: gpw4993@louisiana.edu, ULL) that will provide, 
when completed in 2002, an analysis of the distribution and frequency of oil spills that have been 
recently reported to official sources in the State of Louisiana.  The database that contains the reported 
spills and an historical analysis of major oil spills during the latter half of the 20th century will be 
included in this study.  When completed, the state will have a powerful planning tool for oil spill 
prevention and response.  To our knowledge, no other state has such a comprehensive analysis of 
spill patterns that will be integrated into a GIS. 
 
 Following the spill of potentially toxic materials into a river, rapid decisions must be made in 
order to protect human health and natural resources.  For example, municipal and industrial water 
intakes must often be shut down; water storage for drinking and fire protection may also be limited.  
In addition, water control structures may need to be operated and other protective measures taken to 
minimize damage to infrastructure and ecosystems.   In order to support this decision making process, 
knowledge of the arrival and passage times of waterborne contaminants is vital.  Consequently, a 
river time-of-travel model has been developed for the Mississippi River.  AR-TOT river time-of-travel 
model: computer program extension, enhancement, distribution, and training@ and AEmergency 
management river oil spill models@ (Dr. Ehab Meselhe, Phone: 337-482-5802, e-mail: 
meselhe@louisiana.edu, ULL) are tools that can predict a spill=s time of arrival and duration of 
passage.   Additionally, if the quantity of material spilled is known, or estimated, the model predicts 



peak concentrations at any downstream location and is sufficiently accurate for most spill monitoring 
and risk management requirements.  Further, it is computationally simple enough to be applied in 
actual spill management events.  This model has been used for spill contingency planning; moreover, 
seminars and short courses are available.  These sessions are designed to allow those that work in the 
petrochemical plants within the Mississippi River=s industrial corridor to learn how to use and apply 
this model in their various management plans. 
 
 The lower Mississippi River port is one of the largest port complexes in the world. 
Approximately, 7,000 deep-sea merchant vessels enter the river each year - 19 a day.  In addition, the 
world=s highest concentration of oil and gas drilling rigs is found on the continental shelf and slope 
off Louisiana=s coast.  As a consequence, the delta and adjacent coastal areas are at risk from the 
transport or production of oil.  The APredictability of oceanic and atmospheric conditions off the 
Mississippi delta: a field manual@ (Dr. Nan Walker, Phone: 225-578-5331, e-mail: 
nwalke1@lsu.edu, LSU) project synthesized oceanographic and atmospheric information into a 
manual.  Using the advanced very-high-resolution radiometer (AVHRR) satellite information 
(available at LSU) a model was created that can assist decision makers in predicting oil spill 
movement near the Mississippi River delta.   
 
 Predicting spilled oil movements is a difficult task, particularly near river outflows where 
currents are often variable and complex.  Circulation patterns around the Mississippi delta are 
complicated further by the land=s protrusion into the Gulf of Mexico and the area=s proximity to 
deep ocean currents.  This report summarizes information on frontal location, frontal configuration 
and circulation patterns under various scenarios of river discharge and wind history.  The data 
presented, therefore, demonstrates that surface circulation in the Mississippi delta region is complex 
and that surface currents are relatively strong.  Even so, if a spill occurs, conceptual models of 
surface circulation and probable areas at risk from oiling under various wind conditions are presented 
to assist decision makers to assist in the problem solving process. 
 
 AA legal guide of Louisiana=s oil spill prevention and response act, regulations and associated 
laws@  (Erinn Neyrey, Phone: 225-578-5932, e-mail: eneyrey@lsu.edu, LSU) was completed in 
May 2001.  A limited number of copies are available of this two-volume document.  This guide has 
been written for a broad audience, encompassing professionals in the field, as well as others that may 
be affected by the laws and accompanying regulation.  The guide reviews the statutes, case law, 
regulations, and natural resource damage assessment requirements, associated restoration programs, 
and identify the numerous agencies and agency programs that may be involved in an oil spill event.  
It is designed to be a timesaving resource and reference book that is user-friendly and up-to-date, by 
compiling existing program information and materials, as well as reviewing any new legislation, case 
law and regulatory provisions recently enacted.  It is hoped that all interested parties can incorporate 
this material by late 2002 into a CD-ROM to facilitate its easy use. 
 
 In addition to these educational endeavors, Louisiana=s Oil Spill Coordinator (LOSCO) sponsors 
the Oil Spill Response Management Training Program.  Students from the public and private sectors 
are taught the basics of response management in two-day classes.  Individuals under contract to 
LOSCO teach these once a month at various locations in Louisiana.  An interactive format is used to 
demonstrate principles that strengthen the Louisiana=s response capability.  By interconnecting 
public as well as private sectors, the class serves as a model for the possibilities of response during an 
actual spill event.  All individuals within the state can be affected by a spill, thus all should be 
involved and included in the response process. 
 



Remote Sensing and Mapping 
 Oil and/or gas are produced in every parish in Louisiana involving at least 230,000 well 
(approximately 30,000 are in production).  Each well, along with their ancillary support services, 
represents a potential spill sites. Through seminars, and other meetings with oil industry officials, it 
was clear the industry needed an up-to-date map.  To fill this void, the Oil Spill Coordinator 
contracted research scientists at LSU to produce the Louisiana Oil Spill Contingency Plan Map.  This 
product is designed to provide a document for oil spill planning and response.  The map was 
developed using satellite imagery to provide a complete view of environmental and land-cover 
conditions.  Since Louisiana has experienced significant land change in the past 40 years, most 
available maps are obsolete, especially those of coastal areas where maximum land loss is measured 
at more than 64.7 km2/yr (25 mi2/yr).   
 
 The Contingency Plan Map is a multi-color lithograph at a scale of 1:500,000.  In addition, it is 
digitally maintained in a GIS at the resolution of the source data.  To improve the map=s distribution, 
it is available on a CD-ROM with appropriate GIS overlays on the Internet. Consequently, for 
strategic planning, any area in the state can be printed at larger scales. The original product is a 
seamless satellite image at a resolution of 30 m (115.8 ft).  A new version was released in 1999 that 
runs on Windows 95 TM and NT TM.  This new product is based on Landsat Thematic Mapper (TM) TM 
imagery for background color, overlaid with SPOT TM  data to provide a false-color composite at 10 
m (32.8 ft) resolution.  This version is available for training purposes. ATraining selected groups in 
the utilization of the merged SPOT-TM data CD-ROM with associated spatial data sets of 
Louisiana@ (DeWitt Braud, Phone: 225-578-6177, e-mail: dbraud1@lsu.edu, LSU); ASatellite and 
GIS database of Louisiana: a continuation of training@ (Dr. Anthony Lewis, Phone: 225-578-6199, 
e-mail: galewi@lsu.edu, LSU) and ALA GIS CD v. 2: continuation of demonstrations@ (DeWitt 
Braud) are projects that were initiated in 1998.  The purpose of all of these efforts was to explain how 
to use the Louisiana GIS two CD-ROM set - one of north Louisiana and the other of south Louisiana. 
This set is an innovative map of Louisiana containing more than 40 spatial data layers, a satellite 
image of Louisiana, and GIS software and tutorials.  The CD has been widely distributed to 
environmental, oil-spill response and oil industry organizations.  The development team is currently 
funded to conduct demonstrations of the CD using application scenarios programmed for the 
audience.  Experience has shown the user community immediately began using the two CD set after 
these demonstrations.  The CD has been used in a number of oil-spill related incidences. 
 
 Rapid response to oil spills is critical for effective clean up and remediation, especially for spills 
on water or in wetlands.  To assist with this challenge, two groups have surveyed and described 
waterway access points throughout south Louisiana=s lower tier of parishes.  ABoat ramp and launch 
site inventory, southwest Louisiana coast zone@ (Dr. Greg Hartman, Phone: 318-475-5672, e-mail: 
ghartman@acc.mcneese.edu, McNeese State University) and AOil and hazardous spill access point 
inventory for southeast Louisiana@ (Dr. Russell Bender, Phone: 985-448-4502, e-mail: 
rockdoc@cajun.net, Nicholls State University).  These data are currently being checked and will be 
added to the state=s GIS. In conducting this survey, access points were divided into three categories: 
(1) public boat ramps and lifts that are free and maintained by a government agency; (2) semi-private 
ramps or lifts available for public use, usually for a fee; and (3) private boat ramps or lifts owned by 
industry or private individuals and not available to the public.  Field survey data taken included: 
coordinates in latitude and longitude; highway directions to the site; ramp=s construction material; 
ramp measurements B length, width, water depth at end of ramp, water depth 10 and 20 feet beyond 
the end of ramp; lift capacity; size of parking area; ownership status; description of any on-site store; 
availability of fuel, electricity and water; and digital photographs of the site.  When completed, it is 
estimated the teams will have surveyed nearly 1,000 access points.  Dr. Bender=s project AOil and 
hazardous waste access point inventory of river parishes and northern Lake Pontchartrain@ will 



continue this work.  The endeavor will be completed by May 2001.  Industry response personnel and 
clean-up organizations will have available, for the first time, a complete inventory of boat launch 
facilities.  
 
 Louisiana=s coastal zone is widely recognized for its ecological and economic importance.  The 
risk of damaging this fragile ecosystem due to an oil spill is of some concern.  As a result, a number 
of studies address, directly or indirectly, this near sea-level environment.  In order to optimize 
deployment of oil spill cleanup equipment, an accurate delineation of Louisiana=s coastline is 
imperative. The dynamic, fragile, complex and constantly changing nature of Louisiana=s coast 
prohibits the use of traditional surveying and photogrammetric techniques for updating coastal maps. 
The availability of Landsat Thematic Mapper (TM)TM and airborne X-band synthetic aperture radar, 
in concert with recent advances in computer hardware and software, has made it possible to generate 
accurate and up-to-date maps.  This product is suitable for use by field personnel in preparation for, 
during, and following an oil spill. Although spills are inevitable, by using this digital map product 
environmental impacts can be easily assessed.  AMerging Landsat Thematic Mapper (TM)TM satellite 
imagery and airborne synthetic aperture radar to facilitate coastline delineation@ (Dr. Anthony 
Lewis) provides a helpful tool in the mitigation process.   
 
 Even with this tool, current maps of coastal Louisiana are out-of-date and a recent digital 
shoreline of the coast did not exist.  What was missing was a computer-aided product that would 
automatically measure shoreline features and attributes, depict and analyze spatial characteristics, 
allow proximity analysis and other spatial functions.  A digital vector land/water interface in a GIS 
system was required.  The ASemi-automated construction of the Louisiana coastline digital 
land/water boundary using Landsat Thematic MapperTM satellite imagery@ (DeWitt Braud) solved 
this problem.  The completed system is designed to assist oil spill planning and response activities by 
creating models of oil spill currents or projected dispersion vectors.  In addition, the system gives the 
responsible party=s contractor a clear understanding of the land/water boundary to accurately place 
boom and other clean up and response equipment during a spill event. 
 
 All land/water interface boundaries are important to spill planners, as they change quickly in 
coastal Louisiana.  ADigital access to aerial videotape survey data@ (Karen Westphal, Phone: 225-
578-5382, e-mail: westph@lsu.edu, LSU) is a project whose mission is to digitize and index a vast 
amount of analog video to create a system for efficient accessing of aerial videotape survey 
information on a CD-ROM or through a web site.  During the summer of 2001, oblique aerial 
videotape imagery of the Louisiana outer shoreline was acquired.  In the bottom of the video image, 
real-time navigation data from a global positioning system (GPS) are be presented so that each image 
is referenced with latitude, longitude, and compass heading of the aircraft, date and time.  Imagery 
was taken by helicopter at an altitude of approximately 200 feet at a speed of 40-60 knots.  Once 
completed, a user will be able to click on an image of the Louisiana coastline and bring up 
subdirectories for that area.  Clicking further will display the latitude/longitude and initiate digital 
playback of imagery of a specific spot, which is important for spill planning, as any spot on the coast 
can be analyzed during a spill event.   
 
 Since Louisiana=s alluvial wetlands are an integral part of the North American Flyway, the 
migratory bird population could be severely impacted by an oil spill.  In order to learn more about the 
nesting habits of the bird population a ASurvey of Louisiana seabird colonies to enhance oil spill 
response: a digital survey and inventory@  (Dr. Jenneke Visser, Phone: 225-578-6377, e-mail: 
comvss@lsu.edu, LSU) was funded.  Due to their location and ground nesting habits, seabird 
colonies are extremely vulnerable to oil spills during the nesting period.  Knowing these sites can 
help lower potential clean up costs by alerting clean up crews to the areas where there are nests. 



Therefore, these sites can be protected during the cleanup process.  The nesting sites were surveyed 
and are incorporated as a data layer on the new Oil Spill Contingency Plan Map CD. This digital 
record provides an up-to-date map of nesting sites that can be protected in the case of an oil spill and 
easily downloaded from the Map CD. 
 
 With nearly 100 years of oil and gas development in Louisiana, the state=s oil and gas pipeline 
network is highly complex and routes are often not well documented.  Recognizing this complication 
as a potential clean up problem, a two-year AResearch, compilation, and digitization of 
undocumented and abandoned Louisiana pipelines for the statewide pipeline digital database@  
(Robert Pausell, Phone: 225-578-8655, e-mail: rpaulsell@lsu.edu, LSU) generated data on the state=s 
intricate pipeline network.  This digital map will eventually provide a much better understanding of 
the rights-of-way, river crossings, pipeline corridors and pipeline agglomerations throughout 
Louisiana.  Of particular note are the pipeline routes in the state=s swamps and marshes.  This is an 
ongoing project and is only beginning to yield information that can be properly mapped; however, a 
preliminary map is available.  Further, the Proposal Review Board approved funding two additional 
pipeline projects: AResearch and development of a GIS for oil and gas transmission pipelines in 
Baton Rouge@ (Robert Paulsell) and AField investigation and digital mapping of pipeline crossings 
of the Red River in Louisiana@ (John Snead, Phone: 225-5783454, e-mail: snead@lsu.edu, LSU). 
These will be completed in 2002. 
 
 Recent highly publicized pipelines accidents involving injuries and death has heightened 
awareness of potential pipeline problems.  With this as the backdrop, Mr. Paulsell will develop a GIS 
of crude oil, natural gas and petrochemical transmission pipelines used in the movement of butane, 
propane and other produces within the city limits of Baton Rouge.  These data will be developed by 
collecting pertinent source documentation (maps) then compiling the GPS data on transmission lines 
and performing a GIS analysis.  Special attention will be paid to locating undocumented and 
abandoned pipelines and to assess the spatial accuracy of existing digital data.  
 
 Continuing with this theme, Mr. Snead will investigate and digitally map the pipeline crossings 
of the Red River.  Routine waterway incidents such as dragging anchor, dredging accidents or 
shipwreck pose a threat.  In addition, the potential for floodwaters to rupture and destroy pipeline 
crossings has been documented in recent floods on the Red River in Minnesota and the Trinity River 
in east Texas.  Therefore, accurate and up-to date digital pipeline information is of fundamental 
importance to the oil spill community.  A high-resolution pipeline crossing GIS of these streams 
offers previously unavailable information and will enable increased response efficiency by allowing 
responders to quickly access the size, product carried, and operator of specific pipelines.  Such a 
database will augment the capabilities of oil spill planners and emergency responders as well as being 
a basic tool for oil spill researchers studying risk management and environmental impact. 
 
 To better understand movement of a potential spill on the Calcasieu River - a route used by 
tankers moving imported product into the refining centers of the greater Lake Charles area - two 
projects were funded.  Dr. Ehab Meselhe completed a study entitled: ATrajectory analysis planner 
program for the Calcasieu estuary.”  After completion of this work it was apparent that the model 
was not complete until the Sabine River was added.  In this regard, Dr. Meselhe will complete by 
May of 2002 the first phase of a ATrajectory analysis planner for Sabine Lake.”  To help mitigate 
some of the environmental risks associated with an oil spill. A trajectory analysis planner (TAP) 
computer model was developed for the Calcasieu system and will also be developed for the Sabine. It 
is believed this model will help oil spill contingency planners and managers investigate how spills 
travel and spread within the two systems.  
 



 The model can identify sites within the estuarine environments that will be most vulnerable to a 
specified oil spill. Furthermore, the model can estimate the time available for mitigation and remedial 
actions before the specified spill impacts sensitive areas. The modeling system (TAP) was developed 
at the Hazardous Materials Response and Assessment Division, National Oceanic and Atmospheric 
Administration (NOAA) in Seattle, Washington. The first step in setting up a TAP model is to 
represent the hydrodynamic characteristics of the estuarine system.  Hydrodynamics in the Calcasieu 
system are affected by: (1) estuarine processes, (2) lake dynamics, and (3) the development of high 
velocity currents in near-shore shallow regions.  A robust, flexible, and efficient numerical model 
was required to incorporate all of these processes in one operational program.  A three-dimensional 
hydrodynamic model was used to simulate the hydrodynamic characteristics of the Calcasieu system. 
 The results illustrate the ability of the model to accurately simulate flow patterns and can be used to 
perform reliable spill trajectory analysis. It is expected this model will be enhanced with the addition 
of Sabine hydrodynamic characteristics and thus complete the analysis between these two interrelated 
systems. 
 
 Although theoretically not a mapping project, the AWave-current online information system for 
oil spill contingency planning@ (Dr. Gregory Stone, Phone: 225-578-2395, e-mail: gagreg@lsu.edu, 
LSU) is a three-year project partially funded by the OSRADP.  This online oceanographic and 
meteorological observing system is designed to support Louisiana=s ability to anticipate and prepare 
for emergencies offshore (oil spills, hurricanes, winter storms, shipping accidents, etc) and assist 
numerical modeling efforts during storm events by measuring important data sets and making them 
available in real time, or, after archiving, as a time series.  WAVCIS (Wave Current Information 
System) provides water information including wave height, period, and direction of propagation, 
water level, surge, water column velocity profiles, and meteorological conditions on a near real time 
basis.  At present, four stations are online.  The WAVCIS system is being coordinated with the Texas 
automated Buoy system (TABS) to enhance the program=s geographic coverage.  The system can be 
reviewed and accessed at: www.wavics.csi.lsu.edu. 
 
Spill Response, Cleanup and Harmful Ecological Consequences 
 At best, responding to a wetland spill is difficult.  The cleanup activity often does more damage 
than the actual spill.  Consequently, a series of studies involving in-situ burning have been initiated. 
These studies include: 

1. “Environmental effects and effectiveness of in-situ burning in wetlands: considerations 
for oil-spill cleanup@  (Dr. Irv Mendelssohn, Phone: 225-578-6425, e-mail: 
imendel@lsu.edu, LSU); 

2. “Evaluation of habitat responses to in-situ burning as a method of oil removal phase II - 
sagittaria lancifolia [bull tongue] salt marsh field study@ (Dr. Charles Lindau, Phone: 
225-578-8766, e-mail: clinda1@lsu.edu, LSU); 

3. AEvaluation of habitat response to in-situ burning as a method of oil removal phase III - 
sagittaria lancifolia [bull tongue] fresh marsh field study@ (Dr. Charles Lindau); 

4. AIn-situ burning studies for onshore oil spills@ (Dr. Maureen McCurdy, Phone: 318-
257-3165, e-mail: hillard@latech.edu, Louisiana Tech University [La Tech]); and 

5. ASalt marsh recovery after in-situ burning for oil remediation: effects of water depth 
and burn duration@ (Dr. Irv Mendelssohn). 

 
 After extensive laboratory and field trials, the scientists agree the best method to clean up a 
wetland spill, provided there is a thin layer of water on the marsh surface and with the agreement of 
all trustees and interested parties, are to burn off the residual oil.  This is a cost-effective technique 
that, under the right conditions, does little damage to the plants.  Since fire culture has been a part of 



wetland inhabitants annual use cycle for more than 100 years, burning the marsh is not a new or 
novel practice. 
 
 It has been shown that burning is an effective cleanup technique, burn intensity and duration may 
influence the response of wetlands to the burn.  A mesocosm-scale investigation was conducted to 
study the effects of water depth, burn duration, and oil application on relationships between recovery 
of marsh vegetation, soil temperature, and oil remediation.  In the mesocosm, Spartina alterniflora 
(smooth cord grass or oyster grass) containers were instrumented with thermocouples and assigned 
three treatments: (1) oil exposure - unweathered diesel versus no diesel, (2) burn duration - five 
minutes versus 20 minutes, and (3) water depth - 10, 2 and 0 cm over the mash surface and 10 cm 
below the marsh surface.  With primary support from the National Institute of Standards and 
Technology, the team has shown that water depth over the soil surface during the burn event was a 
major factor in recovery.  Ten centimeters of water overlying the soil surface was sufficient to protect 
the marsh soil from burn impacts.  However, because the lethal temperature of 60 degrees centigrade 
was not observed, two centimeters of water overlying the sod=s surface appears to be sufficient for a 
successful burn.  The water protected the plants from the burn impact.  Sagittaria (bull tongue) and 
Spartina alterniflora (smooth cord grass or oyster grass) were impacted, but the brackish marsh 
plants, S. patens (wiregrass) and D. spicata (salt grass) were not impacted.  
  
 Dr. Gary Breitenbeck (Phone: 225-578-1362, e-mail: gbreite@lsu.edu, LSU) investigated 
floating wicks in the study ADevices to support in-situ burning of oil on water.@   Using these wicks, 
slicks of thin oils such as diesel and bunker fuel can be burned as readily as slicks of weather crude 
and heavier oils.  When slicks are greater than 1.5 mm, use of these devices results in rapid ignition 
of the entire oil surface.  Slicks as thin as 0.15 mm are also easily ignited and burned.  Even 
emulsified oils can be ignited.  These devices were designed to be biodegradable, non-toxic, water-
resistant, lightweight, and easily deployed from fixed-wing aircraft.  The most effective wicks were 
ellipsoid-shaped disks approximately 3 inches in diameter and comprised of kenaf, a fiber crop, 
bonded and coated with a hydrophobic copolymer.  Because the thickness of most oil slicks is not 
sufficient to maintain combustion without the addition of a wick, these devices allow controlled burns 
of large and small spills even in close proximity to ships or other objects. 
 
 Although in-situ burning is an effective and efficient clean up procedure, phytoremediation is 
also being investigated.  With the aid of fertilizers, this technique allows the habitat to recover 
naturally.  Even though phytoremediation is not a proven or generally accepted practice, it holds 
considerable potential.  The two year study ABaseline experimental studies for onshore oil spills@ 
and AUnassisted and enhanced remediation studies for onshore oil spills: concept development@ (Dr. 
Maureen McCurdy) assessed the minimum baseline requirement for Louisiana=s upland plants to 
recover naturally from oil spill damage.  This experiment involved four objectives: (1) to establish 
that oil spills can be considered reproducible events that can be studied using traditional, scientific 
techniques; (2) to establish research protocols that can be used to obtain scientifically defensible data 
about oil spill remediation; (3) to provide a quantitative assessment of how small, onshore oil spills 
remediate naturally over time; and (4) to provide a quantitative assessment of how small onshore oil 
spills effect the mortality of vegetation.  Although minimal revegetation occurred within the oiled 
plots during the first post-spill growing season, vegetative recovery increased during the second 
growing season.   
 
 In keeping with the OSRADP=s concern about uplands, as well as wetland spill events.  The 
program funded a two-year project led by Dr. Wayne Hudnall (Phone: 225-578-1344, e-mail: 
whudnall@agctr.lsu.edu, LSU) entitled: ARemediation and restoration of an oil contaminated 
wetland and pine forest site.@  The premise behind this effort is that accidental spills, leaks, or 



discharges can expose a wide variety of sensitive habitats to petroleum and brine contamination. The 
goal of this project was to introduce a successful remediation and restoration plan for a contaminated 
wetland and pine forest site impacted by an oil well blowout simultaneously.  
 
 The research site, located in Kisatchie National Forest, was polluted by an oil and brine spill 
(13,000 barrels of oil and 600,000 barrels of brine). The release resulted in oil and brine 
contamination of a 4.3-acre freshwater wetland. Aerial spray of oil, brine, and gas from the blowout 
also killed or severely stressed numerous loblolly and longleaf pine trees in the vicinity of the well. 
Remediation and restoration of the wetland and pine forest required both a field and a greenhouse 
study.  The field study examined the effectiveness of ammoniated bagasse (ABG) at enhancing 
bioremediation.   
 
 Burning was the most effective, ecologically sound, and economical method for removing the oil 
from the wetland. Once the area was burned, a combination of ABG, lime, and topsoil was applied in 
situ to 20 research plots. The results of the study showed that the bagasse reduced the total petroleum 
hydrocarbons (TPH) over 300% in the top 10 cm of the soil.  Further, greenhouse studies investigated 
the effect of foliar and soil applications of oil and brine on one-year-old loblolly pine tree seedlings.  
Foliar application of oil has no effect on the trees (i.e. death, signs of stress). However, when 100% 
of the surface area of five trees was covered with oil, the new shoot growth on these trees died; other 
areas of the trees showed no signs of stress. When oil was applied to the soil at a rate of 400 ml/tree, 
the trees died or showed signs of severe stress within one week. Consequently, concentrations of oil 
and brine in the soil were not significant to cause death of the trees. Foliar brine had little or no effect 
on the trees. Results from this work suggest that foliar oil contamination was the cause of the death of 
the loblolly pine trees at the blowout site.   
 
 ABioremediation protocol for small-scale oil spills in Louisiana=s marshes@ (Dr. Gary Childers, 
Phone: 504-549-3740, SLU) was a two-year project involving development of a mesocosm to 
emulate marsh conditions. Four fresh marsh plants B Alternanthera philoxeroides (alligator weed), 
Sagittaria lancifolia (bull tongue), Panicum hemitomon (maiden cane or paille fine), and Phragmites 
phragmites (roseau cane) B were oiled.  An unplanted control was also part of the experiment.  
Nutrient augmentation increased overall biomass production, especially for maiden cane and bull 
tongue.  The short-term response of bull tongue was one of resilience, whereas maiden cane had the 
highest biomass production and photosynthetic rates by the end of the experiment.  Both species were 
judged excellent candidates for transplanting in an oiled marsh.  It appears they can be used to 
naturally bioremediate an oiled fresh-water marsh.  Alligator weed was the least tolerant species, 
followed by Roseau cane.  As a result, neither should be considered as oil spill bioremediation agents. 
 Three years of work were involved in the following projects: APhytoremediation for oil spill 
cleanup and habitat restoration in Louisiana=s coastal marshes: effects of marsh plant species and 
fertilizer,@ APhytoremediation for oil spill cleanup: biostimulant and species effects,@ AEffects of 
fresh marsh species and inundation environment on phytoremediation of oil,@ and 
APhytoremediation of oil by brackish marsh species: effects of inundation regimes and soil texture@  
(Dr. Qianxin Lin, Phone: 225-578-8889, e-mail: comlin@lsu.edu,  LSU).  The objectives of these 
endeavors were: (1) to determine the potential of phytoremediation for habitat restoration, (2) to 
compare oil phytoremediation=s effectiveness on dominant marsh plants, and (3) to determine the 
role of fertilizer in enhancing phytoremediation induced oil degradation.  Preliminary results suggest 
phytoremediation can be used as a successful means of restoring oil-contaminated habitats and 
accelerating a reduction in residual oil concentration.  This study is the first intensive investigation in 
Louisiana of phytoremediation as a means for oil spill cleanup in wetlands.  These investigators are 
currently investigating the AEffects of inundation environment on phytoremediation by fresh and 
brackish marsh plants for oil spill cleanup@ (Dr. Qianxin Lin) and thereby completing the 



investigation of all plant salinity regimes in coastal Louisiana.  This works demonstrates that 
phytoremediation can accelerate oil degradation and site restoration in a wide range of common 
coastal environments. 
 
 The Louisiana Tech group that developed the baseline information for north Louisiana=s uplands 
is now involved in a study on AIn-situ burning and phytoremediation for onshore oil spills@ (Dr. Jeff 
Hillard, Phone: 318-257-3165, e-mail: hillard@latech.edu, La Tech).  A detailed literature review 
indicates this project is one of only a few to investigate these two issues in an upland environment.  
Although in-situ burning was considered, the initial focus is on phytoremediation.  More than 40 
different species of native plants were observed growing in oil-contaminated oil at existing upland 
spill sites in northern Louisiana.  These observations indicated that a variety of plants might be able 
to persist in crude oil contaminated soil.  Over the course of a 300-day greenhouse study, the team=s 
analysis suggests that the application of nitrogen, phosphorous and potassium fertilizer may be an 
effective means of in-situ remediation.  In addition, re-introduction of vegetation into oiled upland 
sites is also desirable to prevent soil erosion, improve habitat and may actually accelerate the natural 
attenuation of crude oil.  Because of problems with some of the GC/FID samples the study ARe-
evaluation of soil from in-situ and phytoremediation studies for onshore oil spills@ (Dr. Ed Overton) 
is designed to re-sample and evaluate samples for accuracy.  This project will be completed in May of 
2001. 
 
 In addition, three other studies are in progress that concentrate on plants and their ability to 
survive in an oiled environment: ADevelopment of a sensitivity index for plant response to applied 
oil@  (Dr. William Campbell, Phone: 318-257-4573, e-mail: campbell@.latech.edu, La Tech); 
ADevelopment of a germination index of sensitivity to applied oil@  (Dr. Milan Vavrek, Phone: 318-
257-4573, e-mail: mvavrek@latech.edu, La Tech); and AUse of donor seed banks in terrestrial 
vegetation recovery after an oil spill@ (Dr. Milan Vavrek).  These projects involve the survivability 
of plants in an oiled environment and the accessibility of seed banks that can be used to reseed the 
environment.   
 
 It has been shown that recovering plant communities may become re-established through 
regrowth of belowground plant parts, by germination of seeds immigrating into the site, by 
germination of dormant seeds in the soil bank, or by restoration efforts (e.g., planting of nursery 
stock).  Ideally, a plant community that includes the original species in the same relative proportions, 
in the same structure, as well as restored primary productivity would characterize complete recovery. 
Preliminary results suggest seed banks are an effective component of vegetation recovery after a spill. 
 In the case of severe spills, however, the in-situ seed bank may not promote complete recovery.  
Active restoration, including planting nursery stock or sowing seeds, may also be necessary.  
Alternatively, donor seed banks may be applied, particularly after degradation of oil has occurred.   
 
 The literature indicates that plants accelerate degradation of oil after a spill. Presumably, plants 
contribute limiting resources to soil microbes and improve the soil microbial environment. By 
identifying specific plant traits that are responsible for the stimulated microbial growth and 
metabolism, plant species selection for remediation can be simplified (i.e. species native to the spill 
site can be chosen on the basis of their characteristics).  To test the effectiveness of particular traits, 
Dr. Milan Vavrek=s two-year study: APhytoremediation of petroleum: identification of plant traits 
that enhance degradation@ selected plants on the basis of growth rate, root morphology, water use 
efficiency, photosynthetic pathway, and nitrogen fixation. These varieties were grown in the 
greenhouse in sterilized soil and after about 20 weeks, total petroleum hydrocarbons in the soils 
indicated that plants and microbes contributed little to bioremediation. In contrast, a bioassay 
(germination) indicated a significant reduction in soil toxicity. The difference between these two 



analyses may be a function of soil sampling, transformation of petroleum constituents, and the 
binding of petroleum components to humus. Three species, Panicum virgatum (switch grass), 
Festuca arundinacea (tall fescue), and Cajanus cajan (pigeonpea) possessed some tolerance to oil 
and enhanced microbial degradation. All three species are perennial and tolerate drought and 
moderate to high temperatures. Drought tolerance may be advantageous because of the hydrophobic 
nature of oil-contaminated soils. Thus, water use efficiency may be an important trait for tolerance to 
oil. Additional studies are necessary to further identify plant traits that are effective in remediation.  
In this regard Dr. Vavrek=s study is continuing this work in the project: AThe role of plant-bacterial-
fungal interaction in remediation of oak-hickory-pine systems.@ Preliminary results suggest that by 
facilitating the interactions of plants, bacteria, and fungi oil degradation can be accelerated.  These 
organisms potentially improve each other=s performance and act on oil directly.  However, any 
restoration plan may require monitoring of soil nutrients, repeated applications of fertilizer and 
consideration of interactions among biological components.  
 
 “Engineered application of bioremediation to oil spills in coastal wetlands: a field trial” (Dr. 
Donald Adrian, Phone: 225-578-8636, e-mail: dadrian@lsu.edu, LSU) investigated the effect of 
nutrient amendments on the kinetics of crude oil degradation using laboratory and field experiments.  
It was determined that nutrient additions are plausible strategies for improving oil degradation in salt 
marshes. Respectively, the overall effectiveness of nutrient addition may be limited by oxygen 
availability and costs associated with the appropriate additive.  
 
 AAssessment of the role of anaerobic biodegradation of crude oil on natural recovery@ (Dr. John 
Pardue) is currently being finished.  Dr. Pardue is investigating several applied questions.   Does 
biodegradation of spilled oils in marshes occur when oxygen is absent? What range of oil 
components will degrade under these conditions?  Does an anaerobic Asignature@ of crude oils 
develop following anaerobic biodegradation and what are its characteristics?  Does the ability of salt 
marshes to anaerobically degrade have a significant lag time after a spill?  This project addressed 
these questions and the results suggest that anaerobic degradation of crude oil is an important natural 
recovery process.  Salt marshes in particular may recover from a combination of anaerobic and 
aerobic microbial processes.  
 
 The results of a study involving the AEffects of oil and chemical responses on fresh marsh 
function and oil degradation: response implications@ (Dr. John Nyman, Phone: 225-578-4220, e-
mail: jnyman@lsu.edu, LSU) indicates the use of chemical cleaners, dispersants, or fertilizers has no 
long-term effects on a fresh marsh. Use of these techniques for the purpose of short-term gain, such 
as reducing vegetation or wildlife mortality, is not prohibited by the long-term soil microbial 
response.  More information is needed before response strategies can actually be clarified, but initial 
results are positive.  Currently, this research is being augmented by a study on the AEffects of crude 
oil and spill-response-options on microbial functions and oil disappearance in salt marsh soils@ (Dr. 
John Nyman).  When finished, Dr. Nyman will have completed investigations in fresh and salt marsh 
habitats.  Further, a two-year study on AThe interaction between oil spills, chemical responses, and 
fresh marsh types in determining toxicity to indigenous aquatic animals and the detail of 
hydrocarbon analysis required to predict this toxicity@ (Dr. Paul Klerks, Phone: 337-482-6356, e-
mail: klerks@louisiana.edu, ULL) investigated how oil spills affect aquatic animals in fresh marshes. 
 Specifically, the research investigated the toxicity and temporal changes in toxicity of fouling by 
south Louisiana crude and diesel fuel and two chemical responses options to this problem (the cleaner 
Corexit 9580TM and the dispersant Corexit 9500TM ).  Toxicity was investigated for soil/sediment 
(using sediment dwelling invertebrate species) and the water column (using an invertebrate and a fish 
species).  The experiments were conducted in laboratory microcosms under static conditions and 
without water change.  Results from this research are especially relevant for oil spills in freshwater 



systems having very little water exchange.  The research was also aimed at determining what level of 
hydrocarbon analysis (ranging from simple gravimetric analyses to complex gas chromatography 
with mass spectrometry detection B GC/MS) is optimal for predicting toxicity. 
 
 The research employed 288 individual laboratory microcosms composed of soil collected from 
two Louisiana marshes.  Toxicity data were obtained for days 1, 7, 31 and 186 following the addition 
of the oil and/or chemical treatment to the microcosms.  Results were consistent among the two 
marsh soils.  Overall, toxicity was much higher for the sediment dwelling chironomids (midge) than 
for the two water column species, and higher for the diesel fuel than for the south Louisiana cure.  
The cleaner and especially the dispersant had toxic effects by themselves and enhanced toxicity when 
added to oiled microcosms.  This enhancement of oil toxicity was observed for all time points, thus 
no beneficial effects were observed for the cleaner and dispersant. 
 
 Overall toxicities showed a gradual decline with time.  The various analyses of total petroleum 
hydrocarbon levels and the analysis of total aromatic hydrocarbons all showed a substantial decline 
over the 186-day period.  The researchers could not detect any effect of the chemical treatments on 
hydrocarbon levels.  In order to predict toxicity a relationship between the chemical data and survival 
in the bioassays were developed.  In all cases, there was a significant relationship between the 
hydrocarbon measurement and survival.  It was determined that the relationships were poorly suited 
for accurately ranking toxicity of samples, even when correlations were significant.  The detailed and 
expensive hydrocarbon analyses (such as CG/MS) did not fare any better in this respect than the 
simple and much cheaper gravimetric analysis. 
 
 Vendors have available a number of cleaners and dispersants that can be used in a spill event.  In 
Louisiana=s marshes there was interest in determining whether a shoreline cleaner could be used to 
clean vegetation in a cost-effective manner.  The projects AEvaluation of habitat sensitivity to oiling: 
use of cleaners for removing oil from vegetation@ and AEvaluation of habitat sensitivity to oiling: 
effectiveness and impact of cleaner in removing oil from fresh water habitat, Sagittaria lancifolia L 
[bull tongue] (field study)@ (Dr. Ronald DeLaune, Phone: 225-578-8810,  e-mail: rdelaun@lsu.edu, 
LSU) involved initially extensive greenhouse studies using intact cores of marsh vegetation.  The 
object was to determine the potential of a shoreline cleaner (Corexit 9580TM ) in removing oil from 
the plant canopy.  Because of the positive results obtained in the greenhouse experiment, a permit to 
conduct a full-scale field test was obtained from Louisiana=s regulatory agencies in June of 1995.  
Field tests began in August of 1995, and substantial recovery was noted in plants that were cleaned 
two days after oiling.  By day 45, oiled and cleaned plants had regained their stomatal function and 
had rates comparable to that of the control plants. After the second year, the oil plus cleaner and 
control plants appeared to be nearly equal in their biomass make up. The cleaner worked, but cost and 
availability may be its limiting factor. 
 
 Remediation of coastal wetland ecosystems contaminated with spilled crude oil is complicated 
because these heavily vegetated areas typically offer limited access to cleanup equipment and 
personnel.  Laboratory and field experiments were performed in the studies: AAssessment of 
ammoniated organic wastes for remediation of wetland soils contaminated with crude oil@ and AUse 
of ammoniated cellulotic materials for remediation of oil-contaminated wetlands@ (Dr. Gary 
Breitenbeck).  This project investigated the value of naturally occurring, nitrogen-rich absorbents, as 
well as other commercially available absorbents for in-situ remediation of wetlands contaminated 
with Louisiana sweet crude oil.  The commercially available absorbents tested were ground 
sphagnum peat, kenaf, wool pads, and polypropylene pads.  Tests were performed on two products 
not on the approved list: ammoniated bagasse (a waste by-product of the sugar industry) and ground 
chicken feathers. In the final analysis, ammoniated bagasse was the most effective material tested for 



retaining spilled oil and promoting in-situ disappearance.  The ammoniated bagasse is in the process 
of being commercialized. 
 
 Since absorbent pads are an important tool in the cleanup business, a study on the AEvaluation 
and characterization of sorbents in removal of oil spills@ (Ali Ghalambor, Phone: 337-482-5948, e-
mail: alig@Louisiana.edu, ULL) was funded.  This project examined, evaluated, and characterized 
several commercially available oil spill sorbents. Kenaf, wool, and polypropylene were analyzed and 
appraised.  Kenaf has absorption capacity almost equivalent to polypropylene and slightly less than 
wool, but with much higher retaining capacity than the other two. Although not commercially 
available, kenaf appears to be one of the cheapest and most efficient sorbents tested.  Many sorbents 
are manufactured from organic material and are therefore naturally biodegradable.  Once used, 
Adisposal@ becomes an issue since they are classified as hazardous material.  To reduce disposal cost 
associated with used pads, a project involving AComposting technology for practical and safe 
remediation of oil spill residuals@  (Dr. Donald Adrian) and AComposting technology for practical 
and safe remediation of oil spill residuals@ (Dr. Ali Ghalambor) were initiated in 1996.  Preliminary 
results suggest that several organic sorbents will degrade effectively when properly composted.  The 
decomposition of some spent sorbents benefits from the addition of supplemental nitrogen in the 
ratios of 60:1 to 120:1.  These ratios appear to provide optimal support for oil disappearance under 
composting conditions.  One member of this research group investigated the AEffectiveness of 
solidifiers for combating oil spills@  (Dr. Ali Ghalambor), but because of industry work in this area, 
this two-year project was terminated after only a year. 
 
 Wastes associated with petroleum production can have harmful ecological consequences when 
released into wetland and coastal marine ecosystems.  There is however, little understanding of 
petroleum=s changes and biotransformation products in this environment.  For treatment and impact 
assessment strategies to be successful, it is important to understand degradation pathways of 
chemicals associated with petroleum and produced waters. ABiodegradation of toxic chemicals from 
petroleum and produced waters, brackish marsh sediments: pathway studies and degradation rates 
using deuterated standards@ (Dr. James Catallo, Phone: 225-578-8518, e-mail: 
jcatallo@mail.vetmed.lsu.edu, LSU) investigated these issues.  In this study most of the target 
compounds were found to be only partially degraded under anaerobic and reducing conditions 
typically found in Louisiana=s brackish and salt marsh sediments.  Stirring and increasing the redox 
potential of the sediments increased the rates of transformation of many of the target compounds.  
This suggests that physicochemical modifications may be able to promote compound transformation 
from affected sediments.  As tilling and mixing frequently accompany the introduction of 
bioremediation agents, this may have a positive affect on the degradation process. 
 
 When a spill occurs two questions are often asked: (1) How clean is clean? and (2) Should we 
clean a site?  To help answer these queries, Dr. Howard Hunt=s  (Phone: 318-257-4141, e-mail: 
hhunt@latech.edu, La Tech) study AArthropod indicators of onshore oil spill severity@ indicates 
arthropods might have potential as indicators of the severity and degree of recovery from oil spill 
events.  Dr. Hunt=s two-year study used pit-traps to capture arthropods in 1 m blocks of habitat 
exposed to different intensities of waste oil within a fenced enclosure.  By using broad arthropod 
groupings the team reduced species-specific variability between samples and made broad-scale 
community changes easier to quantify.  Preliminary results suggests that the use of arthropods may 
indicate spill sites requiring little or no clean up, thereby saving the cost of expensive and 
unnecessary soil remediation treatments. 
 
 Because of the extensive oil activity in Louisiana, large number of un-vegetated oil pits resulting 
from routine petroleum operations may contaminate their surroundings and greatly reduce the 



ecological functions of wetlands and uplands.  Dr. Qianxin Lin=s project AThe use of 
phytoremediation, biostimulation and aeration for the restoration and cleanup of non-hazardous oil 
pits and related NOW sites@ investigated this issue. Results from this study are being reviewed and 
will be published in 2002.  
 
 Currently, three studies have been funded that will be published in 2003.  ADetecting the chronic 
effects of oil development in Caddo Lake@ (Dr. Charles Ramcharan, Phone: 225-578-1745, e-mail: 
cramcha@lsu.edu, LSU) will look at the acute effects of oil development in a freshwater lake, since 
these environments preserve a history of their past physical, chemical, biological, and even 
climatological environments in their sediments.  Using a variety of sensitive and sophisticated 
techniques for chemical analyses, the residues of these past environments can be detected in sediment 
cores.  This project will attempt to determine the chronic effects of oil development in the food web 
of Caddo Lake.  Dr. Ramcharan believes the study will provide a better understanding of the impacts 
of oil development and the data collected may also aid in monitoring oil spill remediation efforts.  
 
 ARevegetation of oil brine spills sites@ (Dr. Milan Vavrek) has often been unsuccessful.  This 
project involves a compound approach to address revegetation in the multi-stress environment of an 
oil brine spill.  The approach involves a detailed literature review and experimental components.  The 
objectives are to: (1) identify plant species capable of growing in contaminated sites by cross-
referencing species tolerance to oil, saline, and sodic soils and by reviewing successful restoration 
techniques; (2) quantify survival, growth, and fecundity of identified species when grown in saline, 
oil, and oil brine-contaminated soils to test whether these species are candidates for restoration 
schemes; (3) quantify the benefits of a calcium amendment to plant and fungal growth; (4) quantify 
the benefits of amending arbuscular-mycorrhizal fungi to re-establishment of plant species; and (5) 
quantify the salinity, sodium, oil land structure of vegetated and unvegetated oil brine-contaminated 
soils to test whether plants and fungi contribute to reduction of oil and salt. 
 
 In order to assist in reducing the loss of living resources in a spill event, Dr. Jenneke Visser=s 
project ADevelopment of a rapid survey technique for living resources in Louisiana=s fresh 
marshes@ is designed to develop an ecologically, economically, and statistically sound rapid 
assessment plan for living resources of Louisiana=s freshwater marshes in order to provide useful 
information to resource managers in the absence of adequate baseline data.  Development of this 
rapid assessment plan will consist of four steps: (1) a review of existing rapid assessment methods; 
(2) an inventory of all existing data on living resources in the Louisiana fresh marshes of resident and 
migratory species; (3) development of a list of species of special concern; and (4) development of a 
sampling design.  The end product will be a standard operating procedure of national resource 
damage assessment of living resources within freshwater marshes. 
 
 

SUMMARY 
 The impact of an oil spill and the success of cleanup efforts depend on the characteristics of the 
water, nearby land and weather conditions.  In some cases, luck B good and bad B plays the 
prominent role in determining the severity of a spill.  The greatest damage to bottom organisms will 
occur in shallow water.  High winds and ocean currents can spread oil faster and impede cleanup 
efforts.  Tidal mud flats, shallow grass beds, marshes, and swamps are especially difficult to clean.  
The time of day a spill occurs also can be important, as initial responses can only benefit from 
adequate sunlight and good visibility.  The key to an effective response plan is that Athe level of pre-
existing environmental and ecological information is extensive, current and easily extracted from a 
comprehensive data base@ (17:76). One of the best tools in understanding the pre-existing 



environmental conditions is a map, preferably in a digital format.  Louisiana=s Oil Spill Contingency 
Plan Map is a key element in mobilizing clean up teams to minimize the environmental consequences 
associated with an oil spill.  This product is less than two years old and has been widely distributed 
and used.  The CD-ROM has been particularly well received.  
 
 In five years, more than 30 projects have been funded to investigate a number of oil spill related 
issues in Louisiana.  These projects are directly related to the applied mandate of Louisiana=s oil spill 
research and development effort.  The process works because of the interchange of ideas and 
knowledge between industry oil spill representatives and the university communities to ensure the 
research efforts are applicable. Such an arrangement/partnership minimizes duplication and 
guarantees that the Aapplied@ aspect of the research/education project is relevant to oil spill related 
concerns in Louisiana. The process works and has been quite successful.  Louisiana is better prepared 
because of the coordinated efforts of the state=s Oil Spill Coordinator, the OSRADP, the university 
research community, and industry.  The partnership is focused on a common goal: oil spills 
prevention and clean up in a scientifically based, efficient, and practical manner. 
 
 It is critical the science developed with OSRADP support is incorporated into the oil industry=s 
planning and response strategies.  These projects are only useful when they are implemented.  We are 
convinced the goals and objectives of the OSRADP are compatible with industry.  We must work 
together to see these research efforts, and others are approved and utilized by all parties involved in 
an oil spill cleanup operation.  On the shelf, the research initiatives are not meeting the program=s 
applied mandate.  If not approved, they will have at least been assessed.  Regardless, questions will 
be answered.  Rejection is not necessarily bad, if that rejection leads to better science. Acceptance by 
the regulatory community can lead to better response in the future.  Expectations are kept, therefore, 
within the context of the research, so the best efforts are used to limit an oil spill=s environmental 
impacts. 
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ABSTRACT 
 

Coal-bed methane projects can be successful only through full compliance with 
the array of regulations that govern the development, operation, and closure phases of a 
project.  This paper reviews the regulatory requirements that are common to most coal 
bed methane projects in the U.S., and identifies aspects of project planning that are 
necessary to address these requirements.  An understanding of the applicable rules and 
regulations is needed during the design phase of the project, to ensure that project 
development goals and schedules are met, and that the costs of implementation are fully 
understood.  For example, development permits are necessary before construction of field 
equipment can begin, and the time necessary to receive permit approvals should be 
considered in the overall project schedule.  The appropriate regulatory agencies should be 
contacted very early in the process, to assess what issues they consider most important, 
within the context of the applicable regulations.  In addition, most permit approvals 
require public notification and an opportunity for the public to comment on the proposed 
project, and permit approvals can hinge on favorable public participation.  In some 
regions of the U.S., organized private-sector groups have become skilled in influencing 
natural resource development projects through both public relations campaigns and 
regulatory pressure.  Full, up-front knowledge of the regulatory climate, site-specific 
characteristics that might influence regulatory action, and the local and regional political 
climate will go a long way toward ensuring the success of coal bed methane development 
projects. 
 
 

INTRODUCTION 
 

State regulatory programs that cover coal bed methane (CBM) project 
development were reviewed in an effort to ascertain the overall level of industry 
regulation, and to determine whether significant regional differences exist in the 
regulation of these projects.  Regulations from ten states were obtained and reviewed for 
this effort, representing most producing regions of the nation.  These regulations were 
reviewed in the context of 60 regulatory criteria, to assess the degree of control and 
informational requirements on exploration and production (Table 1).  A high degree of 
regulatory control was found throughout the country, although some regional differences 
exist.  The general requirements and differences are explained in this paper.  Based on 
this understanding of the regulatory constraints on exploration and production, 
conclusions and recommendations are presented to help guide CBM project operators. 
 
 



 

 

STATE REGULATORY PROGRAM REVIEW 
 

Natural resource development regulations exercise varying levels of control over 
development, operations, and closure, with the intent of minimizing environmental 
degradation, ensuring proper site restoration at project conclusion, quantifying the 
production of resources for taxation purposes, generating a written record of public 
decision-making, keeping the public informed, and providing a forum for the thoughtful 
resolution of disputes.  Only two states in this evaluation, Alabama and Montana, have 
specific regulatory programs directed at CBM projects, but the other states have oil and 
gas regulatory programs that cover all facets of CBM exploration and production.    
Additional environmental permits that may be required for a project, such as water 
discharge and air quality permits, are outside the scope of this investigation.  The 
following summarizes the general regulatory characteristics found in this investigation 
and provides suggestions for CBM project developers.  Table 2 presents a list of the state 
agencies that regulate CBM projects. 
 
 

Public Knowledge 
 

All the states studied have ample provisions in place for public notification of 
CBM projects.  The permitting programs of all ten states require prior notification of 
planned projects, and failure to obtain a permit results in civil penalties.  Public 
notification is handled by the regulatory agency and/or by the permit applicant, generally 
through publication in local newspapers.  In all cases, the surface landowner must be 
notified, and some states require notification of all owners of record (the broadest 
definition of real property ownership, including lease and right-of-way) within a specified 
distance from proposed well locations.  All permit applications require identification of 
the owners of real property in the area of the planned well, and most states require 
identification of water, oil, and gas wells in proximity to the planned well.  In all cases, 
hearings can be held to afford the public an opportunity to provide input before permit 
decisions are made by the regulatory agencies. 
 
 

Control 
 
 The manner in which CBM projects are developed and operated is managed by 
state agencies through the permitting process and enforcement of regulations.  Approval 
of permits is required before site activity can begin.  States also require prior approvals or 
permits to undertake specific actions at existing operations, such as the setting of casing, 
seismic testing, or plugging.  The permitting process and enforcement of regulations also 
enable states to exercise control over topics of regional importance.  For example, in 
states where coal is a substantial resource (such as Kentucky, Pennsylvania, and Utah), 
there are special requirements for notification, well construction, and plugging through 
mineable coal zones.  Pennsylvania also has developed best management practices 
(BMPs) for the development of well locations because of the hilly nature of the state and 
the desire to control erosion and sedimentation.  Indiana has a less complicated regulatory 
structure, because lease terms and conditions between resource exploration and 
development companies and surface owners frequently dictate the manner of operation 
and surface use.   
 



 

 

All states have special provisions for the protection of local potable water 
sources.  For example, Colorado has identified hydrologically sensitive areas where 
special care must be exercised by operators to protect water resources, and some states 
(Pennsylvania, Virginia, and Kentucky are examples) expressly require the restoration of 
potable water when supplies are affected by exploration or production.  While there are 
differences among states in their regulation of CBM projects, most major activities at a 
location are addressed either in permit application information requests prior to permit 
approval, or through the enforcement of operations regulations where violations can 
jeopardize issued operating permits.  All states have the ability to inspect operations to 
ensure compliance, and all have the ability to mandate corrective action. 
 
 

Resource Production 
 

State knowledge of resource production, whether oil, gas, or coal bed methane, is 
important for taxation purposes, but states also endeavor to ensure the efficient extraction 
of the resource and minimization of waste.  All states require some form of production 
reporting, along with identification of the units from which the extraction occurred.  
Records of production are maintained by the state agencies, and all states have the ability 
to inspect and ensure proper measurement and reporting.  This information is evaluated 
by regulatory agencies to ensure that complete extraction is achieved, to the extent 
possible with current technology, and that incidental waste is minimized. 
 
 

Site Restoration 
 
 Site restoration at the conclusion of a project is required by all states, although 
there are some differences in the degree of specificity laid out in the regulations.  Site 
restoration considers not only the surface but also the manner in which wells are plugged 
and abandoned.  All states have specific requirements for the plugging of wells, with the 
goal of protecting in-place water, coal, gas, oil, or other natural resources.  The degree of 
regulatory specificity for surface restoration runs the gamut from restoration to “as near 
as practical to pre-operation conditions” (Indiana) to detailed requirements for land 
restoration, including the replacement of site topsoil (North Dakota).  The amount of 
detail in the regulations does not imply any difference in the intended outcome of 
restoration, but can affect the potential for regulatory disputes.  The ultimate control over 
site restoration is found in the bonding requirements for each well or project.  Release of 
the required original bond, which in some states is a substantial amount, is predicated in 
all cases on the proper plugging and abandonment of project wells, including the 
restoration of surface lands. 
 
 

Public Record 
 
 The permitting process for CBM projects requires providing information and 
maps regarding the planned site activities.  Most states have standard forms, which must 
be completed and become part of the permanent record for the project.  Regulatory 
approvals occur only after required project information is provided and announcements 
of planned permit approvals are published in local newspapers.  Agency approvals of 
permits are reviewed by public commissions established for the oil and gas industry.  



 

 

Records of the approval process are maintained by the states and are available to the 
public into the future.  
 
 

Dispute Resolution 
 
 Disputes can occur in the CBM fields, between the project proponent and the 
regulatory agency, between local private parties (generally the surface landowner) and 
the project proponent, between the project proponent and other resource developers, and 
between special interest groups and the regulatory agency.  All states have a procedure in 
place to allow a hearing of the dispute and resolution before a public commission (usually 
the Oil and Gas Commission).  Again, decisions by commissions are made in public 
meetings.  Nothing found in the review of states’ regulations affects the access to 
remedies through civil action. 
 
 

Federal Land Management Program Summary 
 
 This study focused primarily on state regulations and permit requirements for 
exploration and production, so the body of federal regulations was not analyzed 
thoroughly.  However, a general overview is presented in this section. 

Many CBM projects in the West are conducted on federal lands that are 
administered by the Bureau of Land Management or U.S. Forest Service, depending on 
location.  In addition to meeting state regulations and permit requirements, federal 
approvals for projects are also required, governed by the regulations set forth in CFR 
Title 43, Section 3160.  The primary purposes for federal oversight are to protect trust 
resources (the broadest definition of resources is implied, including biota, water, soils, 
archeological values, and other locatable, leaseable, and saleable minerals), ensure proper 
resource use, and ensure public safety on federal lands.  A Use Permit Application and a 
Plan of Operations must be submitted to start the federal review process, and the decision 
to approve the Plan is made at the District or Regional level, depending on the expected 
project impact.  The Plan of Operations requires information similar to that required in 
state regulatory programs, but substantial review of the expected impact to trust resources 
is required for federal agencies.  A Finding of No Significant Impact or an Environmental 
Assessment (EA) will be required by the federal agency before the Plan of Operations 
can be approved and a Use Permit issued.  If the potential impacts from the planned 
project are considered significant, an Environmental Impact Statement (EIS) will be 
required before federal approval of the project occurs.  Throughout either the EA or EIS 
process, public participation and other resource management agency review of the project 
will be required to ensure full compliance with the many federal resource laws. 
 
 

Guidance For CBM Projects 
Given this understanding of the regulatory control and oversight to which CBM 

projects are subjected before they are allowed to proceed, companies considering CBM 
developments are well advised to develop a management strategy to address this 
regulatory environment.  The following sections of this paper identify approaches 



 

 

intended to support successful project development, and explain the basis for such 
approaches. 
 
 

Managing the Regulatory Process 
 
A successful CBM project is implemented as quickly as possible, so that it can 

begin generating revenue soon after investment capital outlays.  A thorough planning 
process is necessary to bring a project on line in a timely fashion, and the implementation 
plan must fully consider the regulatory requirements and anticipated schedule for 
submitting permit applications and receiving approvals.  The first step in this plan is to 
anticipate permit application requirements by developing a comprehensive understanding 
of local and regional development issues and concerns.  Useful information regarding 
local and regional issues and regulatory concerns can be gained by reviewing previous 
development permit submittals and meeting with the key regulatory authorities.  Holding 
such  meetings early in the planning process affords the regulators an opportunity to 
express their expectations regarding planned developments, to elucidate key concerns, 
and to develop a rapport with the company proposing the development.  Such meetings 
can be highly valuable, because permit applications are reviewed by individuals, each of 
whom has particular interests within a given regulatory construct.  Decisions at the state 
level frequently are made from the bottom up, and developing a professional working 
relationship with individual permit reviewers can provide invaluable perspective 
regarding what level of information will be needed for project review and approval.  The 
CBM project proponent can then develop an implementation plan, with a realistic 
timetable, to address the regulators’ key concerns. 
 
 

Managing Public Perception 
 

Public perception regarding the overall impacts of a planned CBM development 
can influence the speed and outcome of the project permitting process, and can affect the 
project during its operating life, both of which have economic implications for the 
project.  The public is afforded substantial opportunity to offer their input during the 
permitting process, and regulatory agencies are generally acutely aware that issuing 
permits in the face of public opposition—even if such opposition is predicated on 
misconceptions—can have political and litigious ramifications.  In addition, public 
opinion can influence such operating factors as the frequency of compliance inspections 
and the rigor of regulatory scrutiny.  Public concern can even lead to the promulgation of 
new rules and regulations, which could affect the economic viability of an already 
operating CBM project. 

On the other hand, public support for a project can exert a powerful positive 
influence on regulators, enabling the project to proceed in an atmosphere of cooperation.  
Managing public perception of a project is therefore extremely important in ensuring its 
success.  Steps for the project proponent to take include full participation in public 
hearings, and providing prompt, thoughtful responses to concerns expressed within that 
forum.  By providing full, forthcoming responses to concerns of the public, the project 
proponent can foster an image of a responsible entity that desires to further the 
community’s interests while pursuing its own. 

Other avenues for fostering positive public perception include using local news 
media and public information campaigns to present the project in a positive light.  It helps 



 

 

to put a face to the project (frequently the project’s environmental manager), giving the 
public the comfort that someone is available to listen to any concerns, and that person is 
in a position to address those concerns promptly and decisively.  In planning a CBM 
project, therefore, it is important to gauge the potential public response at the outset, and 
to have the appropriate public information program in place before the permit application 
process begins. 
 
 

Third-Party Intervention 
 

Organized opposition can play a large role in determining whether permits are 
issued, how long it takes, and the manner in which the regulators oversee the project 
during its operating life.  Surface landowners can band together, and other interested 
parties often take the form of organized groups—both these types of groups can exert 
pressure on state commissions and agencies, especially when environmental impacts are 
perceived or the terms of operating permits are violated.  This pressure can take the form 
of participation in the public review process, political action, and litigation.  The key to 
managing these influences from third-party groups or individuals is to know up front who 
they are and what their concerns will be.  With this knowledge, project implementation 
and the associated public information program described above can be planned to account 
for these concerns and build a rapport with influential groups and individuals.  Providing 
special-interest groups and influential individuals with accurate information regarding 
CBM projects can go a long way toward reducing misconceptions regarding project 
impacts, and avoiding delays associated with organized opposition. 
 
 

Regulatory Challenges to CBM Operations 
 

Because of the degree of regulatory oversight on CBM projects, operators 
frequently are faced with a number of additional tasks unrelated to the extraction and sale 
of gas.  Commitments made during the permitting process, and the self-monitoring and 
reporting aspects of many required environmental permits, create additional management 
challenges.  Failure to fulfill all aspects of permit obligations, including monitoring and 
reporting, can lead to additional regulatory oversight, and even monetary penalties.  
Managing the burden placed on the operator to fulfill these additional requirements can 
be accomplished only through proper planning, communication, and training of site 
personnel.   

Without adequate planning and training, operators can find themselves facing a 
Notice of Violation (NOV) of either permit requirements or operating regulations.  The 
operating company must consider thoughtfully the manner in which it responds to NOVs, 
because operations must continue into the future with the same regulatory agency 
performing the oversight.  Regulatory compliance is important to maintaining the full 
value of the project for potential sale—a history of violations can only detract from a 
project’s value. 

Finally, financial planning for final site restoration should not be neglected until 
the waning years of the project, where revenues seldom meet operating costs.  
Controlling the size of the project’s footprint is one of the best ways to reduce the overall 
cost of final site restoration and financial burden at the end of project life. 
 
 



 

 

Conclusion 
A review of regulations covering coal bed methane projects was conducted for 

ten states.  From an analysis of these regulations, it was concluded that there is significant 
regulatory control over most aspects of gas exploration and production.  While some 
regional differences exist among the various states, these differences relate more to the 
protection of highly valued resources found in one state compared to another.  In all 
states, the public has ample opportunity during the regulatory process to evaluate planned 
projects and express concerns.  The degree of information required for planned projects, 
and monitoring and reporting requirements for ongoing operations, make it essential for 
CBM projects to fully consider the regulatory environment and public perceptions, along 
with project development and operational details.  The financial success of a CBM 
project is more than a function of resource and price—planning for regulatory 
requirements and effective public relations can affect the speed of permit approval and 
the ease of operations.  The success of future projects can depend on the success of 
previous projects, and the intrinsic value of a project for sale to others can be affected by 
the regulatory and public perception of the project.  



Table: 1.  State regulatory summary covering coal bed methane projects

State Alabama
Regulatory Program

CBM Specific 400-3-1
O&G Regulations --
Name of Authority State Oil and Gas Board of Alabama
Regulator State Oil and Gas Supervisor

Well Permitting
Permits Required Exploration, injection, well conversion
Requirements Forms with specific information
Fees $300, $150, or  Blanket $1,000
Well Deepening Permit
Directional Drilling Permit
Permit Duration 6 months

Bonds
Well Drilling $5,000–$50,000 depending on depth
Other Facilities Many types of facilities covered
Pollution Prevention Bond can be increased in areas of high environmental risk.

General Reporting
Organizational Reports Every 2 years
Change of Operator Immediately upon sale

Well Spacing
Spacing Special Field Rules or 40 acre
Boundary Offsets 330 feet from exterior of field
Housing Offsets 200 feet from permanent residence
Exemptions Approved by Board

Notification and Approval
Well Status Reports Weekly
Prior Notification Setting casing, perforating, testing, logging, coring, swabbing
Condition Change Sale or assignment, loss of logging equipment, fire, leak, spill, blow out
Approval Activities Most field activities require approval from Supervisor

Drilling
Well Identification Signage Specifications
Pollution Protection Prevent current and future pollution of freshwater resources, quality, and pressures
Well Records Significant information furnished to Board in 30 days
Core Storage Core location provided to Board, core submitted to Board after 1 yr.
Directional surveys Surveys filed with Supervisor in 30 days 
Lost Logging Source Notification requirement, abandonment requirements, signage
Fracturing Approval requirement, corrosion control, reporting.
Casing Minimum depth requirements, API standards, other specifications
Cementing Circulate to surface, other specifications
Pressure Testing Depth-dependent pressure specification, other specifications
Blow-out Prevention Well control required, drilling fluids not required
Production Casing Specifications
Production Testing Approval from Supervisor; reporting, testing requirements
Venting Approval required, 20 ft above ground
Pit Const. & Maint. Prior approvals, const. specifications, inspection requirements
Pit Fluids Proper disposal or recycling in 30 days
Pit Closure Compaction and filling in 90 days,  surface owner requests
P&A of Wells Plugged within 30 days of completion; notifications, specifications, reports
Location Restoration Within 90 days, plan approval, erosion control, landowner variance 
Temporary Abandonment 1 yr., approval required, 1 yr. extensions, site is to be maintained, well safeguards
Shut-ins 1 yr., approval required, 1 yr. extensions, site is to be maintained, well safeguards
Freshwater conversions Surface owner request, bonding
Seismic and Other Holes Plugged to protect all fresh water 
Reworking Approval for Supervisor, reporting in 30 days 

Production
Facilities Based on sound engineering principles.  Site arrangement plan requirements.
Holding Ponds Maintained to permit  and regulation 
Produced Water No discharge to land, streams, or rivers
Commingling Allowed for distinct pools
Tanks Signage requirements, dike requirements
Dikes Lined containment area, volume requirements, saltwater removal
Site maint. Access roads, equipment removal, vegetation, Supervisor approval

Transportation
Certification Operator's Certificate of Compliance and Authorization to Transport Oil, Gas & Condensate
Gathering Lines Interstate gathering lines per standards, flow lines excluded
Compressor Stations Map of facilities required prior to installation
Maintenance, Abandonment Maintained in safe manner, purged with water or inert material

General Safety and Environment
Notifications Immediate Supervisor notification for spill, leak, fire, blowout 
Clean-up Immediate cleanup of spills, leaks, fires, and blow outs
Drinking Water Sources Hydrologic fracturing shall not endanger drinking supplies, prior approvals, depth provisions
Surrounding Wells Special provisions when water wells are within 1/4 mile

Class II Injection wells
Program Program and includes monthly reporting.

Note:  --  Topic not explicitly addressed in program reviewed.
Disclaimer:  Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program

CBM Specific
O&G Regulations
Name of Authority
Regulator

Well Permitting
Permits Required
Requirements
Fees
Well Deepening
Directional Drilling
Permit Duration

Bonds
Well Drilling
Other Facilities
Pollution Prevention

General Reporting
Organizational Reports
Change of Operator

Well Spacing
Spacing
Boundary Offsets
Housing Offsets
Exemptions

Notification and Approval
Well Status Reports
Prior Notification
Condition Change
Approval Activities

Drilling
Well Identification
Pollution Protection
Well Records
Core Storage
Directional surveys
Lost Logging Source
Fracturing 
Casing
Cementing 
Pressure Testing
Blow-out Prevention
Production Casing
Production Testing
Venting
Pit Const. & Maint.
Pit Fluids
Pit Closure
P&A of Wells
Location Restoration
Temporary Abandonment
Shut-ins
Freshwater conversions
Seismic and Other Holes
Reworking

Production
Facilities
Holding Ponds
Produced Water
Commingling
Tanks
Dikes
Site maint.

Transportation
Certification
Gathering Lines
Compressor Stations
Maintenance, Abandonment

General Safety and Environment
Notifications
Clean-up
Drinking Water Sources
Surrounding Wells

Class II Injection wells
Program

Note:  
Disclaimer:  

Colorado

--
Title 34, Article 60
Colorado Oil and Gas Conservation Commission
Director of the Oil and Gas Conservation Commission

Drill, Deepen, Re-Enter, Recomplete, and Operate
Forms with specific information
--
Permit
Permit
1 year

Financial assurance of $2,000, $5,000 or Blanket $25,000
Bonding requirements
Environmental Surety, remediation of sites, soil test and cleanup requirements

Form requirement and approval prior to commencement of operations
Operator change within 30 days, 15 days for Class II wells

Depth dependent
200 to 600 feet from lease boundary
150 feet, closer if well equipped with pressure drop valves
Approved by Director

Monthly reporting
Drilling any well, 30-day notice to Director, surface owner, and local gov. notice rules
24-hr. notice of loss of well control, 15 written report
Most well-head activities require notification and approval of forms

Signage Specifications
Prevent significant adverse impact,  no violation of water quality standards, exemptions
Logging requirements, submittal of information
--
Approval for directional drilling, survey filed within 30 days
Covered by other statute
--
Casing program for each well and dependent on formation knowledge
Specifications for surface and intermediate and production casing
Specifications provided
All necessary precautions to keep well under control, Director can specify protection
Casing program for each well and dependent on formation knowledge
Reporting within 20 days of completion
Safe distance, prior notice to local emergency dispatch required
Pit permit required, surface soils removed and stored, pits to be fenced, lining requirements 
No open storage of petroleum except in emergency
Specifications for range land and crop land settings
Approach needs approval from Director, specifications provided, must leave surface casing
Restored to condition of pre-operation, includes topsoiling
Approval of the Director for 6 months, extensions available, pressure testing specifications
Approval of the Director for 6 months, extensions available, pressure testing specifications
Landowner assumes plugging responsibility in writing
7-day prior notice, approval from Director, bonding required, plugging and reclamation specifications
--

Spacing requirements for tanks, heater-treaters, wells near buildings, setback specifications
Operated in a manner to protect waters of the State, oil removal in 24 hrs., lining requirements
Cannot violate water quality specifications of the State
Commingling of producing zones encouraged to reduce wells
Tanks to meet API and UL standards
2 feet of freeboard above water level
Operated in manner consistent with regulations

Identification of transporter required on operations notification form
Flow lines designed for conditions, pressure tested, maintenance and repair specifications
Spacing and offset specifications
Reclamation of site required

Any spill over 20 bbl. reported to Director immediately upon discovery, notification for 5-bbl spills
Cleaned up as soon as possible, Director may require additional action
Sensitive Areas have been established with specific operations regulations. Groundwater monitoring can be required.
Notification for registered wells, casing requirements in some areas

Approval required, public notification, special regulations

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program

CBM Specific
O&G Regulations
Name of Authority
Regulator

Well Permitting
Permits Required
Requirements
Fees
Well Deepening
Directional Drilling
Permit Duration

Bonds
Well Drilling
Other Facilities
Pollution Prevention

General Reporting
Organizational Reports
Change of Operator

Well Spacing
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Boundary Offsets
Housing Offsets
Exemptions
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Well Status Reports
Prior Notification
Condition Change
Approval Activities

Drilling
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Pollution Protection
Well Records
Core Storage
Directional surveys
Lost Logging Source
Fracturing 
Casing
Cementing 
Pressure Testing
Blow-out Prevention
Production Casing
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Venting
Pit Const. & Maint.
Pit Fluids
Pit Closure
P&A of Wells
Location Restoration
Temporary Abandonment
Shut-ins
Freshwater conversions
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Production
Facilities
Holding Ponds
Produced Water
Commingling
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Dikes
Site maint.

Transportation
Certification
Gathering Lines
Compressor Stations
Maintenance, Abandonment

General Safety and Environment
Notifications
Clean-up
Drinking Water Sources
Surrounding Wells

Class II Injection wells
Program

Note:  
Disclaimer:  

Indiana

--
IC 14-37 and 312 IAC 16
Department of Natural Resources
Division of Oil and Gas

Permit required to drill, deepen, operate, or convert a well for oil and gas
Detailed specifications for permit application
$100 
Permit required
Permit required
Drilling must commence in 1 yr.

Required in 10 days. $2,000 per well up to $30,000 for blanket bond
--
--

Registration with Sec. Of State
Transfer of well permits requires notification, permit and approval.

20 or 40 acre, depending on depth. Exemptions available
From 165 ft to 330 ft depending on location.  660 ft from other wells
--
--

Logging of completed wells required and filed with the Division, includes core and cuttings
48-hour prior notice for coring, removing casing, and plugging operations
--
Drilling in mineable coal seams

Signage required
--
--
--
--
--
--
Specifications for surface and intermediate casing.
API standards
Testing of plugs
--
Limited specifications for production casing and cementing.
--
Must request a hearing before the Commission but allowed if not market.
Constructed to prevent escape of oil and high enough to eliminate surface water. Liner required for some applications.
--
Closed as soon as possible with restoration to pre-drilling condition.
Plugging specifications with protection of oil, gas, and water resources.
Closed as soon as possible with restoration to pre-drilling condition.
Specification for well and site conditions before temporary abandonment.  Approved by Division. 5 yr period.
--
Approved by the Division with necessary information submitted.
Bonds required for geophysical surveys
--

--
--
--
--
Surrounded by dikes capable of 1&1/2 storage capacity.
Must be impermeable and not breached. 2 feet of freeboard.
All sources of fire hazard must be removed.

--
--
--
Covered by lease terms

--
--
Special protection of aquifers identified by the Department
Operations cannot cause a violation of drinking water standards.

Specifications for injection wells, notifications.

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program
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O&G Regulations
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Regulator
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Class II Injection wells
Program

Note:  
Disclaimer:  

Kentucky

--
KRS 353
Department of Mines and Minerals
Department Director

Permits required. Substantial information needed, wells penetrating coal-bearing strata have additional information requirements
Operations and reclamation plan required. Mediation Report for severed resources. Surface owner notification.
$300 per well
Can be completed without new permit under certain circumstances. Otherwise, permit required.
Must be approved by permit
1 yr.

$500 to $5,000 per well depending on depth, Blanket bonds up to $10,000
--
--

Certificate of Compliance required for any production.
Form required with proof that the new operator understands the manner in which the site is to be operated and reclaimed.

Special rules for wildcat wells. Special field order request in 60 or 120 days.
200 to 2,000 feet from boundary depending on well type, exceptions for unfavorable topography
150 feet
Approved by Director

Annual reports of monthly production. Informational specifications.
Landowner notification 30 days before commencement.  Prior notification for directional drilling or plugging.
--
All activities must be covered in Operations and Reclamation Plan. Drilling in mineable coal seams has special provisions.

--
Casing and cementing requirements.
Within 90 days after termination of operations, submittal of all logs and other information.
Drill cuttings can be required by director.
Permit for directional or horizontal drilling required. Surveys every 1,000 ft or at every joint, depending on well type.
--
Cannot destroy the usefulness of strata for oil, gas, or water.
Casing specifications.  Special casing requirements for coal and gas near coal areas.
Cementing specifications.
Testing requirements and reporting
Required for deep wells, specifications.
Sufficient for known formation pressures.
--
Waste of gas is not allowed.
Must be operated per Operations and  Reclamation Proposal permit.
Must be operated per Operations and  Reclamation Proposal permit.
Must be operated per Operations and  Reclamation Proposal permit.
Notification required. Plugging immediately. Plugging affidavit required. Plugging specifications for coal and non-coal areas.
Return the surface and improvements to as near as practical the original condition.  Compensation for damages. 
2-yr. period without plugging. Casing and capping requirements.
--
Written authority is needed from the landowner.
--
--

Must be operated per Operations and  Reclamation Proposal permit.
--
--
--
Signage required or oil holding facilities with specifications.
--
Must be maintained per the Operations and Reclamation Proposal permit.

--
Must be operated per Operations and  Reclamation Proposal permit.
Must be operated per Operations and  Reclamation Proposal permit.
Per specifications of the Operations and  Reclamation Proposal permit.

Written notice to Department when final reclamation is complete.
--
Replace water supply used for legitimate purposes
--

Permit, bonding, and operation requirements. Prior certification of compliance notification required. Mechanical integrity testing.

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program
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O&G Regulations
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Regulator
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Class II Injection wells
Program

Note:  
Disclaimer:  

Montana

Docket 130-99
Rule 36-22
Board of Oil and Gas Conservation
Designated agent

Permit required, CBM wells considered "wildcat" under Oil and Gas Regulations
Same as for wildcat drilling
$25 to $150 per well depending on depth
Fees required for additional depth. No removal of any casing with out approval
Permit required for planned deviation
6 months, re-file if not spudded in 6 months

Bonding required of $5,000 to $10,000.
Plugging and restoration bond of $1,500 to $50,000
--

Organization Report form
Supplemental report required immediately

Special field rules, only one production well per legal subdivision
660 or 990 feet from 1/4 section lines,
--
Special provisions can be approved

Completion reports in 30 days; includes other well completion activities. Monthly reporting thereafter.
Permit required prior to any drilling, stratigraphic testing, or coring.
--
--

Signage requirements
Solid or produced waste disposed to protect water or soil, offsite disposal in alluvial valleys
Logging must be completed and sent to Board in 30 days
Cuttings delivered to Board in 6 mo., core in 3 yrs. 
Approval of directional drilling required with survey submitted in 30 days
--
Reporting within 30 days of activity
Casing through water- and oil-producing zones depends on drilling method
Cementing required with pressure testing 
Within 30 days, pressure testing required on all wells
Required on all wells with specifications.
Gas production casing must be set through well casing
--
No wasting of gas, requirements for flaring, variance in writing only
Prior permit approval, cut into ground and lined, maintained in working order
Hydrocarbons removed in 10 days, unlined pits for emergency use only
Pits closed per Board specifications in 1 yr.
Notice and report of intent to abandon a well. Plugged in 1 yr.  Marker requirement. Report requirement after 15 days
Restored to original grade and productive condition.  Applies to all wells.
Report required if well is idle for 6 consecutive months.  
--
Landowner approval form. Bonding required of $5,000 to $10,000.
1/4 mile setback from buildings, wells, or springs; plugging  and restoration requirements
--

--
Fenced, screened, and netted. Lined if receive saltwater
Reported separately from oil on a monthly basis
--
When necessary, tanks must be surrounded by dikes
Dikes to contain 1 1/2 volume of tanks, kept free of fluid and veg.
All material that constitutes a fire hazard must be 150 ft from site. Site maintained in good working order.

Certification of Compliance required. Monthly reporting for all transporters
--
--
--

Immediate notification of spill, blow out, leak, or release of 50 bbl.
Promptly control and clean up leak, regardless of volume
Mitigation of wells and springs within 1/2 mile, water replacement
Notification to water right holders, mitigation plan required, reporting of water production 

Prior Board approval. EPA-approved regulatory program with specifications. 

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program
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O&G Regulations
Name of Authority
Regulator
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Class II Injection wells
Program

Note:  
Disclaimer:  

North Dakota

--
NDAC 43-02-03
Industrial Commission, Oil and Gas
Director

Approved permit required for surface-disturbing activity or recompletion.
Specifications.
--
Approved permit required.
Permit required with survey.
1 yr. after approval

$15,000–$50,000 depending on number of wells
Treatment plant bond required.
A fund is established to reclaim lands and plug wells.  Operators pay into fund.

Principal or agent shall file notification
New organization report required

1/4 section unless otherwise set.
660 feet from boundary, 1000 feet to nearest well in pool.
--
--

Well completion reports required within 30 days. Monthly reporting of production. 
--
Notification and reporting for fires, leaks, spills, or blowouts.
--

Signage requirements.
No disposal of wastes to land or water, site reclamation, well casing and cementation specifications.
All records are to be kept at the site.
Core analysis must be filed with the director. Core samples sent to State Geologist, specifications.
Surveys required every 1,000 feet. Surveys filed with Director for directional drilling. Permit required.
--
If well damaged, corrective measures or plugging.
Casing and cement must be sufficient to isolate oil, gas, and water formations. Formation specifications.
Casing and cement must be sufficient to isolate oil, gas, and water formations. Cement specifications.
Required on any discovery well. Specifications.
Necessary precautions to keep well under control
Must be of sufficient strength to withstand formation pressures.
Production testing from new well into a pool required
Venting allowed with specification on flaring. Volume of gas vented must be reported.
Constructed and reclaimed to prevent pollution of land and fresh water.  Fencing can be required.
Fencing required for saltwater and oil. Proper disposal of fluids and solids.
Within 1 year, notification required. Use of stockpiled soils. 
Notice of intent to plug with plugging procedure. Plugging record (form) filed with director in 30 days.
Reclamation specification for plugged well site.
Failure to produce gas in one year constitutes abandonment, requires plugging.
Failure to produce gas in one year constitutes abandonment, requires plugging.
Application must be approved by the Commission.
Permit required with plugging and reporting requirements.
Approvals and reporting of projects.

Specifications on central production facilities.
--
No storage in earthen pits except for emergency purposes. Volume of water reported monthly to Director.
Production from separate pools cannot be commingled 
Dikes required. Removal of tank bottoms requires approval.
Impermeable dikes required around tanks and production facilities. Size requirement.
--

A report (form) is required for any transporter, as are monthly reports of gas taken.
--
--
Equipment can be sold if abandoned to pay for site reclamation

--
--
All freshwater strata sealed off with tubing and cement.
--

Underground Injection Control regulations 43-02-05

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program
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Class II Injection wells
Program

Note:  
Disclaimer:  

Pennsylvania

--
25 Pa. Section (chapter) 78
Department of Environmental Protection, Oil and Gas Management Program
Department

Permit required to drill or alter any well. Well must also be registered. Special provisions for Onondaga Formation.
--
--
Permit required
Permit required
1 year

Owner or operator bond. $2,500 per well, blanket bond $25,000
--
--

Annual production and waste reports
30-day prior written approval from Department, all obligations transfer to new party.

By request for a spacing order, specification for request.
330 ft from outside lease boundary
--
--

30 days after completion or alteration. Annual reporting of production and disposal method for wastes. 
--
Reporting required for any release that threatens pollution of waters; includes corrective actions.
--

--
Erosion control BMPs for site development and operation. Erosion control plan for sites. $500 fee for permit
--
--
Directional drilling by approval only, survey required.
Approval required to leave source. Abandonment requirements. Marker.
--
Sufficient strength to prevent blow-out or collapse and prevent migration of gas or fluid to fresh water or coal.
Cementing specification based on well depth.
--
BPE required with high wellhead pressures or in areas of unknown pressure
Casing design criteria for various conditions.
--
Venting prohibited if it produces a hazard.
2 ft of freeboard required at all times, liner requirements, bottom of pit above water table. Clean Streams Permit required.
Plan required for the control and disposal of wastes. No disposal to ground or water unless meets Clean Streams Law.
Within 9 months of well completion, 3 months for servicing and plugging. Backfill of pit required.
All abandoned wells plugged.  Plugging specs, provisions for plugging in mineable coal seams. Permanent marker. Certificate of Plugging.
Land restoration required within 30 days after expiration of drilling permit.
Inactive well status must make showing of well construction and protection of other resources. Annual monitoring.
Inactive status for 5 years, after which it must be plugged.
--
--
All reworking of well must have a permit.

BMP for erosion and sediment control
Dike, freeboard, and liner requirements.
Treatment and disposal requirements.
--
Dikes required around tanks.
Standards for construction and maintenance.
Maintained in a workman-like manner.  Fire protection requirements.

--
--
--
--

--
--
Restore or replace private or public water supply
Pre-drilling water quality survey to document existing condition

Injection wells covered under well permitting regulations but with additional submittal of approved federal UIC documents.

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Class II Injection wells
Program

Note:  
Disclaimer:  

Utah

--
Title 40 Chap. 06 R649-1
Board of Oil, Gas and Mining
Division of Oil, Gas and Mining

Application for Permit to Drill, Deepen, or Plug Back.  24-hr. notice of spudding
--
--
Application for Permit to Drill, Deepen, or Plug Back
Permit required, surveys must be run and submitted to Division
--

$1,000 to $40,000 per well depending on depth, blanket bonds
Bonds for exploration, production, and reclamation
--

Designation of Agent or Operator
Promptly reported to Division in writing

Center of 40-acre tracts, special orders available
920 feet to other well, 660 feet to boundary
--
Exemptions to spacing approved by Division

Monthly status reports for each well
Pre-drill evaluation of site within 30 days of application, surface owner participation 
Immediate notification and reporting in 5 days for fires, leaks, breaks, spills, blowouts, etc. Specifications 
Special provisions for drilling in Designated Potash, Workable Coal Bed, and Oil Shale areas

Signage specifications on each well
All reasonable care to avoid polluting land and water
Well Completion or Recompletion Report and Log and tests within 30 days
--
Permit required for directional drilling, reporting with survey within 30 days of completion
--
--
Casing below usable fresh water. Protection of oil and gas zones, no commingling
Cementing specifications for wildcat areas
Pressure testing required with specifications
Keep well under control at all times, monthly testing of BOPE
Specifications for cementing
Pressure testing of formation is required
All non-poisonous gas vented and flared a safe distance from site, specifications
Designed to contain liquid and cause no pollution to land or water.  Pre-drill site evaluation establishes location, permit
Reserve pits to be lined. Other requirements at pre-drill evaluation
Closed in 1 yr., numeric clean-up standards or removal.
Notice of intent, specifications, reporting of activity within 30 days of P&A, signage requirements
Within 1 yr. Meet either specifications by Division or Surface Use Agreement requirements
12 consecutive months, no longer than 5 yrs. Division can relinquish bond
12 consecutive months, no longer than 5 yrs. Division can relinquish bond
Land owner has opportunity to convert 
Application to Conduct Seismic Activities approval needed, can be revoked at any time.  Significant specifications.
Prior approval required, same requirements as for new drilling

--
Facilities for treatment and disposal of E&P wastes must be permitted. 
Facilities for treatment and disposal of E&P wastes must be permitted. 
--
Maintain tanks in workman-like manner. All crude and produced water tanks to have tops.
Height and width to contain volume of largest tank
Fire hazard material removed 100 ft from site.

--
--
--
--

E&P waste management plan required each year.
--
Reporting of all freshwater-producing sands.
--

Prior approval of any down-hole disposal, injection well program in place.

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.

Page 8 of 10 boulder1\data\projects\CBM_Research\CBM_RegulationsTable.xls Regulations 10/11/01 (1:02 PM)



Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program

CBM Specific
O&G Regulations
Name of Authority
Regulator

Well Permitting
Permits Required
Requirements
Fees
Well Deepening
Directional Drilling
Permit Duration

Bonds
Well Drilling
Other Facilities
Pollution Prevention

General Reporting
Organizational Reports
Change of Operator

Well Spacing
Spacing
Boundary Offsets
Housing Offsets
Exemptions

Notification and Approval
Well Status Reports
Prior Notification
Condition Change
Approval Activities

Drilling
Well Identification
Pollution Protection
Well Records
Core Storage
Directional surveys
Lost Logging Source
Fracturing 
Casing
Cementing 
Pressure Testing
Blow-out Prevention
Production Casing
Production Testing
Venting
Pit Const. & Maint.
Pit Fluids
Pit Closure
P&A of Wells
Location Restoration
Temporary Abandonment
Shut-ins
Freshwater conversions
Seismic and Other Holes
Reworking

Production
Facilities
Holding Ponds
Produced Water
Commingling
Tanks
Dikes
Site maint.

Transportation
Certification
Gathering Lines
Compressor Stations
Maintenance, Abandonment

General Safety and Environment
Notifications
Clean-up
Drinking Water Sources
Surrounding Wells

Class II Injection wells
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Note:  
Disclaimer:  

Virginia

--
4VAC25-150
Department of Mines, Minerals and Energy, Division of Oil and Gas
Director of Department, or Chief of Division

Permit required for wells and geophysical work. Special requirements for tidewater areas.
Operations plan required. Use of fresh water during drilling. Detailed requirements for plats.
$200 per application, $100 for modifications
Permit required.
Permit required.
24 months; if no activity is initiated, extension allowed with $250 fee

Not less than $10,000 per well and $2,000 per disturbed acre.  Blanket bonds.
Successful reclamation of distrubed lands required for bond release.
Gas and Oil Plugging and Restoration Fund requires annual payments

Registration of Organization and Agent required. Annual reporting with production summaries
Director approval of any transfer of rights, $50 fee.

Well to be within 3 feet of permit location, 1,000 ft from other CBM wells, 500 ft from gob wells.
Special precautions for drilling within 200 feet of coal mine area.
200 feet to occupied building
--

Well completion reports in 30 days. Monthly status reports, includes shut-in wells. Logs of well in 2 yrs.
Notification at least 2 working days for any ground-disturbing activities or plugging. 
Notification by quickest available means of any well-site failure, spill, fire, blow out. Report.
--

Signage requirements for exploration and production activities.
Erosion and sediment control plans required. Soil segregation. Temporary stabilization requirements. Use of sediment basins.
Blasting records must be kept. Drillers logs, gamma kept on site.
--
Required to bottom of coal for any well deviating 1 degree.
Quickest means of notification. Every reasonable effort to recover. Plugging and marker requirements.
--
Water and coal protection and void string requirements.
Cementing requirements for coal and water protection.
--
Required with 1,000 lbs. pressure or unknown conditions.
--
Production testing required using ANSI or AGA procedures.
No more than 7 days of venting or flaring for completed wells. Exceptions provided.
Not for surface water. Properly maintained and lined. 2 feet of freeboard. Operation shut down when pit fails.
Proper disposal of fluids
Reclaimed when operations complete.
Permit required. 2-day notification requirement. Special plugging in coal mine areas. Plugging and marker specifications. 
Erosion and sediment control standards. Temporary and Final reclamation standards.
Temporary reclamation standards.
Measurement of pressure required and records kept for wells shut in for 12 months.
Permit modification required. Surface owner to pay for tubing.
--
--

Special provisions for gob well and CBM facilities.
Handled in proper manner to pit or tank. Permanent disposal plan required.
Handled in proper manner to pit or tank. Permanent disposal plan required.
--
Good condition and repaired as needed. Annual inspections and reports.
Required around tanks.
Maintained in workman-like condition.

--
Permit required for installation and operation. May be permitted separate from wells. Specifications. Annual inspections. Record keeping.
--
--

--
--
Protection requirements of all freshwater sources. Water replacement requirements for interruption of domestic supply.
--

Permit required for all wells and conversions. Need federal permit.

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table: 1.  State regulatory summary covering coal bed methane projects

State
Regulatory Program

CBM Specific
O&G Regulations
Name of Authority
Regulator

Well Permitting
Permits Required
Requirements
Fees
Well Deepening
Directional Drilling
Permit Duration

Bonds
Well Drilling
Other Facilities
Pollution Prevention

General Reporting
Organizational Reports
Change of Operator

Well Spacing
Spacing
Boundary Offsets
Housing Offsets
Exemptions

Notification and Approval
Well Status Reports
Prior Notification
Condition Change
Approval Activities

Drilling
Well Identification
Pollution Protection
Well Records
Core Storage
Directional surveys
Lost Logging Source
Fracturing 
Casing
Cementing 
Pressure Testing
Blow-out Prevention
Production Casing
Production Testing
Venting
Pit Const. & Maint.
Pit Fluids
Pit Closure
P&A of Wells
Location Restoration
Temporary Abandonment
Shut-ins
Freshwater conversions
Seismic and Other Holes
Reworking

Production
Facilities
Holding Ponds
Produced Water
Commingling
Tanks
Dikes
Site maint.

Transportation
Certification
Gathering Lines
Compressor Stations
Maintenance, Abandonment

General Safety and Environment
Notifications
Clean-up
Drinking Water Sources
Surrounding Wells

Class II Injection wells
Program

Note:  
Disclaimer:  

West  Virginia

Title 35
--
Bureau of Environment, Division of Environmental Protection
Chief of the Office of Oil and Gas

Permit for CBM Well required. 
Notice to surface owners of record, public notice in newspaper.
$250 application, $100 reclamation fee, env. permit fees, $100 general registration fee.
Permit required.
--
Permits expire in 24 months if drilling not initiated.

Bond required for each CBM well, blanket bonds available
--
Special reporting when 2 reportable discharges occur in any 12-mo. period. Adequate provisions to prevent surface & groundwater pollution.

Registration required with the Chief
Written notification in 5 days. 60 days to replace bond.

No closer than 1,600 feet to an existing CBM well.
100 feet from the outside boundary
200 feet from water well or dwelling without gaining written consent from owner.
Approved by Chief.

Reporting in 90 days after completions.  Annual reporting. 
Public notification in newspaper, surrounding land owner notification
Broad notification for spills.
--

Identification attached or stamped on well.
BMPs for site arrangement.  Permits not approved if environmental protection inadequate. Testing of surrounding wells & springs.
Complete set of records kept on site for all permitted activities.
--
All logs must be provided if requested by Chief.
--
--
Casing and cementing through freshwater strata and 30 ft below. Similar provisions for non-target coal seams and gob.
Cementing must return to surface. If not, other approaches approved by Chief.  Strength and wait-time requirements.
--
BOPE equipment for drilling and reworking below any casing string. Training requirement.
Cemented or use of packer to prevent migration of stimulation pressure or fluid. Coal protection string can be used for gas
Logging specifications.
Venting requirements, marker.
Prevent  seepage, leakage, overflow. Protected from surface runoff. No overflow to waters of the State. Liners required if soils are open.
No overflow or unpermitted discharge.
Closure procedures approved by Chief during permit review process.
Permit to plug or replug required. Detailed specifications.  Special provisions in coal seams that will be mined. Permanent Marker.
Reclamation plans required for permit approval for most site facilities.  
Wells can have an inactive status if found not to be a potential source of contamination. Otherwise, plugging.
Wells can have an inactive status if found not to be a potential source of contamination.  Otherwise, plugging.
Conversion to vent hole after well is transferred to mining permit. Bond released.
--
--

All production facilities shall have containment to protect waters of the State. Flowline maintenance.
--
Saltwater zones isolated with mud and foam.
--
Secondary containment for full volume of largest tank, tank inspections, fail-safe engineering
Full containment except during rain events, oil returned for storage or disposal 
Maintained to prevent surface runoff and sedimentation. 

--
Production and gathering lines should be buried where practical. Chief can require specifications.  Variances allowed. 
--
--

--
--
Special provisions for drilling and casing off freshwater-producing sands. Groundwater remediation plan if requested by Chief.
Water testing of surrounding wells and springs before drilling.

Operational regulations on liquid injection and waste disposal wells.  Notifications and reporting.

--  Topic not explicitly addressed in program reviewed.
Table prepared for illustration only & should not be used for decision-making without consulting appropriate regulatory or legal authority.
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Table 2.  State agency contacts for coalbed methane projects

State Regulatory Agency Contact Title Phone Number
Alabama State Oil and Gas Board Donald F. Oltz Oil and Gas Supervisor 205.349.2852
Alaska Oil and Gas Conservation Commission Cammy Oechsli Taylor Commissioner, Chair 907.279.1433
Alaska Department of Natural Resources, Division of Oil and Gas Mark Myers Director 907.269.8800
Arizona Arizona Geological Survey Larry D. Fellows Director and State Geologist 520.770.3500
Arizona Arizona Geological Survey Steven L. Rauzi Oil and Gas Administrator 520.770.3500
Arizona Arizona Geological Survey, Oil and Gas Conservation Commission J. Dale Nations Chairman
Arkansas Oil and Gas Commission Grant E. Black Director 870.862.4965
California California Department of Conservation, Division of Oil, Gas and 

Geothermal Resources
William F. Guerard, Jr. State Oil and Gas Supervisor 916.323.1777

California California Department of Conservation, Division of Oil, Gas and 
Geothermal Resources

Kenneth P. Henderson Chief Deputy 916.323.1777

Colorado Oil and Gas Conservation Commission Richard T. Griebling Director 303.894.2100
Colorado Oil and Gas Conservation Commission Brian J. Macke Deputy Director 303.894.2100
Florida Florida Geological Survey, Dept. of Environmental Protection Walter Schmidt Chief/State Geologist 850.488.4191
Illinois Department of Natural Resources, Office of Mines and Minerals, 

Division of Oil and Gas
Lawrence E. Bengal Division Supervisor 217.782.1689

Indiana Department of Natural Resources, Division of Oil and Gas James A. Slutz Director 317.232.4059
Kansas Kansas Corporation Commission Jeff S. Wagaman Executive Director 785.271.3166
Kansas Oil And Gas Conservation Division M.L. Korphage Director 316.337.6200
Kentucky Department of Mines and Minerals, Division of Oil and Gas Rick Bender Director 502.573.0147
Kentucky Department of Mines and Minerals, Division of Oil and Gas John L. Franklin Commissioner
Louisiana Louisiana Department of Natural Resources, Office of Conservation Philip N. Asprodites Commissioner of Conservation 225.342.5500

Maryland Maryland Department of the Environment, Water Management 
Administration

Robert Summers Acting Director 410.631.3567

Maryland Maryland Department of the Environment, Water Management 
Administration, Minerals, Oil and Gas Division

C. Edmon Larrimore Program Manager 410-631-8055

Michigan Michigan Department of Environmental Quality Russell J. Harding Director 517.241.7390
Michigan Michigan Department of Environmental Quality, Geological Survey 

Division
Hal Fitch Chief and Assistant Supervisor of 

Wells
517.334.6923

Montana Montana Board of Oil and Gas Conservation Thomas P. Richmond Administrator and Petroleum 
Engineer

406.656.0040

Nebraska Oil and Gas Conservation Commission William H. Sydow Director 308.254.6919
New Mexico Energy, Minerals & Natural Resources Department, Oil 

Conservation Division
Lori Wrotenbery Division Director 505.476.3460

New York Department of Environmental Conservation, Division of Mineral 
Resources

Bradley J. Field Director 518.402.8076

North Dakota North Dakota Industrial Commission, Oil and Gas Division Lynn D. Helms Director of Oil and Gas Division 701.328.8020
North Dakota North Dakota Industrial Commission, Oil and Gas Division Bruce E. Hicks Assistant Director of Oil and Gas 

Division
701.328.8020

Ohio Department of Natural Resources, Division of Mineral Resources 
Management

Michael L. Sponsler Chief 614.265.6893
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Table 2.  (cont.)

State Regulatory Agency Contact Title Phone Number
Ohio Department of Natural Resources, Division of Mineral Resources 

Management, Division of Oil and Gas
Thomas G. Tugend Chief 614.265.6922

Oklahoma Oklahoma Corporation Commission Bob Anthony Chairman 405.521.2261
Oklahoma Oil and Gas Conservation Division Larry Fiddler Acting Director 405.521.2500
Oregon Oregon Department of Geology and Mineral Industries John Beaulieu State Geologist 503.731.4100
Pennsylvania Department of Environmental Protection, Pennsylvania Bureau of 

Oil & Gas Management
James E. Erb Director 717.772.2199

South Dakota South Dakota Department of Environment and Natural Resources Fred V. Steece Oil and Gas Supervisor 605.394.2229
Texas Railroad Commission of Texas, Energy Operations Division Ronald L. Kitchens Director 512.463.7068
Texas Railroad Commission of Texas, Energy Operations Division Steve Pitner Director 512.463.7938
Texas Railroad Commission of Texas, Oil and Gas Division Richard A. Varela Director 512.463.6840
Utah Department of Natural Resources, Division of Oil, Gas and Mining Lowell P. Braxton Director 801.538.5370
Virginia Department of Mines, Minerals and Energy O. Gene Dishner Director 804.692.3200
Virginia Department of Mines, Minerals and Energy, Division of Gas and Oil B.R. Wilson Director 276.676.5423
Washington Department of Natural Resources, Division of Geology and Earth 

Resources
Raymond Lasmanis Oil and Gas Supervisor 360.902.1450

West Virginia West Virginia Division of Environmental Protection, Office of Oil and 
Gas

John Johnston Chief 304.558.6076

Wyoming Wyoming Oil & Gas Conservation Commission Don J. Likwartz State Oil and Gas Supervisor 307.234.7147
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ABSTRACT 
 
 Many industrial, regulatory, and community leaders agree that the current U.S. 
environmental regulatory system imposes rigid requirements regardless of site-specific 
conditions, ignores the cross-media and multimedia environmental impacts that can result 
from these requirements, and lacks incentives for developing and using new technologies.  
For the foreseeable future, the U.S. petroleum refining industry, already challenged by 
thin profit margins and the need to manage releases of chemicals that can produce 
adverse impacts on the environment, will be required to produce higher quality fuels from 
poorer quality feedstocks.  This paper describes two alternative environmental regulatory 
approaches to enhance environmental responsibility and maintain economic performance.  
These approaches are designed for existing petroleum refineries operating in the future. 
They differ from the current regulatory system in that they are multimedia in scope, 
provide for new technology development and use, and allow flexibility in how 
environmental goals are met.  Various stakeholders, including industry representatives, 
regulators, local community groups, and national environmental organizations reviewed 
and critiqued early versions of the approaches.  With minor modifications, the resulting 
approaches could be adapted for use by industries outside the refining sector. 
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INTRODUCTION 
 
 The 30-year-old “command-and-control” environmental regulatory structure in 
the United States has resulted in significant environmental improvements.  Recently, 
however, its limitations (e.g., rigid application regardless of site-specific conditions, 
disregard of cross-media and multimedia impacts, limited incentives for new technology 
development and use) have become increasingly apparent.  U.S. industries need new 
regulatory approaches that recognize current and anticipated economic constraints, new 
information on environmental processes and impacts, and the benefits of new 
technologies.  Such approaches will be particularly important for the U.S. petroleum 
refining industry, which operates under thin profit margins, releases chemicals that can 
produce adverse health and environmental impacts, and must meet the technological 
challenges of producing more highly refined fuels from poorer quality feedstocks. 
 
 Under a grant from the Environmental Technology Initiative (ETI), a program 
established by the U.S. Environmental Protection Agency (EPA) to accelerate 
environmental protection and strengthen the U.S. industrial base, with cofunding from the 
U.S. Department of Energy (DOE), we developed two alternative environmental 
regulatory approaches for today’s petroleum refineries to use in the future.  These 
approaches are designed to increase the use of innovative technologies, encourage 
pollution prevention, demonstrate environmental responsibility, and maintain refinery 
economic performance.  
 
 These approaches differ from other regulatory reform efforts in several ways.  
For example, they recognize that the changing characteristics of refineries operating in 
the future and the environmental impacts associated with those changes will require 
fundamentally different regulatory structures.  Rather than suggesting targeted, short-
term modifications to existing media-specific, command-and-control regulations, these 
new approaches are broader and more flexible.  They address crossmedia and multimedia 
impacts.  They recognize that offering refineries flexibility in meeting environmental 
protection goals can stimulate new technology development and use.  Unlike most EPA 
reinvention efforts, which seek results within 12 to18 months, this ETI effort assumes a 
time frame of 20 years or more.  It also assumes that existing laws and regulations can be 
changed. 
 

METHODOLOGY 
 
 We used an iterative and interactive process that integrated background 
information and stakeholder input to develop the alternative approaches, which were 
constantly revised and improved during the study.  The process consisted of collecting 
background information, developing strawman approaches (i.e., preliminary approaches 
that were subject to review and revision), obtaining stakeholder input on those 
approaches, and refining the approaches to incorporate that input.  This iterative process 
will be continued by testing the approaches and incorporating new information. 
 



Collect Background Information 
 
 First, we established guidelines and principles to bound the study and set 
parameters for developing the approaches.  Thus, for example, the approaches address 
refinery operations but not exploration and production or product use.  Next, we 
examined existing and projected environmental laws and regulations affecting petroleum 
refineries to identify areas needing change.  To understand future challenges and 
opportunities, we then described the projected refinery operating environment in terms of 
feedstock, product, technology, and economics.  We found that feedstock quality was 
decreasing because of increasing crude densities and sulfur concentrations, that product 
demand for lighter fuels was increasing, and that new technologies would be needed to 
meet the challenges presented by using lower quality feedstocks to produce higher quality 
fuels.  Finally, we identified several goals and indicators to assess and compare the 
alternatives.  Goals included environmental responsibility, economic performance, and 
pollution prevention technology innovation and use. 
 
Develop Strawman Approaches 
 
 On the basis of this background information, we identified more than 60 options 
for efficiently and effectively protecting human health and the environment.  These 
options ranged from fundamental changes in environmental regulatory philosophy to 
procedural improvements in implementation.  After evaluating these options against the 
goals and indicators, we distilled two separate thematic paradigms — a risk-based 
paradigm and a goal-based paradigm.  We then created two draft, framework-level 
strawman approaches reflecting these paradigms to serve as starting points, which would 
then be revised and developed on the basis of input from potentially affected parties.  
 
Obtain Input from Potentially Affected Parties 
 
 We held workshops with representatives of seven potentially affected interest 
groups to exchange information and obtain input for revising and improving the 
approaches.  Small, one-day workshops, each following the same format and each 
attended by representatives from a single interest group, promoted candid dialogue.  
Separate workshops were held with representatives of petroleum refiners and trade 
associations, EPA headquarters offices, Texas and Louisiana state regulatory 
representatives, Texas and Louisiana citizens groups, national environmental groups, 
Mid-Atlantic state regulatory representatives, and Mid-Atlantic citizens groups.  
 
Refine Approaches 
 
 By using the information obtained during the workshops, in combination with 
additional research on regulatory reinvention approaches being developed and tested in 
the United States and abroad, we revised the draft strawman approaches to provide more 
detail and clarification.  The resulting approaches thus benefit from critical stakeholder 
review and incorporate aspects of other approaches tested in other industries and locales. 
 
 



 TWO DRAFT STRAWMAN APPROACHES 
 
 We developed two draft strawman approaches — a risk-based approach, called 
the Risk-Based Bubble or RBB, and a goal-based approach, called the Negotiated 
Performance Agreement or NPA.  Both strawman approaches, and the current regulatory 
system, can be characterized according to a common structure consisting of the following 
three components: 
 

1.  Establish a baseline (identify a starting point for setting 
limits on residuals, or pollutants, released to the 
environment). 

2.  Set release limits (determine allowable residuals that can 
be released by the refinery). 

3.  Assure compliance (develop compliance tools to ensure 
that the releases limits are not exceeded). 

 
Each of these components contains various elements or options that distinguish a given 
approach.  Thus, the current system could be characterized, in a crude and oversimplified 
manner, as establishing a baseline for residuals on the basis of statutes and regulations, 
setting release limits frequently on the basis of technology, and assuring compliance via 
single-medium permits with limited incentives for pollution prevention or new 
technology development. 
 
 Both the RBB strawman approach and the NPA strawman approach differ 
thematically from the current regulatory system.  The key difference between the RBB 
strawman approach and the current system is that in the RBB, risk provides the basis for 
setting release limits.  As a result, releases can be traded across environmental media and 
residuals.  The key difference between the NPA strawman approach and the current 
system is that in the NPA, the refinery and the regulators jointly negotiate the limits to 
achieve reductions from refinery-specific baseline releases.  
 
 Some of the elements common to both strawman approaches include the 
following: 
 

• When establishing the baseline, the regulator and the refiner 
jointly identify residuals for which release limits must be 
established. 

 
• The refinery and the regulator jointly specify release limits on a 

facilitywide rather than a source-specific basis.  A facilitywide 
permit documents the release limits. 

 
• Incentives provide the basis for assuring compliance, and 

flexibility in the compliance method is encouraged.  Penalties 
apply if releases exceed the limits, and reporting requirements 
are streamlined relative to current practices.   

 
  Elements unique to the RBB strawman, identified by component, include 
the following: 
 



• Establish RBB baseline.  In addition to identifying 
environmental releases, the RBB baseline also characterizes site-
specific environmental conditions and receptor information 
surrounding the refinery for use in setting the risk-based limits.  

 
• Set RBB release limits.  Jointly, the refinery and the regulator set 

release limits on the basis of risk to public health and the 
environment.  The process for setting limits starts with 
establishing the residuals of concern on the basis of toxicity or 
other known health or environmental effects.  Then, acceptable 
cumulative health and ecological risk levels are established for 
the site-specific receptors and conditions identified in the 
baseline.  The process uses risk models to establish residual-
specific release limits, which are designed to keep risk within 
acceptable levels.  The regulator and the refinery reexamine the 
limits periodically to incorporate new information or changed 
conditions. 

 
• Assure RBB compliance.  Refiners can select or develop their 

own approaches for meeting the limits, and they can trade 
releases across media and residuals on the basis of risk.  Linking 
of electronic monitoring results with risk models will facilitate 
trading and help assure compliance. 

 
 Elements unique to the NPA include the following: 
 

• Establish NPA baseline.  The NPA baseline inventories both 
current releases and environmental management costs.  The 
baseline provides a starting point for identifying more cost-
effective environmental management options. 

 
• Set NPA release limits.  Limits are negotiated to achieve 

residual- and media-specific reductions, which are expressed as 
percentage or actual reductions from the baseline. 

 
• Assure NPA compliance.  The negotiated performance agreement 

specifies the release limits and compliance assurance 
requirements, which remain in force for a specified period of 
time.  Progress in reducing releases is measured against the 
baseline.  If limits or reduction goals are not met, affected 
interests (e.g., local citizens) may be compensated. 

 
 

STAKEHOLDER INPUT 
 
 We conducted workshops early in the approach-development process to obtain 
and incorporate input from potentially affected parties.  At each workshop, a facilitator 
solicited comments and feedback on the three-component structure and the two strawman 
approaches.  Participants provided constructive criticism, candid observations, and 
thoughtful suggestions for improving the approaches.   



Comments Common to Both Approaches 
 
 Most workshop participants agreed that the current environmental regulatory 
system needs improvement.  However, opinions varied regarding the degree and nature of 
required change, and participants stressed the need to see more details before they could 
endorse or oppose specific elements or approaches.  Other commonly expressed 
comments included the following: 
 

• Meaningful public participation is required throughout the 
process.  Trust among stakeholders, industry, and regulators is 
necessary, and increased stakeholder participation can increase 
trust. 

 
• Environmental and economic goals are equally important.  

Several participants noted that the approaches should not favor 
economic goals over environmental goals; any new approach 
must provide both environmental and economic benefits. 

 
• Approaches need good performance indicators and measures of 

success.  At least two types of indicators will be required.  One 
type should measure health and environmental improvement, and 
a second should evaluate the performance of the approaches. 

 
• Implementation issues must be addressed.  The draft approaches 

contain elements significantly different from those of existing 
regulatory programs.  Most participants observed that some 
federal laws and regulations would have to be changed in order 
to implement either of the strawman approaches. 

 
 Workshop representatives also commented on the specific elements or options of 
the two approaches. 
 
Comments on the RBB 
 

Most of the comments on the RBB strawman approach sought clarification and 
details on how the concept of risk would be used.  Many participants endorsed the 
concept of a risk-based approach but questioned how the RBB could be implemented, 
given the number of unanswered technical questions.  Examples of specific comments 
and questions related to the RBB strawman approach, organized by component, include 
the following: 
 

• Establish RBB baseline.  What criteria would be used to identify 
residuals of concern?  How would the residuals and other 
environmental information from nearby sources that are 
necessary for characterizing the environment be obtained and 
used in the characterization?  What kinds of quality 
assurance/quality control procedures would verify information 
obtained from various sources? 

 



• Set RBB release limits.  How would cumulative risk be defined?  
How would acceptable risk levels be determined?  How would 
uncertainties be addressed?  Where would the data come from?  
(Most participants stated a strong preference for data obtained 
from exposure-point monitors over data obtained from computer 
models.)  Under what conditions would reopeners (opportunities 
to reexamine the limits) occur? 

 
• Assure RBB compliance.  How would cross-pollutant and cross-

media trading of releases be accomplished and tracked?  How 
would releases eligible for trading be identified?  How and 
where would monitoring be conducted? How could citizens 
obtain monitoring results? 

 
Comments on the NPA 
 
 Regarding the NPA strawman approach, most participants sought additional 
explanation and clarification, and many stressed the need for public participation in all 
components.  Examples of specific NPA-related questions include the following: 
 

• Establish NPA baseline.  Would residuals be ranked (e.g., to 
reflect differing human health effects), or would they be given 
equal weight?  What would prevent refineries from setting the 
baseline lower than it actually is in order to show progress 
relative to that baseline?  Could the baseline be considered a 
target, thereby limiting incentives to improve beyond the 
baseline levels? 

 
• Set NPA release limits.  Who would conduct the negotiations? 

What would be the roles of the negotiators?  How long would the 
NPA last?  How would the NPA account for changes in 
production and environmental conditions that could increase 
releases or make goals otherwise inappropriate?  How would 
flexibility be built into an agreement designed to last for several 
years? 

 
• Assure NPA compliance.  What, if any, compliance milestones 

would the refinery need to meet during the course of the 
agreement?  How would penalties be structured, and could they 
be assessed prior to the end of the agreement?  How would 
affected interests be compensated?  How would information be 
made available to the public? 

 
 

REVISED APPROACHES 
 
 Because workshop participants generally stressed the need for more detail and 
clarification rather than specifically endorsing or rejecting one approach over the other, 
we revised both approaches to incorporate the requested detail and clarification.  To 
answer participant questions and to provide support for specific concepts embraced by 



the two approaches, we supplemented our own thinking with findings of other regulatory 
reinvention and risk assessment efforts. 
 
Revised RBB 
 
 Under the RBB’s definition of allowable refinery releases, the total risk resulting 
from all releases and all sources, when considered in the context of the surrounding 
community, must not exceed a predetermined, total, cumulative acceptable risk level.  
Setting the release limits requires consideration of several site-specific factors, including 
types of residuals released from the refinery, individual residual toxicities, exposure 
pathways, and exposed populations.  The RBB treats refinery operations as though a 
bubble surrounds the plant, with source-specific releases coming from the bubble rather 
than from individual stacks.  The approach considers the synergistic and cumulative 
effects of residuals released from the refinery and from nearby facilities that affect public 
health and the environment.  Because the controlling factor is total risk, residual-specific 
releases can be modified or exchanged with other releases, as long as the total risks from 
all residuals and the individual risks from specific residuals remain within the acceptable 
levels.  The approach allows plant managers flexibility in controlling releases from 
disparate sources, as long as total cumulative risk remains acceptable.   
 
 Many of the workshop participants’ concerns about the RBB, particularly those 
regarding the implementation of risk-related provisions, are nontrivial.  These concerns 
will likely be resolved, however, through several existing efforts to expand risk-related 
data collection, coupled with the increasing number of government and nongovernment 
organizations calling for increased emphasis on risk in regulatory reform efforts. .  Then 
the RBB could be demonstrated, at least on a pilot scale, within the next 15 to 20 years.  
Examples of these efforts include the following: 
 

• The EPA’s Risk Screening Environmental Indicators (RSEI) 
project incorporates information and models to provide a 
screening-level, risk-related perspective for comparing chemical 
releases, thus enabling users to consider chemical toxicity, 
exposure quantities, and population characteristics (1). 

 
• The Presidential/Congressional Commission on Risk Assessment 

and Risk Management created a framework for environmental 
health risk management intended to “catalyze a new generation 
of risk-based environmental and health protection” by enabling 
risk managers to address multiple contaminants, sources, and 
exposure pathways (2). 

 
• The EPA’s Guidance for Conducting Health Risk Assessments of 

Chemical Mixtures, which supplements it’s earlier guidelines on 
health risk assessment of chemical mixtures, reflects 
“evolutionary scientific development in the area of chemical 
mixtures risk assessment” (3). 

 
• The EPA’s Cumulative Exposure Project estimates exposure 

levels of toxic contaminants for different communities and 
demographic groups nationwide (4). 



 
• The EPA’s Draft Economic Incentive Program Guidance 

discusses, among other things, current thinking on trading of 
toxic air pollutants (5). 

 
 Significant, specific modifications and amplifications incorporated into the 
revised RBB to address workshop comments include the following: 
 

• Decision-making process.  The revised RBB envisions a 
decision-making body consisting of a defined number of 
representatives that balances the need to represent the views of 
all stakeholders with the need to operate efficiently and 
effectively.  This “RRB Board” would include representatives of 
the refinery, appropriate regulatory agencies, and local citizens.  
It would be responsible for approving the baseline, the risk-based 
limits, and the compliance assurance measures. 

 
• Involving the public.  The revised RBB incorporates two levels 

of public participation in all three components.  The first level 
consists of local citizens who represent broad community values.  
They participate in the activities of the RBB Board and assume 
long-term, active roles in implementing the RBB.  The second 
level brings together community representatives who may not 
have the time or desire to be on the RBB Board, but who are 
interested in the process.  They can contribute by communicating 
with the community, exchanging information, or otherwise 
consulting with and for the RBB Board. 

 
• Establishing the baseline.  The purpose of the RBB baseline is to 

provide information to develop refinery-specific release limits.  
Although these limits can change, and releases can be exchanged 
as long as the risks associated with those releases remain within 
acceptable levels, the baseline provides an initial starting point.  
To establish the baseline, the RBB Board should direct the 
following five activities: 

 
1. Develop an inventory of refinery-specific 

releases (whether or not currently regulated). 
2. Characterize the environment affected by 

releases by using information collected under 
other auspices (e.g., EPA monitoring efforts), 
combined with information from local citizens, 
and reviewed for scientific objectivity. 

3. Characterize residuals of potential concern by 
using existing risk assessments and other peer-
reviewed scientific literature. 

4. Screen/prioritize residuals for setting release 
limits by using data from other research efforts 
(e.g., the EPA’s RSEI project). 

5. Document and communicate results. 



 
• Setting limits.  The RBB sets release limits to target resources 

toward activities and releases that contribute the most to total 
human and ecological risk.  The goal of setting residual-specific 
release limits is to ensure that releases from the refinery, when 
combined with other residuals in the environment, will result in a 
total cumulative risk level that is considered acceptable by all 
potential stakeholders.  Cumulative risk refers to the potential 
risks presented by multiple stressors in the aggregate; it 
recognizes that combinations of residuals from various sources 
through various environmental media over various time periods 
affect human and ecological receptors.  Several ongoing 
cumulative risk projects serve as models for setting release limits 
in the revised RBB.  Such projects include EPA’s Chicago 
Cumulative Risk Initiative, which strives to measure and reduce 
cumulative risk to Chicago-area residents (6); EPA’s Total Risk 
Integrated Methodology (TRIM), a multipollutant, multimedia, 
multipathway assessment model to help evaluate and regulate 
health risks from air emissions (7); and EPA’s Human Health 
Risk Assessment Protocol for Hazardous Waste Combustion 
Facilities, which assesses risks of hazardous waste combustors 
from direct and indirect pathways (8).   No single existing model 
can project the total cumulative risk associated with releases of 
all refinery residuals combined with all other residuals in the 
area to which human and ecological populations may be 
exposed.  However, given the growing interest in risk-based 
approaches and the increasing understanding of chemical 
hazards and exposure effects, we anticipate the development of a 
cumulative risk modeling system that will use existing and to-be-
developed information on residual toxicities, interactions among 
residuals, cause-and-effect relationships, fate and transport, and 
dose-response relationships in conjunction with site-specific data 
to calculate total cumulative risk as well as the risks associated 
with individual residuals.  This cumulative risk modeling system 
will help set release limits that reflect uncertainties in data and 
methods and will provide a means to track and help assure 
compliance.  

 
• Assuring compliance.  The revised RBB gives a refinery 

flexibility in selecting compliance methods to assure that 
refinery releases do not result in a total cumulative risk that 
exceeds the agreed-upon acceptable limits or in releases of 
specific residuals that could result in excess risk or “toxic hot 
spots.”  The RBB assures compliance through the use of direct, 
real-time monitoring of releases and resulting concentrations 
linked to the cumulative risk modeling system.  This system 
would also track residual exchanges.  Release data and resulting 
risk levels would be publicly available via the Internet, 
accompanied by explanatory reports highlighting refinery actions 
to reduce pollution, penalties imposed, monitoring data, and 
public participation activities.  The release limits and the penalty 



structure contain incentives to use exposure-point monitoring 
rather than modeled data. 

 
• Providing for risk-based release exchanges.  A key element of 

the RBB is the ability to exchange or trade releases across 
residuals and media on the basis of risk.  Such exchanges, which 
are designed to provide flexibility in meeting environmental 
goals, are expected to occur primarily within the refinery bubble.  
However, under certain circumstances, exchanges between the 
refinery and one or more nonrefinery sources may occur.  The 
ability to exchange is based on the assumption that risk provides 
the measure, or the currency, on which exchanges can be made.  
The cumulative risk modeling system will account for cross-
pollutant and cross-media exchanges by running various 
combinations of the refinery’s releases to identify residual-
specific release limits that will keep total cumulative risk within 
acceptable levels.  Thus, releases that produce a high risk would 
be reflected in an increased cumulative risk, and if that risk 
exceeded the acceptable risk level, the exchange would not 
occur.  Exchanges can be prohibited for certain residuals until 
residual actions and interactions are sufficiently understood so 
that exchanges will not result in unacceptable risks.  As 
information on the appropriateness of certain air pollutants for 
trading is developed, adjustments can be made to account for 
uncertainties.   

 
• Evaluating performance.  The revised RBB includes two types 

of indicators — environmental indicators and performance 
indicators.  Because the RBB links releases to health and 
ecological benefits, it can be argued that by design, the approach 
contains a built-in environmental indicator.  However, because 
the link between releases and risk relies on assumptions, other 
measures may more accurately indicate changes in human health 
and the environment.  Thus, the revised RBB incorporates 
additional environmental indicators (e.g., local disease rates 
linked to refinery emissions, fish-tissue advisories).  
Performance indicators (e.g., greater public access to 
information, cost savings) measure the effectiveness of the RBB 
in meeting its goals. 

 
• Resolving implementation issues.  RBB implementation concerns 

include technology requirements, information for setting risk-
based limits, and institutional resistance.  As noted, the RBB is 
not intended to be implemented immediately; therefore, over 
time, increased scientific and technical knowledge, combined 
with expanding regulatory reinvention processes, should help 
resolve these issues.  However, many of the RBB provisions 
(e.g., multimedia approaches, participatory standards 
development process, use of risk in setting limits) conflict with 
existing federal and state laws and regulations, and legislative 
change may be required to implement the approach.  We 



identified the following three options for mitigating statutory 
implementation issues:  (1) a pilot-study waiver included in an 
appropriations bill that would allow the EPA to waive 
environmental requirements necessary to implement the RBB on 
a pilot scale;  (2) a strategic waiver that would allow the EPA to 
waive compliance for any number of refineries (or other entities) 
for which the EPA, the regulated entity, and other stakeholders 
could reach agreement; and (3) individual statutory changes that 
would permanently modify specific environmental statutes to 
enable implementation of reforms such as those contained in the 
revised RBB. 

 
 State laws and regulations could also inhibit RBB 
implementation, because they can be more stringent than federal 
rules.  To identify potential implementation constraints and 
possible facilitating mechanisms, we reviewed existing 
environmental regulations in Texas, a state with many refineries 
and a progressive environmental regulatory system.  While most 
environmental regulations in the State of Texas are not 
considered more stringent than their federal counterparts, some 
Texas programs have no corresponding federal program.  Also, 
certain Texas procedural requirements (e.g., public notice 
requirements) could slow state implementation.  However, Texas 
is developing regulatory initiatives that could facilitate RBB 
implementation.  These include the use of regulatory flexibility 
orders, which allow applicants to propose alternatives to current 
rules; flexible air permits, which allow for plantwide emissions 
caps; the Texas Risk-Reduction Program, which uses risk 
assessment techniques to set protective concentration levels in 
environmental media; and the permitting of “grandfathered 
facilities” to help ensure that all sources of releases are identified 
and that compliance requirements are based on local health 
considerations. 

 
 Another potential implementation concern is that a given 
refinery operating under the RBB approach potentially could be 
solely responsible for ensuring that the acceptable cumulative 
risk level in the community would not be exceeded.  A new 
industry in the community, operating under the existing, non-
risk-based regulatory system, could conceivably release 
residuals, thereby increasing cumulative risk and requiring the 
refinery to adjust its releases to ensure that the acceptable 
cumulative risk level would not be exceeded.  To mitigate this 
potentially unfair scenario in a pilot test of the approach, the 
RBB Board could agree that the residuals contributed by the new 
facility would not “count” toward the previously established 
cumulative risk level.  In the longer term, it is expected that the 
RBB would apply to all industries, so that the refinery would not 
be unfairly targeted. 

 



Revised NPA 
 
 The revised NPA is a goal-based, facilitywide, multimedia regulatory program 
that incorporates several innovative regulatory concepts found in alternative approaches 
being implemented in the United States and abroad.  The baseline, which includes an 
inventory of residuals and an inventory of environmental management costs, reflects 
current, refinery-specific operating conditions and provides a starting point for 
negotiating release limits and a benchmark for measuring progress toward meeting those 
limits.  In the revised NPA, a council that includes representatives of the refinery, 
appropriate regulatory agencies, and local citizens groups negotiates release limits.  The 
limits are negotiated on the basis of goals established by state or federal environmental 
policies, or by the parties involved in the negotiations and current refinery operating 
conditions, and releases and should not exceed existing and anticipated future regulatory 
limits.  The resulting negotiated performance agreement would remain in effect for a 
negotiated period of at least 10 to 15 years.  At the end of the period, the refinery would 
be expected to have met its release reduction goals.  To provide for continuous 
improvement, the limits could become more stringent over time, and milestones could be 
set to assess progress.  
 
 The revised NPA gives the refinery more flexibility in meeting its environmental 
protection goals than the current system.  Thus, rather than requiring the refinery to meet 
a variety of source-specific technology, permitting, scheduling, and other requirements, 
the revised NPA allows the refinery to use the most cost-efficient and effective means it 
can identify to meet the NPA goals.  The revised NPA envisions an electronic reporting 
system that is integrated with emissions monitors to reduce staff burden and increase 
reporting accuracy.  Compliance in the revised NPA is assured, in part, by publicly 
available reports. 
 
 Many of the revised NPA elements are similar to those of other successful 
regulatory innovations being developed and implemented nationally and internationally.  
These include the EPA’s Project XL program, which offers increased flexibility in how a 
facility meets its environmental responsibilities (usually via relief from a specific 
regulation) in exchange for “superior environmental performance”; the Netherlands 
Covenants Program, in which representatives of industrial sectors negotiate with 
regulatory agencies to establish certain environmental goals for the sectors to meet over a 
specified time period; and comprehensive state environmental permits.  Several states 
(e.g., New Jersey, Oregon, Texas) have begun implementing comprehensive, 
facilitywide, or multimedia permits to reduce regulatory burden, increase operational 
flexibility, and provide equal or better environmental performance.  Each of these 
programs shares common elements with the revised NPA.  However, none is identical in 
all aspects.  For example, XL projects are generally much narrower in scope than the 
revised NPA, which seeks to substitute negotiated limits for all pollutants from all media 
in a single agreement.  In the Dutch program, covenants are signed at the sector level 
rather than at the facility level, and those covenants are tied to national-level 
environmental goals.  The NPA envisions agreements negotiated at the refinery level, and 
the revised NPA calls for the negotiated limits to reflect refinery-specific goals set at the 
beginning of the process.  Comprehensive state permits share the concept of regulating 
pollutants from all media in a single, facilitywide permit, but they generally rely less on 
public participation and negotiation than the revised NPA.  Regardless of the differences 



between these programs and the revised NPA, each provides support for the development 
and testing of the approach. 
 
 Most of the workshop comments on the NPA pertained to the need for additional 
detail and meaningful public participation in all three components.  Some participants 
suggested improving the NPA structure by adding an initial component to establish 
refinery-specific NPA goals.  Additional detail and clarifications incorporated into the 
revised NPA to address workshop comments include the following: 
 

• Involving the public.  The revised NPA includes public 
participation in all three components via a refinery-specific 
“NPA Council.”  The NPA Council would consist of 20 to 25 
representatives from the refinery, the regulatory agencies, and 
the local citizenry.  A suggested model would include six voting 
members and 14 to 19 nonvoting members.  The voting-member 
component would be similar to the RBB Board in that it would 
include representation (suggested to be two each) from the 
refinery, the regulatory agencies, and the local citizenry.  
Nonvoting members could include other refinery or parent 
company representatives, additional regulatory agency 
representatives, additional citizen group representatives, local 
elected officials, and representatives of national environmental 
groups.  The NPA Council would oversee initial goal 
formulation, baseline establishment, release limit negotiations, 
and compliance assurance. 

 
• Establishing goals.  Some workshop participants suggested that 

a goal-setting component added to the beginning of the process 
would help guide the baseline-establishment process, assist in 
negotiating the release limits, and aid in scaling incentives and 
penalties for compliance assurance.  Goals could be expressed in 
terms such as types of residuals to be reduced, environmental 
impacts to be mitigated, pollution prevention expectations, or 
anticipated new technology implementation.  The revised NPA 
includes the establishment of refinery-specific NPA goals as a 
first step in the NPA development process.  

 
• Establishing the baseline.  The purpose of the revised NPA 

baseline is to provide a benchmark for setting release limits and 
for assessing progress in meeting those limits.  As such, it should 
reflect current operating conditions at the refinery.  To establish 
the baseline, the NPA Council would oversee the following three 
activities: 

 
1. Development of an inventory of refinery 

residuals. 
2. Development of an inventory of refinery 

environmental management costs. 
3. Documentation of results. 

 



 Facilitywide observations, interviews, record reviews, 
and other methods would be used to identify refinery-specific 
residuals, regardless of whether those residuals were currently 
regulated.  Designating release sources would facilitate the 
identification of pollution prevention opportunities.  To ensure a 
manageable scope of this potentially resource-intensive task and 
to account for potential differences in residual toxicities that 
might affect how the limits would be set, the NPA Council might 
use a screening process for prioritizing residuals to be measured 
in the baseline.  Factors to consider in such a screening process 
might include national goals, human health effects data, and 
interactions among refinery releases and other constituents in the 
local environment.  The results of the residuals baseline should 
be publicly available, for example, by posting on the Internet.   

 
 Because any benefits associated with implementing an 
alternative regulatory program that are realized by a refinery will 
be measured by reduced costs, an accurate identification of 
baseline environmental management costs can give the refinery a 
realistic basis on which to measure the impacts of the NPA.  
Environmental costs are frequently misallocated (generally to 
overhead) and thus can be difficult to track, evaluate, and reduce.  
The NPA Council should consider using total cost allocation 
methods described in the current accounting literature to 
facilitate the cost collection activities.  The NPA Council will 
need to consider confidentiality issues regarding public access to 
cost data, and it should review confidentiality programs in states 
such as New Jersey where such programs have been 
implemented successfully. 

 
• Setting limits.  As does the revised RBB, the revised NPA calls 

for limits to be set on a refinery-specific rather than on a source-
specific basis.  However, in contrast to the RBB, the revised 
NPA does not allow for trading of releases across residuals and 
media within the bubble.  Nonetheless, the revised NPA is a 
multimedia permit, because it incorporates release limits for 
multiple residuals and media in a single document.  When setting 
the limits, the NPA Council should consider various factors, 
including the refinery-specific NPA goals, baseline emissions, 
current regulatory requirements, anticipated regulatory 
requirements, recent investments by the refinery to reduce 
emissions, and potential changes in refinery production.  In 
addition to residual-specific limits, the permit may also include 
such performance measures as the introduction of new process or 
control technologies, incorporation of stakeholder views in the 
decision-making process, reduced time and effort for compliance 
assurance activities, and cost savings to the refinery and the 
regulator.  The negotiated performance measures will be publicly 
available through such venues as the Internet. 

 



• Assuring compliance.  The revised NPA requires more 
interaction among affected stakeholders in assuring compliance 
than traditional permitting approaches.  The NPA Council 
develops compliance assurance mechanisms, which may include 
public participation in activities such as inspecting monitors or 
developing more meaningful reports.  The revised NPA does not 
necessarily require less reporting, but it does require more 
efficient, effective, and transparent reporting.  For example, the 
linking of NPA reports with electronic monitoring results should 
enhance speed and accuracy.  Revised NPA reports should also 
discuss pollution prevention results, describe other refinery 
actions taken to ensure that releases do not exceed limits, and 
provide examples of enhanced public participation.   

 
 The revised NPA includes compliance incentives.  For 
example, the amount or frequency of reporting can be reduced if 
the refinery meets the limits ahead of schedule or if it produces 
fewer releases than allowed in the agreement.  The revised NPA 
also specifies actions for which penalties to the refinery may be 
assessed and the nature of such penalties.  The severity of 
penalties could be structured to increase or decrease, depending 
on the nature and extent of the violation.  For example, penalties 
that link the cost per ton of residual exceeding the limit to the 
potential harm of the residual could be assessed.  The revised 
NPA allows fines and penalties to be used to benefit local 
communities.  For example, the NPA Council could direct the 
revenue from penalties to specific projects (e.g., wetlands 
restoration, implementation of disease detection and treatment 
programs) within the local community.  The agreement may also 
provide for severe violations to result in a reversion to the 
otherwise-applicable command-and-control regulations, in 
addition to high monetary penalties.   

 
• Addressing resource requirements.  Many workshop participants 

noted that developing and implementing an NPA would be time- 
and cost-intensive.  However, most of the time and dollars for 
the NPA will be spent in the early stages (convening the NPA 
Council, setting the baseline and limits).  Over the longer term, 
resource requirements are expected to decrease as stakeholders 
move along the learning curve, see the results of similar 
reinvention projects, and realize the benefits of electronic 
monitoring and reporting.  The NPA Council can also limit 
resource requirements by using the established goals to prioritize 
residuals for which limits would be set. 

 
• Resolving jurisdictional and legal issues.  Implementing the 

revised NPA will require, at the least, a greater degree of 
communication and cooperation among various regulatory 
agencies than typically exists today, and it could require 
reworking the regulatory structure to accommodate a 
facilitywide, multimedia approach.  One can be optimistic about 



the occurrence of changes in these directions on the basis of 
experience in other countries such as the Netherlands, where the 
covenants program has required multiple federal, state, and local 
agencies covering various subject areas to meet together with 
individual companies to develop environmental plans consistent 
with covenant goals (9).  The revised NPA, as does the revised 
RBB, envisions techniques (e.g., multimedia permits, incentives 
for pollution prevention) that conflict with certain existing 
environmental statutes.  As does the revised RBB, the revised 
NPA will require modifications to some of these laws before it 
can be implemented.  Such modifications can be accomplished 
via the same methods as suggested for the revised RBB:  through 
pilot study waivers, strategic waivers for a number of refineries, 
or by amending the conflicting aspects of individual statutes.   

 
 

NEXT STEPS 
 

The theoretical aspects of the two alternative regulatory approaches have been 
vetted among federal and state regulators, corporate refinery personnel, and local and 
national environmental and citizen groups.  The next step in the development process is 
to test one, both, or a combination of the two approaches in an actual refinery setting.  As 
noted earlier, no major new refineries are expected to be built in the United States in the 
next several years.  However, we are investigating the following three opportunities for 
testing the approaches on smaller domestic refineries or other foreign refineries: 
 

1. Native American refinery operations. Currently no oil processing plants 
exist on Native American lands.  The DOE is supporting cooperative 
efforts between Native American Tribes and the oil industry in the 
application of innovative petroleum technologies on Native American 
Lands that increase resource and economic development while protecting 
the environment.  Currently, three separate tribes (in Montana, North 
Dakota, and Oklahoma) are exploring the development of refineries that 
would produce 10,000 to 20,000 barrels per day of tier 2 gasoline, diesel, 
and jet fuel. Any of these projects would provide a good opportunity for 
testing the approaches. 

 
2. Venezuelan upgrading operations. Venezuela exports a significant 

amount of crude to the United States.  However, this crude is very heavy 
and needs to be upgraded before it can be processed at U.S. refineries.  
As a result, the Venezuelan Oil Corporation, Petroleos de Venezuela 
(Pdvsa) is building “upgraders” to increase the existing crude viscosities 
(8–10° API) to 16° API or better.  The DOE and the Venezuelan 
Ministry of Energy and Mines have a memorandum of understanding in 
the area of oil and petrochemistry ecology and environmental research, 
which could provide a vehicle for setting up a pilot test of the approaches 
at one of these upgraders. 

 
3. Domestic, private-sector refinery expansions.  As foreign sources of 

crude become less tenable, and demand for petroleum-based fuels 



continues, some domestic refineries are likely to meet this demand by 
expanding existing operations, or at least modifying them to respond to 
lighter fuel needs. The approaches could be tested on such major refinery 
modifications. 

  
If none of these opportunities comes to fruition, the approaches can still be tested 

via a hypothetical “paper test,” which would entail working with refinery staff, 
regulators, and local citizens to provide the engineering basis for further application.  
 

Any pilot test will require coordination and cooperation among diverse entities, 
and the work to date with various stakeholders provides a good foundation for such 
cooperation. 
 
 

CONCLUSIONS 
 
 We have developed two future-oriented environmental regulatory approaches for 
petroleum refineries.  These approaches, a risk-based approach (RBB) and a goal-based 
approach (NPA), strive to meet the potentially conflicting goals of environmental 
responsibility and economic performance through pollution prevention and new 
technologies. 
 
 The goal-based approach, because it requires less change to the current system 
and relies less on the findings of forthcoming scientific and technological research, may 
be more readily implemented in the near term.  The risk-based approach, which requires 
the development, testing, and acceptance of modeling systems and data on parameters 
such as pollutant toxicities, exposure routes, dose-response relationships, and cumulative 
effects, will likely require more time to implement.  However, various recently 
completed, ongoing, and projected studies on such models and data will provide much of 
the information needed to implement the RBB within a 20-year time frame, which is 
consistent with the overall project parameters. 
 
 In developing the alternative approaches, input was collected from potentially 
interested parties.  Participants in seven workshops, each representing a particular interest 
group, generally supported the concept of developing future-oriented alternatives that 
provide flexibility and accountability for meeting environmental responsibility and 
economic performance goals.  They also stated that the ETI-refinery project should build 
on the momentum established to date; the current regulatory system needs to be changed, 
and the ETI-refinery approach, given its integrated format and interaction with 
stakeholder groups, provides an appropriate format to do so.  We addressed workshop 
participants’ requests to provide more detail and clarification and to integrate public 
participation in each component of the approaches.  In addressing the workshop 
comments, we combined the results of other regulatory reform and related research 
activities with our own thinking to revise the approaches.  Thus, the approaches integrate 
a variety of reform ideas.   
 

 The revised approaches could now benefit from further comment and 
eventual pilot testing.  Such experimentation, involving either a U.S. or foreign refinery 
or a hypothetical case study, would yield additional information to further improve and 
refine the approaches.  Several individuals and organizations, including state regulators, 



national environmental groups, and the EPA’s Regulatory Reinvention Office, have 
expressed interest in participating in or tracking further development and implementation 
of the approaches.  Perhaps more important, several local citizens groups endorsed the 
ETI-refinery approach, thereby increasing the likelihood of acceptance and 
implementation.   
 
 Developing the future-oriented alternative regulatory approaches for petroleum 
refineries has produced benefits beyond those originally expected.  These include 
exchanging information with public interest groups on scientifically based approaches to 
environmental regulation, providing lessons learned to the EPA for its broader 
reinvention efforts, and enhancing the potential for applying these prototypes to other 
industrial sectors, both within and outside the oil and gas industry. 
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ABSTRACT 
 
 

To follow up the National Petroleum Council (NPC) 1999 study Meeting the 
Challenges of the Nation’s Growing National Gas Demand, The U.S. department of 
Energy (DOE) commissioned Advanced Resources to conduct a study that documents 
resource impacts due to environmental lease stipulation and land use categorization for 
the Rocky Mountain region and focuses on the Greater Green River Basin.  

 
 
The results of the study show that there is about 160 Tcf of potential natural gas 

resources in the study area, about 117 Tcf of which underlie federal lands.  The base case 
analysis shows that about 68% of the natural gas resources under federal lands are either 
closed to access or available with restrictions.  Under the sensitivity case, the no 
access/restricted access portion falls to about 53%. 
 
 



EXECUTIVE SUMMARY 
   

In their 1999 study Meeting the Challenges of the Nation’s Growing National 
Gas Demand, the National Petroleum Council (NPC) projected that U.S. demand for 
natural gas will grow rapidly over the next decade (1).  They identified the Rocky 
Mountain region as a significant future source of gas supply to help meet this growing 
demand.  The NPC, however, pointed out that fully 40 percent (137 Tcf) of that potential 
supply from the Rockies on federal lands is currently unavailable or restricted because of 
competing uses or environmental considerations. 

 
 

The NPC study contains a first-time assessment of resource impacts associated 
with federal land use designations and related environmental stipulations in the Rocky 
Mountain region, but the assessment was based on a limited sample of federal lands in 
the region.  The NPC recommended that its approach be continued and expanded to 
increase understanding of the interaction between land use and the natural gas resources 
of the Rockies.  Accordingly, the DOE Office of Fossil Energy in coordination with the 
Bureau of Land Management (BLM) of the Department of Interior and the Forest Service 
(FS) of the Department of Agriculture is commissioning a series of detailed studies (DOE 
studies) in response to the NPC study.    
 
 

This report documents the first in the series of federal studies on resource 
impacts due to lease stipulation and land use categorization for the Rocky Mountain 
region.  This report presents the study results for southern Wyoming and northwestern 
Colorado and focuses on the Greater Green River Basin (GGRB) and adjacent areas 
(hereafter termed “GGRB study).  The GGRB basin was chosen as the first to be studied 
because it contains the largest amount of potential natural gas resource in the Rockies.  
The study area covers almost 29 million acres of land, of which over 16 million are under 
federal ownership. 

 
 

The study area for this report is located in the central Rocky Mountain region 
(Figure 1) and focuses on southern Wyoming and northwestern Colorado.  It comprises 
the jurisdictions of the BLM offices of Little Snake, Rock Springs, Kemmerer, Pinedale 
and Rawlins and National Forests of Bridger-Teton and Medicine Bow-Routt (Figure 2).  
The area of the study was defined by the outline of the BLM offices (in contrast to other 
federal land management agencies or geologic boundaries).  Some of these BLM 
jurisdictions reach well beyond the GGRB, so that the study also includes the Laramie 
and Wyoming Thrust Belts, the Hanna Basin and a portion of the Denver Basin.  These 
basins are contained in three United States Geological Survey (USGS) geologic 
provinces (Table 1) (2). 

 
 

Figure 3 shows the underlying resources within the study area.  Table 2 displays 
federal holding by acreage and natural gas resources within the study area.  BLM 
manages the majority of land and natural gas resources in the study area.  The study area 
extends over almost 29 million acres of land, of which over 16 million are under federal 
ownership. 
  



In this project, data on federal lands, including current restrictions and lease 
stipulations and data on underlying natural gas resources, were collected and analyzed.  
Stipulations are conditions that are issued for a lease, usually for environmental 
protection reasons, and change from time-to-time.  As such the study represents a 
“snapshot” in time of conditions present within the study area.   

 
 

Over 100 discrete stipulation types are represented in the study.  To simplify the 
analysis and reporting of results, the stipulations were grouped into a hierarchy of nine 
categories ranging from “no access” to standard lease terms.  The majority of stipulations 
fall under the heading of “timing limitations” which limit the time of the year when oil 
and gas operations can take place.  Where multiple stipulations overlap in an area, the 
cumulative restriction was calculated. Stipulation and land use categories and gas 
resource data were then overlain using a computerized geographic information system 
(GIS) analysis.  

 
 

Undiscovered technically recoverable natural gas resource data from 29 discrete 
resource plays were obtained for the study, mostly from the U.S. Geological Survey’s 
(USGS) 1995 national oil and gas assessment (Table 1).  In selected unconventional gas 
formations, USGS data were supplemented by additional studies by Advanced Resources 
International and the Wyoming Geologic Survey (3,4). 
 
 

Based on GIS analysis, the potential natural gas resource that lies under each 
category of restriction or stipulation was estimated.  Maps were produced showing land 
ownership, including federal agency jurisdiction for federal land, cumulative stipulations 
and restrictions, and resource distribution.  The unit of analysis is the township, a 6-by-6 
mile square.  Resource availability was quantified in terms of volumes of undiscovered 
technically recoverable natural gas resources by federal land type and stipulation and land 
use categories on a discrete township basis, for approximately 1500 townships in the 
study area.  Proved reserves on existing leases were not evaluated.   
 
 

Base and sensitivity analyses were performed.  In the base analysis, stipulations 
were evaluated as written.  The sensitivity analysis was conducted to account for the fact 
that some stipulations may not be applied at all times, e.g., when there is a mild winter 
and the critical winter range is not needed.  The sensitivity analysis also makes allowance 
for the industry’s ability to directionally drill to subsurface targets, although this ability is 
limited to exploration settings for purposes of the analysis. 

 
 

The results of the study show that there is about 160 Tcf of potential natural gas 
resources in the study area, about 117 TCF of which underlie federal lands (see table 3).  
The base analysis shows the following: 

 
• Slightly over two-thirds of the technically recoverable federal natural gas 

resources in the study area are either closed to development or available with 
restrictions.   

• About 30 percent of the potential federal resources are off limits, with about 1 
percent underlying resources being closed by statute, e.g., national parks and 

  



wilderness areas.  The balance of the inaccessible areas (representing about 29 
percent of the potential federal resources) are administratively closed, e.g., not 
available for lease under a forest plan or in a “wilderness re-inventory area.”   

• Leasing stipulations of various kinds restrict an additional 38 percent of the 
federal natural gas resource.  Over 90 percent of these restrictions are due to 
timing limitations of between three and nine months, e.g., for critical winter 
habitat for big game, or nesting periods for sage grouse or raptors.  

• The remaining 32 percent of the federal resource is subject to standard lease 
terms, which still dictate that the lessee complies with a number of 
environmentally protective requirements. 

 
 

Under the sensitivity case, results are as follows: 
• The potential federal natural gas resources in the study area that are either closed 

to development or available with restrictions are reduced to about 53 percent.   
• The amount of potential federal natural gas resource that is off limits drops to 21 

percent.   
• About 32 percent is available for development with restrictions.  

 Federal resources under standard lease terms rise to 47 percent.   
One example of the application of the analysis is to quantify the impacts of 

timing limitations on drilling operations.  In this study, analysis was conducted 
concerning the temporal restraints places upon drilling activities by timing limitations.  
The time required to drill typical wells to undiscovered resource objectives was compared 
to total timing limitations.  Results show that the most restrictive areas are found in the 
GGRB of the study area, especially in its northwest portion. 

 
 

METHODOLOGY 
 

The GGRB Study was originally published by the DOE on their website 
(http://www.fe.doe.gov/oil_gas/reports/fla/). In this study, impacts were quantified in 
terms of volumes of undiscovered technically recoverable natural gas resources affected 
by stipulation category and federal land type on a discrete township basis, for 
approximately 1500 townships.   Based on GIS analysis, the potential natural gas 
resource that lies under various categories of restriction or stipulation was estimated.  
Maps were produced showing land ownership, including federal agency jurisdiction for 
federal land, cumulative stipulations and restrictions, and resource distribution.  Base and 
Sensitivity case analyses were performed. 

 
 

The study received significant guidance from DOE, BLM and FS.  In addition, 
meetings were held with industry representatives to gather their input and 
recommendations.  Because stipulations are conditions that are issued for a lease, usually 
for environmental protection reasons, and change from time-to-time, this analysis 
represents a “snapshot” in time of conditions present within the study area.  
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Lease Stipulations 
  

 Environmental considerations and land use planning activities trigger stipulation 
use.  Approximately 110 discrete lease stipulation types are represented in the study area.  
Land use planning agencies, like the BLM, determine which, if any, stipulations are 
required for a specific lease.  This determination is made though National Environmental 
Policy Act (NEPA) analysis, land use planning and/or site-specific analysis.  Additional 
issues, such as the National Historic Preservation Act (considered under standard lease 
terms) and Conditions of Approval, also affect operators’ abilities to explore for and 
develop natural gas.   

 
 

Stipulations are required modifications of lease terms and are defined as follows: 
 
 “Stipulations are conditions, promises, or demands to be part of a lease when the 
environmental and planning record demonstrates the necessity for the stipulations.  
Stipulations, as such, are neither "standard" nor "special", but rather a necessary 
modification of the terms of the lease.  In order to accommodate the variety of resources 
encountered on federal lands, stipulations are categorized as to how the stipulation 
modifies the lease rights, not by the resource(s) to be protected.  What, why, and how this 
mitigation/protection is to be accomplished is determined by the land management 
agency through land use planning and National Environmental Policy Act (NEPA) 
analysis.   
 
 

If, upon weighing the relative resource values, uses, and/or users, conflict with 
oil and gas operations is identified that cannot be adequately managed and/or 
accommodated on other lands, a lease stipulation is necessary.  Land use plans serve as 
the primary vehicle for determining the necessity for lease stipulations (BLM Manual 
1624).  Documentation of the necessity for a stipulation is disclosed in planning 
documents or through site-specific analysis.  Land use plans and/or NEPA documents 
also establish the guidelines by which future waivers, exceptions, or modifications may 
be granted.   
 
 

Substantial modification or waiver subsequent to lease issuance is subject to 
public review for at least a 30-day period in accordance with Section 5102.f of the 
Federal Onshore Oil and Gas Leasing Reform Act of 1987 (FOLRA).  Stipulations may 
be necessary if the authority to control the activity on the lease does not already exist 
under laws, regulations, or orders.  An authorized federal officer has the authority to 
modify the site location and design of facilities, control the rate of development and 
timing of activities and require other mitigation under standard lease terms (BLM Form 
3100-11, Attachment A-1 and 43 CFR 3101.1-2).  The necessity for individual lease 
stipulations is documented in the lease-file record with reference to the appropriate land 
use plan or other leasing analysis document. The necessity for exception, waivers, or 
modifications is documented in the lease-file record through reference to the appropriate 
plan or other analysis.”   

 
 

  



In this study, all federal lands covered by the jurisdictions of BLM offices of 
Little Snake, Rock Springs, Kemmerer, Pinedale and Rawlins, and Forest Services lands 
of the Bridger-Teton and Medicine Bow-Routt National Forests were analyzed for the 
impact of stipulations on natural gas resources availability.  The initial efforts of this 
study consisted of characterizing lease stipulations.   

 
 

Stipulation data from the GGRB and adjacent areas in Wyoming and Colorado 
were located, collected and integrated for the study.  Hard copy and digital data were 
obtained from BLM and FS offices within the study area showing the mapped lease 
stipulation areas.  In addition the BLM and FS offices provided descriptions of the 
stipulations for their respective offices.  Advanced Resources transferred stipulation data 
into a consistent digital format (digitizing hardcopy when necessary) using ArcView 
software.  All individual stipulations were mapped and their respective acreage amounts 
calculated using the ArcView shape files throughout the study area.  
 
Lease Stipulations and Land Use Categorization  
  

Stipulations are categorized by the manner they modify lease rights.  Lease 
stipulation and land management impacts were assessed to quantify their cumulative 
effects on federal lands using the township (a 6-by-6 mile square) as the unit of analysis.  
To simplify the analysis and present meaningful results, the stipulations and federal land 
types were grouped into a hierarchy of categories (Figure 4 listed most to least 
restrictive), based on discussions with government officials and industry representatives.  
The hierarchy was developed to ensure that a given potential lease could be appropriately  
assessed, especially for areas of multiple overlapping stipulations, ensuring that the 
cumulative restriction was determined.  

 
 

The fundamental impact on drilling operations and access to natural gas resources is 
driven by the time during which drilling is prohibited, which ranges from “no access” 
(statutory or administrative) through three month incremental aggregated timing 
limitations to standard lease terms as follows: 
   
•  “No access” areas comprise statutorily defined areas (e.g., national parks and 

wilderness areas), and administratively defined areas (e.g., “Wilderness Re-
inventoried Areas,” “Roadless Areas”).   

• No surface occupancy (NSO) stipulations prohibit all surface occupancy for natural 
gas and oil exploration and development activities, including seismic surveying, to 
protect identified resources such as special status plant species habitat.  NSO areas 
were treated in the analysis similarly to no access areas (administrative). 

• Timing limitations.  The majority of stipulations fall under the heading of  “timing 
limitations” (TLs), which limit the time of the year when oil and gas operations can 
take place.  Timing limitation stipulations prohibit natural gas and oil exploration and 
development surface use during specified time intervals to preserve identified 
resources, such as sage grouse habitat areas or elk calving areas.   

• Controlled surface use (CSU) stipulations control the surface location of natural gas 
and oil exploration and development activities on a lease by excluding them from 
certain portions of a lease.  The CSU exclusion often takes the form of a buffer zone 
surrounding a critical resource such as a stream.  

  



• Standard lease terms (SLTs) define areas where operators can lease acreage in the 
absence of explicit stipulations.   Standard lease terms, however, still dictate that the 
lessee comply with a number of environmentally protective requirements. 

 
 

Figure 5 shows township 24N 110W from the study area as an actual example where 
multiple stipulations are located and a sage grouse nest defines the stipulation category 
for the point selected on the map.   
 
 

A map depicting the aggregated stipulations and land use categories in the study area 
is shown in Figure 6. 
 
Resource Estimation 
  

 In the analysis, resource estimation entailed determination of the technically 
recoverable natural gas resource volume by township.  Natural gas resources were 
examined using the 1995 USGS national assessment, supplemented by additional studies 
as described below. The assessment of current and producing leases were beyond the 
scope of this study. Consequently proved reserves were not assessed. 
 
 

The 1995 USGS national assessment used the “play” as the unit of analysis.  
Plays are defined as the set of common geological conditions (source rock, migration 
charge, traps, seals, etc.) that characterize a group of hydrocarbon accumulations in the 
subsurface.  The geometry of a play is defined by geological environments and has 
horizontal and vertical expression.  Plays can be represented in map view (Figure #7) by 
showing their projected surface location and areal extent.   

 
 

In cross-section, plays have unique vertical subsurface location, shape and spatial 
relationships (Figure 8).  They are often “stacked” so that a given land area are can 
overlie multiple plays, which can yield relatively richer resource values.  For example, 
Play #1 in Figures 7 and 8 could illustrate a “blanket” type environment--thin and 
widespread.  Play #2 could illustrate a “bar” type environment--oblong and thick in the 
middle, while Play #3 could display a “channel” type environment--linear with flat top. 

 
 

For this study, 29 discrete plays were examined to capture the geological 
variability of natural gas resources within the subsurface.  For most plays, the mean 
natural gas resources volumes for each USGS-defined play were utilized  (Table 2).  
Resource variation vertically within the sediments of the study area was captured by play 
stacking; within most plays a homogenous distribution within play boundaries was 
assumed.   The USGS resource data were supplemented by additional studies conducted 
subsequent to the USGS 1995 Assessment; this was done in particular for the over-
pressured Mesaverde and Frontier plays. These plays were mapped in detail and their 
resource distribution is heterogeneous.  

 
 

  



There are three different USGS play types.  These play types are conventional, 
continuous and CBM.   Conventional plays contain discrete hydrocarbon accumulations 
producing from reservoirs within specific rock units often associated with a 
hydrocarbon/water contacts. Conventional plays produce from structural or 
stratigraphically controlled traps (Figure 9). 

 
 

Continuous plays resources exist as pervasive accumulations that cross rock unit 
boundaries, lack discrete boarders and exhibit other atypical reservoir properties (Figure 
9).  They can be very large and were only recognized recently.  The Mesaverde and 
Frontier plays are examples of continuous plays. 

 
 

Continuous resources represent a combination of inferred reserves and 
undiscovered technically recoverable resources but the USGS presents them as 
undiscovered technically recoverable resources. Inferred reserves are found through 
existing field extensions, new pool discoveries (pools are subsets of fields), and reserve 
revisions. Because continuous resources are different from conventional resources there 
reservoir characterization differs as well.  Continuous resources are characterized by cell; 
consequently a continuous resource play is a collection of cells these cells can be found 
within and outside of existing field boundaries. 
 
 

CBM play resources are natural gas from coal beds.  Like continuous plays, 
CBM plays include technically undiscovered resources and inferred reserves.  CBM 
resources are also presented as undiscovered technically recoverable resources.  CBM 
resources are characterized by cell. 

 
 

The Mesaverde and Frontier plays were treated separately due to their 
unconventional play nature, regional extent and large resource potential. Estimates of this 
potential had been developed by Advanced Resources in a prior study for the DOE (3), 
which described technically recoverable natural gas resources defined for the GGRB on a 
township basis.  The Advanced Resources study used analysis of remote sensing images, 
gravity and magnetic data to determine areas of higher potential within the 
unconventional Mesaverde and Frontier plays. For this study, estimates were developed 
using similar methodology for the Mesaverde and Frontier in the Hanna Basin.  Hanna 
Basin coal bed methane (CBM) resource estimates from the Wyoming Geological Survey 
(WGS) were also incorporated into the study. 

 
 

For this analysis, resources were estimated on a township-by-township basis.  
The township was chosen as the unit of analysis to minimize errors associated with the 
estimation of resources, while preserving the detail of the lease stipulation maps.  As 
such, the resource estimates within a given township in this study should be viewed in the 
context of the study area; specific township resource values have varying levels of 
confidence and are less meaningful when viewed in isolation.  Technically recoverable 
natural gas resources are shown for the study area, by township, in Figure 10.  
 
Estimation of Impacts Upon Natural Gas Resources 

  



      
Using the lease stipulations and land use categories (from Figure 4), estimates of 

the impacts on natural gas resources were compiled on a township-by-township basis.  
Two cases were conducted in the analysis: a Base Case and a Sensitivity Case.  
 
Base Case  
 

In the Base Case, for each township in the study area, Advanced Resources used 
geographic determinations of aggregated stipulation and land use category, federal land 
type and underlying resource to estimate impacts.  Resource calculations were made for 
each play and then summed up by township as technically recoverable resources by 
stipulation category, and by federal land type.  Split estate (non-federal surface 
ownership/federal mineral ownership) natural gas resources were also estimated, but are, 
by definition, not subject to federal land management and were not analyzed further.  For 
the study, split estate data were only available from BLM for Wyoming.   

 
 

An example of the aggregated stipulation and land management categories for a 
township for the Base Case is shown as Figure 11.  In this township (24N 110W), 
stipulated areas include raptor and sage grouse (cumulative timing limitations of 6 to 9 
months (TL 6-9)) and controlled surface use (CSU).  Note that the core nest of the sage 
grouse stipulation, which cannot be occupied, is considered a “no access” 
(administrative) area (NAA).  A stream course present in the SE corner of the township is  
stipulated no surface occupancy (NSO), which is also considered as NAA in the analysis.  
The balance of the area (in green) is under standard lease terms.  In the analysis, 
underlying natural gas resources in the township allocate in proportion to the area 
covered by each of the stipulation and land use categories as follows:  
 

• NAA  67 MMcf  
• TL 6-9  4,133 MMcf 
• CSU 51 MMcf 
• SLT  3,149 MMcf 

 
Sensitivity Case  
 

A sensitivity analysis was performed to assess the natural gas resource impacts 
attributed to the practical implementation of the lease stipulations, based on discussions 
with government officials and industry.  The difference between the Base and Sensitivity 
cases is determined by the treatment for timing limitations for big game (BG), sage 
grouse (SG) and raptors (R).  These stipulation-timing limitations were chosen because 
industry representatives indicated that they are areally common and exemptions are often 
granted.  Industry and government representatives determined that lands associated with 
BG, SG and R should be discounted about 20, 20 and 30 percent of the time, respectively.   
 
 

Based on these exemptions, a discounting of the resources underlying these 
stipulations was made according to the schedule presented in Table 4.  Lease stipulations 
are designated independently of one another by federal land management agencies.  
Potentially, a given lease could be subject to multiple overlapping timing limitations.  
Where such conditions exist, in the analysis, the cumulative effect was calculated by the 

  



multiplication of individual timing limitation stipulations as shown in Table 4.  This 
reflects the lower probability that, for a given area, exemptions for multiple stipulations 
could be obtained. 

 
 
In addition in the Sensitivity Case, for NSO areas, government and industry 

representatives noted that, in exploration drilling settings, industry would undertake 
“extended reach” drilling to reach subsurface targets located horizontally distant from the 
drill site (Figure 12).  This advanced technology provides precise control of drilling 
direction.  Use of this technology requires geologically and seismically defined targets.  
The NSO stipulation prohibits all exploration and development activities, including 
seismic data acquisition. The primary data acquisition technique used to define targets.  
Consequently lack of drilling target definition becomes a significant limiting technical 
factor in the use of “slant” hole drilling. Therefore resources beyond a practical ‘kickout” 
limit are not technically recoverable. 

 
 

Based on discussions with government officials and industry, the practical 
“kickout” distance is limited by in the GGRB by available current exploration technology 
to account for industry’s ability to reach subsurface targets by directional drilling. As 
such an “extended drilling zone” (EDZ) of ¼ mile was be used in the analysis.  In the 
Sensitivity Case, for the EDZ, the surface locations of drilling reachable targets default to 
co-located lease stipulations (or SLTs, if no other lease stipulations are present).  
Unreachable targets remain under NSO. 

 
 

Resources in the Sensitivity Case were determined using the following equation: 
 

Resources = ∑((1-CDF) * Resources (EDZ) + (CDF * Resources (BG, S, R)) 
 

Where  CDF = Cumulative Discount Factor (see Table 4) 
Resources (EDZ)  = Resources determined using the Extended Drilling Zone 

BG, S, R = Resources determined using timing limitations for BG, SG or R set at zero 
separately or in combination according to Table 4. 

 
 

This equation allocates resources in the Sensitivity Case based on use of the 
extended drilling zone and depending upon the presence of big game, sage grouse and 
raptor stipulations.  As the BG, SG and R stipulations are removed to estimate resources, 
the calculations in the analysis are set so as to default to the underlying stipulation 
category in the hierarchy (from Figure 4).  For our example township, 24N 110W, 
Figures 13 and 14 show the effects for estimation of impacted natural gas resources in the 
Sensitivity Case where sage grouse stipulations are granted exemptions.   

 
 

In this example the impacted resource is computed based on the presence or 
absence of the sage grouse stipulation (timing limitation 6-9 months) as shown in figures 
13 and 14.  Note that, in the absence of the sage grouse stipulation, the analysis defaults 
to the underlying stipulation or land management category, which in Figure 14 is the 
raptor stipulation  (timing limitation 6-9 months), controlled surface use or standard lease 

  



terms.  The total resource is calculated accordingly for all combinations of the 
discounting factors listed in Table 4, resulting in the following resource allocation: 
 

• NAA  0 MMcf  
• TL 6-9  3,080 MMcf 
• CSU 221 MMcf 
• SLT  4,100 Mmcf 
 
 

Note that, relative to the Base Case, in the Sensitivity Case, the categories of 
NAA (representing the sage grouse nest and the stream bed) and timing limitation (6 to 9 
months) decreased in resource allocation.  Meanwhile the controlled surface use and 
standard lease terms categories increased. 

 
 

The parameters used in the analysis for the Base and Sensitivity cases are 
summarized in Table 5.  Note that the treatment of federal land type is the same in both 
cases.  The Sensitivity Case differs only in its treatment of specific timing limitations and 
the extended drilling zone. 
 
 

RESULTS OF THE ANALYSIS 
 

The analysis shows that natural gas resources are impacted by access restrictions.  
The total undiscovered technically recoverable natural gas resources in the study area are 
about 160 Tcf (Table 6).  Of this potential total resource, about 117 Tcf underlie federal 
lands.   Federal split estate natural gas resources are 1.5 Tcf, yielding a total of about 118 
Tcf under federal control.  
 
Base Case Results   
 

The base analysis shows the following (Table 7): 
• Slightly over two-thirds of the federal technically recoverable natural gas resources in 

the study area are either closed to development or available with restrictions.   
• About 30 percent of the potential federal resources are off limits, with about 1 

percent underlying resources being closed by statute, e.g., national parks and 
wilderness areas.  The balance of the inaccessible areas (representing about 29 
percent of the potential federal resources) are administratively closed, e.g., not 
available for lease under a forest plan or in a “wilderness re-inventory area.”   

• Leasing stipulations of various kinds restrict an additional 38 percent of the federal 
natural gas resource.  Over 90 percent of these restrictions are due to timing 
limitations of between three and nine months, e.g., for critical winter habitat for big 
game, or nesting periods for sage grouse or raptors.  

• The remaining 32 percent of the federal resource is subject to standard lease terms, 
which still dictate that the lessee complies with a number of environmentally 
protective requirements.   

 
 

  



The total of access-restricted resources (resources closed to development or available 
with restrictions) on federal lands is about 79 Tcf.  The distribution of these restricted 
resources is shown in Figure 15. 
 
Sensitivity Case Results 
 

Compared to the Base Case, the Sensitivity Case results in the shifting of about 17 
Tcf, as resource is reallocated from various timing limitations and no surface occupancy 
to controlled surface use and standard lease terms. 

 
 
Under the Sensitivity Case, results are as follows (Table 8): 

• The potential federal natural gas resources in the study area that are either closed 
to development or available with restrictions are reduced to about 53 percent.   

• The amount of potential federal natural gas resource that is off limits drops to 21 
percent.   

• About 32 percent is available for development with restrictions.  
• Federal resources under standard lease terms rise to 47 percent. 

 
 

TIMING OF LIMITATIONS AND THEIR 
IMPACT ON NATURAL GAS WELL DRILLING 

OPERATIONS 
 

As an example of how this analysis can be used to quantify the impacts of timing 
limitations on drilling operations, Advanced Resources conducted additional analysis on 
the temporal restraints placed upon drilling activities by timing limitations.  The analysis 
is based on the time required to drill typical wells to undiscovered resource objectives 
based on drilling depths from ground surface to basement (Figure 16) in the study area.  
Based on discussions with industry, a ratio of one-half the drilling depth to basement 
(estimated to approximate lower Cretaceous section) was used to represent average 
drilling depths to objectives for undiscovered resources, by township.   

  
 

To determine typical drilling time within the study area by township, the 
calculated drilling depth was fit to one of three “typical drilling time curves” at 10, 14 
and 18 thousand feet of depth (Figures 17, 18 and 19).   

 
 

The drilling curves were developed by industry and illustrate the time required 
for drilling typical wells in the GGRB.  The time at the beginning of the curves represents 
time allocated for construction of the drilling location and moving in the drilling rig.  The 
time on the end of the curve is for moving the drilling rig out and completing the well.   

 
 

Based on industry guidance, drilling depths were broken into three categories or 
“bins” as follows: 0-10,000’ with drilling time of 40days, 10,000-14,000’ with drilling 
time of 65 days and > 14,000’ with a drilling time of 190 days.  The duration of the two 

  



shallowest drilling curves (10,000’and 14000’), fall in the least restrictive timing 
limitation category of <3 months. 

 
 

Wells in this category require less than 65 days from building the location 
through well completion.  The deepest drilling curve is for a well that requires 190 days 
from building the location through well completion, which fits into the timing limitations 
of 6 to 9 months category.  

 
 

A plot of drilling time verses drilling depth reveals a hyperbolic relationship 
(Figure 20).  The drilling rate slows down with increasing depth.  As operators continue 
to drill deeper in search of new reserves they will be increasingly constrained by timing 
limitations.  This is a likely scenario because two unconventional, high-potential plays, 
the Mesaverde and Frontier/Cloverly, are often found at depths in excess of 14,000-foot 
over significant parts of the study area.   Executing multiple well drilling programs for 
these high resource potential plays on federal lands affected by timing limitations 
amplifies the constraint problem for operators. 
 
 

For the study area, when the map of aggregated stipulations and land use (see 
Figure 6) is overlain with the drilling depths (based on Figure 16), we are presented with 
a “drilling opportunities” map (Figure 21) that shows areas when industry would be 
unable to drill at least one well in a season based on the land classification, stipulations, 
and/or depth to undiscovered natural resources.  
 
    

DISCUSSION OF COMMENTS ON THE GGRB 
STUDY FEDERAL LANDS ANALYSIS  

 
Following the original publication of the GGRB Study by DOE on their website 

(http://www.fe.doe.gov/oil_gas/reports/fla/) comments were provided by Peter Morton, 
Resource Economist, The Wilderness Society (WS)(5).  Discussion provided here is 
formatted to respond to the WS comments using their original structure.  Due to sparse 
accommodation the original WS comments are not reproduced here but can be found at 
their website (http://www.wilderness.org/newsroom/pdf/doe_greenriver_071001.pdf). 
 

 
We encourage and welcome comments and feedback to the GGRB Study (6). 

Balancing environmental preservation and energy development requires examination of 
relevant issues from all points of view.     
 
 

Mr. Morton’s executive summary considers interesting points and generates 
debate.  Some issues Mr. Morton develops are beyond the scope of the GGRB Study and  
could represent potential future study topics worthy of more discussion and inclusion in 
subsequent studies.  Access to gas reserves in developed gas fields and their contribution 
to meeting energy demand is one example.  Mr. Morton indicates that his executive 
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summary was written to precede a full report on the subject.  We eagerly await Pete’s 
final document and look forward to more stimulating debate.  
 
General Comments 
 

1. The GGRB Study was not an examination of current supply needs but was 
structured to help federal land management decision makers determine 
impediments on natural gas resource recovery.  The report thus analyzed the 
impact of leasing stipulations on undiscovered technically recoverable natural 
gas resources beneath federal lands.   

 
Leasing stipulations directly impact the production and reserves accrual phases of 
operations by prohibiting or restricting exploration and development activities 
consequently impacting subsequent production and reserves from the total energy 
supply.  Figure 10, showing Technically Recoverable Natural Gas Resources, 
highlights the fact that these resources are widespread in the study area.  Figure 2 
portrays federal land ownership throughout the Rocky Mountain Region.  This 
figure shows that much of the land in this study area is federally owned.  A 
comparison of these two figures suggests that most of the resources analyzed are 
also federally owned. The preceding “quick look” substantiates the statement that 
68% of undiscovered technically recoverable natural gas resources is either 
restricted or closed to development is accurate for the analysis performed.  
 
Mr. Morton’s comments regarding the access to 57,000 wells currently producing 
on federal land, are not specifically relevant to the study  

 
2. Technically, Mr. Morton’s comments are correct – seasonal timing limitations do 

not affect the production phase. However, he fails to recognize that if oil and gas 
wells cannot be drilled in the first place, having access during the production 
phase is moot. 

 
3. It should be reiterated that the GGRB Study assesses resources not simply land. 

While it may be possible to say that large areas of federal lands are open to 
leasing (see also Comment 5 below), such a statement is misleading for two 
reasons: (1) the implication of saying large areas in a basin can be leased is not to 
say that the majority of resources are accessible, and (2) leasing in open areas is 
subject to restrictive stipulations, which vary in their degree of restrictiveness 
(Figure 4).  Further, the distribution of the resource endowment varies; there are 
many accessible federal lands within the GGRB Study area that contain little or 
no resources.  In other words, if one loses a quarter walking down a dark street, it 
makes no sense to look for the quarter under a street light 100 yards away 
because that’s where the light is.  Industry must drill where resources are, not 
necessarily only where there is access to land.   

 
Further, Mr. Morton’s comments regarding active exploration on private lands is 
a nonsequitor; assessment of private lands is beyond the scope of the study. 

 
4. We fundamentally disagree with Mr. Morton’s contention the GGRB Study 

“overstates” the impact because “undiscovered gas, while perhaps technically 
recoverable is not economical to extract.”  We note that leasing stipulations 

  



themselves are a significant factor in economic resource recovery—changes in 
access would change resource economics.  The study was specifically designed 
to highlight how access affects recoverable resources so as to be of maximum 
value to federal land managers.  The GGRB Study does provide the basis for 
making scenario analyses (including determination of economic resources), but 
that would require agreement on what would be a controversial and wide-ranging 
set of assumptions, an effort beyond the scope of the Study. 

 
Further, as cited in the GGRB Study, undiscovered technically recoverable 
natural gas resources are dominated by two unconventional plays, which account 
for over 70% of the technically recoverable resources in the basin.  These plays 
were analyzed on a township by township basis for DOE by Advanced Resources 
(3).  Over an exploration and production life cycle measured in decades, the 
Advanced Resources study was designed to allow for a high ratio of 
economically to technically recoverable resources.  The GGRB Study is thus 
provides a valid base upon which to discuss policy impacts of leasing stipulations 
upon resource.  

 
In addition, as the average quantity of natural gas resources decline in the U.S. 
(e.g. accelerated depletion rates in shallow water GOM wells), industry is 
increasingly looking toward unconventional resources, such as are found in the 
Rockies, to meet demand. Further to Mr. Morton’s comment, the GGRB Study 
actually underestimates impacted resources because it did not quantify the 
impacts of Conditions of Approval (COA), which are significant for the 
development of natural gas resources.  Rigorous analysis of impacts of COAs on 
gas resources would require an extensive development of data currently not 
collected or available within the BLM. 

 
5. We note Mr. Morton’s comment that the USGS provides “the best, unbiased 

estimate of gas resources on federal lands.” While USGS estimates are certainly 
extremely valuable, especially when one considers the number and breadth of 
resource analysis that the USGS conducts, the USGS is not the sole entity to 
perform resource assessments.  Additionally, we note that the USGS 1995 
National Assessment uses data through about 1993—additional data have been 
collected and analyzed since that time.  

 
Well-regarded assessments have been performed by the National Petroleum 
Council, the Potential Gas Committee, and the Gas Research Institute among 
others.  Resource estimates are just that, estimates, and can change, even 
significantly, over time (Figure 22).  The geology does not change; what changes 
is our understanding of it.   

 
Mr. Morton also comments that large areas of land are open to leasing; the BLM 
itself has refuted the contention that more than 95% of the public estate is open to 
leasing (http://www.doi.gov/news/010906a.html). 

 
6. The GGRB Study was designed to cover all federal lands within specific BLM 

boundaries, thus it is true that the GGRB Study area includes National Parks.  
However, the study shows that National Parks and Wilderness Areas contain less 
than 1% of the natural gas resources in the study area.  Because the study focuses 

  

http://www.doi.gov/news/010906a.html


upon resources and not land areas, inclusion of areas without natural gas has no 
impact upon the results one way or the other. 

 
Specific Comments 

 
1. The GGRB Study represents a “snapshot in time”.  The Base Case represents 

a starting point for analysis consistent with a sound scientific approach.  The 
Sensitivity Case assumes that certain stipulations are waived.  The two cases 
are compared and the differences are examined.  Mr. Morton’s reference to 
the Pinedale District Stipulation waivers is used out of context, is not 
quantified and should not be used to represent the GGRB as a whole.   

 
2. All available BLM stipulation exemption data from all BLM offices were 

examined.  The DOE relied upon federal government officials from the BLM 
and Forest Service in conjunction with industry representatives to develop 
the stipulation wavier percentages used in the study.  We would welcome the 
opportunity to examine “BLM data that suggests that stipulations are waived 
far more often” as Mr. Morton states. 

 
In addition in the Sensitivity Case, for NSO areas, government and industry 
representatives noted that, in exploration drilling settings, industry would 
undertake “extended reach” drilling to reach subsurface targets located 
horizontally distant from the drill site (Figure 12).  This advanced technology 
provides precise control of drilling direction and requires geologically and 
seismically defined targets.  Because the NSO stipulation prohibits all 
exploration and development activities, including seismic data acquisition, 
targets cannot be defined.  This lack of drilling target definition becomes the 
significant limiting technical factor in the use of “slant” hole drilling.  
Resources beyond a practical “kickout” limit are not technically recoverable.  
Current available exploration technology limits the practical “kickout” 
distance to reachable targets by directional drilling in the GGRB.  This 
“extended drilling zone” (EDZ) was determined to be ¼ mile for the 
analysis. 

 
3. See above. 

 
4. All BLM districts, including Rock Springs, provided their land and 

stipulation classification data used in the DOE report.  The acreage 
inconsistencies referred to by Mr. Morton result from the way the GGRB 
Study was designed—to avoid double-counting in areas of overlapping 
stipulations by use of a hierarchical ranking.  The inconsistencies cited in Mr. 
Morton’s comments reflect less than careful review of the study and the 
appendices. 

 
5. The GGRB Study focuses on natural gas resources in a specific study-

defined area.  The FY 2000 drilling permits cited by Mr. Morton represent all 
Wyoming BLM land; the vast majority of well permits cited by Mr. Morton 
are CBM wells in the Powder River Basin, located outside the study area.  
Also approved drilling permits do not indicate resource accessibility.  

 

  



6. The township was chosen as the unit of analysis to minimize errors 
associated with the estimation of resources, while preserving the detail of the 
lease stipulations. Lease stipulation boundaries were precisely mapped and 
areas of overlap were noted and not double counted preserving study 
integrity. Mr. Morton’s mention that townships are not meaningful geologic 
boundaries is irrelevant (see reply to General Comment 4 above).  

 
7. Mr. Morton indicates that the equation used to estimate gas resources seems 

incorrect.  We believe the confusion arises from the fact that Mr. Morton is 
mixing concepts regarding extended drilling zone resources and resources 
associated with exempted timing limitations, both of which should be viewed 
relative to the stipulation category hierarchy table (Figure 4 above).  We 
believe that a careful reading of the GGRB study will clear up the confusion. 
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Table 1.  Technically Recoverable Natural Gas Resources by Play 
 

USGS Play 
ID # 

 
Play Type 

Mean Resource 
(Bcf) 

 
Source 

3601 conventional 2,906 USGS'95 

3602 conventional 366 USGS'95 

3603 conventional 4,942 USGS'95 

3604 conventional 1,369 USGS'95 

3606 conventional 476 USGS'95 

3607 conventional 5 USGS'95 

3701 conventional 351 USGS'95 

3702 conventional 166 USGS'95 

3703 conventional 24 USGS'95 

3704 conventional 372 USGS'95 

3705 conventional 113 USGS'95 

3706 conventional 83 USGS'95 

3707 conventional 44 USGS'95 

3708 conventional 34 USGS'95 

3740 continuous 24,074 ARI/USGS 

3741 continuous 89,245 ARI/USGS 

3742 continuous 19,003 USGS'95 

3743 continuous 10,224 USGS'95 

3744 continuous 986 USGS'95 

3750 coalbed methane CBM) 693 USGS'95 

3751 CBM 1,948 WGS/ARI 

3752 CBM 1,118 WGS/ARI 

3753 CBM 324 WGS/ARI 

3754 CBM 575 WGS/ARI 

3755 CBM 409 WGS/ARI 

3901 conventional 74 USGS'95 

3905 conventional 83 USGS'95 

3907 conventional 1 USGS'95 

3908 conventional 13 USGS'95 

Total 159,856  

Sources:     USGS ‘95:  USGS 1995 Assessment of United States Oil and Gas Resources 
                  ARI:           Advanced Resources International 
                  WGS:         Wyoming Geological Survey 

  



Table 2.  Federal Holdings within Study Area 

Federal Agency

Acres % of Total Bcf % of Total
Bureau of Land Management 10,565,000   64.6% 102,306        88.6%
Forest Service 5,214,000     31.9% 13,393          10.2%
National Park Sevice 289,000        1.8% 15                 0.0%
Bureau of Reclamation 247,000        1.5% 1,018            1.2%
Fish & Wildlife Service 36,000          0.2% 19                 0.0%
Department of Defense 6,000            0.0% -               0.0%
Total (Federal Lands) 16,357,000   100.0% 116,751        100.0%
Total (Study Area) 28,892,000   159,474        

 Technically Recoverable 
Natural Gas Resources Area

 

Table 3.  Aggregated Stipulation & Land Management Categories Plus Resources.   

Closed to Development
    No Access (Statutory) 1,422            1,422            
    No Access (Administrative), No Surface Occupancy 33,060          23,371          

Subtotal 34,482          24,793          
Available with Restrictions
     Cumulative Timing Limitations >9 Mos. 506               398               
     Cumulative Timing Limitations 6 to 9 Mos. 20,287          15,434          
     Cumulative Timing Limitations 3 to 6 Mos. 21,494          18,584          
     Cumulative Timing Limitations <3 Mos. 863               715               
     Controlled Surface Use (CSU) 1,753            2,256            

Subtotal 44,903          37,387          
Standard Lease Terms 37,367          54,571          
Total (Federal Lands) 116,751        116,751        
Total (Study Area) 159,474        159,474        

Aggregated Stipulations And Land Management Categories
Technically Recoverable Natural Gas Resources

Bcf Bcf
Base Case Sensistivity Case

 
Table 4.  Cumulative Timing Limitation Discount Factors 

 
Stipulation Cumulative Discount Factor 

(CDF) 

Big Game (B) 20% 

Sage Grouse (S) 20% 

Raptors (R) 30% 

Big Game/Sage Grouse (BS) 4% 

Big Game/Raptors (BR) 6% 

Sage Grouse/Raptors (SR) 6% 

Big Game/Sage Grouse/Raptors (BSR) 1.2% 
 

  



Table 5.  Parameters for Conducting Resource Assessment 
 
Analytical Components Base Analysis Sensitivity Analysis 

Federal Lands 

   Bureau of Land Management (BLM) Subject to stipulations Subject to stipulations 

   Forest Service (FS) Subject to stipulations Subject to stipulations 

   Bureau of Reclamation (BR) Subject to stipulations Subject to stipulations 

   National Park Service (NPS) No Access (Statutory) No Access (Statutory) 

   Fish & Wildlife Service (FWS) No Access 
(Administrative)  

No Access 
(Administrative) 

   Department of Defense (DOD) Subject to stipulations Subject to stipulations 

   Split Mineral Estate Resources only Resources only 

Wilderness Areas (BLM & FS) No Access (Statutory) No Access (Statutory) 

Wilderness Study Areas (BLM) No Access (Statutory) No Access (Statutory) 

Wilderness Re-inventoried Areas 
(BLM) 

No Access 
(Administrative) 

No Access 
(Administrative) 

Inventoried Roadless Areas (FS) No Access 
(Administrative) 

No Access 
(Administrative) 

Special Designated Areas (FS) No Access (Statutory) No Access (Statutory) 

NSO Extended Drilling Zone 0 mile 1/4 mile 

Timing Limitations 

   Big Game Winter Range Subject to stipulations Discounted at 20% 

   Sage Grouse Subject to stipulations Discounted at 20% 

   Raptor Subject to stipulations Discounted at 30% 
 
 
 
 
 
 
 
 
 
  
 

  



Table 6.   Impacted Natural Gas Resources by Land Management Category 
 

Stipulation or Land Use Category Technically Recoverable Natural Gas Resources 
 Base Case Sensitivity Case 
 Bcf % of Total Bcf % of Total 
Closed to Development 34,482 29.5% 24,793 21.2% 
Available with Restrictions 44,903 38.5% 37,387 32.0% 
Standard Lease Terms 37,367 32,0% 54,571 46.7% 
Total (Federal Lands) 116,751 100.0% 116,751 100.0% 
Federal Split Estate 1,498    
Total Federal Resources 118,250    
Total (Study Area) 159,474  159,474  
 
Table 7.  Impacted Natural Gas Resources by Category (Base Case) 
 

Technically Recoverable Natural Gas Resources Aggregated Stipulations and Land Management Categories 
Bcf % of Total 

Closed to Development     
    No Access (Statutory) 1,422  1.2%  
    No Access (Administrative, No Surface Occupancy 33,060  28.3%   

Subtotal   34,482  29.5% 
Available with Restrictions      
    Cumulative Timing Limitations >9 Mos. 506  0.4%  
    Cumulative Timing Limitations 6 to 9 Mos. 20,287  17.4%  
    Cumulative Timing Limitations 3 to 6 Mos. 21,494  18.4%  
    Cumulative Timing Limitations < 3 Mos. 863  0.7%  
    Controlled Surface Use 1,753  1.5%  

Subtotal  44,903  38.5% 
Standard Lease Terms  37,367  32.0% 
Total (Federal Lands)   116,751   100.0% 

 
Table 8.   Impacted Natural Gas Resources by Category (Sensitivity Case) 
 

Technically Recoverable Natural Gas 
Resources Aggregated Stipulations and Land Management 

Categories Bcf % of Total 
Closed to Development     
    No Access (Statutory) 1,422  1.2%  
    No Access (Administrative, No Surface Occupancy 23,371  20.0%   

Subtotal   24,793  21.2% 
Available with Restrictions      
    Cumulative Timing Limitations >9 Mos. 398  0.3%  
    Cumulative Timing Limitations 6 to 9 Mos. 15,434  13.2%  
    Cumulative Timing Limitations 3 to 6 Mos. 18,584  15.9%  
    Cumulative Timing Limitations < 3 Mos. 715  0.6%  
    Controlled Surface Use 2,256  1.9%  

Subtotal  37,387  32.0% 
Standard Lease Terms  54,571  46.7% 
Total (Federal Lands)   116,751   100.0% 

  



Figure 1.  Outline of the Study Area within the Rocky Mountain Region  
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

 
Figure 2.  Outline of the Study Area Showing Federal Lands  

  
 
 



Figure 3.  Outline of Study Area Showing Underlying Resources 
 
 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Hierarchy of Stipulation and Land Use Designation Categories  

 Closed to Development
•No Access, Statutory (NAS)
•No Access, Administrative (NAA)

•Includes areas of No Surface Occupancy (NSO)

Available with Restrictions
•Cumulative Timing Limitations >9 Months (TL>9)
•Cumulative Timing Limitations 6 to 9 Months (TL6-9)
•Cumulative Timing Limitations 3 to 6 Months (TL3-6)
•Cumulative Timing Limitations <3 Months (TL<3)
•Controlled Surface Use (CSU)

Standard Lease Terms (SLT)

Closed to Development
•No Access, Statutory (NAS)
•No Access, Administrative (NAA)

•Includes areas of No Surface Occupancy (NSO)

Available with Restrictions
•Cumulative Timing Limitations >9 Months (TL>9)
•Cumulative Timing Limitations 6 to 9 Months (TL6-9)
•Cumulative Timing Limitations 3 to 6 Months (TL3-6)
•Cumulative Timing Limitations <3 Months (TL<3)
•Controlled Surface Use (CSU)

Standard Lease Terms (SLT)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
    

 
 
 

 
 

 



Figure 5.  Chart of Overlapping Timing Limitations, 24N 110W 
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 Figure 6.  Aggregated Stipulations and Land Use Designations Map 
 
 
 
 
 
 
 
 
 
 

 Figure 7.  Map View of Geologic Plays  
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Figure 8.  Map View of Geologic Plays 
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 Figure 9.  Continuous Verses Conventional Accumulations (from USGS) 
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Figure 10.  Technically Recoverable Natural Gas Resources   
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Figure 11.  Aggregated Stipulation and Land  
Management Categories (Base Case), 24N 110W
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Figure 12.  Extended Drilling Zone 
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Figure 14. 
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Figure 15.  Restricted Natural Gas Resources on Federal Lands Map 
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 .  Drill-Depth to Basement Map 

 
 
 
 
 
 
 
 
 
 
 

 
 

 



Figure 17.  Typical 10,000' Drilling Time Curve 
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Figure 19. 
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Figure 18.  Typical 14,000' Drilling Time Curve with  
Intermediate Casing 
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Figure 20.  Drilling Time versus Depth  
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 Figure 21.  Drilling Opportunities Map 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 22.  Comparison of Estimates of Ultimately 
Recoverable U.S. Gas Resources over Time 
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ENVIRONMENTAL ISSUES AND
CHALLENGES IN 

COAL BED METHANE PRODUCTION 
J. Berton  Fisher 
Exponent, Inc. 

Tulsa, OK 

ABSTRACT 
Coal bed methane (CBM) is a significant source of methane in the United States. In 
1999, the proven reserve of CBM in the conterminous United States was about 13.2 Tcf 
(-7.5% of total U.S. proven reserves), and the annual U.S. production of CBM was about 
1.25 Tcf (-6.3% of U.S. non-associated gas production). Current CBM development is 
focused on the Powder River Basin in Wyoming and Montana. Today, there are -3,000 
CBM wells in the Wyoming portion of the Powder River Basin, but planners forecast as 
many as 81,000 additional CBM wells there, and an additional 9,500 wells in the 
Montana portion of the basin. Environmental issues surrounding the development of 
CBM resources in the Powder River Basin and elsewhere have provoked conflict  among 
mineral leaseholders, owners of the surface estates, and the public at large. Citizen suits 
under the Clean Water Act and the Safe Drinking Water Act, and private tort actions, 
complicate the development of CBM resources. Despite geographic and geologic 
differences among areas in which CBM resources have been developed, the core 
environmental issues are consistent: (1) Groundwater table draw down due to pumping 
large quantities of groundwater; (2) disposal of large volumes of produced water; (3) 
methane contamination of shallow groundwater; (4) noise pollution from compressors 
and other sources; (5 )  air pollution from compressor exhaust gases, methane leakage, and 
dust; and (6) surface disturbance  from construction of roads, pipelines, and other 
facilities. In CBM production, water is produced in large volumes and must be disposed 
of. Because waters produced from coal beds are often fresh, and subsurface disposal is 
expensive, disposal to surface drainages, wherever possible, carries a strong economic 
incentive. Such disposal may erode soils and sediments, change microclimate, create 
unsustainable aquatic habitats, or salinize soils. Additionally, the organic and inorganic 
chemistry of coal waters has not been studied comprehensively; dissolved contaminants 
in coal waters, such as phenols or arsenic, may damage the environment. In areas where 
coals are shallow, withdrawing the large volumes of water necessary to effect methane 
production from coals may result in extensive groundwater drawdown. Such drawdown 
could remove water from springs and streams and make the production of groundwater 
from wells more difficult and expensive. The upward migration of methane released 
during CBM production but not captured by CBM wells can, and in some instances has, 
polluted shallow groundwater. A more dramatic phenomenon is the spontaneous 
combustion of coal in dewatered coal seams. The operation of compressors and other 
oifiled equipment produces noise pollution that rural residents have not experienced 
previously. Compressor operations also produce polluting exhaust gases, and leaks from 
production, gathering, and transmission systems release methane to the atmosphere. The 
construction of roads, pipelines, and other facilities disturbs the surface, and in the case 
of roads, creates easy access to areas that were formerly difficult to reach. Road traffic 
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and construction activities result in particulate contamination of the environment. 
Surface disturbance degrades wildlife habitat, and easy access increases human contact 
pressure on wildlife and its habitats. 

INTRODUCTION 

The term “coal bed methane" (CBM) refers to the gas that is generated during 
coalification and sorted within the coal on internal surfaces. CBM is generally referred to 
as an unconventional source of fossil fuel. Today, CBM is a significant source of 
methane in the United States and worldwide. In 1999, the proven reserve of CBM in the 
conterminous United States was about 13.2 Tcf (-7.5% of total U.S. proven reserves), 
and the annual U.S. production of CBM was about 1.25 Tcf (-6.3% of U.S. associated 
and non-associated gas production).‘ Worldwide estimates of in-place resources are as 
much as 7,500 Tcf, but the scarcity of basic data on coal resources and gas content make 
this number u n

Attempts to commercially exploit CBM began in the United States in the 1970s, as an 
outgrowth of the U.S. Bureau of Mines’ efforts to improve mine safety by extracting 
methane in advance of mining ~perations.~ As recently as 1982, CBM production in the 
United States was virtually non-existent. In 1983, the Gas Research Institute initiated 
field-based research that helped stimulate the development of CBM resources. At the end 
of 1983, CBM production was about 6 Bcf from about 165 wells, but by 1994, it had 
grown to 85 1 Bcf fiom more than 6,000 wells, and by 1999, to 1.252 T c ~ . ~  Currently, 
there are thousands of CBM wells in the United States, and active exploration, 
development, and/or production is being carried out in France, Belgium, Poland, Ukraine, 
Australia, Russia, Peoples Republic of China, India, South Africa, Poland, Ukraine, 
Indonesia, and Kazakhstan.’ 

Energy Information Administration, U.S. Crude Oil, Natural Gas, and Natural Gas Liquids 
1999 Annual Report, Table 12. U.S. Coalbed Methane Proved Reserves and Production, 1989-
1999; Table 19. Natural Gas Proved Reserves, Reserve Changes and Production, Wet After 
Lease Separation, 1999. 
Rice, D.D. 1997. Coalbed methane - An untapped energy resource and an environmental 
concern. U.S. Geological Survey Fact Sheet FS-019-97, 
http://energy.usgs.gov/factsheets/Coalbed/coalmeth.html. 
Schraufnagel, R.A., and P.S. Shaver. 1994. The Success of Coal Bed Methane, in A Guide to 
Coalbed Methane Reservoir Engineering, 
http://www.gri.org/pub/oldcontent/tech/e+p/cbm/gri940397/chl .htm. 
See: Schraufimgel, R.A, and P.S. Shaver. 1994. The Success of Coal Bed Methane, in A 
Guide to Coalbed Methane Reservoir Engineering, 
hthx//www. ~.ordpub/oldcontent/tech/e+p/cbm/~ti94 0397/chl .hm; Coalbed methane gas 
drainage, Surton Technologies, httd/www.imdex.com.au/surtron/dDrilling. htm; Energy 
Information Administration, U.S. Crude Oil, Natural Gas, and Natural Gas Liquids 1999 
Annual Report, Table 12. U.S. Coalbed Methane Proved Reserves and Production, 1989-
1999. 
Coalbed methane gas drainage, Surton Technologies, 
http://www.imdex.com.au/surtron/~~~/dDrilling.htm; EuroGas completes drilling of first coal-bed 
methane well ever in Ukraine, Alexander’s Oil and Gas Connections, Volume 5 ,  issue #4 - 
March 09,2000,littp://www. ssisandoil.com/~oc/com~anv/cnr0 1052.htm; Coal-bed methane: A 
bed of roses? Tata Energy Research Institute, August 2000, 
http://www.teriin.org/enernv/cbm.hti; China awards coal-bed methane contract to US 
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CBM is a more environmentally acceptable energy source than coal. Production of CBM 
does not produce the environmental damage of coal mining, and combustion of CBM 
does not produce waste ash or sulfur. Further, CBM resources are widespread, often 
basinwide, and because coal can store 6 to 7 times more gas than the equivalent rock 
volume of a conventional gas reservoir, CBM is characterized by large in-place 
resources.6 An additional attraction of CBM development is the low cost of drilling and 
completing CBM wells. Often, substantial CBM resources can be reached at very 
shallow depths, and because of the often spatially broad occurrence of suitable coals, 
exploration costs for CBM development are minimal. 

Development of CBM resources does carry substantial environmental risk. As with the 
production of natural gas from conventional reservoirs, CBM development results in 
surface disturbance from the construction of roads, well pads, pipelines, and other 
facilities. Traffic on lease access roads and human activities at well sites and facilities 
can disturb wildlife. Likewise, CBM production may result in air pollution from 
compressor exhaust gases, methane leakage, and dust, and the operation of pumps, 
compressors, and other machinery generates noise pollution. The chief environmental 
concerns from CBM production, however, arise from the requirement to dispose of large 
volumes of produced water, from the potential for the uncontrolled release of gas from 
the coal reservoir to shallow groundwater, from the potential for drawdown of shallow 
groundwater, and from the potential for certain well completion technologies to affect 
shallow groundwater. 

The rapid development of CBM resources in the United States, the short experience with 
this type of gas production, and the potential and actual environmental impacts attendant 
to such development have produced an adversarial climate between CBM developers, 
surface owners, surface resource users, and environmental groups. 

COAL BED METHANE PRODUCTION 
The production of CBM differs from conventional gas production. In conventional gas 
production, the pressure of the gas in the reservoir drives the gas to the wellbore and, 
ultimately, to the surface. Conventional gas production does not typically produce a 
large volume of water. In contrast, water permeates coal beds, and the pressure exerted 
by this water holds methane within the coal. Consequently, to produce CBM, the water 

Company, Peoples Daily, January 10,2001. 
http://en~ish.~eo~ledailv.com.cn/20010 l/lO/en~OOlO 110 60094.html; 7 coal bed methane 
blocks for exploration, Frontline (India’s National Magazine), April 21,2001, 
~://www.blonnet.com/businessline/200 1/04/2 l/stories/l42 1506d.htm; A Positive 
Contribution from Coal, World Coal Institute, presented by WCI at the World Bank Energy 
Week 99, Washington, USA - 6-8 April 1999, http://www.wci- 
coal.com/speeches/textonly/world bank 6 4 99.htm; Coal Report Indonesia 2000, Embassy of 
the United States, Jakarta, October 2000, 
http://www.usembassvIakarta.orddownloadcoa12000.~, Unconventional Extraction in 
European Energy - a Focus on Coal, OCDE/AlE, 1999, http:www.energy-coal- 
eur.com/Technology/unconventional.htm; SA firm set to sink $5b in methane gas mine, The 
Financial Gazette, March 22,2001, http~/www.fingaz.co.m/fingaz/2001/March/March22/1093.shtml 
Rice, D.D., 1997. Coalbed methane -An untapped energy resource and an environmental 
concern. U.S. Geological Survey Fact Sheet FS-019-97. 
http://enmgy .usgs.gov/ fact sheets/Coalbed/coalmeth.html 
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pressure must be reduced by pumping water from the coal. Once the water pressure is 
lowered, methane can flow from the coal. The production of CBM typically produces a 
substantial volume of water. 

COAL BED METHANE PRODUCTION AND 
DEVELOPMENT IN THE UNITED STATES 

The initial focus of CBM development in the United States was the Black Warrior basin 
in Alabama. This focus shifted in the late 1980s and early 1990s to the San Juan Basin in 
New Mexico and Colorado. In 1995, approximately 94% of CBM production in the 
United States was from the San Juan Basin and the Black Warrior Bash7 Today, 
although New Mexico, Colorado, and Alabama still account for 90% of CBM production, 
the focus of CBM development is the Powder River Basin in Wyoming and Montana. At 
present, there are approximately 3,000 CBM wells in the Wyoming portion of the Powder 
River Basin, but planners forecast a staggering number of new wells; under what is 
described as a moderate scenario, a total of 81,000 CBM wells are projected for 
Wyoming, with 50,000 of these to be drilled by 2010.' Based on recent proposals by 
operators, about 9,500 CBM wells will be drilled in the Montana portion of the Powder 
River Basin by 2010. These projected 90,500 new CBM wells in the Powder River 
Basin would constitute a 29% increase from the 307,449 producing gas and gas 
condensate wells operated in the United States in 1999." CBM is also produced in 
Oklahoma, Virginia, West Virginia, and Pennsylvania. 

ENVIRONMENTAL ISSUES 
Overview 

Environmental groups believe that the extraction, production, and distribution of CBM 
can have severe impacts on rural agricultural communities. At the heart of these groups' 
concerns is the superiority of the mineral estate. The owner or lessor of mineral rights 
must be able to enjoy the economic value of those minerals. Consequently, the owner or 
lessor of mineral rights can enter private land, drill wells, and build roads, pipelines, and 
compressor stations, even in the face of a landowner's objections. As with any 
development, CBM development can affect land, water, wildlife, and communities in 

Stevens, S.H., Kuuskraa, J.A, Schraufbgel, R.A, 1996, Technology spurs growth of U.S. 
coalbed methane: Oil & Gas Journal, January 1,1996, pp. 5 6 6 3 .  

Reasonably foreseeable development scenario for oil and gas development in the Buffalo Field 
office Area, Campbell, Jobnson, and Sheridan Counties, Wyoming. Wyoming State Office - 
Reservoir Management Group, February 200 1. 

Reasonably foreseeable development scenario for oil an# gas development in the Buffalo Field 
office Area, Campbell, Johnson, and Sheridan Counties, Wyoming. Wyoming State Office - 
Reservoir Management Group, February 200 1. 

lo Energy Information Administration, U.S. Crude Oil, Natural Gas, and Natural Gas Liquids 1999 
Annual Report, Table 5. Number of Producing Gas and Gas Condensate Wells by State as of 
December 3 1,1995-1999. 
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many ways. Illustrative of some of the types of impacts felt by a community is this 
excerpt from the Sheridan County, Wyoming County Bulletin dated August 22,2001 .ll 

“Coal Bed Methane is beginning to have its effect on Sheridan County. 
The development of Coal Bed Methane is beginning to impact Sheridan 
County both in positive and negative ways. Sheridan County is 
beginning to see increased revenues generated by the development of 
methane. Currently Sheridan County has increased its sales tax revenue 
roughly 20% over last year. Total property valuations have increased 
throughout the County although property valuations have not yet reached 
levels seen by other counties experiencing Coal Bed Methane. 
Negatively, Coal Bed Methane development seriously impacts roads in 
Sheridan County. Conservatively, traffic on some of our county roads 
has increased 5 to 6 times their normal usage. Recognizing the impact 
that Coal Bed Methane developers have in Sheridan County, Sheridan 
County Commissioners are requiring Coal Bed Methane developers to 
sign Road Use Agreements that address these developers’ impacts on 
various county roads. Most of these agreements at a minimum ask for 
the roads to be returned to their original condition prior to Coal Bed 
Methane development. Sheridan County Commissioners are also asking
for whatever dust measures can be provided, this includes the 
distribution of Coal Bed Methane water on these roads. Due to all the 
recent Coal Bed Methane development, there is an increase of population 
in Sheridan County, and our jail is experiencing an increasing level of 
inmates. Sheridan County Commissioners are recognizing these impacts 
and are striving to mitigate the effects of Coal Bed Methane development 
in Sheridan County.” 

Produced Water Disposal 

Compared to conventional natural gas production, CBM production is accompanied by an 
enormous amount of water. In 1990, for example, CBM water production in the United 
States was 61 MMbbl(l5% of the conterminous onshore water production associated 
with gas in 1990!).l2 Because more water is produced early in the life of a CBM well, the 
greatest water production in CBM exploitation comes early in the life of that 
development. The amount of water produced by a CBM well and the ratio of gas to 
water in the produced fluid depends on many factors, including the duration of CBM 
production, original depositional environment, depth of burial, and type of coal. Water 
production statistics for some major CBM-producing basins are given in Table 1. Note 
that the water:gas ratio in all instances for CBM would be classified as high (bbl/Mcf 
0.03 - 0.1) to very high (bbVMcf >O. 1) by the Gas Research In~titute.’~ 

http://www.sheridancounty.comlcommis~~etinhtml 
l2 Gas Research Institute, 1995. Atlas of gas-related produced water for 1990: Gas Research 

Institute Topical Report GRI-95/0016. 
Gas Research Institute, 1995. Atlas of gas-related produced water for 1990: Gas Research 
Institute Topical Report GRI-95/0016. 
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Table 1. Water production in some major CBM-producing basinsI4 
Number Av. Water Water:gas 

of Production ratio Primary Dispasal 
CBM Wells (bbVday/well) BbkMcf Method 

Basin State 

Black Warrior AL 2,917 58 0.55 Surface discharge 

Powder River WY, MT 2,737 400 2.75 Surface discharge 

Raton co 459 266 1.34 Injection 

San Juan co, Nh4 3,089 25 0.03 1 Injection 

Uinta UT 393 215 0.42 Injection 

The volume of water co-produced with CBM creates an enormous disposal problem. 
Depending on local regulations and the salinity of the water, CBM waters are disposed of 
by injection into geologic formations, though evaporation andor percolation in disposal 
pits, and by road spreading and surface discharge. 

From experience with disposal of produced water from conventional oil and gas 
production operations, disposal of produced water by injection into geologic formations 
is, from an environmental viewpoint, the most favorable option. In the Powder River 
Basin, several companies have been experimenting with reinjecting the produced water 
into sandstones and coal beds in the Wasatch and Fort Union Formations." In an effort 
to put CBM-produced water to a beneficial use, Pennaco Energy is currently reinjecting 
CBM water into an aquifer used by the city of Gillette.'6 The wisdom of this method of 
handling CBM water is, however, suspect. Links between coal, lignite, or coaly material 
in aquifers used as drinking water supplies and adverse human health effects are well 
known. Water produced from aquifers that contain coal lignite or coaly material have 
been linked, or are suspected to be linked, to g~iter"~'*,'~, patterns of multiple sclerosis 

l4 Rice, C.A and Nuccio, V. 2000. Water produced with Coal-Bed Methane. USGS Fact Sheet 
FS- 156-00, htrn://geolom. cr.usas.gov/pub/fact-sheetdfs-0 156-OO/fs-0 1 56-00.&, Data for 
Black Warrior Basin from Alabama State Oil and Gas Board as of 5/00; data for Powder River 
Basin fiom Wyoming Oil and Gas Commission as of 5/00; data for Raton and San Juan Basins 
from Colorado and New Mexico Oil and Gas Commissions as of 2/00; data for Uita  Basin 
f?om Utah Division of Oil and Gas as of 6/00. 

Powder River Basin, Wyoming. USGS Open File Report 0 1- 126. 

Casper Star Tribune. 

overview. In Appleton, J.D. and others, editors. Environmental Geochemistry and Health. 
Geological Society of London Special Publication No. 113, pp 91-105. 
Gaitan E., et al. 1993. Antithyroid and poitrogenic effects of coal-water extracts from iodme- 
sufficient goiter areas. Thyroid 3(1):49-53. 

Toxicology and Environmental Health 37:467-481. 

l5 Flores, RM. et al. 2001. A field conference on impacts of coalbed methane development in the 

l6 Tollefson, J., 2000, Petition seeks to stall permits: Water, property rights cause for concan: 

" Edmunds W.M., and Smedley P.L. 1996. Groundwater geochemistry and health: An 

18 

l9 Lindsay RH., et al. 1992. Antithyroid effects of coal-derived pollutants. Journal of 
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occurrence2o21, Balkan Endemic Nephro athy (an incurable renal disease)= =, urotheial 
cancer24, and high cancer mortality rates . 
In the San Juan Basin, CBM-produced water, because of its relatively elevated salinity, is 
typically disposed of by downhole injection.26 Unfortunately, downhole injection is also 
the most expensive way to dispose of produced water. In the San Juan Basin of New 
Mexico and Colorado, disposal by deep-well injection costs around $1.75 per barrel." In 
addition to its high cost, downhole disposal also requires accessible formations that will 
readily accept the injected water. Further, because CBM exploitation produces more 
water early in development than later, downhole injection also requires a substantial early 
investment in disposal wells. 

Evaporation and/or percolation pits are generally viewed as an inexpensive means of 
disposal, but very large pits can be required, and the percolation of produced water into 
the shallow subsurface can contaminate shallow groundwater. A promising commercial 
technology for produced water disposal is freeze-thaw/evaporation. This technology 
reduces the volume of water to be disposed through injection by evaporation during 
summer months and by factional freezing during the winter. It has been implemented 
successfully as a pilot in the San Juan Basin2* and is in the early stages of commercial 
development in the San Juan Basin and elsewhere." 

Road spreading can only dispose of a limited volume of produced water, because water 
can be spread only to the extent there is no pooling or direct runoff. If the water is saline, 

f;: 

2o Dunn C.E., Irvine D.G. 1993. Relevance of a lithogeochemical database to epidemiological 
studies in central Saskatchewan, Canada. Applied Geochemistry Suppl. Issue No. 2, pp 215- 
222. 

21 Irvine D.G., et al. 1993. Geotoxicology of multiple sclerosis: Correlation of groundwater 
chemistry with childhood homes and prevalence of MS patients, Saskatchewan, Canada. 
Applied Geochemistry Suppl. Issue 2:235-240. 

answers, Environmental Health Perspectives 106:689-700. 

speculative. TSOP Newsletter 12(3):5-7. 

answers. Environmental Health Perspectives 106:689-700. 

Edition. Columbus, OH. C.E. Merrill Publishing Company, pp 279-306. 

17, 1997, http://www. fe.doe.gov/techline/tl-fte.htm1. 

economical desalinization of produced water. Horizon 2001, New Mexico Tech Research and 
Economic Development Office. 

28 Cold Weather Helps Researchers Transform Salt Water into Fresh Water. DOE Techline, April 
17, 1997, http://www. fe.doe.gov/techline/tl_Re.html. 

29 Boysen, J.E., Boysen, D.B., and Harju, J.A., 2000. "Produced Water Management in Wyoming 
Using the FTE@ Process," Proceedings of the 7th International Petroleum Environmental 
Conference, November 7-10, Albuquerque, NM, Boysen, J.E., Canfield, M.T., Grisanti, A.A., 
1997. "Treating Produced Waters in the San Juan Basi With the Freeze-Thaw / Evaporation 
Process," Fall Issue, GasTIPS, Gas Research Institute, V. 3, No. 3, Chicago; Boysen, J.E., 
Walker, K.L., Mefford, J.L., Kirsch, J.R., and Harju, J.A., 1996. "Evaluation of the Freeze 
Thaw / Evaporation Process for the Treatment of Produced Waters," Topical Report, Gas 
Research Institute, Chicago, August, GRI-97/0081. 

22 Tatu C.A., et al. 1998. The etiolow of balkan endemic net4u-owtliy: Still more auestions and 

23 Theisen J. 1995. Balkan turmoil delays BEN research: Disease links to low-rank coals remain 

24 Tatu C.A., et al. 1998. The etiology of balkan endemic netduopathy: Still more Questions and 

25 Keller E.A 1985. The geologic aspects of environmental health. Environmental Geology, 4th 

26 Cold Weather Helps Researchers Transform Salt Water into Fresh Water. DOE Techline, April 

27 Bustamante E., and A. Carrol. 2001. New technique developed by Tech researchers for 

7 



leachate fiom road spreading can damage vegetation, and infiltratoin of salts fi-om the 
produced water can contaminate shallow groundwater. 

Surface discharge is certainly the least expensive means of produced water disposal. It is 
also the most controversial. In arid regions, the surface discharge of even highquality 
water may be environmentally damaging. Such discharge can grossly alter the natural 
hydrographic behavior of and-region surface streams, threaten fish and other aquatic life, 
and could actually alter local climate by increasing humidity. In addition, surface 
discharge of produced water may result in erosion or drowning of drainage draws and 
associated Surface discharge of saline produced waters or produced waters 
containing organics or inorganic toxins, such as ammonia or hydrogen sulfide, may be 
substantially environmentally damaging if there is insufficient natural flow to dilute the 
discharged water. Further, if discharged produced waters have a high ratio of sodium to 
calcium and magnesium (termed the sodium absorption ratio, SAR), even waters of low 
salinity can be deleterious to soils and vegetation. This is because waters with an 
elevated ratio of sodium to calcium and magnesium will alter the chemical composition 
of clays and may reduce soil permeability. In a study of 47 water samples from the 
Powder River Basin in Wyoming, -40% of the samples tested exceeded a SAR of 10. 
Water having a SAR of 10 or more should not be used for prolonged irrigation, even if 
the dissolved solids content is 

Despite these concerns about surface discharge of waters co-produced with CBM, surface 
discharge remains the preferred method of disposal. In Montana, more than 100 wells are 
currently discharging directly into the Tongue River upstream fiom the Tongue River 
dam. In Wyoming, co-produced water fiom CBM development is being discharged 
either directly into surface waters or to  drainage^.^' The Wyoming Pollutant Discharge 
Elimination System (WPDES) permits surface discharge, because the water is generally 
low in total dissolved solids, and otherwise of good quality. Total dissolved solids, pH, 
chloride, and sulfate concentrations in the produced water are near or lower than the 
levels recommended for drinking water standards.33 

Groundwater Withdrawal 

A substantial environmental concern in the production of CBM is that water production 
from the coal will result in the drawdown of shallow groundwater.34 Groundwater 
withdrawal from aquifers is a particularly sensitive issue to landowners who “beneficially 
use” groundwater for their livestock and for irrigation. Estimated groundwater 
drawdown can be locally severe. The Bureau of Land Management modeled a 

30 Flores, R.M. et al. 2001. A field conference on impacts of coalbed methane development in the 
Powder River Basin, Wyoming. USGS Open File Report 01-126. 

31 Follett, R.H. and Soltanpour, P.N. 2001. Irrigation Water Quality Criteria. Colorado State 
Univ. Extension Fact Sheet No. 0.506 ,http://www.ext.colostate.edu/pubs/crops/OO506.h~. 

32 Flores, R.M. et al. 2001. A field Conference on impacts of coalbed methane development in the 
Powder River Basin, Wyoming. USGS Open File Report 01-126. 
Rice, C.A Ellis, M.S., and Bullock, J.H., Jr. 2000. Water co-produced with coalbed methane in 
the Powder River Basin, Wyoming: Preliminary compositional data. USGS Open File-Report 

Bureau of Land Management and State of Montana. 200 1. Draft planning criteria for the oil 
and gas environmental impact statement and amendment of the Billings and Powder River 
resource management plans, Miles City, Montana. 

33 

00-372. 
34 
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groundwater draw down attributed to CBM development for the Wyodak-Anderson coal 
zone in central Campbell County, Wyoming for the period 1975 to 2015 of as much as 
550 feet.35 In the San Juan basin, there is observational evidence of groundwater draw 
down due to CBM production in domestic and monitoring wells drilled into basin-rim 
coals.36 

Two potential ancillary impacts of groundwater withdrawal resulting from CBM 
production are subsidence and coal-seam Subsidence effects appear to be 
negligible. For the Powder River basin, preliminary estimates of subsidence due to 
aquifer draw down are insignificant (-0.5 inches).3g Although coal-seam fires have been 
alleged to result from CBM production, their link to CBM production is circumstantial. 
Along the northern outcrop edge of the Fruitland Coal in the San Juan Basin, there are 
five coal-seam fires of recent origin located within the Southern Ute Indian Re~ervation.~~ 
The venting of steam and the presence of moribund trees and recent surface collapse 
features mark the surface expression of these fires. Spontaneous combustion of coals is 
related to their heatsf-hydration. Coal most susceptible to  self-heating is characterized 
by high intrinsic moisture and oxygen content, as found in low-rank coal such as sub- 
bituminous coal and lignite.4o The heat of wetting can be greater than the heat of 
~ x i & t i ~ n . ~ ’  If the coal bed is an aquifer (as in the case of the Fruitland Coal in the San 
Juan basin), and the water table normally fluctuates with seasonal precipitation recharge, 
the heat-of-wetting potential is increased dramatically by water removal. When water 
levels drop in these confined aquifers, ambient air is drawn into the coal beds, and the 
conditions to support combustion or further oxidation of the coals are established. Once 
the lower self-heating temperature of the coal is breached, the self-heating tendency of 
the coal produces a sustained exothermic reaction that eventually results in smoldering 
and combust i~n .~~ Surface heating from coal bed fires, accompanied by the venting of 
steam and sulfurous gases, produces vegetation kill zones. Combustion also results in a 
reduction in the mass and mechanical strength of the coal and may produce subsidence. 
Coal-seam fires are notoriously difficult to extinguish, and the adverse environmental 
impact from such fires can grow and persist. 

35 Bureau of Land Management. 1999. Wyodak coal bed methane project draft environmental 
impact statement: U.S. Department of Interior, Bureau of Land Management, Buffalo Field 
Office. 
Bureau of Land Management, San Juan Field Office. 1999. A brief history and environmental 
observations, a working document. http://oil-gas.state.co.us/blm-sjb. htm. 

37 Darin, T.F., and Beatie, A.W. 2001. Debunking the natural gas “clean energy” myth: Coalbed 
methane in Wyoming’s Powder River basin. Environmental Law Review, May, 2001, 3 1 ELR 
10566. 
Case, J.C., Edgar, T.V., and De Bruin, R.H. 2001. Subsidence potential related to water 
withdrawal in the Powder River Basin. Wyoming State Geological Survey, 
http://www. wsgsweb.uwyo. edu/oilandgas/subsidence.html. 

39 Bureau of Land Management, San Juan Field Office. 1999. A brief history and environmental 
observations, a working document. http://oil-gas. state.co.us/blm-sjb. htm. 

40 Sarnecki, J.C. 1991 Formation of clinker and its effects on locating and limiting coal resources, 
in: Geology in Coal Resource Utilization, Tech Books. 
Kuchta, J.M., Rowe, V.R., and Burgess, D.S.. 1980. Spontaneous combustion susceptibility of 
U.S. coals. U.S. Bureau of Mines Report of Investigations, RI-8474. 

36 

38 

41 

42 Smith, A.C. 1989. Bureau develops spontaneous combustion formula. Coal 26(7):73. 
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Methane Venting 

The movement of methane from coal reservoirs to the shallow subsurface, and through 
the surface, is of substantial environmental concern. Seeping methane can disturb and 
contaminate shallow groundwater, kill vegetation, and produce a fire and explosion 
hazard within structures. Seepage can take place through natural fractures, in 
uncemented annular spaces behind existing well casings, through water wells, and 
through improperly abandoned oil and gas or mineral exploration wells. 

A recent infamous instance of CBM seepage was the subject of a civil action in the late 
1980s by residents of the Rawhide Village subdivison, located about 10 miles north of 
Gillette, Wyoming, against AMAX.  In their open-pit mining operation immediately 
adjacent to the Rawhide Subdivison, AMAX removed overburden and then began 
dewatering the Ft. Union Coal. Shortly after dewatering began, Rawhide Subdivision 
residents noted gas seeping into their homes." Based on field and laboratory 
investigations, it was determined that the entire subdivision was underlain by potentially 
explosive concentrations of 
subsequently abandoned. 

The Rawhide Village subdivision was 

In the San Juan basin, increases in the methane content of soil gas overlying Fruitland 
coal bed subcrops, alignment of recently killed vegetation with underlying coal subcrops, 
and an apparent intensification of naturally occurring methane/hydrogen sulfide seeps 
have all been noticed since the early 1990s.  Chemical and isotopic analysis of soil and 
groundwater methane suggests that methane found in these soils and groundwater 
originated in the Fruitland Coal, but the long history of natural seepage of natural gas in 
the San Juan Basin46 makes problematic an assertion that gas seeping into the shallow 
subsurface in this area is the result of CBM development. 

In the San Juan basin, as early as 1980-1985, new seeps not associated with basin-rim 
outcrops, but interior to the Basin, were found in pastures in the Animas River Valley 
south of Durango near Bondad, Colorado and Cedar Hill, New Rural 

43 Jones, RW., and Taucher, P. J. 1989. Coal geology, geophysical logs, and lithologic 
descriptions from a drilling program at the Rawhide Village subdivision, Campbell County, 
Wyoming. Geological Survey of Wyoming Open-File Report 89-2,59 pp. 
Glass, G.B., Jones, R.W., and De Bruin, R.H. 1987. Investigation of the potential for near- 
surface explosive concentrations of methane to occur in the Rawhide Village Subdivision, 
Campbell County, Wyoming. Geological Survey of Wyoming, report for the Wyoming 
Department of Environmental quality (unpublished). 

45 Jones, RW., De Bruin, RH., and Glass, G.B.. 1987. Investigations of venting methane and 
hydrogen sulfide gas at Rawhide Village, Campbell County, Wyoming, in Rawhide 11 Project 
Report, Appendix I. Geology. Geological Survey of Wyoming, Laramie, Wyoming 
(unpublished), 23 pp. 

46 Bureau of Land Management, San Juan Field Office. 1999. A brief history and environmental 
observations, a working document. http://oil-gas.state.co.us/blm~sj%. htm. 

47 Shuey, C. 1990. Policy and regulatory implications of coal-bed methane development in the 
San Juan Basin, New Mexico and Colorado, in: International Symposium on Oil and Gas 
Exploration and Production Waste Management Practices, I", Proceedings, New Orleans, 

Beckstrom, J.A., and Boyer, D.G. 1991. Aquifer protection considerations of coalbed methane 
development in the San Juan Basin, in: Proceedings of Low-Permeability Reservoirs 
Symposium; Denver, Colorado, April 1991, Society of Petroleum Engineers, pp. 371-386. 

44 

pp. 757-769. 
48 
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property owners in the Cedar Hill and Bondad areas noticed bubbles in the Animas River 
and in their tap water. Water well pumps cavitated as natural gas exsolved from the 
groundwater so rapidly that some pumps failed to perform. Several pump houses 
exploded when methane gas accumulated in the confiied spaces and were ignited by a 
spark, possibly generated by a pressure switch or electric motor brushes. Gas seeps in 
soils that overlie Mesaverde sandstone outcrops were noted in the mid-1990s as 
manifesting patches of dead grass in pastures northeast of Durango along CR #240.49 
Some cathodic protection wells on Amoco Production Company CBM production 
locations in New Mexico flowed water to the surface either continuously or 
intermittently.5o In August 1993, a resident of Pine River Ranches Subdivision south of 
Durango, Colorado notified the Colorado Oil and Gas Conservation Commission 
(COGCC) of gas contamination in his shallow (34-ft-deep) water well, and of his recent 
observation that streams of gas bubbles were rising through the water of the nearby Los 
Pinos (Pine) River. Significant concentrations of entrained methane were detected in 
samples of water fromthe well in question and from several other nearby domestic wells. 
This is in a topographically low area where the Los Pinos River has scoured a valley 
through the hogback at the northern rim of the San Juan Basin. Nine to thirty-five feet of 
alluvium overlie the Fruitland Formation subcrop in this valley. Four residences were 
situated over the Fruitland subcrop in the Pine River Ranches Subdivision. Explosive 
levels of methane were detected in the crawl spaces of two. The 6C13 signature of 
isotopic methane collected from water wells in the Pine River Ranches Subdivision 
matched those of methane produced from the Fruitland Coal.” In addition, soil gas 
samples in the area of the Pine River Ranches Subdivision were found to contain high 
levels of methane (up to 97%).52 Initially, shrubs and bushes located in a well-defined 
strip parallel to the strike of the subcrop of specific coal seams began showing signs of 
stress, presumably due to oxygen depletion in the soils. Later, numerous large, mature 
Ponderosa Pine trees also showed signs of stress, and gradually died, many within a 
three-year period.53 

The US. Geological Survey has conducted extensive geologic work pertaining to gas 
seepage in the San Juan Basin. Chafin, in 1994, made extensive analysis of gases in 
groundwater and soils.% On the basis of gas chemistry and the isotopic composition of 
methane recovered from these gases, gas collected from some domestic wells was similar 
to gas produced from the Fruitland Coal. Chafin concluded that the Fruitland Coal was 
the probable source of this gas.55 In a 1997 rep0d6 concerning basin-edge seeps, USGS 

Bureau of Land Management, San Juan Field Office. 1999. A brief history and environmental 
observations, a working document. http://oil-gas.state.co.us/blm-sj%.htm. 
Personal observations, 1992-1993. 

51 Bureau of Land Management, San Juan Field m c e .  1999. A brief history and environmental 
observations, a working document. http://oil-gas.state.co.us/blm~sj%. htm. 

52 Bennett, P., and Lee, R 19%. Pine River Ranches, Colorado; soil gas investigation, final 
report. Prepared for the Colorado Oil and Gas Conservation Commission, Department of 
Geological Science, University of Texas at Austin. 
Bureau of Land Management, San Juan Field Office. 1999. A brief history and environmental 
observations, a working document. http://oil-gas. state.co.us/blm-sjb. htm 
Chafin, D.T. 1994. Source and migration pathways of natural gas in near-surface ground water 
beneath the Animas River Valley, Colorado and New Mexico. USGS Water Resources 
Investigations Report 94-4006. 

55 Chafin, D.T. 1994. Source and migration pathways of natural gas in near-surface ground water 
beneath the Animas River Valley, Colorado and New Mexico. USGS Water Resources 
Investigations Report 94-4006. 
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researchers concluded that in the Pine River seep area, where the subsurface geological 
data were most complete, geological evidence indicated that the gas seeps were probably 
not related to the presence of nearby gas wells. In the Florida River, Carbon Junction, 
and Basin Creek seep areas, subsurface geologic data were not sufficiently detailed to 
warrant positive conclusions regarding the relation of the gas seeps to nearby producing 
gas wells. To map, monitor, and model significant environmental and reservoir effects of 
Fruitland coal bed development, the COGCC in 1999 launched the 3M Projects7 as a 
continuation of the efforts by the Southern Ute Indian Tribe and the Bureau of Land 
Management. This effort to understand basin dynamics related to CBM development is 
viewed by all stakeholders as critical to continued development of CBM in the San Juan 
Basin because of the potential for human health and safety issues, vegetation losses, 
environmental degradation, and oxidation of coal reserves as consequences of intensified 
CBM development. 

Surface Disturbance 

The development of CBM is similar to any other oil and gas development. The 
construction and operation of wells requires a network of access roads, drilling sites, 
pipelines, power lines, compressor stations, and containment pits. Oil and gas 
development fragments agricultural land, may disturb wildlife, and can disrupt ranch 
operations. In areas were extensive and rapid development take place, these changes can 
completely alter the landscape. In the Powder River Basin, it is anticipated that over 
3,500 miles of roadway-not including spur roads to reach wellsites-will be built in the 
course of developing the CBM resource. Each wellsite in the Powder River Basin will 
disturb about 0.3 acres.58 Surface disturbance by individual well sites, however, must be 
combined with road development, pipeline construction, and other construction. When 
the total potential surface disturbance is considered, the Powder River CBM development 
has the potential for a net disturbance of about 5.6 acres / CBM well.59 With 90,500 
CBM wells projected for the basinm, the potential net disturbance of surface as a 
consequence of CBM development is 505,322 acres (about 790 mi2, or just a little more 
than half the size of Rhode Island). Surface disturbance can lead to increased soil 
erosion, the introduction of undesirable plant species, and the destruction of wildlife 
habitat. 

Most of the surface disturbance from a CBM development is due to the construction of 
pipelines and roads. Based on the proposed Wyodak development, about 89% of the 
surface disturbance potential is due to the construction of pipelines and roads. Not all 

56 Fassett, J.E., Condon, S.M., Huffinan, A.C., and Taylor, D. 1997. Geology and structure of the 
Pine River, Florida River, carbon Junction, and Basin Creek Gas Seeps, La Plata County, 
Colorado. USGS Open-File Report 97-59. 

57 See hm://oil-gas.state.co.us for the most recent reports and data. 
58 Bureau of Land Management, U.S. Department of the Interior. 1999. Wyodak Coal Bed 

59 This figure is based on the analysis presented in Tables 2- 1 and 2-2 in Bureau of Land 
Methane Project Final Environmental Impact Statement. 

Management, U.S. Department of the Interior. 1999. Wyodak Coal Bed Methane Project Final 
Environmental Impact Statement. Under the “Proposed Action,” 3,000 CBM wells will be 
developed, with a total potential surface disturbance of 16,75 1 acres. 

6o Reasonably foreseeable development scenario for oil and gas development in the Buffalo Field 
Office Area, Campbell, Johnson, and Sheridan Counties, Wyoming. Wyoming State Office - 
Reservoir Management Group, February 200 1. 
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surface disturbance will last for the life of a CBM development. In the proposed Wyodak 
development, about 61% of the surface disturbance will be of a short-term nature. When 
only long-term disturbance is considered, about 97% can be attributed to roads and 
pipelines.6’ 

Noise 
The production of CBM requires the operation of wellsite equipment. Although the noise 
generated by wellsite equipment is often a low hum, the humming can be an aggravation 
to those living nearby. 62 To take CBM to market, the gas must be compressed. 
Compressors are by far the noisiest aspect of CBM development. “Depending on wind 
direction, the roar of a field compressor can be heard three to four miles from the site. 
Near the compressor stations, people need to shout to make themselves heard over the 
sound of the engines.”63 Heavy vehicle traffic on access roads likewise produces noise, 
as well as dust. 
Equipment noise can be mitigated though the installation of mufflers and, possibly, noise 
abatement structures. Additionally, the locations chosen for compressor stations can be 
selected to minimize their impact on the acoustic environment. Vehicle traffic is a more 
difficult problem. Reducing impacts on wildlife may require scheduling traffic so as to 
mitigate its impact on wildlife activities such as reproduction and feeding. Speed limits 
and road surface maintenance are important in mitigating dust.@ 

Air Pollution

Air pollution accompanies any oil and gas development. Concerns in the Powder River 
Basin are typical, but are heightened by the large number of wells that are projected to be 
drilled over a fairly short time. The use of internal combustion engines to drill and 
service wells, compress gas, and provide transportation will produce emissions of 
nitrogen oxides, carbon monoxide, sulfur dioxide, carbon dioxide, hydrocarbons, and 
particulate matter. These emissions will have a cumulative impact on air quality.65 
Stationary-source air pollution is also a concern. CBM processing requires an increase in 
processing plants to accommodate the volume of extracted methane.@ Each of these 
processing plants will emit methane and carbon dioxide. Furthermore, traffic from the 

See Tables 2-1 and 2-2 in Bureau of Land Management, US. Department of the Interior. 1999. 
Wyodak Coal Bed Methane Project Final Environmental Impact Statement. 

62 Parker, F. Coalbed methane drilling -local impacts. La Veta Signature, 9/5/00. 
63 Powder River Basin Resource Council, picture caption, Coalbed Methane Monitor, Late 

Summer 2000, p. 7. 
See Wyoming Department of Game and Fish. Sage and Sharp-tailed Grouse Considerations 
with Coalbed Methane Development at hthx//cbmcc.vcn.com//, and Wyoming Department of 
Game and Fish Wildlife Considerations for CBM Development at htW://cbmcc.vcn.com//. 

65 The DOI’s Budget Request for the BLM for fiscal year (FY) 2001 states: ‘“The BLM is also 
faced with critical air quality issues fkom the development and transportation associated with 
[CBMI and other energy development efforts in the [PRB] of Wyoming and Montana.” US. 
DOI, Budget Just@cations and Annual Pefonnance Plan Fiscal Year 2001: Bureau of Land 
Management W-23 (Feb. 2000) [hereinafter Budget Plm]; see also Methane Gas Trafic 
Crowds Roads, Casper Star Trib., July. 26,1999, at A4 (‘LAn abundance of gas is the main 
contributor to swelled traffic on Highway 50 and Highway 59 this spring. [CBM] gas.”). 
Bureau of Land Management, U.S. Department of the Interior. 1999. Wyodak Coal Bed 
Methane Project Final Environmental Impact Statement. 
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CBM boom in Wyoming is crowding roads. Much of the traffic is from the transient 
labor force arriving from all over the country to help lay pipeline and drill wells. 
Because well construction requires 7 to 25 people at a time, the construction of new wells 
requires substantial manpower. The BLM has noted that the increase in workers in high-
extraction areas has created a problem for air quality in the area.67 Other air impacts 
discussed in the Wyodak Environmental Impact Statement (Wyodak EIS) include 
impaired visibility standards. Specifically, the Wyodak EIS projected additional days of 
significant visibility impairment (more than 5%) due to the Wyodak CBM development 
alone for three Class I airsheds (Northern Cheyenne Reservation, Badlands National 
Park, and Wind Cave National Park) and five Class 11 airsheds (Black Elk Wilderness, 
Jewel Cave National Monument, Mt. Rushmore    National Monument, Cloud Peak 
Wilderness, and Devils Tower National Monument).68 

Other Issues 

The development of CBM resources can compete with other mineral resource 
development. For example, CBM development affects the mining of the same coal beds 
along the eastern margin of the Powder River Basin.69 There are 18 surface coal mines 
along the eastern part of Campbell County and the northernmost part of Converse 
County.7o In 1999, these coal mines produced about 300 million short tons from the 
Wyodak-Anderson coal zone--the same zone that is being explored and developed for 
CBM by about 80 gas operators basinwide. The produced coal from these mines made 
up about 30 percent of the total United States coal production in 2000, and it was shipped 
to more than 140 electric-power generating plants in the western, midwestern, southern, 
and southeastern United States, with minor amounts shipped overseas. 

The major impact of CBM development on coal mining is groundwater withdrawal from 
the coal. Although this does not affect the amount of coal that is produced, it reduces the 
available water for mining operations. Additional conflicts between coal mine operators 
and CBM operators arise as a consequence of gas lost during mining. Because water is 
withdrawn from the coal during surface mining, reservoir pressures can be reduced. As a 
consequence, gas stored in the coal is released and escapes. This issue is currently being 
addre~sed.~' 

67 Bureau of Land Management, U.S. Department of the Interior. 1999. Wyodak Coal Bed 
Methane Project Draft Environmental Impact Statement. 

68 Bureau of Land Management, U.S. Department of the Interior. 1999. Wyodak Coal Bed 
Methane Project Draft Environmental Impact Statement. 

69 Flores, RM., et al. 2001. A field conference on impacts of coalbed methane development in 
the Powder River Basin, Wyoming. USGS Open File Report 01-126. 

70 Fort Union Coal Assessment Team. 1999. 1999 Resource assessment of selected Tertiary coal 
beds and zones in the northern Rocky Mountains and Great Plains region: U.S. Geological 
Survey Professional Paper 1625-4 Discs 1 and 2, version 1.1. 

Powder River Basin, Wyoming. USGS Open File Report 01-126. 
71 Flores, RM. et al. 2001. A field conference on impacts of coalbed methane development in the 
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RECENT ACTIONS AGAINST CBM 
DEVELOPMENT 

The development of CBM resources has met substantial resistance. Some local residents 
and environmental groups fear that their air, land, and water will be irrevocably damaged 
by CBM development. The number of environmental interest organizations that oppose 
or watchdog CBM development is surprising.  Among the more significant organizations 
are: East of Huajatolla Citizens Alliance (Raton Basin, Colorado), Powder River Basin 
Resource Council (Sheridan, Wyoming), Northern Plains Resource Council (Billings, 
Montana), Legal Environmental Assistance Foundation (Tallahassee, Florida), Green 
Mountain Alliance (Bozeman, Montana) and Citizens for Responsibility to the 
Environment (Bon Carbo, Colorado). Citizens and interest groups have brought a 
number of suits against CBM operators and CBM interests. Some of the larger or more 
important actions are discussed below. 

San Juan Basin 
In 1993, a citizen group in LaPlata County, Colorado, filed a class-action lawsuit 
charging Amoco Production Company, Meridian Oil Inc., Southland Royalty Company, 
Phillips Petroleum, and others with recklessness and deliberate disregard for the safety of 
local residents. The suit claimed that the companies had ignored their own tests that 
showed that CBM development had resulted in methane pollution of shallow aquifers.R 
The issues raised in this suit have yet to be fully resolved, and monitoring of water 
quality and water levels related to CBM development continues within the San Juan 
basin.73 

Raton Basin 

Gas Compressor Suit74 

In 1996, Southern Colorado Citizens for a Responsible Environment (CURE; then 
known as Canyon Communities for a Quiet Environment) filed suit against the Las 
Animas County Commissioners and Amoco Production Company over the granting of an 
amendment to a conditional use permit to place two additional gas compressors in an area 
zoned as Ranchette (a zoning designation that encourages agricultural and compatible 
development and may include up to two single-family dwellings per tract). A major part 

’’ Fouled water leads to court. High Country News, April 19,1993 (Vol. 25 No. 7), 

73 Monitoring project proposed for Fruitland outcrop. Durango Herald, Dec. 11,1998; see also 
http://www.hcn.org/servlets/hcn.Article’?article~id=2203. 

http://oil-gas.state.co.us for the most recent reports and data. Bureau of Land Management, San 
Juan Field Ofkice. 1999. A brief history and environmental observations, a working document. 
http://oil-gas.state.co.us/blm sib.htm; also see San Juan Basin Summary of Bradenhead Testing 
and Ground Water Quality; San Juan Basin 3M Project Summary Report. Late Cretaceous 
Fruitland Formation Geologic Mapping, Outcrop Measured Sections and Subsurface 
Stratigraphic Cross Sections. Northern La Plata County, Colorado; 3M Project - CBM Model 
Final Report; 3M Project - Hydrologic Model Final Report. 

http://www . sococure. ordnewson. htm. 
74 The  as Compressor ~ a w  suit, Southern ~ o l o r a d ~  CURE, 
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of the suit centered around the large amount of noise generated by the compressors and 
the impact of the noise on residents living nearby. 

In a June 1,1999 decision by District Court Judge Claude Appel ruled in favor of CURE, 
writing that it was unclear in the Commissioners' granting of the amendment to the 
permit that the Commissioners considered the impact on local residents of the noise 
generated by the additional compressors. The Judge then remanded the matter back to 
the Commissioners to apply the correct legal standard under Las Animas County's Land 
Use Development Guide. 

Clean Water Act Suit75976377~78;79 
During the first half of 1998, CURE made several attempts to meet with Evergreen 
Operating Company, the major CBM producer operating in Las Animas County, and 
state and county agencies and officials, to negotiate agreements to protect the local 
environment and residents around Bon Carbo from any potential adverse impacts from 
Evergreen's operations. These negotiations were unsuccessful. 

On July 13, 1998, CURE, feeling it had exhausted all other remedies, filed a citizens' suit 
against Evergreen Operating Corporation for violations of the Clean Water Act in 
connection with Evergreen's CBM operations in Las Animas County, west of Trinidad, 
Colorado. The violations alleged in the suit focus on Evergreen's efforts to store, dispose 
of, and transport water effluent produced in association with the company's drilling and 
gas production operations. These activities have resulted in the formation of large lakes 
and ponds surrounding the community of Bon Carbo, Colorado. In the suit, CURE
alleged that Evergreen's mostly unpermitted and unmonitored discharges, which have 
failed aquatic toxicity tests and have been shown to contain contaminants such as 
benzene, pose dangers to the Purgatoire River and Trinidad Reservoir downstream. 
Because many areas where the discharges occur are zoned rural residential or ranchette, 
CURE has also alleged that they pose a potential danger to water wells used by local 
residents. 
On May 19, 1999 Federal District Court Magistrate Judge Patricia Coan denied 
Evergreen's August 13, 1998 motion to dismiss CURE's Clean Water Act Suit. The 
judge's denial of Evergreen's motion reasserts the validity of CURE's claims against 
Evergreen and puts the case back in motion to eventually go to trial. 

On July 3 1, 1998 Evergreen Operating Corporation and several land owners in Bon 
Carbo (all with Evergreen wells on their property) filed suit against four members of 
CURE's leadership, against CURE itself, and against 
supposedly making false, misleading, and damaging allegations concerning Evergreen 
and the landowners. CURE's attorney, Lori Potter, submitted the case to the Colorado 
Supreme Court for their review in early 1999. The Court agreed to review the case, 
ostensibly because of the First Amendment issues that may be germane to the suit. 

of CURE's members for 

75 The Citizens Clean Water Suit, southern Colorado CURE, http://www.sococure.orn/clean.htm. 
76 News on the Clean Water Act Suit, Southern Colorado CURE 

77 Status of the SLAPP Suit, Southern Colorado CURE, htt~://www.sococure.or~/to~~agel3.htm. 
78 Trespass Suit Remains Alive, Trinidad Plus, July 13,1999, 

79 Troubled water: Evergreen Resources sues four who forced cleanup of discharge from oil and 

http://www. sococure.ordclean1 .htm 

http://www. trinidadco. com/stories99/news/O7/13/evr~cure. html. 

gas fields. Denver Rocky Mountain News, June 27,1999. 
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The Supreme Court's acceptance of the case "stayed" it, or took it out of the hands of the 
district court judge, so no trial, discovery, or other proceedings are occurring now. The 
Colorado Supreme Court is currently considering the briefs of both parties and may rule 
at any time. 

In January 2000, a settlement was proposed under which Evergreen agreed to construct a 
treatment system that would make drinking water available to persons living around Bon 
Carbo.  Evergreen agreed to construct the system in lieu of paying $173,720 in fines 
assessed by the Colorado Department of Public Health and Environment for 
environmental law violations at 37 well sites." 

Black Warrior Basin 
In 1994, the Legal Environmental Assistance Foundation (LEAF), believing that 
hydraulic fracturing should be regulated under the Safe Drinking Water Act's (SDWA's) 
Underground Injection Control Program (UIC), petitioned EPA to withdraw Alabama's 
SDWA Section 1425 UIC program. EPA rejected LEAF's petition, and LEAF litigated. 
In 1997, the 1 1 th Circuit Court of Appeals ruled that hydraulic fracturing of coal beds in 
Alabama should be regulated under the SDWA as underground injection.81 The State 
was required to modify its UICprogram, and in December 1999, EPA approved this 
revision.= 

Powder River Basin83.84 

In March 2000, theNorthern Plains Resource Council (NPRC) filed a lawsuit against the 
Montana Board of Oil and Gas Conservation (BOGC) for violating the Montana 
Environmental Policy Act by permitting coal bed methane drilling without completing an 
environmental review of the impacts of methane development. In a settlement 
agreement, the BOGC agreed to a moratorium on further coal bed methane drilling 
permits pending completion of an environmental impact statement (EIS). Meanwhile, 
NPRC agreed to allow Redstone Gas Partners (now Fidelity Exploration and Production 
Company) to develop its CX Field (325 wells), and to allow the BOGC to grant an 
additional 200 permits for exploratory wells to collect information necessary to evaluate 
the impacts of development in the EIS.= 

In June 2000, NPRC filed a lawsuit against Redstone Gas Partners (now Fidelity) for 
violating the Clean Water Act by discharging untreated wastewater into the Tongue River 

All's not well. Westword, March 23,2000, httv://www.westwordcom/issues/2000-03- 
23/iiews.html. 

'' LEAF v. EPA, 118 F. 3d 1467. 
*' Study of potential impacts of hydraulic fracturing of coalbed methane wells on underground 

83 Coal Bed Methane Lawsuits to Date, Northern Plains Resource Council, 

84 BLM charged with illegally leasing coal bed methane, Press Release, Northern Plain$ Resource 

sources of drinking water , U.S. EPA Office of Water, 
http://www.epa.gov/safewater/uic/cbmstudy . html. 

http://wWw. nprcmt.org/Issues/CBM/CBM-1awsuits.asD. 

Council, httv://www. worc.orcr/pr BLM%20charged.html. The actual complaint can be 
accessed at http://www.nprcmt.org/media/2OO l/BLM-lawsuit%20complaint.asp. 

85 NPRC Sues to Stop Permits for Huiidreds of Nen Gas Wells Northern Plains Resource 
Couiici 1. Iittp: //www. nprcmt. or~/media/2000/PR-CBM-BOGC-Lawsuit. asp. 
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and its tributaries without a permit. Prompted by NPRC's lawsuit, Redstone applied for, 
and received, the necessary permit from the Montana Department of Environmental 
Quality for current discharges to the Tongue River. However, Fidelity has still not 
applied for a permit for its discharge of wastewater into unlined impoundments along 
Squirrel Creek, a tributary of the Tongue. Still at issue with this lawsuit are the ongoing 
discharges along Squirrel Creek, along with damages fiom the 6 to 12 months of illegal 
discharges into the Tongue River.% 

In April 2001, NPRC and the Montana Environmental Information Center (MEIC) filed a 
lawsuit challenging the validity of a water discharge permit issued to Fidelity Exploration 
and Production Company (formerly Redstone Gas Partners) by the Montana Department 
of Environmental Quality (DEQ). The Tongue River Water Users Association, which 
oversees delivery of 60,000 acre-feet of water to irrigators and the Northern Cheyenne 
Tribe from the Tongue River Reservoir, filed a similar suit. According to both suits, the 
DEQ discharge permit allows Fidelity to dump millions of gallons of untreated 
wastewater into the Tongue River in violation of the Montana Water Quality Act, the 
Montana Environmental Policy Act, the Water Use Act, and the Montana Constitution.87 

In June 2001, the Northern Plains Resource Council filed suit against the Bureau of Land 
Management (BLM). In their complaint, NPRC charged BLM with violating the 
National Environmental Policy Act, the Federal Lands Policy and Management Act, the 
National Historic Preservation Act, and the Clean Water Act, because the BLM had 
leased over 600,000 acres of CBM in Montana without observing the very laws designed 
to guide such decisions.@ 

CONCLUSIONS 
Environmental issues surrounding the development of CBM resources have provoked 
conflict among mineral leaseholders, owners of the surface estates, and the public at 
large. Citizen suits under the Clean Water Act and the Safe Drinking Water Act, and 
private tort actions, cloud and complicate the development and economics of CBM 
resource development. Despite geographic and geologic differences among areas in 
which CBM resources have been developed, the core environmental issues are consistent. 
There are two key concerns peculiar to CBM. First, CBM development requires the 
disposal of large volumes of produced water. When these waters are fresh, surface 
discharge is the preferred method of disposal. Such disposal may alter aquatic habitats, 
modify the climate of arid areas, enhance erosion, and salinize soils. Second, whenever 
CBM development involves shallow coals in hydrogeologic communication with shallow 
groundwater, there is a concern that the groundwater table will be drawn down. Such 
draw down will make the production of groundwater for agricultural purposes more 

86 MDU Subsidiary Charged With Water Pollution From Methane Wells. Northern Plains 
Resource Council, h~://www.n~rcmt.ore/media/2000/PR-CBM-RedstoneLawsuit-6-OO.as~. 

87 Family Agriculture Group & Conservationists Join Irrigators to Challenge Coal Bed Methane 
Discharge Permits. Northern Plains Resource council, 
http://www. nprcmt. orp/media/200 UCBM-MPDE S-Lawsuit-4-24-0 1. asp 
BLM Charged will1 Illegally Leasing Coal Bed Methaiie. Northem Plaiiis Resource Couiicil 
http://www. n~rcmt.orP/media/200 l/PR-CBM-BLMlawsuit-6- 1 3 -0 1. asp 
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expensive and may deny the use of shallow groundwater resources for an extended period 
of time. 

Other environmental concerns voiced by opponents of CBM development are not unique 
to CBM development. Among these Concerns is methane contamination of shallow 
groundwater; surface disturbance from the construction of well pads, roads, pipelines, 
and other facilities; noise pollution from compressors and other sources; and air pollution 
from compressor exhaust gases, methane leakage, and dust. Among these latter concerns, 
the most serious is methane contamination of shallow groundwater. Unlike conventional 
hydrocarbon reservoirs, in which reservoir pressure is greatest at the beginning of 
hydrocarbon production, reservoir pressure in CBM builds as the hydrostatic load is 
removed. Consequently, whether or not the geologic units overlying a coal reservoir will 
trap any released gases cannot be fully determined until those gases are released by CBM 
development. 
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PROCESSES AFFECTING FREE-PHASE 
HYDROCARBON REMOVAL BY VAPOR 

EXTRACTION 
 
 

Robert J. Frank, R.G., CH2M HILL and Dr. David Huntley, San Diego State University 
 

ABSTRACT 
A laboratory-scale soil vapor extraction test was conducted to evaluate the 

mechanisms that affect removal of subsurface free-phase hydrocarbon.  The test was 
performed inside a steel-reinforced acrylic tank, 185 cm long by 185 cm high by 25 cm 
wide, which was filled with #60 industrial grade silica sand.  A gradient-driven water 
table was  established to simulate a field groundwater system. 
 

Twenty liters (14,600 gm) of gasoline was added through the side of the tank to 
avoid residual phase hydrocarbon in the vadose zone.  Vapor extraction began at a rate of 
25.5 liters/min., which resulted in an initial mass removal rate of 3600 g/day of total 
gasoline range organics (GRO).  This rate decreased within the first 1.5 hours of 
extraction.  During the course of five weeks of vapor extraction, cumulative mass 
recovery rates of total GRO and eleven individual gasoline components continued to 
increase in a generally linear trend.  Recovery rates at the end of five weeks were 50 
g/day for total GRO and 2 g/day for benzene. 
 

The results of this experiment suggest that an important aspect of the success of 
vapor extraction for remediation of free-product hydrocarbon is the upward movement of 
hydrocarbon into an enhanced oil capillary fringe produced by the application of a 
vacuum.  The vacuum resulted in a decrease of the free product layer from 40 to 17 cm, 
though  less than 16% of the mass of hydrocarbon had been removed from the tank.  In 
addition, an analysis of mass removal rates versus elevation above the oil/air interface 
showed that virtually 100 percent of the mass removed was derived from the port closest 
to the oil capillary fringe. These data indicate that free-product was drawn upwards into 
the capillary zone by the vacuum, and that volatilization from this zone controls the bulk  
removal of the free-product. 



 

INTRODUCTION 
 The contamination of subsurface soil and groundwater by free-phase liquid 
hydrocarbons has posed a tremendous problem to the future of our environment. 
Remedial tools used by environmental consultants in the past to clean up these 
contaminants have been limited in their effectiveness. Skimmer systems have had some 
success in removing the mobile free-phase product, but have had a relatively minor 
impact on the sorbed phase of the contaminant. In recent years, soil vapor extraction has 
been widely used to remediate the subsurface under varying conditions. Environmental 
consultants have anecdotally reported success in removing free-phase hydrocarbons using 
this method. Soil vapor extraction involves applying a vacuum to the subsurface to 
induce airflow through the contaminated zone. This increased airflow, in turn, increases 
the mobilization and volatilization of the organic contaminants of concern, thus allowing 
quicker and more efficient remediation of the soil. The purpose of this research was to 
analyze the mechanisms contributing to free-phase hydrocarbon removal by vapor 
extraction, while testing the processes and limits affecting soil remediation by this 
method. 

 The distribution of light, non-aqueous phase liquids (LNAPL) in the subsurface 
has been studied intently for many years. As liquid hydrocarbon is released into the soil, 
it migrates downward through the vadose zone due to gravitational forces. During this 
migration, some LNAPL is left trapped in the pore spaces, due to surface tension effects, 
at residual saturation. Residual saturation of an LNAPL is the saturation at which the 
LNAPL becomes immobile and discontinuous (Mercer and Cohen, 1990). If enough 
LNAPL is released into the subsurface, some of this liquid will reach the water table 
resulting in liquid saturations above residual. When this occurs, the LNAPL becomes 
laterally mobile and can contribute to the contamination of both the soil and groundwater. 
Previously published studies on using soil vapor extraction to remediate free-phase 
hydrocarbon [Johnson et al (1990), Rainwater et al (1989), and Osejo (1992)] have 
focused primarily on removing residual LNAPL from the subsurface. This is due to the 
fact that typical releases of liquid hydrocarbon into the environment will form a residual 
phase in the vadose zone. Anecdotal studies that report success in removing LNAPL 
mass during vapor extraction experiments have not been able to show whether the mass 
removal is coming from the mobile phase hydrocarbon or from the residual, immobile 
mass held in the pore space. This study was specifically designed to concentrate on the 
problem of remediating mobile, free-phase hydrocarbon from the subsurface using soil 
vapor extraction. This was accomplished by applying the free-phase hydrocarbon from 
the side of the system, at the approximate elevation of the oil/air interface, so there was 
no residual phase contamination in the vadose zone prior to extraction. This is important 
in that it shows that 100 percent of the mass that is removed from the system must come 
from the original free-phase liquid product. 
 
 

EXPERIMENTAL APPARATUS 
 The experiments for this study were conducted under laboratory conditions inside 
a steel reinforced plexiglass tank that was 183 cm high by 183 cm long by 25.4 cm wide 
(Figure 1). The inlet side of the tank was fabricated with 0.64 cm threaded open holes 
spaced every 7.6 cm to allow air to enter the tank when the vacuum pump was turned on. 

 



  

Manometers were installed in both the inlet wall, as well as the front face of the tank to 
monitor the water and hydrocarbon piezometric heads during the experiment. 

 The effluent wall of the tank was fitted with an “extraction well” which was 
constructed of Kynar™ tubing and fittings and a copper manifold that allowed the 
vacuum to be applied evenly over 11 separate ports. The ports were set up to allow vapor 
samples to be taken at each individual level (every 7.6 cm), as well as at one main port. 
This permitted the calculation of an overall mass removal rate, as well as mass fluxes 
versus elevation above the oil/air interface. 

 The tank was filled with #60 industrial grade silica sand which was added to the 
tank in 30 cm, horizontal lifts (Table 1). The sand was vibrated in place using a portable 
concrete pencil vibrator to pack the sand as evenly and homogeneously as possible. The 
sand was filled to the very top of the tank, where the tank was sealed by a sheet of 
plexiglass and a foam gasket. The seal was used to maintain a horizontal airflow pathway 
through the system and eliminate any air leakage to the atmosphere. This would be 
equivalent to placing an impermeable cap over a site where vapor extraction is being used 
for remediation. 

 The vacuum pump that was used to create the airflow during the experiment was 
selected to simulate typical field pump rates. The vacuum pump was adjusted to provide 
a flow rate of approximately 25.5 liters per minute (0.9 scfm (standard cubic feet per 
minute)) through a cross-sectional area of approximately 2,800 cm2. The resulting 
velocity (~13,100 cm/day) is equivalent to the air flux 10 feet away from a 200 scfm well 
screened over a length of 10 feet.  

 The experimental apparatus was equipped to allow a water table to form and for 
this “groundwater” to flow from the inlet to outlet sides of the tank. The water table, 
established prior to any other experiments performed within the tank, was controlled 
through the use of a constant head reservoir placed adjacent to the inlet wall of the tank. 
To provide a gradient of 0.01, a Kynar™ tube was placed in the outlet wall of the tank at 
an appropriate height. 

Vapor Extraction Experiment 
The free-phase hydrocarbon that was used for the vapor extraction experiment 

was 87 octane Mobil regular unleaded gasoline. This gasoline was dyed red prior to 
addition to the tank, with a hydrophobic dye, Unisol Liquid Red B. The density of the 
dyed gasoline that was added to the tank was found to be 0.73 g/ml. The addition of 20 
liters (5.3 gallons) of dyed gasoline was added to the vapor extraction tank over the 
course of six weeks. Before the vacuum pump was turned on and vapor extraction started, 
the system was allowed to equilibrate for one more week. This allowed a horizontal 
oil/air interface to form and the preliminary calculations of hydrocarbon thickness to be 
completed. The calculated initial thickness of free-product in the tank was found to be 
approximately 38.5 cm. 

The visible oil and water capillary fringes were measured before extraction began 
and were monitored throughout the experiment. Initially, prior to application of any 
vacuum, they were found to be 83 and 136 cm above the base of the tank, respectively. 
The measured oil capillary fringe is similar to what is predicted by the theoretical oil 
saturation curve (Figure 2). The oil saturation curve, which is calculated from the Van 
Genuchten parameters generated from the pressure plate analysis, predicts that the top of 

 



  

the oil capillary fringe under non-pumping conditions will be approximately 77 cm above 
the base of the tank.  

Vapor Extraction of Gasoline  
After all preliminary measurements were taken, the vacuum pump was turned on 

and the extraction test started. The initial average pump rate was 25.8 l/min. which was 
held fairly constant throughout the first 5 days of the experiment, with a slight decrease 
subsequently noted. When the vacuum pump was turned on, both the piezometric surface 
and the oil table dropped immediately. The piezometric surface dropped approximately 
10 cm within the first five minutes of operation. Once the level had reached this low 
point, it began to slowly recover to its original elevation because water was supplied from 
the constant-head reservoir throughout the experiment. This observed decline and 
subsequent rise of the piezometric surface is attributed to the vacuum drawing liquid up 
into the capillary fringe. The oil table also dropped from its original level, but at a much 
slower rate. Over the course of about a day, the oil table at the inlet wall dropped about 
8 cm. During this drop, the visible oil capillary fringe, which started out at 83 cm above 
the base of the tank, was slowly drawn upwards. This upward movement was much more 
prominent at the effluent side of the tank due to the closer proximity to the vacuum 
source.  

Measurements of the visible oil capillary fringe after 24 hours of pumping 
showed a sloped layer from 84 cm above the base of the tank at the inlet wall, to 
103.5 cm above the base of the tank at the effluent wall of the tank. This elevation is 
similar to the elevation of the top of the oil capillary fringe predicted by theory (Figure 
2). It will be shown that it is this upward movement of the free product that is primarily 
controlling the mass removal during vapor extraction. 

During the vapor extraction experiment, effluent vapor samples were collected to 
monitor the mass removal of the gasoline and its components. Only one sample was 
collected at each time from the main outlet port. This individual sampling port allowed 
the collection of effluent vapor samples which represented the total mass being removed 
over the entire screen length. The air samples were collected in 1-liter Tedlar™ gastight 
sampling bags and then analyzed immediately on the gas chromatograph to eliminate any 
possibility that there would be sample loss due to volatilization from the bags. 
 
  

DATA ANALYSIS 
Mass fluxes and mass removal rates were calculated based on the effluent 

concentrations of the collected vapor samples and the measured airflow rates from the 
vacuum pump. The analysis of mass removal rates and cumulative mass removed over 
time for selected individual GRO components is presented together in Figures 3 and 4 to 
compare the removal of one component to another. Towards the end of the experiment, 
once the mass removal had effectively leveled off to a constant rate, the mass fluxes and 
air fluxes for each individual port (every 7.6 cm) were measured. The mass removal at 
each port was measured by taking an effluent air sample by the same method as had been 
done throughout the experiment.  

The samples were taken at the individual ports and analyzed immediately on the 
GC for the eleven monitored gasoline components and total GRO. Once this mass 
removal versus elevation profile was established, the individual air fluxes were measured. 

 



  

This was accomplished by attaching eleven separate rotometers to the ports at the effluent 
wall of the tank. Once the air flux measurements were taken, the concentration from each 
port was multiplied by the air flux to get a mass flux (for each port) in g/day. Results 
showed that all the mass flux is from the lowest port (port 11, Figure 2), which is located 
closest to the NAPL layer and in the area of visibly contaminated soil. It is also the 
lowest port where total fluid saturations are less than 100 %. 

 Predicted air flux, as a function of elevation, was calculated and compared to the 
actual measured air flux during vapor extraction (Figure 5): 
 

Air Flux (l/min.) = Kair  kra  iair  A 
 
where Kair = saturated air hydraulic conductivity (2.4x10-5 cm/sec), iair = vacuum in cm of 
air (19,300), A = cross-sectional area perpendicular to airflow (7.6 cm x 25.4 cm), and kra 
= relative permeability of non-wetting fluid (air), given by; 
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where Sa  is the effective air saturation, Sw  is the effective water saturation, and Sn  is 
the effective NAPL (gasoline) saturation. 

 It was originally postulated that the measured air flux anomaly visible on Figure 
5 was due to the location of the main vacuum tube attached to the manifold. The primary 
connection between the vacuum pump and the manifold was located at approximately 
119 cm above the base of the tank, which is exactly where the flux anomaly occurs. 
However, tests performed subsequent to this vapor extraction experiment showed that the 
anomaly is actually caused by a heterogeneity (most likely due to poor packing of the 
media) that exists in the tank at approximately 119 cm. Since the total mass flux through 
the tank is solely through the lowest port (99.1 cm), this airflow anomaly does not affect 
the results that are collected from the vapor extraction experiment. The theoretical air 
flux profile predicts decreasing air fluxes as one approaches the fluid layer. The 
theoretical curve does show a close match to that of the measured data until the data 
approaches the elevation of the main vacuum port (119 cm). Unfortunately, the measured 
data profile is affected by the heterogeneity and thus shows a dramatic increase in air flux 
at approximately this elevation. The generated profiles, however, of the predicted and 
measured air fluxes seem to be similar in that both show decreasing air fluxes with 
increased saturation levels. 

 Comparison of the theoretical air flux profile (Figure 5) to the theoretical oil and 
water saturation curves (Figure 2) shows that during pumping conditions there is zero air 
flux at an elevation predicted to be 100 % saturated. This is what would be expected as at 
100 % fluid saturation, air saturation equals zero and thus air relative permeability is 
zero.  

 The final analysis completed during this research involved taking samples of the 
remaining free product in the tank and analyzing them to see if there was any effect on 
the composition of the gasoline after five weeks of extraction. Due to the mechanisms of 
vapor extraction, which entail removing the lighter, more volatile components first, it was 
assumed that there would be a noticeable difference in the composition of the remaining 
gasoline versus the initial gasoline. Two samples of the gasoline remaining in the tank 
were taken one week after the vacuum pump was shut off and the fluid levels approached 

 



  

equilibration. One sample was taken from the oil manometer located on the inlet wall of 
the tank and the other was taken from the syringe port located within the visibly 
contaminated zone and approximately 46 cm in from the effluent wall of the tank. This 
was done to see if there was any difference in the gasoline composition across the length 
of the tank. The analysis shows that, for the most part, the inlet gasoline (NAPL furthest 
from the vacuum source) was remediated more than the gasoline closer to the vacuum 
(Table 2). This is seen in the lower concentrations of each component and total GRO in 
the gasoline from the inlet side of the tank. The possible reason for this is presented in the 
discussion of results. 
 
 

DISCUSSION OF RESULTS 
 Analysis of air flux from the effluent side of the tank as a function of height 
above the piezometric surface supports the prediction that air fluxes and air 
permeabilities decrease as one approaches the air/fluid interface, encountering increasing 
total fluid saturations (Figure 5). Air fluxes decrease in a manner predicted by theory 
from the top of the tank until one approaches an elevation of 122.2 cm. At this point the 
effect of the heterogeneity in the tank media, located at approximately 119 cm above the 
base of the tank is apparent. Below this elevation, the measured air fluxes decrease again 
as total oil and water saturations increase. This result is important in that vapor extraction 
works by drawing clean air through the vadose zone to form a concentration gradient 
with the contaminant. In the case of free product contamination, the highest concentration 
is closest to the source, so the ability to enhance airflow as close as possible to this zone 
is one of the most important factors in designing an efficient remedial system. Additional 
measurements conducted as part of this experiment verifies that the area closest to the 
source of contamination also contains the highest fluid saturations (Figure 2), and thus 
the lowest air velocities. 

 The gas chromatograph analysis of the effluent vapor samples allowed the 
interpretation of mass removal rates over time as the vapor extraction test progressed. 
Initially, as expected, due to the six-week time period the system had to equilibrate, the 
mass removal rates were extremely high. The very first effluent sample, taken 
immediately after the vacuum pump was turned on, showed a mass removal rate of 
approximately 3600 g/day or approximately 25 %/day of total gasoline range organics. 
Unfortunately, as is the case in field applications of this technique, the mass removal rate 
dropped off quickly. After only 1.5 hours of extraction, the mass flux of total gasoline 
range organics had decreased to approximately 674 g/day (4 %/day). The results of this 
experiment suggest that an important aspect of the success of vapor extraction for 
remediation of free-product hydrocarbon is the upward movement of the liquid 
hydrocarbon into an enhanced oil capillary fringe produced by the application of a 
vacuum. In other words, once the vacuum pump is started and a vacuum is applied to the 
system, the free product is drawn upwards in response to this vacuum. Although the 
actual mass removal rate (measured in grams/day) continued to decrease slowly over the 
course of the experiment (Figure 3), at the end of five weeks of extraction, the cumulative 
mass removal rates for most of the individual components, as well as total GRO, 
continued to increase in a nearly linear manner (Figure 4). The reason for this can best be 
described by the fact that although some of the liquid mass had been removed, there was 
still enough liquid product to continue to provide the vadose zone with vapor phase 
contamination. These data show that as the LNAPL volatilizes and is removed from the 
system, there is upward movement of the liquid to replace the volume lost to extraction. 

 



  

It is this upward movement, therefore, that continues to supply the mass removed during 
vapor extraction. Application of the vacuum in the experimental tank resulted in a 
decrease of the free product layer from approximately 40 cm to 17 cm (57.5 % decrease), 
as measured in the manometers located at the inlet side of the tank, despite the fact that 
less than 16 % of the mass of hydrocarbon was removed from the tank. This effect has 
not been reported previously in the literature, but is important in the understanding of the 
processes controlling removal of free product by this method. 

 The individual component removal rates (Figure 4) are consistent with the 
component’s respective volatility, which is itself a combination of many factors, such as 
molecular weight, vapor pressure, and mole fraction. The lighter, more volatile com-
ponents 2-methylpentane and MTBE were removed at a rate that is much greater than the 
heavier and less volatile components, such as ethylbenzene and xylene. At the end of the 
extraction period, over 47 percent of the 2-methylpentane had been removed from the 
gasoline, whereas only about 5 percent of the less volatile component o-xylene was 
removed in the same time period. This is what would be expected in any remediation 
project utilizing soil vapor extraction to remove volatile organics, since its effectiveness 
relies on the ability of the contaminant to volatilize, or transfer, into the clean, vacuum-
induced air stream. 

The results from the mass flux analysis indicate that the transfer between the 
NAPL phase and the vapor phase occurs in a very small area during transient conditions. 
Prior to extraction, vapor samples taken from two of the syringe sampling ports on the 
front face of the tank showed that there were measurable concentrations of GRO at an 
elevation of at least 70 cm above the visible oil capillary fringe. The analysis of mass 
fluxes during vapor extraction, however, show there was virtually zero concentration at 
an approximate elevation of just 2 cm above the enhanced visible oil capillary fringe. 
This indicates that under dynamic conditions in this experiment, there was virtually no 
vertical upward diffusion of hydrocarbons. Vapor extraction was effective only by 
horizontal movement of air through the oil capillary fringe. Concentrations of individual 
components from the lowermost port (port 11, 99.1 cm above the base of the tank) were 
approximately one order of magnitude higher than those measured in the main effluent 
sampling port. These values indicate that extraction is limited by upward diffusion of the 
contaminant vapors. 

 The analysis of the remaining free product in the tank after five weeks of 
extraction reinforced what had been previously reported in the literature and seen in the 
field; that soil vapor extraction is an “outward-in” process. In other words, cleanup of 
contaminated soil by vapor extraction is accomplished by removing the volatile 
components away from the vacuum first and then removing increasingly more contami-
nant from the source closer to the vacuum well. As the clean, vacuum-induced air moves 
across the contaminated zone, it incorporates contaminated vapors more rapidly due to 
the higher vapor-phase concentration gradient. As this contaminated air moves along its 
flow path towards the extraction well, the concentration gradient decreases, thus slowing 
the transfer of volatile organics into the vapor phase from the contaminant source closer 
to the well. The data also show that the composition of the free-phase gasoline changed 
significantly during vapor extraction (Table 2). The lighter, more volatile compounds (2-
methylpentane, MTBE, benzene, and 2,2,4-trimethylbenzene) showed a decrease in 
concentration comparable to the calculated amount of mass removed during vapor 
extraction. On the other hand, the heavier, less volatile compounds (heptane, 
ethylbenzene, xylene, and 1,2,4-trimethylbenzene) show concentrations slightly less or 
similar to that in the original gasoline in the inlet gasoline sample. The outlet gasoline 

 



  

sample showed concentrations of these heavier compounds to be higher than that in the 
fresh gasoline. The increase in concentration of the heavier gasoline components is due to 
the changing composition of the gasoline during remediation and the fact that, as 
explained earlier, vapor extraction works from the outside in. The vapor extraction 
system had not begun to remove the heavier components from the gasoline. This change 
in composition is also the main reason for the asymptotic decline in total mass removal 
rates over time (Figure 3) because the heavier components do not transfer into the vapor 
phase as readily and are thus more difficult to remove by vapor extraction. This lends 
itself to the anticipated long remediation times required to clean up a multi-component 
hydrocarbon liquid, such as gasoline, from the subsurface. 
 
   

CONCLUSIONS 
 Success in remediating free-phase hydrocarbons by soil vapor extraction has 
been anecdotally reported by environmental consultants with no true detailed studies on 
the mechanisms and processes which control the removal. This research attempts to 
closely study the processes which occur during vapor extraction of free-phase 
hydrocarbons, while adding to the current industry knowledge of certain techniques and 
designs which could enhance the efficiency of the remedial system.  
 
 The conclusions of this research and their implications are: 
 
 1. Vapor extraction is a viable method to remediate mobile free-phase 
hydrocarbon from the subsurface. Removal rates, however are slow. 

 Based on the analysis of effluent vapor samples collected during the vapor 
extraction test (Figure 4), approximately 16 % of the total GRO were removed during 
five weeks of extraction. If the mass flux continued at the last reported rate (approxi-
mately 50 g/day), all of the GRO in 20 liters of free product would be removed in 
approximately 237 days. Unfortunately, it has been shown in the literature and in the field 
that vapor extraction is a rate-limiting process and that the mass flux would continue to 
decline over time, thus extending the remediation. However, the mass removal rates 
generated at the time of shut-down from this experiment clearly show a nearly linear 
mass removal trend over time, suggesting a source available to transfer contaminant 
vapors to the vadose zone.   

 2. The main factor controlling mass removal of gasoline during vapor 
extraction is the upward movement of free-phase hydrocarbon into an enhanced oil 
capillary fringe. 

 At the time of shut-down, the mass removal rates of each volatile component in 
the gasoline were continuing in a generally linear trend. The reason for this is that there 
was still a significant amount of free product remaining in the tank which could act as a 
source to replenish the enhanced oil capillary fringe. It is not clear from this experiment if 
the removal rates would slowly decrease over time, or if there would be a sharp decline 
when the remaining free product could no longer supply the enhanced oil capillary fringe 
with its maximum gasoline concentration. 

 3. During the vapor extraction of gasoline in this experiment, there was 
virtually no vertical upward diffusion of hydrocarbons. 

 



  

 The analysis of mass flux as a function of elevation showed that during 
extraction from a 75-cm-long screen section, 100 percent of the removed mass comes 
from a zone only approximately 7 cm high. This has implications in the design and 
efficiency of a vapor extraction remedial system. Obviously all the air that is drawn 
through the ports located above the lowermost one is “wasted” clean air. The results 
indicate that any soil vapor extraction system designed to remediate free-phase 
hydrocarbon should have a minimal-length screen section and that this section should be 
placed as close to the expected oil capillary fringe as possible. For maximum removal 
efficiency, the soil’s capillary characteristics would need to be measured and curves of oil 
and water saturations be computed. From these data, along with the applied vacuum 
effect, the height of the enhanced oil capillary fringe could be calculated and a well 
screen section designed to maximize its contact with this zone.  

 It is clear from this experiment that all the removed mass comes from an area 
directly adjacent to the zone of contamination (port 11, Figure 2). The fact that the 
analysis of mass flux at the port just 2 cm above this zone (port 10, Figure 2) showed 
zero mass removal indicates that, in this experimental setup, there is no vertical upward 
diffusion of hydrocarbons. However, it is unclear whether or not there would be some 
movement upwards if the lowermost extraction port was further above the visibly 
contaminated zone. Research which is currently ongoing is focusing on this remaining 
question. 
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Table 1.  Tank Media Properties. 

Van Genuchten Parameters 

Media Type 
Grain-Size 
Analysis 

Hydraulic 
Conductivity Alpha N 

Res. Moisture 
Cont. 

#60 Industrial 
Grade Silica 

Sand 

Very fine to 
fine, trace 
coarse silt 

3.6 x 10-4 
cm/sec 

0.02627 
cm-1 

2.94122 0.0316 

 

 

 

Table 2.  Pre- and Post-Extraction Gasoline Composition. 

Compound 

Fresh Gasoline 
Concentration 

(µg/ml) 

Inlet Post-
Extraction 

Concentration 
(µg/ml) 

Outlet Post-
Extraction 

Concentration  
(µg/ml) 

2-methylpentane 53947 18533 26651 

MTBE 76885 16429 38980 

Benzene 24908 21731 20920 

2,2,4-trimethylpentane 30519 11331 13161 

Heptane 10718 24293 26861 

Toluene 49290 26854 54955 

Ethylbenzene 13515 9956 15245 

m + p xylene 23956 20296 30599 

o xylene 18450 18053 24641 

1,2,4-trimethylbenzene 18941 21609 28437 

Total GRO 706307 474482 638083 

 
 

 

 
 
 
 
 
 
 
 
 
 

 



  

 
Figure 1.  Experimental Apparatus. 

 
 
 
 

 
Figure 2. Theoretical Oil Saturation Curve. 

 

 



  

 
Figure 3.  Mass Flux for Selected Components. 

 
 
 
 

 
Figure 4. Cumulative Mass Removed for Selected Components. 

 



  

 
Figure 5. Theoretical vs. Measured Air Flux. 
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There is an enormous need for a comprehensive national energy policy.  Today I want 

to touch on some areas that I hope will strengthen everyone’s resolve to encourage a 

strong comprehensive national energy policy. 
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Before I get into these subject areas let me briefly touch on the impact of the oil and gas 

industry in New Mexico.  Oil and gas has been commercially produced in our state since 

the summer of 1922 and has grown to the point that New Mexico is the 2nd largest 

producer of natural gas, 2nd in reserves, 5th in the production of crude oil, and 4th in 

reserves in the contiguous United States.  Eight of New Mexico’s counties have oil 

and/or natural gas production.  These are Chaves, Eddy, Lea and Roosevelt in the 

Southeast and McKinley, Rio Arriba, San Juan and Sandoval in the northwest.  In 2000 

natural gas production in New Mexico was 1.6 Tcf and crude oil production was 65.4 

million bbls.  There were over 900 new wells drilled in New Mexico in 2000, 66% were 

natural gas wells and 34% oil wells.  The total annual revenue produced by the oil and 

gas industry for the state of New Mexico exceeds $1.3 billion.  Our industry is the 

largest civilian employer in New Mexico with over 23,000 jobs directly related to oil and 

gas production, refining, processing, marketing, transportation, and field services.  In FY 

99, total oil and gas revenue, as a share of the general fund was 18.6%.  The industry 

funds over 80% of all school capital investment through its payment to the Permanent 

Fund, which is administered by the New Mexico State Land Office.  The Permanent 



Funds distributes money to 22 beneficiaries including colleges, vocational institutes, and 

other public services in every county of New Mexico. 

 

15 years ago, my friend Danny Conklin had this to say during his first interview as 

Chairman of IPAA:  I hope we will be able to convince Congress that a healthy domestic 

industry is an asset, and that we must have a national energy policy for it to be an 

asset...I hope we can look to the future and develop a game plan that will benefit the 

independents and this country...We need to create a business climate that the domestic 

petroleum industry can operate under.  Whether it be oil or gas, if the climate is there, 

the exploration for those products will come along.  That was 15 years ago, and I’m 

afraid we have not made much progress. 

 

Let me now move briefly to the domestic oil and gas Industry.  I believe that the 

domestic oil and gas industry is the backbone of our economy and is truly a matter of 

national security.   America must develop better policies to enhance and maintain 

domestic oil and natural gas exploration and production, we need both.  We must begin 

to treat domestic oil and gas production as a critical element of national economic 

security.  To do this, at the federal level we must direct our efforts at the two areas 

where they will have the greatest effect: access to capital, and access to domestic 

natural resources from federally controlled lands and waters.  It is important to 

understand that a large aspect of access to natural resources involves opening that 

which is now not available, and halting the trend of further roadblocks and moratoriums 
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of western lands. 

 

Energy Secretary Spencer Abraham last month released a Department of Energy study 

showing that access to nearly 68% of natural gas resources in the Green River Basin in 

the Rockies is closed or significantly restricted.  From a practical permitting standpoint 

there is severe limitation to access. 

 

We must also deal with permitting limitations and other indirect actions of federal 

agencies.  Because these are federal lands, it is necessary that the federal agencies 

issue permits for exploration and production activities.  The National Environmental 

Protection Act or NEPA can be used to create effective, environmentally sound 

management plans, or it can be used to delay and deny access.  The total time for oil 

and gas drilling, from the first idea until the first well was spudded, averaged 12-36 

months for federally managed lands, but only 2-4 months for private lands. 

 

NEPA is only one of many laws that is involved, add the Endangered Species Act, the 

Clean Water Act, Clean Air Act and the actions of the Fish and Wildlife Service and the 

EPA and pretty soon you have a grim picture of the future of our industry.  The time has 

come to put to bed the myth that development and the environment are not compatible 

or are diametrically opposed.  Our industry has shown we can develop valuable natural 

resources while protecting the important wildlife and environmental values that exist, we 

have proven that in Prudhoe Bay where the caribou has coexisted with the oil and gas 
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industry for 30 years and has grown from 3,000 animals to 20,000 animals. 

 

These federal policies toward government-controlled lands are a linchpin to meeting 

future natural gas demand.  They must be modified to assure that the benefits of 

supplying this clean burning essential fuel are fully considered. 

 

I propose a simple litmus test: 1) is it based on sound science; 2) does it make common 

sense; and 3) is it environmentally sound and sensitive? 

 

Each year when a freeze hits the state of Florida we hear the price of grapefruit will 

increase significantly because a large amount of the supply was destroyed and as such 

demand will exceed supply.  We all accept that reality and move on, so why is it so hard 

to understand that is exactly where we are today with natural gas, and why we are in 

the middle of an “energy challenge.”  A second grader will tell you that if anything is in 

short supply, make more of it. 

 

In many respects, the energy challenge facing the United States is a product of the 

country’s success.  The rapid expansion of the U.S. economy, a growing standard of 

living and increasing population have all contributed to an increase in energy demand.  

Although improvements have been made in energy efficiency, these improvements 

have not kept pace with rising energy demand.  Contributing to the problem is an 

outdated energy infrastructure.  Aging power plants, electrical transmission lines, 
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pipelines and refineries are in need of renovation and expansion. 

 

The proposed National Energy Policy is based on three basic ideas.  These ideas 

include the creation of a long-term energy strategy for the United States, advancing 

environmentally friendly technologies to increase energy supplies and efficiency and 

raising peoples’ standard of living by integrating U.S. energy, environmental and 

economic policies. 

 

So, what is a good energy policy?  What goals does such a policy pursue, and what 

actions make it good? 

 

Goals are simple.  A proper energy policy pursues security of energy supply in service 

to national economic growth and military defense.  That’s all. 

 

The oil and gas industry has a role to play in providing solutions.  Our goal is to assist in 

the development of a reliable, affordable and environmentally sound energy supply for 

the Untied States.  Key principles of any energy policy should include: 

 

$   Environmental Responsibility  - Industry believes that any energy policy 

must be environmentally responsible.  A national energy policy should 

empower companies to unleash technical innovation and develop new 

ways to reduce emissions and produce cleaner fuels.  Policy should dictate 
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an environmentally positive outcome, but not prescribe the steps or 

formulas’ companies must use to reach that outcome. 

 

$    Diversity of Supply  - The U.S. energy security depends on energy from 

a wide range of sources and locations, both foreign and domestic.  Today’s 

economy is global and the U.S. energy policy should mirror that reality and 

encourage global and domestic exploration and production.  We should not 

let these inevitabilities compromise domestic capacities to produce and 

process hydrocarbons.  Good energy policy adapts itself to market 

evolution, yet prefers domestic to imported supply for mostly economic and 

national security reasons. 

 

$ Free Markets  - A good energy policy lets the market work and should be 

firmly rooted in free market principles.  It does not interfere with fuel prices, 

which naturally rise and fall over time.  It does not make fuel choices for 

consumers or try to influence consumption levels of specific fuels or of 

energy in general.  A competitive free market is the quickest and most 

effective way to balance the energy supply and demand equation. 

 

The goals of an energy policy do not need the lattice of environmental qualification that 

obscures official attention to energy matters these days.  The economy has tuned itself 

to economic values.  Energy initiatives that serve national economic initiatives and 
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comply with a non-obstructionist environmental regulation strike the best possible 

balance between economic reward and environmental risk.  Overly zealous 

environmental preservation has lead to a situation that is out of balance with the 

appropriate principles of multiple use.  We comprehend that some circumstances 

rightfully prevent oil and gas industry in certain areas, but come on – Florida -- 

Farmington -- southeastern New Mexico and the Aplomado Falcon.  These stories 

would be funny except that it is continuous.   This and many more horror stories deftly 

illustrate the wide-range issues that federal lessees wrangle with every single day.  

There is no end to the foot dragging, delays, threats, overly restrictive stipulations and 

conditions of approval, loss of revenues, absence of decision-making, unreasonable 

demands, uncertainty, and lack of administration.  Industry is frustrated, discouraged, 

and beginning to look elsewhere to produce oil and gas.  Witness the major oil 

companies that have sold virtually all of their onshore properties and moved offshore 

overseas to explore for and produce oil and gas.  It is simply too expensive, time-

consuming and difficult to operate on federal lands in the United States. 

 

The federal government must make federal lands available for oil, gas and coal leasing.  

Undeveloped resources contribute nothing to energy supply and nothing to state, 

regional and national economics.  We must treat refining as an essential element of 

supply security.  Because crude oil has little value as an energy source until it is refined, 

the ability of refiners to process crude oil into products required in the U.S. market 

should receive priority.  Because of environmental mandates, costs and obstructions, a 
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new refinery has not been constructed in the U.S. in the past 25 years.  Energy and 

environmental policies should complement and accommodate one another.  The 

heretofore under acknowledged reality is that they can. 

 

Still wondering why we need and energy policy?  Let’s take a global look.  Progress on 

international trade has seldom been more important than it is in the confused aftermath 

of the September 11 terrorist attacks in New York, Washington, DC, and Pennsylvania.  

The attacks aggravated a worldwide economic slowdown.  Evidence builds that the 

world is in recession.  In response to the attacks, the US, the UK, and other allies have 

begun what promises to be a long and expensive war.  Prompt economic recovery is 

crucial to that effort. 

 

At this moment, nothing would be better for the US and worldwide economies than 

strong international action on behalf of trade.  The war on terrorism thus should give 

economic priorities new urgency and dissipate the fog that surrounded trade issues 

before September 11. 

 

The overarching goal, given new focus by the war against a demonstrated global threat, 

must be restoration of economic health.  The arguments shouldn’t be about whether 

trade should increase; they should be about how to make the increase occur.  And the 

US, as the leader of the war on terrorism, should invigorate its leadership of this 

discussion. 
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Action on energy can strengthen or weaken US leverage in that crucial role.  US energy 

policy demonstrates US commitment to economic growth.  It’s that simple.  If the US 

government wants governments of other countries to behave responsibly on trade in 

support of global economic health, it should behave responsibly on energy in support of 

the US economy. 

 

In US energy politics, of course, the central issue is leasing of the Arctic National 

Wildlife Refuge coastal plain.  The policy reality is that Congress can do much to 

improve US energy conditions without approving ANWR leasing.  For starters, it can 

and should fix taxation and other impediments to domestic production of oil and gas. 

 

It should also, however, approve oil and gas leasing of the ANWR coastal plain – and 

not just because of the potential energy supply.  Beyond its great geologic promise, 

ANWR symbolizes the US approach to development of natural resources.  Until now, 

the federal government has allowed environmentalism increasingly to block 

development -- not just in ANWR and not just of hydrocarbon resources.  Too often, the 

obstructionism grounds itself in environmentalist exaggeration – and in ANWR’s case 

outright lies.  It dominates policy-making nevertheless.  And by limiting development of 

natural resources, it limits economic growth. 
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With ANWR, there is no sound environmental case against leasing and drilling of the 

relatively tiny area of industry interest.  That area is not pristine, as leasing opponents 

claim.  The industry can drill and produce there without causing significant or lasting 

damage.  Yet the resource lies unevaluated, the tremendous economic potential 

thought to exist there unrealized in deference to an environmental agenda that 

measures success in terms of the economic activity it prevents. 

 

Well, it is time to ask the question:  Is the US serious enough about economic growth to 

adjust this self-sacrificial political formula, or is it not? 

 

Terrorist attacks are a very real threat to US energy infrastructure.  Efforts to protect 

critical infrastructure should be given real priority and the US government should help oil 

and gas companies take protective measures. 

 

Given that terrorists have already shown the ability to turn our economic infrastructure 

into weapons to be used against the American people, we should take the threat of 

energy infrastructure terrorism seriously. 

 

While the risk to most energy infrastructure can be dealt with adequately, attacks on 

some components could be far-reaching, causing serious disruptions locally, regionally, 

or even nationally.  There could be widespread suffering and environmental damage, 

depending on the scale of any such attacks. 
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Analyzing the threat to the 800-mile Trans-Alaska Pipeline, which ships oil from the 

North Slope, the serious damage to the line would have a major impact on the US 

economy and energy supply.  It has been noted that a single gunshot in October caused 

285,000 gallons of crude to spill.  Shut it down with a bomb and we have a real energy 

crisis, particularly in California. 

 

Also, any shutdown of a major interstate natural gas pipeline supplying California would 

have a significant impact.  The impact could be particularly severe if there were a 

coordinated series of pipeline attacks. 

 

An attack on an oil tanker at a major terminal could easily shut a port down and disrupt 

energy flows, jobs and the movement of goods.  Despite advances in safety, oil tankers 

are not designed to withstand even a rudimentary terrorist attack. 

 

As for refineries, a terrorist attack could turn the facility itself into a weapon of mass 

destruction.  The release of hazardous materials following an attack would affect 

surrounding areas muck like a chemical weapon attack. 

 

The government should provide incentives, such as tax credits and low-cost financing, 

for companies to strengthen critical infrastructure against attack. 
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Since August the gas rig count has fallen from 1,060 to 876.  This boom-bust cycle 

results in wild and harmful price volatility.  The last 22 months are an example.  In that 

period prices have increased 350% - from $2.40/mcf to $9.00/mcf - and fallen again to 

$2.40/mcf.  In the last ten days it has ranged from $2.33 to $3.10 where it currently 

stands. 

 

Without proper drilling incentives, we are in for more of the same for the next 6-10 

years, where there is hope for a new pipeline to the Alaskan North Slope to bring in a 

significant new source of supply. 

 

Volatile natural gas prices disrupt the economy creating uncertainty for industrial, 

commercial and residential users.  The new and important wrinkle is that the disruption 

will be substantially greater than in the past.  In the past, gas price volatility affected 

primarily industrial and commercial users who used gas as a boiler fuel, or residential 

users who used it to heat their homes.  In the future, in addition to these sectors, the 

volatility will feed through the electricity grid into every corner of economic activity. 

 

Electricity generation is increasingly dependent on natural gas as a primary fuel.  In 

turn, the entire economy is increasingly dependent on electricity as an energy source.  

Of new generation planned for the next seven years, approximately 85% is expected to 

be gas fired.  Gas fired generators will increase from 14% to approximately 31% of the 

nation’s generating facilities.  Twenty-two gigawatts of new gas-fired generating 
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capacity was added in 2000 (an 18% increase from the 1999 level).  Forty gigawatts of 

gas-fired capacity are estimated by various sources to be added in each year of 2001 

and 2002. 

 

In closing, if we are to provide the country with the domestic energy it deserves, we 

need to create national policies that allow environmentally sound development of these 

resources.  No one can expect to climb out of this “energy challenge” overnight, it took 

us 20 years to get here, but we need to start the process.  We cannot conserve our way 

out of this “energy challenge.”   A balanced approach of conservation measures, 

increased exploration, production and access to government controlled lands coupled 

with additional refinery capacity and new technological advancements will go a long way 

toward providing a reliable, affordable and environmentally sound energy supply for the 

United States. 
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ABSTRACT 
 
 

Regional Emissions Information System (SIRE in Spanish) is a set of programs, 
databases and infrastructure that allows verification of pollutants emissions of different 
combustion equipment and their impact in the air quality. 
 
 

SIRE produces a detailed time distribution of emissions of process equipment and 
burners, it also classifies emissions by equipment type, place and region. System 
calculates the NOx, SO2, and CO2 rate of emissions as well as VOC fugitive emission.  In 
addition SIRE can be linked to OCD dispersion model to assess the air quality impact. 
Besides, SIRE allows determining fuel consumption distribution, and updating equipment 
inventory and emission factors.  

 
 
SIRE was developed in visual BASIC language, version 6.0, and it is provided of 

a compatible Windows 9X/NT graphical interface that generates graphical and numerical 
reports for different applications. The system has been applied to offshore platform and 
Marine Terminal in the Southwest of Campeche Sound 

 
 
 

INTRODUCTION 
 

Oil production in Mexico is mostly carried out in south part of Gulf of Mexico.  
There exists about 4363 production wells and 164 processing centers. There, within the 
South West region there are 157 internal combustion sources and 9 external sources 
(burners). All of this sources amount about 1,169,908,823 m3· of burned gas plus 120,212 
m3 of burned diesel per year (1). Therefore it is important to have an emission inventory to 
be able to asses emissions as well as air quality impact produced by combustion sources. 

 
 
In order to achieve these objectives SIRE was developed. Actually this system is 

comprised of tree main parts: 
 
• SIRE Program 
• Data bases 
• Infrastructure 

 



Present document explains structure and operation of SIRE, based on 
stoichiometric relationships, fuel consumption and equipment characteristics.  SIRE 
program computes SO2, NOX, CO2, VOC emissions as well as atmospheric dispersion of 
SO2, NOX, 

 
 

SIRE PROGRAM 
 
 
Sire program has tree main functions: 
 

• 
• 
• 

Data Input 
Emissions  calculations 
Graphical and numerical reports 

 
 

Main input data are: equipment characteristics, fuel consumption, environmental 
parameters and fuel’s elemental chemical composition. It also allows to update all input 
data, so  an historical data base is formed all the time. 

 
 
SIRE program empowers numerical computation of different variables vs. time: 
 
• NOX Emissions 
• SO2 Emissions 
• NOX Emission Factor 
• SO2 Emission Factor 
• CO2 Emissions 
• COV Fugitive emissions  

 
 
Technical Data 
 

SIRE program was developed in BASIC language V 6.0 Enterprise Edition, using 
Service Pack 5.0 and includes a compatible graphical interface Windows 9X/NT (4). It 
uses the following complementary libraries: 
 
• Control Crystal Report for emissions reports; 
 
• Compaq Array Visualizer 1.5 Software: Array Visualizer Grid and Array Visualizer 

2D; 
 
• Compaq Visual Fortran Version 6.5 routines. 

 
 

Program structure 
 

SIRE program main menu gives way to different options for estimating air 
pollution emissions. Figure 1 shows main program alternatives: 

 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Session: selecting this option you can have system access, provided you have 
a valid password. Depending of password, program lets you modify or update 
stored data. 

 
Emissions: this choice is for input of environmental, physical and chemical 
parameters, equipment characteristics, and hourly fuel consumption. It also 
produces emissions calculations and graphical and numerical reports (4). 

 
VOC: if this option is chosen, first, you can introduce all different accessories 
which produce fugitive emissions (flanges, valves, connectors, etc.) (2). 
Second you can feed, oil and gas physical and chemical parameters; third a 
fugitive emissions computation is done for all accessories existing in the data 
base. Finally SIRE main program can call TANKS main results to be 
displayed and printed. 

 
GIS: main results are exported to a file that can be used by a Geographical 
Information System 

 
OCD: this selection calls Ocean and Coastal Dispersion Model, and air 
pollution dispersion is executed using SO2 and NOX emissions data base (7).  

 
Tools: this option is for information backup, recovering of data bases, 
introducing information stored in flexible diskettes and compacting 
information.   

 
 

DATA BASES 
 
 
Main program generates the following data bases: 
 

Internal and external combustion equipment inventory. It includes equipment 
general data (name, inventory number, trade mark, model, serial number, 
power, combustion type, nominal consumption, equipment localization and 
chimney dimensions. (4) 

 
Fuel Consumption. This data base is build by hourly fuel consumption of each 
equipment. (4) 

 
Accessories inventory. It is made of accessories physical characteristics such 
as: accessory type (flange, connectors, valves, instruments, etc), connection 
type (flanged, welded, etc), diameter, working pressure, trade mark, serial 
number, fluid temperature, production line, localization, temperature, and 
working hours. (2) 

 
Storage tanks data base. This corresponds to TANKS’ data base, that is 
integrated by physical characteristics of storage tanks and roof, seals, and 
accessories. It also includes site’s meteorological and crude oil chemical data 
(5,6)  

 



• 

• 

• 
• 
• 
• 
• 

Physical and chemical characteristics of oil and gas: elemental chemical 
composition and heat content are the main components of this data base. 

 
Surface Meteorological information. Information included in this data base 
are (3):  

 
Wind speed and direction 
Dry bulb temperature 
Wet bulb temperature 
Cloud cover 
Atmospheric stability 

 
All data bases are created and handled using MS Access 

 
 

INFRASTRUCTURE  
 
 

Main assets consists of mechanical design for sampling ports and accesses as well 
as their physical placement. Accesses design was made according to national an 
international standards (4): 

 
• NMX-AA-009,1993. 
• AISC/ASD, 1986 
• IMCA,1998 
 
Sampling ports design is according: 
 
• ANSI/ASME B16.1, 1998 
• MSS. SP-44,1996 
 
First set of sampling ports and accesses are being installed in the present, program 

will be completed after to emissions measurement of the first set of combustion equipment 
is finished. 

 
MAIN RESULTS 

 
Fuel Consumption  

 
An example of  fuel consumption is shown in Figure 2. Results include diesel, 

sweet and sour gas and total consumption, all in m3. Some other values for fuel 
consumption results are average, maximum, minimum and standard deviation (4).  

 
SO2 - NOx  emissions 

  
SIRE program provides a detailed distribution of atmospheric emissions versus 

time. SO2 and NOx emissions are presented in graphical and numerical form. Results are in 



kg/hr for different kinds of equipment, place or region including either gas or diesel 
consumption (4) (see Figure 3). 

 
 
VOCs fugitive emissions 
 
VOCs and HAP reports are expressed in kg/yr, based on average emission factor 

method, proposed by EPA (2). Main input data are accessories, average emission factor 
and chemical composition of transported fluid (see Figure 4). 
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Figure 1.- Main program alternatives. 
 
 



 
 
Figure 2.- Report for Fuel Consumption  in South West Region 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Report of Pollutants emissions in the South West Region 
 
 
 



 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Volatile Organic Compounds Emissions Report. 
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ABSTRACT 
  
 The Harmonized Mandatory Control Scheme (HMCS) was implemented in the 
OSPAR Convention area from January 2001. This scheme requires chemicals to be 
selected for use/discharge offshore on the basis of their environmental acceptability, 
following assessment through a pre-screening requirement and if applicable further 
assessment using Chemical Hazard Assessment and Risk Management (CHARM).  This 
paper will review the impact on the continued use of existing drilling chemicals and the 
potential changes these regulations will bring. 

   



 

INTRODUCTION 
 

The Oslo and Paris Commission (OSPAR) Convention area (Figure 1) has 
recently implemented a new review and approvals process, known as the Harmonized 
Mandatory Control Scheme (HMCS; Figure 2) that will be used as the standard 
regulatory tool for approval for use/discharge of chemicals offshore within the 
Convention area.   

 
The main intention of the scheme is to allow the chemical end-user to justify his 

selection of chemicals on the basis of environmental performance and thus actively 
promote the continued use of less hazardous products, helping to achieve the OSPAR 
Convention goal of protecting the aquatic environment.  The OSPAR definition of this 
objective is: “to ensure and actively promote the continued shift towards the use of less 
hazardous substances (or preferably non-hazardous substances) and, as a result, the 
reduction of the overall environmental impact resulting from the use and discharge of 
offshore chemicals”.1 

 
The HMCS will require all new and existing North Sea chemicals to undergo 

pre-screening (Figure 3) and CHARM hazard evaluation (Figure 4) to enable continued 
approval for use/discharge offshore. This evaluation will be based on the products 
environmental properties and information on the likely amounts used/discharged.  

 
The scheme uses the Harmonized Offshore Chemicals Notification Format 

(HOCNF) standard OSPAR environmental data-set (Table 1), and, following pre-
screening, chemicals are evaluated using the Chemical Hazard Assessment and Risk 
Management (CHARM) model (Figure 3).  

 
The Harmonized Mandatory Control Scheme 
 

CHARM uses the HOCNF Dataset to calculate the Potential Environmental 
Concentration (PEC) and Potential No Effect Concentration (PNEC), which when 
expressed as a ratio of PEC/PNEC is known as the Hazard Quotient (HQ) value, thus by 
selecting chemicals with the lowest hazard quotient the potential risk to the receiving 
environment should be minimized.  

 
This evaluation is likely to affect the range and type of chemicals available for 

use offshore, as only products with the lowest Hazard Quotient (HQ) value will be 
selected for use/discharge 

 
The Pre-Screening Scheme  

 
The pre-screening scheme requirements were agreed and set out in OSPAR 

Recommendation 2000/4 on a Harmonized Pre-screening Scheme for Offshore 
Chemicals. A copy of the flow chart is shown in Figure 3 but the broad scheme 
requirements are as follows1: 

 
• When regulating the use and discharge of offshore chemicals, Contracting 

Parties should apply and follow the harmonized pre-screening scheme  
• An offshore chemical should be substituted if it: 

   



 

a. Is listed in Annex 2 of the OSPAR Strategy with regard to Hazardous 
Substances; or 

b. Is considered by the authority, to which the application has been made, 
to be of equivalent concern for the marine environment as substances 
covered by the previous sub-paragraph; or 

c. Is inorganic and has a LC50 or EC50 less than 1 mg/L; or 
d. Has a biodegradation less than 20% during 28 days; or 
e. Meets two of the following three criteria: 

i. Biodegradation in 28 days less than 70% (OECD 301A, 301E) or 
less than 60% (OECD 301B, 301C, 301F, 306);  

ii. Bioaccumulation log Pow ≥ 3 or BCF > 100 and considering 
molecular weight; 

iii. Toxicity LC50 < 10mg/L or EC50 < 10mg/L; or a less hazardous 
(or preferably non-hazardous) substitute is available. 

 
Once the HOCNF is complete, it is passed to the Operator or Regulator for 

appraisal of the environmental profile of the product.  The first phase of the assessment 
will be to evaluate the data against the Pre-Screening Scheme.  This is a flowchart 
outlined in OSPAR Recommendation 2000/4.  There are a number of possible outcomes 
from the flowchart.  A PLONOR substance will generally receive immediate approval 
although special features of the receiving environment, e.g. fish spawning season, may 
dictate conditions for use.   Conversely, a few substances, e.g. those appearing on Annex 
2 to OSPAR Strategy with regard to Hazardous Substances, may be prohibited from use. 

 
The remaining offshore chemicals will go to one of two other outcomes.  Those 

substances having a low rate of biodegradation, or a combination of this with low toxicity 
or high potential for bioaccumulation will go to the “Substitute” box.  The Operating 
Company would be expected to try to find an alternative product for the same 
application, but which has a better environmental profile.  If an alternative cannot be 
found, temporary permission for use of the product will be granted.  The duration of the 
temporary permission will range between 6 months and 3 years depending upon the level 
of concern about the potential environmental effects of the substance. 

 
Those substances which pass through the scheme to the “Ranking” box or those 

given temporary permission go to the second stage of the assessment.  This involves 
evaluation by CHARM (Chemical Hazard Assessment and Risk Management) model.2 

 

The CHARM Model 
 
The series of mathematical equations which comprise the CHARM model3 are used to 
calculate ‘predicted environmental concentrations’ (PEC) and ‘predicted no effect 
concentrations’ (PNEC) based upon measured and predicted parameters.  The ratio of 
these two values is then calculated as a Hazard and/or Risk Quotient. (Figure 4).  These 
Quotients are then used to compare the likely environmental impact of similar products to 
enable selection of the one that can demonstrate the least impact to the receiving 
environment.  A schematic of the representation of the CHARM model is given in Figure 
5 

 

   



 

Calculation of Hazard and Risk Assessment, PEC:PNEC 
Approach 
 

The hazard evaluation and risk assessment is made by comparison of the 
Predicted Environmental Concentration of the chemicals in the environment (PEC) with 
the Predicted No Effect Concentration of the chemicals (PNEC) expressed as a ratio, i.e. 
PEC:PNEC. 

 
Where the PEC is less than or equal to the PNEC we can say that the discharge is 

acceptable (lower hazard).  Where the PEC is greater than the PNEC potentially 
damaging environmental effects may occur. 

 
Three PEC:NEC quotients have been identified: 

• Q Pelagic = PEC water : PNEC aquatic biota 
• Q Benthic = PEC sediment :PNEC aquatic biota 
• Q Food chain = PEC biota : PNEC birds, mammals 

 
 
The PNEC values are determined from marine eco-toxicity and mammalian 

testing using existing OECD methods. 
 
Within CHARM, Environmental Hazard Assessment, Risk Analysis and Risk 

Management are all based on Hazard Quotient and Risk Quotient (HQ and RQ), which 
are calculated using the internationally accepted PEC:PNEC method.  The traditional 
method of comparing single PEC and PNEC values by calculating the ratio of PEC and 
PNEC is illustrated in Figure 6. 

 
The Predicted Environmental Concentration (PEC) is an estimate of the expected 

concentration of a chemical to which the environment will be exposed during and after 
the discharge of that chemical.  The actual exposure depends upon the intrinsic properties 
of the chemical (such as its partition coefficient, degradation, and bioconcentration 
factor), the concentration in the waste stream, and the dilution in the receiving 
environmental compartment. 

 
Most of the calculations within CHARM are concerned with the estimation of the 

concentration of a chemical in the waste stream.  This is dependent upon the process in 
which it is used, the dosage of the chemical, its partitioning characteristics, the oil (or 
condensate) and water production at the platform, the in-process degradation mechanisms 
and the residence time before release. 

 
As the name suggests, the Predicted No Effect Concentration (PNEC) is an 

estimate of the highest concentration of a chemical in a particular environmental 
compartment at which no adverse effects are expected.  It is, thus, an estimate of the 
sensitivity of the ecosystem to a certain chemical.  In general the PNEC represents a 
toxicity threshold, derived from standard toxicity data (NOECs, LC50s, EC50s). 

 
Within the CHARM model, a PNECwater value is extrapolated from toxicity data 

using the OECD method, which is accepted by most OSPAR Countries.  In this method, 
the PNEC for a certain ecosystem is determined by applying an empirical extrapolation 

   



 

factor to the lowest available toxicity value.  The magnitude of the extrapolation factor 
depends upon the suitability of the available ecotoxicity data.  

 
By calculating a PEC:PNEC ratio for a certain chemical, the CHARM model 

compares the expected environmental exposure to a chemical (quantified as the PEC) 
with the sensitivity of the environment to that chemical (quantified as the PNEC).  If the 
PEC:PNEC ratio (an indication of the likelihood that adverse effects will occur) is larger 
than 1, an environmental effect may be expected.  It must be noted, however, that these 
results should be interpreted with care, and only used as a means to estimate potential 
adverse environmental effects of chemicals.  Furthermore, in order to acknowledge 
uncertainty in the results of the model, the raw data should be considered as well when 
comparing chemicals 

 
Within CHARM the offshore environment is divided into two compartments: 

water and sediment.  This is done in order to acknowledge the fact that a chemical 
present in the environment will partition between the water and organic matrix in the 
sediment.  This is illustrated in Figure 7.  The concentration of a chemical may, therefore, 
vary greatly from one compartment to another.  Consequently, two PEC values are 
calculated: PECwater and  PECsediment. 

 
Chemicals dissolved in water may have adverse effects on the pelagic biota, i.e. 

plankton and most fish species.  Those which accumulate in the sediment may affect the 
benthic biota, i.e. worms, echinoderms, crabs and bivalves. For this reason, two PNEC 
values are calculated: PNECpelagic and PNECbenthic. 

 
In order to estimate a chemical’s potential to cause environmental impacts, a 

PEC:PNEC ratio is calculated for each compartment (PEC:PNECwater and 
PEC:PNECsediment). The higher of the two ratios is used to characterise the maximum 
environmental hazard or risk associated with the discharge of a product. This approach 
avoids arbitrary weighting of the compartments and yet ensures protection of the other 
compartment by measures to minimise or reduce risks.  (Table 2) 
 
Implementation of CHARM 
 

In considering the impact of the pre-screening scheme on the Chemical Supply 
Industry, we can look to the evaluation that CEFAS (the UK Offshore Regulatory 
authority, The Centre for the Environment Fisheries Aquaculture and Science) performed 
on 1990 oilfield chemicals in their database of registered products to determine the 
proportion of chemicals arriving at each outcome from the flow-chart.  This breakdown, 
which is based upon the current environmental data available for those products, is given 
in Table 3. The table indicates that a significant proportion of chemicals will go to the 
“Substitute” box.  These are predominantly products containing substances having a low 
rate of biodegradation and are mostly of a polymeric nature.  It will be very difficult to 
find alternatives to these in the short term, but this is the future challenge for the 
industry.2 

 

   



 

The UK Offshore Chemical Notification Scheme 
(OCNS) Vs the “New” CHARM system 

 
The OCNS Classification 

 
Prior to the implementation of the HMCS the UK Offshore regulatory authorities 

used the OSPAR agreed environmental data set to classify chemicals for use/discharge 
offshore in the UK Continental Shelf. The highest species toxicity for the chemical gives 
the initial classification (Table 4). The biodegradation and bioaccumulation data is then 
reviewed and the initial classification changed upwards or downwards depending on the 
data (Table 5). Each Group classification (A to E) denotes the “tonnage trigger” 
(maximum) amounts (Table 6) that can be discharged (per single location per year) 
without prior consultation with government.  

 
Tonnage Triggers 

 
These amounts or “tonnage triggers” have been determined for both production 

and drilling chemicals, with the lowest volumes discharged being set for the least 
environmentally acceptable chemicals. This results in a classification from A (no drilling 
discharge without prior agreement) to E (least environmentally damaging, highest 
volume discharge without prior consultation).  

 
The tonnage triggers have been set following review of drilling chemical 

discharges reported to Government for the UKCNS during previous years, and have been 
set so that around 90% of discharges can be made without further consultation with 
Government4   

 
In essence, the categorization of chemicals under the OCNS scheme was 

primarily based upon the toxicity of the material, its ranking being adjusted according to 
its biodegradability and bioaccumulation potential as outlined in the example given in 
Figure 8. 

 
A point to remember is that the CHARM Model will not apply to all chemicals, 

indeed CEFAS’ own predication shown in Table 5 indicates only 19% of chemicals 
within their database being ranked by CHARM.  Therefore a revised version of the 
OCNS scheme is to remain in place in the UK.  This will be for all non-CHARMable 
products, e.g. inorganic, a PLONOR product, and any product that CEFAS does not have 
a complete data set, e.g. surfactants where no log Pow testing would have been performed 
due to the unsuitability of the octanol water partition coefficient test method for surface 
active materials. 

 
CHARM 

 
With CHARM, the main criteria for determination of the Hazard Quotient 

appears to be dose rate, percentage actives, i.e. the amount used, and the Octanol:Water 
partition coefficient (log Pow), the Hazard Quotient being modified by toxicity and 
biodegradation. However, whilst less bioaccumulating, water soluble compounds (log Pow 
<5) tend to show greater hazard quotients, hence assessment is not just about 

   



 

bioaccumulation potential and the amount of material used. This is discussed further in 
the examples below.   

 
Example Hazard Quotients for 3 Different Types of Drilling 
Chemicals 

 
The environmental data for 3 different types of drilling chemicals is shown in 

Table 7.  
 

Glycols 
 

Although both the glycols in Table 7 were awarded category E status under the 
OCNS scheme, Glycol 1 has the best environmental profile, but does not have any data 
regarding its fish toxicity.  Calculation of the Hazard Quotient would produce a lower 
HQ number for Glycol 2 and indicate its preferred selection for use unless the additional 
fish test is performed on Glycol 1 allowing the data to be used in the Hazard Quotient 
calculation.  This example highlights the penalty effect of an incomplete data set on the 
calculation of the hazard quotient.  There are a number of chemicals without fish test 
data, as this only became a requirement for new products in 2001.  The resulting increase 
in environmental toxicity testing is a cause of concern in some of the contracting parties 
of OSPAR. 

 
Lubricants 
 

In this case, both lubricants were awarded category D status under the OCNS 
scheme and although they are both used at the same dose rate and contain the same 
percentage of active materials, the CHARM model is able to differentiate between the 
two chemicals and allow the user to select the material with the lowest Hazard Quotient.  
As Lubricant 1 has an HQ of > 1 in the 12.25-in. and 8.5-in. sections and Lubricant 2 has 
an HQ of < 1 in these sections, Lubricant 2 would be selected for use.  The only possible 
reason for the selection of Lubricant 1 would be the presentation of a strong technical 
argument.  The higher HQ of Lubricant 1 would mean that its commercial viability 
comes to an end within the North Sea market, although it was previously approved for 
use and discharge.  This example shows how there is a new definition of an 
environmentally acceptable product. 

 
Biocides 
 

The third example refers to two biocides (both Category C materials under the 
OCNS Scheme) which have traditional been seen as hazardous to the environment, 
however CHARM treats them well due to the low dose rate. If we are ranking products 
by HQ alone, then these products are seen as more environmentally acceptable than the 
lubricants shown in the example before.  This aspect has been taken into account by 
CEFAS and products will be ranked within their OSPAR-defined Function Group (Table 
8).  The decision to rank chemicals within their Function Group has place greater weight 
on these definitions than previously established.  Although it was always been a 
requirement to place the chemical within a function group on the HOCNF, the difference 
between an anti-foamer and a defoamer was much less important under the old scheme. 

   



 

 
Hazard Quotients for Chemicals with Fundamentally Different 
Environmental Profiles 

 
Although both the model chemicals used in this example (Table 9) have identical 

Hazard Quotients and are used at the same dose rate (the percent actives is also the 
same), Product A would be regarded as being highly toxic (EC50 < 10 mg/L) but is also 
highly biodegradable and does not show any potential to bioaccumulate (log Pow <3), 
conversely Product B is less toxic (EC50 >100 mg/L), but is not readily biodegradable and 
has the potential to bioaccumulate (log Pow >3).  It is interesting to note that these 
products have the same HQ value but would have been ranked as B and D OCNS 
products, representing a wide variation. 

 

CHARM and the Development of New Products 
 
Product Introduction Drivers 

 
It is likely that the exclusion of existing products by CHARM and the HMCS 

will create the need for substitution products and thus increase the number of new 
chemicals being introduced. However the registration and introduction of these materials 
will be more complex and more expensive and it is quite likely that these barriers may 
well slow down the introduction of new chemicals and limit the number of products that 
vendors choose to support.     

 
Product Development Drivers 

 
Selection of product constituents will be driven by their respective CHARM HQ 

values.  For example, if the charm model favors products with low log Pow instead of low 
toxicity, the new products will have a low log Pow and potentially higher toxicity. 
However, additional drivers of drilling and economic performance will remain significant 
factors in determining whether new products are introduced to the industry. 

 
Chemical suppliers and end-users will have to show that they have been actively 

working on substitution of a product that was granted ‘temporary approval’.  Therefore 
developmental work will have to be undertaken which may result in no new product but 
justifies the use of an existing product 

 
The potential impact of CHARM model on Drilling Activity and 
Waste Production 

 
Increased control on products may reduce the hazardous nature of products 

approved for use/discharge offshore. However, reduced drilling performance may lead to 
greater volumes of overall discharges and more days on location hence a greater site 
specific environmental impact. Delay or elimination of introduction of new products may 
increase cost of drilling relative to other areas while increased regulatory complexity and 
additional barriers for use/discharge may shift more drilling activity away from regions 
regulated by OSPAR.  Similarly, increased cost of available products may be caused by a 

   



 

reduced number of acceptable products and from the development of replacement 
products with lower HQ values.   

 

CHARM Summary 
 

• Chemicals are pre-screened to ensure applicability to the CHARM model 
• Materials which fail pre-screening should be substituted 
• Incomplete data sets get penalized 
• It is essential that dose rates and % actives are accurate 
• CHARM evaluations cannot be performed on OBM/SBM due to 

complexity of mixtures (Note, OBM/SBM are effectively zero discharge 
in the OSPAR region now) 

• CHARM will be carried out on chemicals that have previously been 
regarded as being environmentally acceptable (typically OCNS Groups 
D & E)  

• Chemicals with best environmental performance (Group E) may not 
automatically receive the same ranking under CHARM 

 

CONCLUSIONS 
 

Although ecotoxicity testing of drilling chemicals and fluids has been required 
for regulatory approval/compliance within the OSPAR Convention area for a number of 
years, it is only now that a Harmonized Mandatory Control Scheme has been 
implemented with the CHARM Model.  Within the UK territories, the OCNS was a 
voluntary scheme.  With this legislation, the regulatory bodies now have the ability to 
impose penalties on non-compliance.  The OSPAR environmental dataset for chemicals 
is used for hazard evaluation and risk assessment which attempts to better predict the 
likely environmental effect on the aquatic environment. In principle only the lowest 
HQ/RQ value products should be selected for use, although the pre-screening allows for 
expert judgment to be used in this approval process.  There will also be the opportunity 
for chemical suppliers and end-users to make arguments for approval to use and 
discharge chemicals based upon technical performance and the lack of suitable 
substitutes for chemicals with ‘poor’ HQs in the short term.  The development of 
products that meet the technical and environmental criteria for the North Sea is a new 
challenge for chemical suppliers and end-users and one that must be faced now. 

 
Although the HMCS is a welcome step, as it should standardize the regulatory 

approval process within the Convention area, it is dependent upon all contracting parties 
implementing the scheme using similar techniques.  At present there is debate within the 
OSPAR countries about methods of implementation, which could result in major 
variations in the regulations appearing within the convention area.  However, the final 
method of implementation has yet to be decided.  As discussed above, the use of 
CHARM hazard ranking will reduce the hazardous nature of the materials used offshore, 
but may not reduce the overall amount of waste materials generated and thus lead to any 
real reduction in the overall environmental impact resulting from these offshore industrial 
activities for which a more holistic regulatory approach should be taken.  

 

   



 

GLOSSARY 
 

CHARM  Chemical Hazard Assessment and Risk Management 
HMCS   Harmonized Mandatory Control Scheme 
HOCNF   Harmonized Offshore Chemical Notification Format 
OSPAR   Oslo and Paris Commissions 
PARCOM  Paris and Oslo Commissions 
PEC   Predicted Environmental Concentration 
NEC   No Effect Concentration   
PNEC   Predicted No Effect Concentration 
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Table 1.  The OSPAR Environmental Data Set 
Toxicity Tests – Formulated Products or Components 

Mandatory Water Accommodated Fraction Tests 
• Algal toxicity, 72-hr EC50:(Skeletonema costatum) 
• Crustacean toxicity, 48-hr LC50: (Acartia tonsa) 
• Fish toxicity, 96-hr EC50: (Scopthalamus maximus, juvenile) 

Water Insoluble Substances (benthic toxicity)  
• Sediment Reworker, 10-day LC50 (Corophium volutator) 

Fate Tests – Organic Substances 
Persistence 

• 28-day Aerobic Biodegradation (OECD 306 or BODIS) 
Bioaccumulation Potential 

• Octanol:Water Partition Coefficient, log Pow (OECD 117 or OECD 107) 
Bioconcentration Factor 

• Blue Mussel (OECD 305; Mytilus edulis) 
 

   



 

 
 
 

Table 2.  An overview of the names used to 
indicate the compartment to which the PEC, 
PNEC and PEC:PNEC ratio is referring 
PEC PNEC PEC:PNEC-ratio 
Water 
 

Pelagic 
 

Water 
 

Sediment Benthic Sediment 
 
 
 
 

Table 3. Proportion of oilfield chemicals arriving at different outcomes of the pre-screening 
scheme2 
Rebrand of Substances or Products 

containing Substances…. 
Number of 
Chemicals 

Percentage 
(%) 

Pre-Screening 
Outcome 

PLONOR chemicals  604  30 Permitted for use 
Listed on Annex 2 to OSPAR 

Strategy on Hazardous Substances 
 43  2 Prohibited for use 

Rebrand of inorganic substances (if 
LC/EC50 >1 mg/L) 

 119  6 Expert Judgement 

Products containing inorganic 
substances (if LC/EC50 >1 mg/L) 

 398  20 Expert Judgement 

Biodegrade <20% in 28 days  615  31 Substitute 
Does not meet 2 of the 3 criteria  193  10 Substitute 
Go to Ranking  377  19 CHARM Assessment 

 
 
 
 
 

Table 4.  Initial OCNS Group Classification 
Toxicity 
Classification Group A Group B Group C Group D Group E 

Skeletonema / 
Acartia 

<1 ppm 1 ≤10 ppm 10 ≤100 ppm 100 ≤1,000 ppm. >1,000 ppm 

Corophium <10 ppm 10 ≤100 ppm 100 ≤1,000 ppm 1,000 ≤10,000 ppm. >10,000 ppm 
 
 
 

   



 

 
 

Table 5.  Final OCNS Group Classification 
Increase by 2 

Groups,  
e.g. C to E 

Increase by 1 
Group,  

e.g. C to D 

Do not adjust 
Initial grouping 

Decrease by 1 
Group,  

e.g. C to B 

Decrease by 2 
groups,  

e.g. C to A 
Substance is 

readily 
biodegradable 

and is non-
bioaccumulative 

Substance is 
inherently 

biodegradable 
and is non-

bioaccumulative 

Substance is not 
biodegradable 

and is non-
bioaccumulative 

OR 
Substance is 

readily 
biodegradable 

and 
bioaccumulates 

Substance is 
inherently 

biodegradable 
and 

bioaccumulative 

Substance does 
not biodegrade 

and  
bioaccumulates 

 

 
Table 6.  Tonnage Triggers 
Production Chemicals (Including 
stimulation and injection chemicals) 

Drilling Chemicals (Including cementing, 
completion, and workover chemicals) 

Group A      40 tonnes 
Group B      70 tonnes 
Group C    150 tonnes 
Group D    375 tonnes 
Group E  1000 tonnes 

Group A All proposed usage to be notified 
Group B       3 tonnes 
Group C     15 tonnes 
Group D   350 tonnes 
Group E 4750 tonnes 

 
 
 

Table 7.  Example Hazard Quotients and Environmental data for 3 different types of 
drilling chemicals 

 Glycol 1 Glycol 2 Lube 1 Lube 2 Biocide 1 Biocide 2 
OCNS category E E D D C C 
% Actives 75 100 100 100 77 77 
Dose (lb/bbl) 10 10 12 12 0.4 0.4 
Log Pow 0.0 0.436 0.0 0.353 0.0 2.5 
Biodegradation 99% 68% 87% 76% 99.9% 76% 
Algae 1001 391 16 465 6.69 2.7 
Crustacean 470 390 238 356 43.4 10 
Fish Not 

tested 
1801 748 1801 198.6 150 

Hazard Quotient 
17.5-in. section 0.005 0.001 0.022 0.001 0.001 0.003 
12.25-in. section 0.350 0.056 1.644 0.074 0.101 0.250 
8.5-in. section 0.347 0.056 1.631 0.073 0.100 0.248 

 
 

   



 

 
Table 8.  OSPAR Valid Chemical Function List 
Code Description 
 1 Anti-foaming (Hydrocarbons) 
 2 Asphalts and Asphalt-based Products 
 3 Biocides 
 4 Carrier Solvents 
 5 Cement and Cement Additives 
 6 Coagulant/Deoiler 
 7 Corrosion Inhibitors 
 8 Cutting Wash Fluids 
 9 Defoamers 
 10 Demulsifiers 
 11 Detergent/Cleaning Fluids 
 12 Dispersant 
 13 Drilling Lubricants 
 14 Dye 
 15 Emulsifier 
 16 Flocculant (Water Injection) 
 17 Fluid Loss Control 
 18 Gas Treatment 
 19 Gels (Organic Products) 
 20 Inorganic Chemicals 
 21 Laboratory Chemicals 
 22 Lignosulphonates/Lignites 
 23 Lost Circulation Material 
 24 Oil Based Mud and Additives 
 25 Oxygen Scavenger 
 26 Pipe Release Agents  
 27 Polymeric Viscosifiers and Filtrate Reducers 
 28 Scale Dissolver 
 29 Scale Inhibitor 
 30 Shale Inhibitor/Encapsulator 
 31 Thinner 
 32 Viscosifier 
 33 Water Based Mud and Additives 
 34 Weighting Agents and Inorganic Gelling Agents 
 35 Synthetic Based Mud and Additives 

 

   



 

 
Table 9.  Model environmental data and Hazard Quotients for two 
drilling chemicals with fundamentally different environmental profiles 

 Product A Product B 
OCNS category D B 
% Actives 100 100 
Dose (lb/bbl) 10 10 
Log Pow 2 3.1 
Biodegradation 99% 20% 
Algae 9 100 
Crustacean 9 100 
Fish 9 100 
Hazard Quotient 
17.5-in. section 0.033 0.033 
12.25-in. section 2.435 2.435 
8.5-in. section 2.416 2.416 

 
 
 

 
Figure 1. Countries within the OSPAR Convention Area. 

 
 
 

   



 

 
New product to be used on an offshore installation

Supplier generates environmental data set and prepares HOCNF

Submits data to Operator or Regulator 

Operator selects chemicals taking into account HQ for given 
application and justifies choice

Operator/Regulator evaluates data against Pre-Screening Scheme

Operator/Regulator evaluates Data using CHARM Generates a Hazard
Quotient (HQ)

HQ is ranked against chemicals of similar application

 
Figure 2. Outline of the Harmonized Mandatory Control Scheme. 
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considering molecular weight

• toxicity LC50 or EC50 < 10mg/l **
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considering molecular weight

• toxicity LC50 or EC50 < 10mg/l **
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of the ranking

   

 
Explanatory notes: 
* In accordance with the precautionary principle, expert judgement on a PLONOR substance should take into 
account sensitive areas, where the discharge of certain amounts of such a PLONOR substance may have 
unacceptable effects on the receiving environment. 
** If toxicity data are available only for a preparation, the authority should, on a case by case basis: 
a. Seek further information from the supplier to identify that substance, which is the major contributor to the 
overall toxicity of the preparation; or 
b. Use the toxicity data of the preparation to estimate the toxicity of a substance contained in it, taking into 
account the concentration of the substance in the preparation. 
 
 
Figure 3. The harmonized pre-screening scheme (shaded) as part of the whole 
harmonized mandatory control system for offshore substances set out in the applicable 
OSPAR decision. 
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concentration (PEC)
Predicted environmental
concentration (PEC)

Predicted no effect
concentration (PNEC)
Predicted no effect
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HQ < 1 – No predicted environmental effectsHQ < 1 – No predicted environmental effects

Information on quantity used.
Standard rig discharge and dilution rate at 500 m

Information on quantity used.
Standard rig discharge and dilution rate at 500 m

 HQ > 1 – Predicted environmental effects HQ > 1 – Predicted environmental effects 
Figure 4.  Chemical Hazard Assessment and Risk Management. 
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Pre-screening identifies chemicals that might lead to specific long term ‘chronic’ effects since these 
cannot be assessed using a PEC:PNEC comparison. Those chemicals are characterised by long-term 
persistency and a high potential for bioaccumulation.  Pre-screening is, therefore, used to screen substances 
prior to the use of the CHARM model.  

 
Hazard Assessment provides a general environmental evaluation of a chemical based on its intrinsic 

properties under "realistic worst case" conditions. The Hazard Assessment is primarily intended for relative 
comparison of single production chemicals, i.e. for ranking or classifying production chemicals.  

 
Risk Analysis covers a more specific evaluation of the environmental impact from the use of a production 

chemical or a combination of production chemicals under actual conditions. Such a specific analysis enables 
risk management on the basis of various scenarios for environmental care options and input of various cost 
options. 

 
Risk Management is used to compare various risk reducing measures based on cost/benefit (benefit = 

risk reduction) analyses for a combination of chemicals  
 

   



 

Figure 5.  Schematic representation of the CHARM model. 
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Figure 6.  The traditional method of comparing PEC and PNEC in order to calculate a 
Hazard or Risk Quotient. 
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Figure 7.  Schematic representation of the environmental compartments considered within 
the CHARM model. 
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Figure 8.  Representation of the effect of biodegradability and bioaccumulation potential on 
OCNS category. 

 
 



 
 

EFFECT OF DESORPTION-RESISTANCE ON 
PLANT UPTAKE OF PAH’S FROM 

SEDIMENTS  
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ABSTRACT 
Two types of wetland plants; Salix nigra and Scirpus olneyi were used in 

laboratory studies to evaluate relationships between sorption, plant uptake, translocation 
and transpiration of phenanthrene and chlorobenzene. Previous studies have evaluated the 
plant uptake of non-ionic organics from hydroponic systems; however, little information 
exists for plant uptake of “aged” desorption-resistant contaminants in sediments. The 
objective of this study was to determine phenanthrene plant uptake from three different 
treatments: 1) sediment artificially contaminated, aged and resistant to desorption, 2) 
chemical in a fully bioavailable sand matrix and 3) sediment freshly contaminated. The 
laboratory results were compared against those predicted by a mathematical model to 
predict plant uptake taking into account sorption hysteresis, which has not been 
considered in all previous plant uptake models. Plant uptake was observed in all three 
treatments. Despite the lowest uptake observed, the “aged” chemical was bioavailable to 
plants. Uptake is primarily in the belowground plant portion, and is consistent with a 
repartitioning from sediment to plant tissue via a simple sorption reaction. 



INTRODUCTION 
  
 The uptake and transformation of a number of classes of organic compounds by 
plants has been reported (e.g., Burken & Schnoor 1998). Structure activity relationships 
developed over the past decade (Trapp, 1995, Burken & Schnoor, 1998) for non-ionic 
organics suggest that uptake is only effective for compounds with Kow’s from 0.5 to 
approximately 4, below that of many of the more hydrophobic (petroleum-related) 
organic contaminants such as polycyclic aromatic hydrocarbons (PAHs). These 
relationships have been developed for plants grown hydroponically without regard for 
complex sorption-desorption behavior in the rhizosphere. As a result, the relationship 
between plant uptake and contaminant partitioning in soils and sediment is poorly 
understood.  
 

 Sorption irreversibility or “desorption-resistance” of organic compounds in soils 
and sediments has been reported (Fu et al., 1994; Kan et al., 1997; Kan et al., 1998; Wei 
et al., 1999) often in the context of contaminant “aging”. These studies suggest that a 
significant fraction of the contaminant is slowly desorbed from the sediment (i.e., the 
desorption rate is slower than the adsorption rate). A number of explanations have been 
published to explain this phenomenon (Kan et al. 1997; Kan et al. 1998; Wei et al. 1999, 
Weber et al. 1998, Pignatello and Xing, 1996) but no agreement exists on the mechanism 
at this date. In one explanation, the soil or sediment has a finite sized desorption-resistant 
compartment that, once full, adsorption and desorption become completely reversible 
processes (Kan et al., 1994). If contaminant desorption from this resistant fraction is 
sufficiently slow, it may be possible to leave the residual in place and save on clean-up 
costs with no risk to the environment (Wei et al., 1999). To date, the bioavailability of 
contaminants found in this desorption-resistant compartment has not been investigated 
for plants. Relationships between contaminant aging and plant uptake have implications 
both for risk assessment, where vegetation is often a component of an exposure pathway 
and for the phytoremediation, the remediation of contaminants using vegetation. 
 

 The objective of this study was to assess the effect of desorption-resistance on 
plant uptake. Sediment and sand were prepared to maintain different concentrations of 
phenanthrene in the porewater including an artificially “aged” treatment that contained 
only the desorption-resistant contaminant. Plant uptake studies were conducted in the 
greenhouse to test the hypothesis that desorption-resistant phenanthrene, a model PAH, is 
not bioavailable to vegetation.  

 

MATERIALS AND METHODS 
Plants.  

The wetland plant species used throughout the experimentation were: a tree, 
black willow (Salix nigra) and a sedge, three-square bulrush (Scirpus olneyi). The trees 
were obtained from cuttings of larger trees, these cuttings were grown hydroponically in 
a greenhouse and were continuously flooded until roots and leaves were developed. The 
sedges were obtained from a nursery.  



Chemicals; 14C-labeled and non-labeled. 
Radiolabeled chlorobenzene (Sigma Chemical Co. St. Louis, MO., 27 

mCi/ mmol) as well as radiolabeled [9,10-14C] phenanthrene (Sigma Chemical Co. St. 
Louis, MO., 8.3 µCi/ µmol) were used as tracers. The [14C] compounds were further 
diluted with a corresponding non-labeled chemical; Chlorobenzene (Sigma Chemical 
Co. St. Louis, MO., >99.9%) and Phenanthrene (Sigma Chemical Co. St. Louis, MO., 
>96% HPLC) in the reactors. [9,10-14C] phenanthrene (ChemSyn Laboratories, Lenexa, 
KS., 56.7 µCi/ µmol) was used to prepare the desorption-resistant sediment. 

 

Soil Sources. 
Three different soil types were used in this study: a) commercial silica sand 

(rinsed with de-ionized water, oven-dried and then autoclaved), b) soil indigenous to the 
superfund site “Petro Processor Inc.” (PPI) and c) Bayou Manchac sediment, collected 
from Bayou Manchac (Baton Rouge, LA) The soil/sediment were sieved through a 2 mm 
mesh sieve (No. 10). ) and then frozen and thawed twice in a 4°C freezer in order to 
eliminate the native macro life (worms, snails, etc.).  After this preparation, the water 
content of the sediment was adjusted to desired conditions (20%) for the experiments. 
One batch of the soil/sediment was contaminated and decontaminated to leave only the 
desorption-resistant fraction using the isopropanol extraction protocol provided by Liu et 
al. (2000) for establishing known amounts of organics in the reversible and irreversible 
compartments. After the sieving process, another batch of the soil/sediment was dried, 
stored and prior to inoculation it was autoclaved. 

 

Experimental protocol. 
Glass plant-uptake reactors based on the working principle of those described 

previously (Burken & Schnoor 1998) were fabricated for this study. Three different 
treatments were utilized: a) fully available treatment (FA) where a phenanthrene or 
chlorobenzene solution was added to a reactor containing the plant and silica sand. b) a 
desorption-resistant treatment (DR) where sediment was artificially “aged” using the 
protocol of Liu et al. (2000), and c) a freshly contaminated (FC) treatment where the 
sediment was contaminated with one of the chemicals just before sealing the reactor. For 
treatments FA and FC, 14C-phenanthrene was added with the activity and conditions 
shown in Table 1. The activities and conditions for chlorobenzene are shown in Table 2. 
Treatment DR had the amount of contaminated soil shown in Tables 1 and 2 without 
additional contaminant amendments. Following this, a tree or sedge was placed in the 
lower portion of the reactor and the amount of sand or soil shown in the respective tables 
was added. The reactors were assembled, separating the bottom portion of the plant from 
the top with a sealed Teflon-lined septum carefully sealed with Teflon tape to avoid 
contaminant migration between the reactor top and bottom. Once the setup was finished, 
the lower part of the reactor was covered with aluminum foil to discourage algal growth. 
An air-flow of about 30 ± 5 cc/min was supplied to the top of the reactor to remove any 
contaminant that may have been transpired by the plant. This air was passed through a 
Supelco ORBO™ -32 standard charcoal tube and then into 20 mL 1N NaOH solution to 
trap the CO2 transpired by the plant. When necessary, ¼ strength modified Hoagland’s 
solution was added as plant nutrient.  



RESULTS AND DISCUSSION 
 

Effect of desorption resistance on plant uptake  
The distribution of 14C phenanthrene in belowground and aboveground plant 

parts by both Salix and Scirpus is shown in Figure 1. As expected, uptake was greater for 
the sand treatment (not shown) followed by the freshly contaminated sediment and the 
desorption-resistant sediment. In each case, total uptake (measured as a percent) was 
statistically different between the three treatments with sand > freshly contaminated > 
desorption-resistant (Dunnet’s mean test at 5% level of significance).  

 

On a percent uptake basis, plants incubated with “aged” desorption-resistant 
phenanthrene accessed less that 5% of the contaminant load when compared with ~15% 
in the freshly contaminated sediment.  Results demonstrated that plant uptake of 
desorption-resistant phenanthrene was measurable and while the bioavailability was 
significantly lower, plants were able to access this material in sediments. Correlations 
between water uptake and contaminant uptake were used to estimate the transpiration 
stream concentration (Figure 2 for phenanthrene and figure 3 for chlorobenzene). There 
was no statistical difference between estimated transpiration stream concentrations of 
Salix and Scirpus for the desorption-resistant treatment. There was also no statistical 
difference between Salix and Scirpus in sand and freshly added treatments; however, 
these two treatments were statistically different from the desorption-resistant treatment. 
The estimated transpiration stream concentrations were statistically lower for the 
desorption-resistant treatments (at the 5% level of comparison using Bonferroni’s 
inequality). Decreased transpiration stream concentrations are expected in the desorption-
resistant treatments because of the low porewater concentrations that are observed once 
the sediment is artificially aged.  

 

 Measurements of total uptake and the distribution of 14C in the plant indicate that 
the majority of mass resides in the root zone (both roots and the stem), which is in contact 
with the sediment or sand. The mechanism of plant uptake is unknown although two 
possibilities exist: uptake is driven by the movement of porewater containing 
phenanthrene into the plant (the “transpiration stream”) or “uptake” is the result of a 
simple partitioning process to the roots and stem that occurs in the sediment.  Simple 
models exist to predict uptake by both of these mechanisms. Plant uptake from 
transpiration can be expressed as: 
 

  (1) tCTSCFTSuptakePlant ***=

where: Plant_uptake is the mg of phenanthrene present in the plant, TS is the water 
uptake in L/day, TSCF is a transpiration stream concentration factor (dimensionless) that 
is the ratio of the concentration of phenanthrene in the transpiration stream to the 
concentration of phenanthrene in porewater, C is the porewater concentration in mg/L. 
and t is the time (days) of plant exposure to the contaminant. Plant uptake due to sorption 
can be determined from a simple linear isotherm. 



  (2) wrm CKrsorptiontodueUptake **=

 

where: 

rm = mass of roots (kg) 

Kr = root partition coefficient [(mg/kg)/(mg/L)] 

Cw = porewater concentration (mg/L). 

 By adding these equations we get the predicted plant uptake due to translocation 
and sorption: 

 [ wrm
tt

tttt CKrCCTransTSCFuptakePlant ⋅⋅+
+

⋅⋅= −− 2
)( 21

)21(21 ]  (3) 

 
The model was calibrated using experimental data. A batch measurement of the 

root-water partition coefficient, Kr, was conducted for Salix and Scirpus. The root-water 
partition coefficient for phenanthrene was 193.1 L/kg for Salix roots and 155.3 L/kg for 
Scirpus roots; the chlorobenzene coefficient was 162.0 L/kg for Salix and 138.6 L/kg for 
Scirpus. Porewater concentrations for the DR treatments were below detection limits. 
Therefore, porewater concentrations were estimated using the biphasic isotherm 
described by Kan et al. (1997) used for the desorption-resistant phase. 

 

Model predictions were made and the relative magnitude of both terms 
(translocation and sorption) calculated. Translocation was a very minor component and 
the sorption term dominated for phenanthrene. This is consistent with the small activity 
of 14C measured in the aboveground biomass. In Figure 4, we can see that equation 3 
predicts the total uptake of desorption-resistant phenanthrene (log Kow = 4.46 (Reible 
1999)) in both types of wetland plants. For a hydrophobic compound like phenanthrene, 
the major contribution to the model is by the sorptive portion of the equation. This 
demonstrates the strong association of these hydrophobic compounds with the root, while 
the hydrophilic compounds are carried upwards with the water and maybe outside of the 
plant as shown in figure 5 which tends to over predict the plant concentration for a more 
hydrophilic compound chlorobenzene (log Kow = 2.84 (Reible 1999)) 
 

The study results have implications for the remediation of sediments using 
vegetation and the fate of contaminants in wetland systems. The effect of sediment: water 
partitioning on wetland plant uptake of phenanthrene and chlorobenzene has been 
demonstrated. Lower porewater concentrations resulted in lower uptake of the 
contaminant. The total uptake of phenanthrene by this wetland vegetation could be best 
modeled as a partitioning process rather than a process driven by the translocation of 
porewater through the plant, while the opposite stands for chlorobenzene. Submerged 
roots and plant stems represent a “clean” organic sorptive phase for the contaminant. 
Desorption of contaminants from sediments and subsequent sorption on the root tissue is 
the mechanism observed in these studies. Plant uptake was also observed in the 
artificially “aged”, desorption-resistant treatment. If this sediment preparation mimics the 
actual aging process in the environment, these results suggest that contaminants in this 



phase have lower bioavailability but it is still measurable. Plant-based remediation of 
compounds in the desorption-resistant phase will be slower but still possible. Due to the 
physiological and morphological adaptations of wetland plants, they may be able to take 
up more hydrophobic contaminants than the terrestrial plants which makes the wetland 
plants a likely candidate for phytoremediation of oil contaminated soils 



 

TABLE 1. Initial conditions for the Phenanthrene uptake treatments. 
Media DR FA FC 

Plant species Salix Scirpus Salix Scirpus Salix Scirpus 
Sediment or 
sand dry 
weight in each 
reactor 

68 68 85 85 100 100 

mL of 1ppm 
phenanthrene 
solution per 
reactor 

0 0 75 75 50 75 

mg of 
phenanthrene 
per reactor 

0.921 0.921 0.075 0.075 0.05 0.075 

µCi of 14C 
phenanthrene 
per reactor 

0.156 0.156 0.012 0.023 0.209 0.058 

 

 

 

TABLE 2. Initial conditions for the chlorobenzene uptake treatments. 
Media DR FA FC 

Plant species Salix Scirpus Salix Scirpus Salix Scirpus 
Sediment or 
sand dry 
weight in each 
reactor 

90 90 100 100 75 75 

Concentration 
(ppm) of the 
solution added 

0 0 11.6 10 11 10.1 

mL of CB 
solution per 
reactor 

0 0 100 100 100 100 

mg of 
chlorobenzene 
per reactor 

0.91 0.91 1.16 1.0 1.1 1.01 

µCi of 14C 
chlorobenzene 
per reactor 

0.0177 0.0177 0.0245 0.0177 0.025 0.0176 
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FIGURE 1. Distribution of 14C-phenanthrene in plants (as percent) above and 
belowground. 
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 FIGURE 2. Correlation between water uptake and mg 14C-phenanthrene uptake. 
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Figure 3. Correlation between water uptake and mg 14C-chlorobenzene uptake. 
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Figure 4. Plot of the predicted phenanthrene plant uptake versus observed experimental 
plant uptake. The solid line is a regression line for all the data in the figure, while the 
dashed line has a slope = 1 and represents complete agreement between the model and 
observations. 
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ABSTRACT 
Remediating oil contaminated wetland and forest soils offer a unique challenge, as 

traditional cleanup techniques may do more damage to the environment than the oil itself.  
An oil well blowout at Cravens, LA severely impacted a freshwater wetland and surrounding 
loblolly pine stand.  Ammoniated bagasse was applied in-situ to the wetland soil to determine 
its effectiveness to reduce total petroleum hydrocarbon concentration. Wetland soils treated 
with rates of 200 kg/ha ammoniated bagasse had a 400-fold decrease in hydrocarbon 
concentration in the top 10 cm of the soil.  A greenhouse study investigated the effectiveness 
of the bagasse to remediate oil contaminated forest soils.  Oil was applied directly to the soil 
of potted two-year old loblolly pines.  Ammoniated bagasse was applied 14 days after the oil.  
After six months, soil samples were collected and analyzed for total petroleum hydrocarbons.  
Soils treated with 1700 kg/ha ammoniated bagasse had a 3200-fold decrease in hydrocarbon 
concentration. 

 
 
 
 
 
 
 
 
 

  



INTRODUCTION 
Oil spills are common occurrences in the oil exploration and production industry.  

Brown (1) estimated that 6,000,000 tons per year of oily wastes enter the environment 
uncontrolled.  In 1997, 3780 oil spills were reported to the Louisiana Oil Spill Coordinator's 
Office (2).  Most of these are marine spills that usually amount to less than seven tons of oil 
per incident.  Nevertheless, there is an increase in the frequency of oil spills in terrestrial 
environments.  With this increase of terrestrial spill incidents, it has become necessary to 
develop remediation strategies that will effectively remove the oil with the least amount of 
harm to the environment.  Cleanup methods that are often employed in terrestrial spills 
include landfarming the contaminated soil, burial, containment in surface impounds, or deep 
well injection (3).  These methods are not always a viable option when remediating oil spills 
in ecologically sensitive environments, such as wetlands.  Traditional remediation procedures 
employed in these environments may result in more damage to the area than from the oil 
itself. 

 
 Bioremediation is a practice that is commonly employed to cleanup oil spills in 
terrestrial environments.  Microbial degradation of petroleum products in soil, either via 
naturally occurring or facilitated methods, is a process that is successfully used to reduce soil 
concentrations of the contaminant to acceptable levels (4).  During this process, the microbes 
attack only specific types of hydrocarbons rather than the entire oily waste.  As a result, 
hydrocarbons are converted to carbon dioxide, water, biomass, or humic materials (5).  This 
is a preferred method to use in oil contaminated wetlands because it results in less harm to the 
environment than traditional techniques. 
 

Enhancing the bioremediation process can help speed the recovery of an oil 
contaminated wetland area.  This can be accomplished using fertilizers or ammoniated 
organic wastes, such as bagasse.  Bagasse is the organic material remaining after the juice has 
been squeezed from sugarcane stalks.  Cellulose is a primary component of bagasse and it is 
these cellulose fibers that are capable of absorbing large amounts of oil and water.  When 
bagasse is applied to the surface of contaminated soils it wicks oil from the subsurface to the 
upper soil depths.  Increasing the nitrogen content of bagasse promotes the microbial 
decomposition of oil by providing an environment that contains oxygen, water, and nutrients, 
all essential elements needed for successful microbial remediation.  Previous studies using 
ammoniated bagasse have resulted in successful removal of hydrocarbons in coastal marsh 
soils (6,7). 

 
The objective of this study was to assess the effectiveness of ammoniated bagasse to 

remediate oil contaminated wetland and forest soils following an oil well blowout.  This 
blowout took place in Cravens, Louisiana in August of 1997.  Approximately 24-30 hectares 
(60-75 acres) of the Kisatchie National Forest were affected by this oil spill, including a 1.7 
hectare (4.3 acre) freshwater depressional wetland adjacent to the oil well.  All of the wetland 
vegetation was killed and the soil was severely contaminated by oil and brine.  Since a spill 
of this nature and magnitude has never been recorded in the literature as to date, it offered the 
opportunity to study and develop a remediation plan that would lead to the restoration of the 
wetland.  

 
 

  



WETLAND SOIL STUDY 
Materials and Methods 
Description of study area 
 The study area is located in Cravens, LA (30o59' N, 93o01' W) within the Kisatchie 
National Forest (Figure 1).  The impacted freshwater depressional wetland lies approximately 
0.2 kilometers (1/8 mile) south of the oil well.  After the oil well blowout, an earthen berm 
was constructed in order to protect the wetland from any overland oil runoff.  The berm 
failed after a heavy rain washed it away, and as a result oil and brine flowed unimpeded into 
the wetland (Figure 2).  Overland flow of oil also occurred west of the well into Little 
Sixmile Creek, which is located less than 1/8 mile from the well. 
 
 The soils of the upland area have been mapped as a Ruston fine sandy loam (Fine-
loamy, siliceous, subactive, thermic Typic Paleudult).  The soil of the wetland is a Guyton 
silt loam (Fine-silty, siliceous, active, thermic Typic Glossaqualf), a typical wetland soil.  
Loblolly pine (Pinus taeda) and longleaf pine (Pinus palustris) dominate the vegetation of 
the upland area.  Dominant vegetation within the wetland includes sweetgum (Liquidambar 
styraciflua), black gum (Nyssa sylvatica), and tupelo gum (Nyssa aquatica). 
C-K Associates, Inc. preliminary site data 
 After the oil well blowout in August 1997, C-K Associates, Inc. was hired by the 
owners of the well to conduct an ecological and environmental assessment of the site.  A 
sample of oil from the wellhead was characterized for petroleum hydrocarbons (Table 1).  
The total petroleum hydrocarbon (TPH) concentration was 910,000 parts per million (ppm) 
and the concentrations of 2-methylnaphthalene and naphthalene were the highest of the semi-
volatile organic compounds.  In June of 1998, C-K Associates, Inc. collected wetland soil 
samples from three random locations within the wetland and analyzed these samples for 
TPH, electrical conductivity, pH, and priority pollutant metals (Table 2).  The elevated 
concentrations of TPH revealed the need for remediation of the oil contaminated wetland 
soil.  
Wetland remediation 
 The oil well blowout occurred during August 1997.  During July 1998, soil samples 
from four randomly selected locations within the wetland were taken at depths of 0-10, 10-
20, and 20-30 centimeters (cm).  The electrical conductivity (EC) and pH for the soil samples 
were determined using a saturated soil paste extract according to the methods of Page et al. 
(8).  The samples were analyzed for EC in order to determine the extent of brine 
contamination within the wetland.  After much discussion, the United States Forest Service 
decided the most economic and efficient method for removing the surface oil from the 
wetland was incineration. 
 

The wetland was burned in December 1998 (Figure 3).  The burn resulted in 
volatilization of nearly all of the surface oil, from 69,000 ppm pre-burn to 2000 ppm post-
burn.  Three days after the burn, three transects were established within the wetland and five 
locations, at 10 meter (m) intervals, along each transect were selected for soil sampling.  
Sampling depths were 0-10, 10-20, and 20-30 cm.  These samples were analyzed for pH, EC, 
and sodium according to the methods of Page et al. (8).  Soil samples from four selected 
upland sites were also taken at the ends of two of the transects.  These samples were taken at 
depths of 0-10, 10-20, and 20-30 cm and analyzed for pH, EC, and sodium (Na) 
concentration according to the methods of Page et al. (8).   

 

  



Ammoniated bagasse (ABG) was used in combination with lime (CaCO3) and 
topsoil to test the effectiveness of the bagasse to bioremediate the wetland.  Test plots were 
established using open-ended cylinders (30 cm diameter / 105 cm height) constructed from 
plastic corrugated drainage pipe driven 15-20 cm into the soil (Figure 4).  In May 1999, the 
bagasse, lime, and topsoil were added to each cylinder.  One week before the bagasse was 
added, CaCO3 was incorporated into the top 5 cm of the soil at a rate of 1500 kg/ha in order 
to raise the pH of the soil to approximately 6.5.  The rates of bagasse added were 0, 50, 100, 
and 200 kg/ha, with five replications of each treatment randomly placed within the wetland.  
These rates were based upon the post-burn total petroleum hydrocarbon (TPH) analyses 
performed by C-K Associates, Inc. (9).  Topsoil collected from the non-contaminated upland 
area was added to the wetland soil at a rate of 0.015 kg/ha in order to ensure an adequate 
microbial population within each cylinder.  The bagasse and topsoil were mixed together and 
incorporated into the top 2 cm of the soil. 

 
Soil samples from each cylinder were collected at depths of 0-5, 5-10, and 10-20 cm 

at 21 day intervals beginning in June 1999 and analyzed for TPH, EC, and pH.  After a 90 
day study period the test cylinders were removed and soil samples were collected at depths of 
0-10 and 10-20 cm. 

  
Total petroleum hydrocarbon concentration for all samples was determined using a 

Buck Scientific Total Hydrocarbon FT-IR Analyzer using a known concentration of 
weathered crude oil obtained from the research site.  Residual oil concentration for all soil 
samples was determined in aliquots of mixed soil extractions using carbon disulfide (CS2) as 
the extractant.  CS2 was used because hydrocarbon compounds are readily miscible in it and 
it does not contain any C-H bonds that would interfere with FT-IR analysis (10).  A standard 
curve was created using weathered crude oil taken from the contaminated wetland.  Standard 
solutions of 10, 25, 50, 75, and 100 ppm were used to calibrate the hydrocarbon analyzer 
each day before analysis.  

  
Fifteen grams of contaminated wetland soil was placed into a glass jar. Twenty 

milliliters of CS2 were added to the soil and the jar loosely sealed.  The soil and CS2 were 
sonified for 30 minutes.  One milliliter of the CS2 extractant was collected after sonification 
using a glass syringe and diluted with non-contaminated CS2.  This extractant sample was 
then analyzed using the Buck analyzer and TPH concentration determined from the standard 
curves created earlier.  

  
Electrical conductivity and pH of the soils were analyzed according to the methods 

of Page et al. (8).  A Perkin-Elmer ICP-AES was used to analyze the soil samples collected 
in September 1999 for water-soluble cations (Al, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Se, 
and Zn).  Statistical analysis of the wetland soil hydrocarbon data was performed using the 
SAS GLM procedure.  An α-value of 0.05 was used to determine the significance of 
interactions of treatment, date, depth, and replications. 
Results 
Pre- and post-burn soil pH and electrical conductivity analyses  

Pre-burn wetland soil analysis from samples collected in July 1998 (Table 3) 
indicated that the 0-10 cm soil layer had a low concentration of brine with an average EC of 
434 µS/m (microSiemens per meter).  The average EC readings for the 10-20 cm and 20-30 
cm layers were 637 µS/m and 611 µS/m, respectively.  pH readings for the soil ranged from 
4.7 to 5.5. 
 

  



Post-burn analysis of the wetland soils sampled in December 1998 showed a 
decrease in EC (Table 4).  The average electrical conductivity of the 0-10 cm soil layer was 
236.7 µS/m, average pH was 5.2, and the average Na concentration was 26.6 ppm.  The 
average EC for the 10-20 cm soil layer was 259.7 µS/m, average pH was 4.8, and average Na 
concentration was 29.7 ppm.  The average EC for the 20-30 cm soil layer was 374.9 µS/m, 
average pH was 4.6, and average Na concentration was 31.5 ppm. 

 
Comparing EC results for the pre- and post-burn soil analysis indicated a decrease in 

salinity after the burn.  In the 0-10 cm soil layer the EC decreased from 434 µS/m to 236 
µS/m, in the 10-20 cm layer from 637 µS/m to 259 µS/m, and in the 20-30 cm layer from 
611 µS/m to 374 µS/m.  As a result of these analyses, the U.S. Forest Service concluded that 
the brine was no longer a deterrent to wetland remediation and restoration because the soil 
salinities were well below the critical value (400,000 µS/m) necessary for vegetative survival 
(11).  Efforts then focused on removal of the residual oil in the soil.  

  
Post-burn analysis of the upland soil samples is also presented in Table 4.  As 

expected, these soils had lower electrical conductivities, due to less brine contamination, and 
higher pH values when compared to the wetland soils.  As with the wetland soils, brine will 
not be an obstacle to overcome when restoring and managing vegetation on these upland 
environments. 
Soil hydrocarbon analysis 

The 90-day period for the wetland study ended in September 1999.  Soil samples 
collected in June, July, August, and September were analyzed for TPH.  Results of the 
analyses suggest that the ABG decreased the overall hydrocarbon concentration of the 
contaminated wetland soils.  The mean hydrocarbon concentration for all soil samples 
collected during June, July, August, and September was 626 ppm, with a maximum 
concentration of 9643 ppm and a minimum concentration of 5 ppm.  This is decrease in the 
post-burn TPH concentration of 2000 ppm measured by C-K Associates, Inc. (9).  The 
standard deviation of 1347 ppm illustrates the high variability of oil concentration within the 
wetland.   

 
The results of the TPH soil analyses are presented in Tables 5 and 6 and Figures 5 

and 6.  Replications of each treatment have been averaged.  Since there was no significant 
difference in the TPH values (p=0.8592) of the 0-5 cm and 5-10 cm layers in June, July, and 
August, these values were averaged into one composite 0-10 cm layer in order to compare 
results with the last sampling period.   

 
In the 0-10 cm layer (Figure 5), the wicking action of ABG, which has been proven 

in previous studies with ABG (6,7), may also be occurring in the 100 and 200 kg/ha 
treatments in this study.  In June, 21 days after the bagasse was added, the 200 kg/ha 
treatment had the highest mean concentration of oil (904 ppm) compared to the other 
treatments, as the bagasse may have drawn oil from the subsurface to the soil surface.  From 
June to July, the 200 kg/ha treatment may have continued to wick oil to the surface, which 
would be  represented by the increase in mean TPH concentration (904 ppm to 942 ppm).  
From July to August there is a decrease (942 ppm to 199 ppm) in mean TPH in the 200 kg/ha 
treatment.  Previous studies (6,7) have shown that as oil is absorbed by the bagasse, 
accelerated microbial degradation decreases TPH concentration.  Similar accelerated 
degradation may have occurred in the Cravens wetland soils and would account for the 
decrease in the 200 kg/ha treatment from July to August.   The increase in mean TPH from 
August to September in the 200 kg/ha treatment (199 ppm to 1336 ppm) may be as result of 

  



the microbes exhausting their nitrogen source (the ABG) or the occurrence of a substantial 
rain event in August 1999.  As a result of this rain event, residual oil that remained in the 10-
20 cm layer may have been translocated to the 0-10 cm layer, therefore increasing the TPH 
concentration in the surface soil.  

 
The 100 kg/ha treatment shows a similar trend as the 200 kg/ha treatment during the 

study period.  The 100 kg/ha treatment seems to be wicking oil from the subsurface to the 
soil surface.  There is a decrease in mean TPH concentration from June to July in the 100 
kg/ha treatment (747 ppm to 242 ppm).  The increase in mean TPH concentration from 
August to September (246 ppm to 2071 ppm) may be as a result of the rain event that 
occurred in August.  Oil may have been moved from the subsurface to the surface as water 
moved through the wetland.  The statistical difference between the August and September 
data would help to support this conclusion.    

 
The 50 kg/ha treatment had little or no effect on the degradation of oil in the wetland 

soils.  The TPH values for the 50 kg/ha treatment ranged from 164 ppm to 422 ppm.  There is 
no statistical difference in TPH concentration between months. The temporal variability 
questions the effectiveness of the 50 kg/ha treatment to absorb and bioremediate oil 
contaminated wetland soils.  In the 0 kg/ha controls, hydrocarbon concentrations ranged from 
215 ppm to 2960 ppm.  The significant increase in TPH concentration from August to 
September in the controls (402 ppm to 2960 ppm) helps to support the conclusion that the 
rain event in August resulted in the translocation of residual oil in the soil subsurface to be 
translocated to the soil surface.  

 
In the 10-20 cm layer (Table 6 and Figure 6), all of the treatments remained below a 

mean TPH concentration of 300 ppm.  The lowest TPH concentration was 40 ppm and the 
highest concentration was 241 ppm.  There was no statistical difference between treatments 
for the 10-20 cm soil layer.  The high spatial and temporal variability of oil within the 
wetland makes it difficult to prove that oil was being wicked by the ABG to the soil surface.  
Statistical analysis of wetland soil hydrocarbon data 

Statistical analysis of the wetland soil hydrocarbon data was performed using the 
PROC GLM procedure.  An α-value of 0.05 was used to determine significance of 
interactions of treatment, date, depth, and replications (Table 7). The effect of adding 
different amounts of bagasse (treatment) to reduce soil hydrocarbon concentrations was not 
found to be statistically significant (p=0.1756).  Date and depth were found to be significant 
with p-values of 0.0001 and 0.0001, respectively.  Date by depth was also found to be 
significant (p=0.0001).  Other interactions between treatment, date, depth, and replication 
were not found to be significant. 

 
Time was found to be significant in the removal of hydrocarbons from the soil. This 

is probably due to the increase in TPH from August to September in some of the treatments.  
Increases in TPH concentration in the 0 kg/ha, 100 kg/ha and 200 kg/ha treatments from 
August to September are probably due to the rain event that occurred at the end of August. 

 
Hydrocarbons were greater in the 0-10 cm soil layer than in the 10-20 cm soil layer.  

The average hydrocarbon concentration of the 0-10 cm soil layer, pooling all treatments, was 
595 ppm and the average concentration for the 10-20 cm soil layer was 175 ppm.  This may 
be due to the absorbing ability of the bagasse to translocate oil from the 10-20 cm depth to 
the soil surface where microbial degradation can take place or the oil did not penetrate the 
soil deep enough to cause significant contamination in the 10-20 cm layer.  The effect of the 

  



rain event in August may also be the cause of the highly significant differences in TPH 
between the two soil layers.   
Electrical conductivity and pH analysis 
 All of the soil samples taken in June, July, August, and September were analyzed for 
electrical conductivity (Figures 7 and 8) and pH (Figures 9 and 10) using a saturated soil 
paste according to the methods of Page et al. (1982).  The pH and EC data were pooled for 
all treatments for each month, as ABG does not affect these soil properties.  For the 0-10 cm 
and 10-20 cm soil layers the electrical conductivity remained below 500 µS/m for the entire 
study period.   There is a decrease from August to September in both soil layers.  This is due 
to the rain event that occurred at the end of August.  This rain caused the residual brine in the 
soil to be diluted, thereby reducing EC values.  During this period the EC dropped below 300 
µS/m.  These results further illustrate that brine is no longer an obstacle to overcome to 
restore the site. 
 

Foght and Westlake (12) reported that the optimal pH range for microbial 
degradation of hydrocarbons in soil is 6 to 8.  For the 0-10 cm and 10-20 cm soil layers, the 
pH during June remained below 6.  During July and August, the pH for both soil layers was 
at or near 6, optimizing soil conditions needed for accelerated degradation rates.  From 
August to September there is a decrease in pH to below 6.  This is probably due to the rain 
event that occurred in August. 
 
 The EC and pH data help to support the conclusion that the rain event in August may 
have caused oil to be moved to the soil surface.  The water entering the wetland from the rain 
caused a decrease in the EC and pH of both the soil layers sampled.  The drop in EC in the 
10-20 cm layer proves that water from the rain event did infiltrate the subsurface and had the 
potential to translocate oil to the surface.  This would help to explain the increase in TPH in 
the 0-10 cm soil layer from August to September.  
Cation analysis 

Results of the cation analysis indicated that there was no element present that would 
pose an environmental hazard or inhibit remediation of the wetland (Table 8).  Iron 
concentrations were equal to or less than 1 ppm, with an average concentration of 0.152 ppm.  
These concentrations do not pose an environmental threat.  Sodium concentrations ranged 
from 83 to 112 ppm, with an average concentration of 95 ppm. Even though chlorides were 
not determined, its concentration is assumed to be approximately equal to Na concentration.  
The average concentrations of Ca, K, and Mg are 2.5, 0.72, and 0.65 ppm, respectively.  
These concentrations would add only approximately 4 ppm to the chloride concentration. 
Discussion and Conclusions  
 The wetland vegetation at the Cravens blowout site was completely destroyed as a 
result of the oil and brine contamination.  The hydrology, which is the most important 
component of wetland restoration, was minimally affected (9). There have been substantial 
reductions in brine contamination since the blowout occurred and it is no longer a deterrent to 
wetland remediation.  As a result, restoration efforts should focus on the removal of residual 
oil from the soil and revegetation of the site by selected wetland species. 
 

The use of ammoniated organic wastes, specifically bagasse, has been found to be a 
reliable application to enhance the remediation of ecologically sensitive environments that 
have been subjected to oil contamination (6,7).  It was expected that ABG would have a 
similar effect in the wetland impacted by the Cravens oilwell blowout if rapidly applied after 
the spill.  Results of the study, though, do not statistically prove that ABG promoted 

  



biodegradation of the oil contaminated soil.  The spatial variation of the oil within the 
wetland made it difficult to prove that successful remediation was achieved.   

 
There was no statistical difference among ABG treatments during individual 

monthly sampling periods (Tables 5 and 6).  September is the only month when there is any 
statistical difference between treatments.  All of the treatments, except the 50 kg/ha 
treatment, had increases in TPH concentration in the 0-10 cm soil layer.  This was most likely 
due to the rain event in August that resulted in residual oil in the subsurface to be translocated 
to the soil surface.  This was supported by the data that shows EC’s decreasing in the 0-10 
cm layer from August to September as a result of dilution from the rain. 

 
 Even though this study did not statistically prove the effectiveness of ammoniated 
bagasse to bioremediate the wetland, it still may be a useful tool at this and other similar sites.  
The high spatial variability of oil within the Cravens wetland makes it difficult to determine 
the rates of ABG that would need to be applied in order to achieve successful remediation.  
Results of this study indicate that rates of ABG greater than 200 kg/ha would need to be 
applied in order to account for the spatial variation of the oil within the wetland.  Larger 
treatment blocks would need to be established within the wetland using ABG rates greater 
than 200 kg/ha to determine the correct amount of ABG to be added to effectively remediate 
the wetland soils.  Rates of ABG applied could be 0, 500, 750, 1000, 1500 kg/ha.  Similar 
sampling procedures and laboratory techniques used in this study would be adequate for this 
type of investigation. 
 

In oil spills such as these, the difficulty lies not only with removing the oil from the 
environment, but also restoring the area to its natural conditions.  To restore the contaminated 
area, it must be decided if revegetation will occur by natural succession or if human 
intervention will be employed to accelerate the restoration process.  This should be decided 
on a site-by-site basis as all spills and environmental conditions are not the same. 

 
One important aspect that is often overlooked at restoration sites is monitoring and 

observation.  In many cases, after restoration practices have been implemented the site is 
ignored and assumed to be a success.  Most times this is not the case.  Establishing vegetation 
at a site does not define success.  The functional activity of the wetland within the 
surrounding landscape must also be assessed.  This is especially true for oil contaminated 
wetlands which are often completely destroyed.  At the Cravens blowout site, soil samples 
should be taken monthly after the bagasse has been added in order to determine its success at 
removing the residual oil from the soil.  After oil concentrations have decreased to acceptable 
levels, a seed bank with selected species can be introduced into the wetland.  Monitoring of 
vegetation should continue until successful establishment is certain.   

 
Species to be introduced into the overstory of Cravens site may include black gum 

(Nyssa sylvatica), sweet gum (Liquidambar styraciflua), tupelo gum (Nyssa aquatica), sweet 
bay (Laurus nobilis), water oak (Quercus nigra), and bald cypress (Taxodium distichum).  
Understory vegetation may include American beautyberry (Callicarpa americana), 
muscadine (Vitis rotundifolia), and sassafras (Sassafras albidum).  These species can be 
established by planting seeds, seedlings, or stem cuttings, plant-soil transfers, use of a donor 
seed bank, or natural succession.   A key to successful revegetation is to reduce the amount of 
noxious, invasive plants that may colonize the site.  Examples of some invasive species are 
Chinese tallow (Sapium sebiferum), hybrid cattail (Typha glauca), and purple loosestrife 

  



(Lythrum salicaria).  With continued monitoring and observation, the odds for successful 
restoration of the oil contaminated wetland will increase. 

 
 As of this writing, the Forest Service has rejected the plan submitted to them to 
incorporate ABG into the remediation of the wetland.  Instead, they used heavy equipment to 
excavate the top 0-15 cm of the oil contaminated wetland soil and will attempt to begin 
revegetation of the site in the next 3 to 6 months.  
 

FOREST SOIL STUDY 
Introduction 
 A greenhouse oil study was performed to evaluate the efficiency of ammoniated 
bagasse to remediate oil contaminated forest soils. The United States Forest Service donated 
approximately 1000 one-year old loblolly pine (Pinus taeda) seedlings for this study.  These 
seedlings were planted in March 1999 in tree pots (15 cm width / 41 cm height) filled with 
the A and B horizons of a Malbis silt loam (Fine-loamy, siliceous, subactive, thermic Plinthic 
Paleudult) in order to imitate forest soil conditions.  The seedlings were watered with de-
ionized water every other watering in order to reduce salt buildup in the soil.  The seedlings 
grew for one year under monitored greenhouse conditions before any treatments were 
applied. 
Materials and Methods 

A 4x4 factorial design with four rates of oil and four rates of ABG with five 
replications of each treatment was employed.  The seedlings used in this study were 
randomly selected from the greenhouse population and assigned a treatment.  Eighty total 
seedlings were used in this study.  The rates of oil added to the soil were 0, 431, 862, and 
1724 L/ha.  These rates of oil are equivalent to 0, 100, 200, and 400 mL/seedling.  The oil 
was applied directly to the soil surface on May 8, 2000.  Height and diameter measurements 
for each seedling were taken before the oil was applied.  The ABG was added to the soil 14 
days after the oil treatments at rates of 0, 431, 862, and 1724 kg/ha and mixed into the upper 
2 cm of the soil.  These rates of ABG are equivalent to 0, 100, 200, and 400 g/seedling.  The 
ABG was added 14 days after the oil applications in order to imitate response times in typical 
oil spill situations.   
 

The seedlings were monitored and watered with de-ionized water every other 
watering to reduce salt buildup in the soil.  The seedlings were harvested in October 2000.  A 
visual health rating system was used in this study to assess the effects of the soil applied oil 
on the pine seedlings.  Soil samples for each treatment were taken approximately six months 
after ABG application and analyzed for TPH concentration employing the same methods 
used to analyze the TPH of the wetland soils.  Statistical analysis of the hydrocarbon soil data 
was performed using the SAS GLM procedure. 
Results 

The TPH analysis of the soils showed that the ABG decreased the hydrocarbon 
concentrations when added at sufficient rates (Figure 11).   In soils treated with 862 L/ha oil, 
ABG reduced TPH concentrations when added at rates of 1724 kg/ha (18201 ppm to 1438 
ppm) and 862 kg/ha (18201 ppm to 3585 ppm).  In soils treated with 1724 L/ha oil, ABG 
reduced concentrations when added at rates of 1724 kg/ha (18571 ppm to 574 ppm) and 862 
kg/ha (18571 ppm to 915 ppm).  A less dramatic decline in oil concentration occurred with 
the 431 kg/ha ABG treatments.  As with the wetland soil study, high variability exists within 
treatments.  Results of this study show that ABG has the ability to enhance the remediation of 
oil contaminated forest soils. 

  



 
Adding crude oil directly to the soil resulted in rapid negative reactions from the 

seedlings.  The seedlings treated with the higher rates of soil applied oil (862 L/ha and 1724 
L/ha) showed signs of severe stress and as a result most the seedlings died (Table 9).  The 
1724 L/ha oil treated seedlings showed severe signs of stress within one week after 
application and all of the seedlings were dead three weeks after application.  Signs of stress 
included needle wilting, chlorosis, necrosis, and premature needle loss.  The 862 L/ha oil 
treated seedlings showed similar signs of stress, but took longer to die.  Only four of the 
twenty 862 L/ha oil treated seedlings did not die by the October harvest date.  The 0 L/ha and 
431 L/ha oil treated seedlings showed little or no signs of stress.  Wilting of some needles 
was the only visual stress seen as a result of the oil application.  Changes in height and 
diameter were statistically significant, with both measurements having p-values of <0.0001. 
Conclusions 
 The application of the ABG did not seem to increase the odds of survival of the 
seedlings when exposed to high concentrations of oil in the soil.  The health of the seedling 
and rate of bagasse applied to the soil was not significant (p=0.3702).  By the time the ABG 
was added, the high concentrations of oil had already injured the seedling beyond recovery.  
If the ABG was applied sooner than 14 days after the oil was applied, results may have been 
different.  If applied one to three days after oil spills and at appropriate rates equal to TPH 
soil concentrations, ABG may be able to prevent the death of some forest seedlings and other 
vegetation by preventing oil interference with root functions. 
 

The number of fine roots per tree is a function of the ecological and environmental 
conditions of the site.  Most fine roots die in unfavorable conditions, but reform rapidly when 
conditions become more favorable.  Obviously, oil spills on a site will degrade the ecological 
and environmental conditions.  If oil contaminated forest soils are remediated as soon as 
possible after the spill, then the negative effects on vegetation may be reduced. 
 

Oil added directly to the soil had detrimental effects on the pine seedlings.  Some 
type of root interaction with the oil probably caused these effects.  Oil which coats absorbing 
roots may potentially inhibit water and nutrient uptake resulting in drought-like reactions 
from the vegetation (i.e. needle wilting and chlorosis).  The oil may also bind soil particles 
together impeding water and oxygen, which may affect nutrient availability to the plants.  
These conditions may mimic soil water deficits, which in turn may cause leaf water deficits.  
When leaf water deficits occur, reduction of leaf area and closing of stomata inhibits 
photosynthesis.  This type of interference would directly affect growth and survival of the 
plant.  Udo and Fayemi (1975) found that plants growing in oil contaminated soil had 
reduced growth rates and chlorotic leaves and were dehydrated, indicating soil water 
deficiencies.  This type interaction of oil with absorbing roots and/or the soil caused of death 
of these seedlings. 
 

The ammoniated bagasse was efficient in removing oil from the forest soil and 
reducing TPH concentration.  If sufficient amounts of ABG are applied immediately after an 
oil spill, the negative effects on vegetation may have the potential to be reduced.  The ABG 
would be a beneficial tool to use at oil contaminated forest sites.  Further field studies with 
ABG and oil contaminated forest sites should continue.  A study repeating the greenhouse 
study in a field situation would help to determine the effectiveness of ABG under natural 
environmental conditions.  Also, testing ABG at smaller oil spill sites may help to assess its 
effectiveness at remediating forest soils during larger spill events. 
  

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.  Petroleum Hydrocarbon Characterization for Oil Wellhead Sample from  

  Cravens, Louisiana Oilwell Blowout Site.* 
            
Semi-volatile Organic Compound   Concentration (ppm)   

2-methylnaphthalene      2100 

Acenaphthalene       <198 

Acenaphthylene       <198  

Anthracene       <198 

Benzo(a)anthracene      <198 

Benzo(a)pyrene       <198 

Benzo(b)fluorathene      <198 

Benzo(h,h,I)perlyene      <198 

Benzo(k)fluorathene      <198 

Chrysene       <198 

Dibenz(a,h)anthracene      <198 

  



Fluorathene       <198 

Fluorene       <198 

Ideno(1,2,3-c,d)pyrene      <198 

Naphthalene        200 

Phenanthrene       <198 

Pyrene        <198 
            
*From C-K Associates, Inc. (9) 

 
 
 
 
 
 
 
 
Table 2.  Soil Data from Oil Contaminated Wetland at Cravens, Louisiana Oilwell  
   Blowout Site (June 1998).* 

            

TPH – 69,000 ppm 

Electrical Conductivity – 837 µS/m 

pH – 5.05 

Priority Pollutant Metals 
Metal   Concentration (ppm) 

Antimony   <1.0 

Arsenic    <1.0 

Beryllium   <0.2 

Cadmium   <0.5  

Chromium    2.1 

Copper     1.3 

Lead     6.7 

Mercury   <0.1 

  



Nickel    <1.0 

Selenium   <0.5 

Silver    <1.0 

Thallium   <1.0 

Zinc      1.6 
            
*From C-K Associates, Inc. (9) 

 
 
 
 
 
 
 
 
Table 3.  Pre-Burn Wetland Soil Analysis from the Cravens, LA Oilwell Blowout Site  
                (July 1998). 
_________________________________________________________________________ 
Sample   Electrical Conductivity (s.d.)        pH (s.d.) 
Depth       (µS/m)       
0-10 cm      434 (130)         5.5 (0.3) 
  
10-20 cm    637 (273)          4.9 (0.8) 
 
20-30 cm    611 (281)         4.7 (0.6) 
_________________________________________________________________________ 
 

 

Table 4.  Post-Burn Wetland and Upland Soil Analysis from the Cravens, LA Oilwell       
                Blowout Site (December 1998). 
_________________________________________________________________________ 
Sample Location      Electrical Conductivity (s.d.)       pH (s.d.) Sodium (s.d.) 
And Depth                  (µS/m)    (ppm)   
Wetland 0-10 cm  236.7 (115.9)      5.2 (0.9) 26.6 (13.9) 
 
Wetland 10-20 cm  259.7 (102.9)      4.8 (0.6) 29.7 (15.6) 
 
Wetland 20-30 cm  374.9 (145.2)      4.6 (0.5) 31.5 (21.6) 
 
Upland 0-10 cm   262.8 (37.5)      5.4 (0.9) 20.3 (6.5) 
 
Upland 10-20 cm  175.3 (55.0)      5.0 (0.7) 16.5 (8.0) 
 

  



Upland 20-30 cm  167.0 (47.5)      5.0 (0.6) 14.5 (10.4) 
_________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.  Total Petroleum Hydrocarbon Means (µ) and Standard Deviations (s) for  
                 0-10 cm Soil Layer in the Oil Contaminated Wetland at Cravens, LA as a  
                 Result of Different Ammoniated Bagasse (ABG) Treatments. 
_________________________________________________________________________ 
ABG   June    July      August         September 
Treatment               
Applications             µ            s             µ         s                  µ           s         µ          s  
_________________________________________________________________________ 
 
0 kg/ha            215Aa     99             335Aa    280   402Aa    425           2960Bb   2775 

 
50 kg/ha      164Aa     89            290Aa     296               422Aa    603             371Aa     155 

 
100 kg/ha      747Aab    715          242Ab    143                246Ab    194           2071Ba   1598 

 
200 kg/ha      904Aa     932          942Aa     811                199Aa     237          1336Ba  1080 
_________________________________________________________________________ 
Means with the same lower case letters within rows are not significantly different. 
Means with the same upper case letters within columns are not significantly different. 
 
 
 
 
Table 6.  Total Petroleum Hydrocarbon Means (µ) and Standard Deviations (s) for  
                10-20 cm Soil Layer in Oil Contaminated Wetland at Cravens, LA as a  
                Result of Different Ammoniated Bagasse (ABG) Treatments. 
_________________________________________________________________________ 
ABG   June    July      August         September 
Treatment           
Applications          µ           s            µ           s      µ         s                     µ          s  
_________________________________________________________________________ 

  



 
0 kg/ha            129Aa      77            103Aa     66    193Aa    92          111Aa    30 
 
50 kg/ha      115Aa      57             65Aa      11         40Aa       9                 126Aa    28 
 
100 kg/ha      241Aa      145          240Aa    165     106Aa     41                192Aa   142 
 
200 kg/ha      136Aa      109          115Aa    54         114Aa    139               121Aa    59 
_________________________________________________________________________ 
Means with the same lower case letters within rows are not significantly different. 
Means with the same upper case letters within columns are not significantly different. 
 
 
 
 
 
 
 
Table 7.  ANOVA Table of F and p Values for Wetland Soil Hydrocarbon Data  
                Collected from the Oil Contaminated Wetland at Cravens, LA. 
_________________________________________________________________________ 
Source     F Value   Pr > F    
 
Treatment    1.70   0.1756 
 
Date     8.15   0.0001 
 
Depth     29.94   0.0001 
 
Replication(Treatment)   1.30   0.2290 
 
Date*Treatment    1.50   0.1679 
 
Date*Replication(Treatment)  0.97   0.5393 
  
Date*Depth    7.99   0.0001 
 
Treatment*Depth   1.13   0.3440 
 
Date*Treatment*Depth   1.63   0.1268 
 
 
 
 
 
 
 
 
 
 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.  Mean Cation Concentrations for Wetland Soil Samples.a 
_________________________________________________________________________ 
Cation  0-10 cm                10-20 cm  Average        U.S. EPA Drinking 
  Soil Depth           Soil Depth             Water Standards  
 
Al  0.068                  0.133    0.100   0.200 
 
Ca  4.633         0.371    2.502   NA 
 
Cd  0.000         0.001    0.000   0.005 
 
Cu  0.001                  0.001    0.001   1.300 
 
Fe  0.105         0.199    0.152   0.300 
 
K  0.852         0.598    0.725   NA 
 
Mg  0.858         0.440    0.649   NA 
 
Mn  0.020         0.006    0.013   0.050 
 
Na  94.964         95.921    95.442               50.000 
 
Ni  0.002         0.001    0.002   0.100 
 
Pb  0.006         0.004    0.005                 0.015 
 
Se  0.005         0.006    0.006   0.050 
 
Zn  0.001         0.001    0.001   5.000 
_________________________________________________________________________ 
aConcentrations are expressed in parts per million (ppm). 
NA – Not available 
 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9.  Mean Health Ratings, Height Change, and Diameter Change of  
                Greenhouse Grown Two-year Old Loblolly Pine in Response to Soil  
                Applied Oil. 
_________________________________________________________________________ 
Soil Applied                   Mean Health Mean Height  Mean Diameter 
Oil Treatment  Rating*  Change (cm)  Change (mm)   
 
0 L/ha   1.2c         3.2a           1.48a 
 
431 L/ha  1.2c         1.8b          1.35a 
 
862 L/ha  4.3b         1.1bc         0.77b 
 
1724 L/ha  5.0a         0.0c           0.41b 
            
*Ratings: 1 (healthy, no visual sings of stress); 2 (slight visual signs of stress, few  

     chlorotic and wilting needles); 3 (moderate signs of stress, chlorotic  
     needles, wilting needles, some premature needle loss); 4 (severe signs  
     of stress, chlorotic and necrotic needles, extreme wilting, premature  
     needle loss); 5 (seedling is dead, all needles brown). 

Means with the same letter within columns are not significantly different at α=0.05. 
 

 
 
 

  



Figure 1.  Location of Cravens, LA Research Site. 
 

Figure 2.  Cravens, LA Oil Contaminated Wetland, July 1998 (pre-burn). 
 

  



Figure 3. Cravens, LA Oil Contaminated Wetland, December 1998 (post-burn). 
 

Figure 4.  Test Cylinder Located in Cravens, LA Oil Contaminated Wetland. 
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Figure 5.  Total Petroleum Hydrocarbons in the 0-10 cm Soil Layer Result
                  Different Ammoniated Bagasse Treatments (error bars are stand
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  Figure 6.  Total Petroleum Hydrocarbons in the 10-20 cm Soil Layer Res
       Different Ammoniated Bagasse Treatments (error bars are stan
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  Figure 7. Electrical Conductivity in the 0-10 cm Soil Layer at the Oil Contaminated    
                  Wetland in Cravens, LA (error bars are standard deviation). 
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  Figure 8. Electrical Conductivity in the 10-20 cm Soil Layer at the Oil Contaminated  
                  Wetland in Cravens, LA (error bars are standard deviation). 
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Figure 9. Soil pH of the 0-10 cm Soil Layer at the Oil Contaminated Wetland in  
                 Cravens, LA (error bars are standard deviation). 
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Figure 10. Soil pH of the 10-20 cm Soil Layer at the Oil Contaminated Wetland in  
                   Cravens, LA (error bars are standard deviation). 
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Figure 11. Soil Total Petroleum Hydrocarbon Concentration as a Result of Application of  
                   Ammoniated Bagasse (ABG) to Oil Contaminated Forest Soil (error bars are  
                   standard deviation). 
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IntroductionIntroduction

A 2000 barrel brine release in April 1999 resulted A 2000 barrel brine release in April 1999 resulted 
in damage to approximately five acres of forest in damage to approximately five acres of forest 
and undergrowth at a site near Tatum, Texasand undergrowth at a site near Tatum, Texas

This case study discusses the use of proprietary This case study discusses the use of proprietary 
chemical amendments to treat the soil and to chemical amendments to treat the soil and to 
restore soil properties conducive to plant growthrestore soil properties conducive to plant growth

Steps have also been taken to prevent soil erosion Steps have also been taken to prevent soil erosion 
and allow the establishment of new plant growthand allow the establishment of new plant growth



Project ObjectivesProject Objectives

Restore soil properties to remediation Restore soil properties to remediation 
goals or backgroundgoals or background
Prevent soil erosionPrevent soil erosion
ReRe--establish vegetationestablish vegetation



Remediation Goals and Local 
Background Values

Remediation Goals and Local 
Background Values

Remediation GoalsRemediation Goals Average BackgroundAverage Background

pHpH 66--88 4.64.6
ECEC 00--44 0.060.06
SARSAR <12<12 11
ESPESP <12<12 0.250.25
AvailableAvailable <500<500 34.434.4
SodiumSodium





Initial Remedial ActivitiesInitial Remedial Activities
Installation of a down gradient collection trenchInstallation of a down gradient collection trench
Installation of two treatment pits next to the release Installation of two treatment pits next to the release 
areasareas
Treatment with proprietary chemicalsTreatment with proprietary chemicals

RXDPRXDP –– subsurface cationic amendmentsubsurface cationic amendment
GeoPercGeoPerc –– permeability enhancerpermeability enhancer
ReNewReNew –– surficialsurficial cationic amendmentcationic amendment
CropCrop--UpUp –– growth stimulatorgrowth stimulator

Seeded bare areas with Seeded bare areas with bermuda bermuda grassgrass



















2001 Activities2001 Activities

Quarterly MonitoringQuarterly Monitoring
ReRe--treated with treated with ReNewReNew
Spread wildflower and wild grass seedSpread wildflower and wild grass seed
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In the Beginning

! Sweat Equity

! Applying existing tools to new problems

! RCRA Determination

! State Review Guidelines

! UIC Mid-course Evaluation

! Cumulative Impacts Study



Benefits of 
Clean Coal Technology

! 1990, our first funding: $1.9 million

! 1991, our first budget: $1.5 million

! We’ve come a long way

! Let’s see where we’ve been



Phun With Physics:  
Favorite Projects

! Freeze-Thaw/Evaporation

! Methane Imaging

! Fuzzy Logic

! “Ohio Bio”

! Clean Airship 1
(The Blimp)

! SEMP



Our Real Successes: 
A Life of Their Own

! Risk Based Data 
Management System

! Area of Review

! NORM

! Synthetic Muds

! Salt Caverns



That’s Why They Call It Research
Projects Don’t Always Pan Out

! Beach Cones

! Hovercraft

! Potable Water

! Drill Cuttings for Wetlands 
Restoration



Synergies and Spin-Offs

! RBDMS
─ Basin risk to UIC program 

management and beyond
─ Web-based systems
─ On-line permitting
─ Palm Pilot applications
─ Water wells
─ Hazardous waste injection

! Emergency Response
! Idle well studies



Partnerships: Don’t Go It Alone

! Federal agencies

! States

! Universities

! National Laboratories

! Petroleum Environmental
Research Forum



Success Through Gestalt
Look at the issue as more than the sum of its parts.

! Technology

! Economics

! Risk Assessment

! Regulatory Analysis

! Information Transfer

They are all connected, but they need a 
catalyst to get the reaction going.



Ninety-Nine Percent 
Perspiration: Sweat Equity

! Rulemakings
─ Synthetic Muds
─ Effluent Limitation Guidelines

! Interagency work groups
─ Federal Leadership Forum

! Work with States
─ State guidelines and reviews 

! Reaching out to stakeholders
─ Take the time to let them know 

they’re important



Federal Lands: 
Where It All Comes Together

! BLM National 
Performance Review

! EPCA Inventory

! Federal Lands Technology 
Partnership

! DOE Oil and Gas Research

! Interagency Cooperation



Communications: 
I Heard It Through the Grapevine

! Listening to stakeholders

! Facilitation
─ Appalachian/Illinois Basin Directors
─ Synthetic muds
─ TRI
─ California Oil Survival Team
─ Dispute resolution

! “Direct Dialogue”

! Government-Industry work groups

! Web-based tools



Where We’ve Been: 
Retrospective Metrics

! Our funds have enabled more 
cost-effective, risk-based decisions

! Cumulative impacts of past activities:

" 300 million barrels of additional oil production

" 2 Tcf of additional gas production

" $500 million more in Federal royalties

" $10 Billion in industry cost savings



Where We Are Going?

! Comprehensive approach

! Focus on priority areas

─ Air

─ Water

─ Federal lands

! Identify research needs and Federal role

! Set technical objectives

! Track progress



Lessons From a Decade

! Keep an open mind: Good ideas 
come from everywhere

! Get involved

! Keep your feet grounded 
in science

! Let your head brush the sky

! Be a catalyst for progress

! Have fun

! Trust in smart people 
and encourage them



When you come to a fork in 
the road, take it.

Yogi Berra



REMEDIATION OF A POLYAROMATIC 
HYDROCARBON RELEASE AT A RAILROAD 

SWITCHYARD 
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Jay Bowden (Patrick Engineering 
William L. Lundy (BMS, Inc.) 

Introduction 

A locomotive diesel fuel release on an active track in a railroad switchyard posed 
a difficult remedial challenge. Because of the high traffic density on the rail spur, closing 
this section of track would be impossible. These logistical problems were further 
exacerbated by the discovery of high levels of the suspected carcinogen benzo(a)pyrene. 

Conventional remedial technology such as excavation or soil vapor extraction, was 
obviated because of fear of damaging the rail bed as well as impeding traffic. The 
BIOX@ Process was selected because of its ease of application and its previous success at 
remediating diesel fuel and polyaromatic hydrocarbon (PAH) impacted sites. 

Project Background 

On November 25, 1998, a diesel fuel tank on a railroad locomotive was 
punctured by a piece of loose steel near a switch location in the rail yard. An emergency 
response contractor responded to the site and removed the remaining fuel from the 
locomotive’s tank and free product from the ground surface. Rail yard personnel 
estimated that approximately two-hundred (200) gallons of diesel fuel were released to 
the ground surface, of which approximately one-hundred ten (110) gallons were 
recovered. 

Subsequent soil and groundwater investigations completed by Patrick 
Engineering in September 1999, identified residual soil impacts in the immediate area of 
the release location. Groundwater samples results confirmed that groundwater was not 
impacted. Soil sample results identified benzo(a)pyrene in several samples obtained from 
a depth of between zero (0) and three (3) feet below the ground surface, at concentrations 
that exceeded the recognized soil remediation objective such that some remedial actions 
were warranted. Accordingly, the Illinois Environmental Protection Agency (IEPA) 
Offce of Chemical Safety - Emergency Response Unit, required that a Remedial Action 
Plan (RAP) be prepared and submitted to the IEPA for their approval to mitigate the site. 

The areal extent of the impacted soil was approximately two-thousand five- 
hundred (2,700) square feet. The volume of impacted soil equated to approximately 
three-hundred (400) cubic yards. Figure I shows the extent of the impacted area. 
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Proposed Remedial Action 

The remediation technology proposed for the site was in-situ catalytic oxidation. 
Soil conditions at the site, e.g., permeable sand and rail bed ballast, are ideal for in-situ 
methods. Conventional remedial actions such as excavation or soiVvapor extraction were 
impracticable because the impacted area was located within an active rail yard and would 
have required the temporary shut-down and dismantling of several track sections. In-situ 
methods such as bioremediation and catalytic oxidation were preferred because they are 
much less intrusive to the rail yard operations. Unfortunately, bioremediation is a slow 
process and conventional catalytic oxidation (Fenton’s Reagent) is dangerous and doesn’t 
work well for shallow adaptations where site paving is not available. Ultimately, a new 
catalytic oxidation process was selected because it had been previously demonstrated to 
Patrick Engineering that it was safe, worked well for shallow applications and was very 
effective at oxidizing hydrocarbon and recalcitrant chlorinated contaminants. 

The Oxidation Process 

The process, coined the BIOX@ Process by it’s developers, is based upon 
hydrogen peroxide chemistry. However, unlike conventional Fenton chemistry which 
injects liquid hydrogen peroxide, the BIOX@ Process generates hydrogen peroxide in- 
situ. This is accomplished by injecting a proprietary reagent blend that contains an 
aqueous suspension of peroxygens and amendment compounds formulated to control pH 
and catalytic activity as well as the production rate of hydrogen peroxide. Because the 
quantity of hydrogen peroxide available at any given time is minimal, the process does 
not generate the heat indicative of conventional Fenton chemistry. Therefore, loss of 
contaminants through thermo volatilization is obviated. 

For shallow applications (less than fourteen feet) the reagent can be applied using 
a soft-advance drilling technique that creates a high velocity, low volume fluid jet that 
displaces the soil immediately around the tip of a hand-held probe rod. These injection 
points are closely spaced to ensure that the impacted soils are sufficiently mixed with the 
reagent. The pumping equipment (See Photo I) can also be staged away from the 
injection zone. This eliminated the impact of remedial equipment upon an area of high 
railroad activity. 

Photo I -- Jet Probe 
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The Application 

Based upon the soil type, the shallow distribution of the contaminant and 
experience at treating similar sites under similar circumstances, the following remedial 
action strategy (See Table I) was designed for the site. 

Table I 
Areal Extent: 
Vertical Extent: 
Cubic Yards: 
Injection Matrix (Point Spacing): 
Number of Points: 
Total Gallons Reagent: 
Gallons Reagent per Point: 
Gallons Reagent per Cubic Yard: 

2,700 square feet 
0 to 4 feet 
400 
3 feet 
3 00 
2,800 
-9 
7 

The validity of this treatment design was verified during the initial stage of the 
injection work and subsequently adopted for the overall site application. It is important 
to remember that if the chemistry used to remediate the site is the scientific aspect of the 
process, proper injection technique is surely the art form. Both are equally important. 
The fKst step of the verification process is to determine if the point spacing matrix chosen 
was correct for the site. This is accomplished by observing reagent communication 
between the injection points. Initially, several points using the design spacing are 
injected. If no reagent is expelled back to the surface from adjoining points during the 
injection process, the point spacing is decreased until communication is observed. This is 
then defined as the “radius of influence” for the site. (It should be noted that on some 
sites the radius of influence can change significantly. Thus, it should be checked 
periodically during the injection process.) The point spacing is then increased by 
approximately two-thirds (2/3) to assure mixing in the soil. 

When the BIOX@’ reagent contacts contaminants, mild off-gassing is observed if 
the pH and catalytic factors have been properly formulated. This reaction is used to 
determine the location of the contaminants (See  Photo 11) as well as optimizing the 
reagent blend formulation. 

Photo I1 - Mild Off-gassing 
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Access to the subsurface through the ballast layer was accomplished with the use 
of a hammer drill equipped with a three (3) foot bit. Once the hole was completed, it was 
filled with dry bentonite to prohibit the crushed rock from again filling the cavity and to 
aid in promoting a seal between the injection rod and the surrounding earth. This 
significantly reduces the reagent “blow-back” through any annulus created by the robust 
jetting action of probe. The completed matrix of the application is dipicted by the flags 
as shown in Photo III. 

Photo 111 - Array of Injection Points 

Figure I, depicts the concept design of the inject area as well as the area where 
The injection area showing the actual location of the the fuel release occurred. 

contaminant as determined by the injection reactions discussed above, is also illustrated. 

The third factor affecting the injection application is the liquid load factor of the 
soil or, the gallons of reagent per cubic yard that the soil will hold before expelling the 
remainder to the surface. This differs from what is commonly referred to as “pore space” 
because it is significantly affect by the moisture content, contaminant type and content 
and the heterogeneity of the soil. A detailed discussion of these factors is beyond the 
scope of this paper however, it is critical during the injection process, that the operator be 
aware of the ability of the soil to hold the designed volume of reagent. If reagent 
expulsion is observed, the injection volume and/or technique must be adjusted to 
accommodate this eventuality. During the application work at this site the load factor of 
seven (7) gallons per cubic yard proved to be optimum. All site work was completed in 
one (1) week. 
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1 UiOx INJECTION AREA 1 

Figure I - Injection Area - Site Map 
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EXPEDITING PERMITTING OF OIL AND GAS
EXPLORATION THROUGH

ARCHAEOLOGICAL RESOURCE MODELING

Eric Ingbar, Gnomon Inc., Carson City, Nevada
Pat Barker, Bureau of Land Management Nevada State Office, Reno, Nevada

David W. Zeanah, California State University, Sacramento
Steve Wells, Bureau of Land Management Nevada State Office, Reno, Nevada

John Snow, Nevada Department of Minerals, Carson City, Nevada

ABSTRACT
Compliance with the National Historic Preservation Act (NHPA) can increase
processing time for federal approval of oil and gas operations.  Because the
distribution of cultural resource is poorly understood, compliance with the NHPA
normally involves intensive field inventory to identify, evaluate, and treat
significant archaeological sites prior to authorizing operations.  The Bureau of
Land Management in Nevada expedites approvals by developing and
implementing probabilistic models that predict the density and distribution of
archaeological sites based on available archaeological data, appropriate
behavioral models, and paleo-environmental reconstructions.  These models are
the basis for a cultural resource management plan in Railroad Valley, Nevada,
that eliminates inventory in some areas and diminishes the intensity of inventory
in others.  The model also provides operators with a sensitivity map to use in
bidding on leases and planning operations.  This approach is being exported to
Pine Valley, Nevada, and should be applicable throughout the West. The work
reported here is supported in part by Department of Energy Agreement DE-
FC26-01BC15337.



INTRODUCTION
The cultural resource management processs for post-lease management of an oil

and gas development on federal lands can often be a labyrinth (Figure 1). For a typical
APD or seismic project on federal lands, the process might include:

• an intensive archaeological inventory accomplished by fieldwork
• a preliminary report to federal land managing agency
• further fieldwork and report revisions as required by the agency
• project design changes or fieldwork to mitigate effects
• further review by the agency
• consultation with the state and other agencies
• possible further fieldwork
• report revisions
• project design changes
• issuance of a permit (finally)

It is hardly surprising that this process can be unpredictable, expensive, and
slow, as the interagency task force on applications for permits to drill found in 1996 (1).

The Bureau of Land Management (BLM), Gnomon Inc., and the Nevada
Division of Minerals (NDOM), are collaborating to improve the efficiency of this
process through appropriate technological and scientific research. Our work has been
supported by the Bureau of Land Management and the Department of Energy. Our goal
is to develop a mode of operation in which the entire process of development is
informed of potential and actual cultural resource values. Through a combination of
better information management and predictive modeling, the land use planning process
can proceed more directly. Essentially, one develops the “best evidence” cultural
resource information first, including a model of the likelihood of encountering cultural
resources.

After resource modeling and management planning, one could estimate the risk
of cultural resources delaying or adding to the expense of a project. This approach can
be useful before even bidding the lease. An operator could choose to avoid expensive
leasing in areas where cultural resource compliance would be costly or untimely – thus
preserving the resource itself.  Or, one could identify otherwise less attractive oil and
gas targets that have few potential cultural resource conflicts. After a lease is issued, the
cultural resource manager in the public land agency can turn to the model to assess
whether significant cultural resources are likely to be present in any areas identified for
exploration or development, and can also check for nearby known resource-free ground.
If suitable ground is available in the same location the project could be redesigned. If
cultural resources are likely to be dense and significant, the resource manager can alert
the applicant in advance. Finally, if cultural resource likelihood is low then the resource
manager may recommend less intense fieldwork. All of these actions streamline the
regulatory process, enhancing fossil energy development on public lands and effective
environmental protection.



The rest of this paper presents an approach that allows regulators and
developers to make faster and better leasing and permit decisions. This approach should
make public lands accessible to oil and gas operations more rapidly.  As well, this
process streamlines compliance with environmental regulations by making the
regulatory process swifter, more open, and more predictable.

The resource modeling approach outlined here illustrates:  (1) the systematic
compilation of a large amount of archival field data into an electronic archive; (2) the
geomorphic, archaeological, and historical study of areas in the western U.S of interest
to oil and gas developers; (3) the creation of a "risk" model for land development
related to oil and gas exploration, drilling, or development within the model area; and
(4) resource management planning to facilitate development.

THE PROBLEM

Cultural resources are managed under Section 106 of the National Historic
Preservation Act of 1966 (NHPA).  Section 106 is deceptively simple.  It requires
Federal agencies to afford the President’s Advisory Council on Historic Preservation
(ACHP) the opportunity to comment on any undertakings that could effect significant
cultural resources.  However, over the last four decades, affording the ACHP the
opportunity to comment has become exceedingly complex, costly, and time consuming.
Briefly the process has three phases:  (1) an identification phase in which the agency
attempts to find all significant resources; (2) an evaluation phase in which known
resources are evaluated to determine if they are eligible for inclusion on the National
Register of Historic Places (NRHP); and (3) a mitigation phase in which impacts to
eligible resources are reduced or eliminated.

Due to the historic emphasis on finding and evaluating individual sites, the
general lack of systematic cultural resource distribution data, and a generally risk-averse
conservative approach among cultural resource specialists and land managers, the
Section 106 process is largely reactive. Cultural resource studies are done on a
piecemeal basis as each lease, road, pipeline corridor, or other action is proposed and
subsequently evaluated. Almost every oil and gas project necessitates field studies that
are expensive time-consuming, and unpredictable in their economic and temporal
resolution.

 In oil and gas development, this process often comes as a “surprise” to the to
developer because there were no stipulation or warnings included in the lease package
when it was bid, indicating there were or could be significant cultural resources within
the leased area that could add to the cost and processing time of developing the lease.  If
the potential resource conflicts could have been known, the lessee might have made
different leasing choices.

 In Nevada for example, the vast majority of land uses proposed annually are
subjected to Class III field inventory that is funded by the land use proponent and
conducted by a private contractor. In a Class III inventory, the Area of Potential Effect
(APE) is inventoried by walking thirty meter transects over the entire area and recording
all cultural resources within it.   These resources are then evaluated using NRHP criteria



and all resources determined to be eligible for the NRHP are “treated” in some manner
to reduce or eliminate effects to them. After the contractor conducts the inventory and
develops a report, the Federal Agency and the State Historic Preservation Office
(SHPO) review the report.   After the report is finally accepted, it and the site records
associated with in are filed in a repository and become available for use when
evaluating future land use applications.

 This process usually requires sixty to ninety days and costs at least thirty-five
dollars an acre.  It can take a lot longer and cost a lot more. One of the most frustrating
aspects of the current process is its unpredictability.  Under current practice it is
impossible to predict what types of resources will be found, how long it will take to find
them; and what measures will be necessary to mitigate impacts to them.  All too often
land managers cannot provide a reasonable timeline for processing an application and
developers cannot plan necessary actions to implement their development plans.
Fortunately, the standard approach is not the only way to comply with the National
Historic Preservation Act.

THE SOLUTION
If one steps back from the reactive piecemeal processing of an endless stream of

high-priority land use applications, then it becomes clear that the Section 106 process as
currently implemented is not inherent in the NHPA but is a process created through the
historic practice of cultural resources managers. This means that the process can be
changed to improves its efficiency and predictability significantly, without sacrificing
significant cultural resources.  One of the ways in which this can be done is by
developing landscape-based probabilistic models of past land use and applying those
models to develop resource management plans that adjust the amount of required
cultural resource inventory to the likelihood of discovering significant resources (2).
These plans can also be used to inform land-use proponents and managers of the
likelihood that operation in a particular place will (or will not) entail significant costs in
time or funds.

Model Formulation

The approach reported here begins from an anthropological and geological
model of the archaeological record. This scientific model serves as the basis of a
management model. The formulation of the models is technically complex; here, we
outline their development in simplified fashion.

The anthropological and geological model is intended to predict where cultural
resources are likely to be found as surface and as buried deposits. Three major
components comprise the model: first principles about human foraging behavior,
reconstruction of past environments in terms of human forage potential within the
model area, and consideration of Late Pleistocene and Holocene geomorphology and
depositional energetics within the model area..

Human foraging behavior is predicted by ecological theory called optimal
foraging theory. To simplify, optimal foraging theory predicts that humans will attempt



to maximize net caloric intake and minimize the occurrence of critical (“mortal”) risks.
To simplify hugely, human foragers (hunters and gatherers) will minimize the risk of
starvation and maximize their caloric intake. Humans do this by planning their
movement across a landscape based on its resources.

Model formulation measures the potential resources in a landscape based upon
contemporary and fossil soils. Soils are the result of climate, geology, vegetative
history, and erosion or deposition. Thus, soil types are a good proxy measure of
potential vegetation at a particular time. Vegetation, in turn, determines animal life. The
model builds upon the soil units an area map of “attractiveness” of different parts of a
landscape to human foragers. These are referred to as habitats.

The third component of the anthropological model is the geomorphic history of
an area. Erosion and deposition will obscure, remove, or expose archaeological
materials. Areas with no surface archaeological materials may contain abundant buried
materials; conversely areas with lots of surface material may not contain any buried
archaeology. Geomorphology is the “filter” through which the archaeological record is
always seen.

These three components are combined to create a predictive model of where
archaeological remains should be (a) visible; (b) present, but buried and so invisible; (c)
not present. The predictive model also states the kinds of archaeological phenomena
that will be found in different habitats. The predictive model is tested using known
archaeological information. Typically, we attempt to use only part of the known data, so
that one can go through a period of model reformulation (“tweaking”) and then retest it
with independent information.

The management model is formulated using the anthropological model as its
basis. As discussed above, particular kinds of archaeological phenomena are considered
eligible to the National Register of Historic Places. Combining the archaeological
predictions of the anthropological model with appropriate contemporary criteria for
NRHP eligibility, we forecast the “sensitivity” of different habitats. Areas of broadly
similar sensitivity are combined into areas of similar “risk” of encountering National
Register eligible sites. There can be different risk characteristics too. For example,
because of late Holocene deposits followed by stability, an area may have almost no
risk of significant surface archaeology, but a high risk of buried archaeology. Ground-
disturbing actions (e.g., a pipeline) might thus require more oversight than surface
traverses of the same area (e.g., a seismic survey).

Formulating the model and associated management plan entails several steps.
These are:

1. Define the Management Area: In collaboration with appropriate federal and
state regulators, cultural resource managers, contractors, and industry
representatives, define an appropriate model area.

 
2. Define model strata:  Assess appropriate environmental units as model

strata and determine the most consistent predictors of cultural resource
density and distribution;



3. Data Collection and Collation: Collect existing cultural resource data
within the management area and collate that data into an automated
database; Data collected shall be kept within a defined database structure.

 
4. Model Creation: Using appropriate sampling and modeling theory from

anthropological and archaeological research, develop a probabilistic model
predicting the density, and distribution of significant cultural resources.

 
5. Model testing: Test the model to determine its validity and accuracy. The

model has to be tested with either reserved existing data (not used to
develop the model) or new data gathered explicitly to test the model.

 
6. Refine Model: Based on testing results, refine the model to enhance

predictability. This could include re-definition of variables in the model,
and field checks to determine why portions of the model failed and how to
correct the deficiencies.

 
7. Translate Model into a Management Plan: Based on the model, develop

specific management prescriptions that guide cultural resource compliance
activities within the management area.  These include defining areas: (1)
where inventory intensity can be reduced or enhanced;  (2) where
appropriate mitigation measures are defined; and (3) where the data is
insufficient to develop reasonable management prescriptions.

 
8. Obtain Stakeholder Concurrence with the Plan:  Consult with the SHPO to

obtain SHPO concurrence on the management plan and present it to
industry and managers to ensure all parties understand and support the
model;

 
9. Implement the management plan (and live happily ever after).

EXAMPLE: RAILROAD VALLEY, NEVADA
The modeling approach described above was employed in Railroad Valley,

Nevada. The Railroad Valley study area (Figure 3)encompasses approximately 530,000
acres (roughly 825 square miles) in eastern central Nevada. The terrain is typical of the
Great Basin – a fairly wide closed basin valley floor surrounded by steep north-south
ranges.

Railroad Valley is one of the few oil and gas areas in Nevada. In general, it has
been the province of small operators. For many reasons, the time and money costs of
environmental compliance are especially critical to small petroleum companies. Suffice
it to say that the cultural resource management process has had important effects on the
conduct of oil and gas exploration in Railroad Valley. From a national perspective,
Railroad Valley is an excellent area to use as a trial for the approach we advocate. The



pace of development is sufficiently slow that one can apply the risk model approach in a
measured fashion.

A considerable amount of inventory has been done in Railroad Valley over the
years (Figure 4. In aggregate, about 63,000 acres of the study area have been
inventoried systematically for cultural resources. There are known areas where NRHP
significant resources are especially dense and many areas in which there was no
systematic estimation of sensitivity prior to this study. Every oil and gas development
action followed the evaluative process described already. Lease sales were done
“blind”, with the exception of a few specific areas where it was common wisdom that
“archaeology would be a problem”.

 Working with Intermountain Research of Silver City, Nevada, we used the
approach described above. Brevity requires that we omit many parts of the study details
from this consideration of it, but copies of the full report (3) are available by contacting
us. It is important to note that the investigation resulted in several useful products: (a) a
GIS and database of all known cultural resources and cultural resource inventories
within the study area; (b) an anthropological model; (c) a management model that
predicted sensitivity of particular areas, also mapped within the GIS as management
zones; (d) a management plan containing specific protocols for different management
zones. The management plan was made effective through review and acceptance by the
BLM and by the Nevada State Historic Preservation Office.

Illustrating the overall model results requires that we omit many parts of the
study for the sake of brevity. Figure 5 shows the habitat units derived from soil map
units, geomorphology, slope and aspect, proximity to water and other critical resources.
The predictions about the archaeological contents of the habitat units were tested using
approximately half of the extant archaeological data. The model was refined and tested
again with an alternate set of data. The anthropological model yielded a relatively high
success coefficient for the habitats.

We then examined the contents of the different archaeological “profiles”
ascribed to each habitat as well as the known National Register status of all resources
within a given habitat. From these, we developed a model of the sensitivity of each
habitat unit in terms of National Register eligible resources. This management model
was tested by examining the density of NRHP-eligible resources in each habitat. A good
fit with the predicted values was found. Areas of similar sensitivity and burial potential
were grouped to form management zones.

Management zones (Figure 6) form the basis of the management plan itself.
Each zone represents a level of sensitivity (or risk, if one chooses to see it as such).
Inventory protocols for each zone are either the same as, more stringent, or less
stringent than the current statewide standard of 30m interval transects. Table 1
summarizes the management plan and zone results. Zones 1 and 2 have different NRHP
sensitivity/risk values, but otherwise are treated similarly. Zone 3 is much less “risky”
in terms of finding an NRHP-eligible archaeological site, and is also likely to contain
such resources in ways best revealed by more widely spaced (hence cheaper than 30m)
field transects perpendicular to slopes. Zone 5 requires no inventory at all. Zone 6,



special management units, require consultation on a case by case basis. These are the
most sensitive areas in the valley.

Another way to look at the management zones is to estimate the dollar costs
saved by reducing inventory levels. Table 2 compares the “regular” inventory cost
(estimated to be $35 per acre) and the inventory cost under the management
prescriptions derived from the sensitivity model. In some areas, no change in inventory
cost occurs; however there are huge changes for several of the management zones.
Overall, the use of a more focused management plan to determine inventory levels saves
an average of 30% of inventory cost. Note too that these cost comparisons consider only
the on-the-ground inventory costs. Staging and lead time frames may be shorter, as will
the decision-making process about inventory strategies.

EXTENDING THE APPROACH
Based on the experience gained in the Railroad Valley Project, the U.S.

Department of Energy has provided grant funding to extend the approach to another
area and to review the modeling utility in a wider venue. We are currently collaborating
on extending the model approach in Pine Valley, Nevada. The Pine Valley project
includes more explicit discussions with industry and land managers about applying the
sensitivity modeling approach in the widest possible number of useful settings.

Similar sensitivity modeling projects differ somewhat in methodology but are
underway for similar reasons. The Wyoming BLM and State Historic Preservation
Office have contracted the University of Wyoming to formulate a sensitivity model for
the Moxa Arch oil and gas field; some model aspects (largely based on geomorphology)
have been applied in both the Jonah field and Beaver Creek fields of Wyoming. A
geomorphological model is being used for pre-screening of fieldwork within some
southwestern New Mexico fields.

The utility of a risk model, or sensitivity model, approach goes beyond on-the-
ground inventory requirements. In fact, the results of such models should be
incorporated throughout the management of oil and gas leases (at least on public lands).
Figure 7 presents a model for using the tools that the approach we describe here creates.

Prior to leasing, the agency can use the sensitivity model and the information
system (GIS) data of inventory and known cultural resources to create lease packages.
Lease package formulation is a complicated process, but this at least allows cultural
resource protection, costs, and timeframes to be incorporated into an agency’s lease
offerings. For example, a lease specialist might utilize the predictive model to evaluate a
lease package, find that it is likely to contain significant National Register eligible
resources under the model, and choose to reconfigure the lease to avoid the high risk
area.

When leases are offered, the respondents also receive an estimate of the
“riskiness” of the lease in terms of cultural resources. Perhaps the entire lease has been
inventoried – if so the lease respondents can be given a summary of what is known and
how many resources are known to be NRHP-eligible. Perhaps none of the lease has
been inventoried – the respondent is given an estimatin (from the model) of whether it is



likely the area will contain significant cultural resources. One could even include a
standard description of inventory requirements, as in the Railroad Valley management
plan.

Once ground has been leased and a development is proposed, the model and the
GIS that underlies it can be used to define areas of effect with the least impacts. This is
shown in the lower panel of Figure 7.

Outside of oil and gas itself, cultural resource models can be useful in many
different land-use settings. Finally, The BLM has just funded a Landscape Level
Cultural Resource Overview Project in northeastern Nevada, northwestern Utah, and
southeastern Idaho that is exploring the approach presented here on a mush larger
geographic scale.  This project is developing an understanding of current landscape in
terms of the evolution of human impacts to land, flora, fauna in order to provide
managers a predictive model that forecasts the density and distribution of significant
cultural resources within the vegetation zones spread across very large scale landscapes
(in this case numerous hydrologic basins within Nevada, Idaho, and Utah).  The project
models how humans have sculpted the ecosystem over time as a means of understanding
the general landscape and cultural resources found on it.

CONCLUSION
The process presented here highlights how to develop the materials necessary to

manage cultural resources in a different, more holistic way. First, the approach allows
land managers, regulatory agencies, and land-users (such as the oil and gas industry) to
assess the likelihood that a project will impact NRHP-eligible cultural resources.
Second, the risk model itself is based upon the application of anthropological and
ecological theory about prehistoric human foragers to existing cultural resource
distribution data.  Third, the integration of geomorphological data and theory, with
archaeological data and theory, over a broad area has been successfully attempted in oil
and gas development areas in Wyoming, New Mexico, and Nevada. Finally, the
creation of a risk model for cultural resources management differs from much of current
cultural resource management and regulation. However, recent amendments to the
NHPA, and its implementing regulations, make it clear that such proactive efforts are
the future direction of management.

The approach is applicable to fossil energy technologies and is obviously highly
compatible with protection of the environment. The efficiency gain for fossil energy
technologies is that the risk model and information system allows managers and
developers to consider cultural resources from the very start of the exploration process.
A bidder on a lease can weigh the risk of dealing with archaeological resources against
the value of a lease bid. As the exploration and development process goes forward,
applications for permits to drill (APD's) can be reviewed more efficiently and
predictably.  The necessity and likely scope of cultural resources field investigation can
be forecast from the risk model and prior inventory can be used to inform stage
exploration and development activities and known resources can be avoided at the
design stage, rather than reactively late in the development process.



The goal of the entire approach is to minimize the impacts to cultural resources
through sound planning and management tools; this in turn lessens the collateral impact
of cultural resources on fossil energy extraction. We think this is wise use of resources:
cultural resources, natural resources, manpower, and capital.
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Figure 7. Cultural resources information management and risk modeling in oil and gas
development, pre-lease and post-lease.
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Table 1. Management units and prescriptions, Railroad Valley.
Management
Unit

Inventory
Type

Transect
Interval

Special
Considerations

Monitoring
Requiremen
ts

Site
density

NRHP Site density

Zone 1 Systematic 30m Dunes, toolstone
sources, water
sources,
cutbanks, zone
margins

All blading
and
trenching

14 ha/site 128 ha/site

Zone 2 Systematic 30m Dunes, toolstone
sources, water
sources, cutbanks,
zone margins

All blading and
trenching

12 ha/site 319 ha/site

Zone 3 Systematic 45m
perpendicular
to contour

Dunes, toolstone
sources, water
sources, cutbanks,
zone margins

Case by case 17 ha/site 649 ha/site

Zone 4 Intuitive Case by case Dunes, toolstone
sources, water
sources, cutbanks,
zone margins

Case by case 23 ha/site na

Zone 5 None na na Case by case 52 ha/site na
Special
Management
Units

Per data
recovery
plan

Per data
recovery plan

Per data recovery
plan

Per data
recovery plan

varies varies



Table 2. Projected cost savings resulting from Railroad Valley Management plan.

Management
Zone

Acres Prior cost Current cost Percent
change

Reason

1 88401 $3,094,035 $3,094,035 0% no change
2 92954 $3,253,390 $3,253,390 0% no change
3 272996 $9,554,860 $6,369,907 -33% increased sample transect interval to

45m
4 20909 $731,815 $182,954 -75% intuitive inventory strategy
5 49493 $1,732,255 $0 -100% no inventory required
6 2427 $84,945 $84,945 0% no change

NET 527180 $18,451,300 $12,985,230 -30%
*Prior cost calculated at $35/acre
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ABSTRACT 
Methyl tertiary butyl ether (MTBE) is a fuel additive used in oxygenated gasoline 

to improve combustion and reduce air emissions.  This organic chemical is commonly 
found in natural waters as a contaminant from gasoline spills.  The physical 
characteristics of MTBE make remediation of contaminated sites difficult by traditional 
treatments.  The objective of this research is to investigate the use of granular activated 
carbon for adsorption of MTBE from concentrated aqueous solutions (~1850 mg/L) to 
more acceptable levels common at remediated sites.  Six different commercial granular 
activated carbons are investigated for adsorptive properties.   

Isotherm tests were conducted on all carbon samples to determine adsorptive 
capacities.  The isotherm constants emphasized all granular activated carbon 
samples used in this research do have significant adsorption capacity for MTBE 
from concentrated aqueous solution.  Isotherm results show that in general GAC 
performance follows the trend CC60 > F600 > PCB > F300 > GAC1000 = UMI within 
the equilibrium concentration range tested in our experimental work (5 to 500 mg/L 
MTBE). 



BACKGROUND 
Methyl tertiary butyl ether (MTBE) is the most widely used oxygenate in the 

United States for motor-vehicle fuels. MTBE is an ether with the chemical formula 
C5H12O. During the 1970s, MTBE was introduced to gasoline as an octane enhancer.  
The use if MTBE, along with other ether based compounds, replaced lead as the additive 
of choice.  In the 1980s, lead was removed from gasoline, which resulted in an increase 
in the addition of MTBE to gasoline. In fact, by the end of the 1980s, MTBE phased out 
the use of lead in gasoline completely. Typically, concentrations of MTBE in gasoline are 
approximately 15% by volume. 

MTBE became popular in the beginning of the 1990s. Carbon monoxide 
pollution was of great concern at the start of the decade. Carbon monoxide pollution is 
caused by the incomplete combustion of motor-vehicle fuel. The 1990 Clean Air Act 
Amendments (CAAA) were passed to amend the carbon monoxide pollution problems. 
From the CAAA, two programs were started to improve air quality. In 1992, The 
Oxygenated Fuel Program was started by the US Environmental Protection Agency 
(Gullick and LeChevallier, 2000). This program required the use of oxygenated gasoline 
in parts of the country where carbon monoxide pollution was excessive. To oxygenate 
gasoline to the 2.7% oxygen requirement mandated by this program, MTBE, or ethanol, 
are added. While Clean Air Act Amendments do not specifically require the addition of 
MTBE, MTBE is the oxygenate of choice for most gasoline vendors because it is 
relatively inexpensive, and blends well wit gasoline. Later, during the 1990s, the second 
program from the CAAA was started.  The Reformulated Gasoline Program, also 
initiated by the USEPA was started in the mid 90s. This program was designed to reduce 
ozone and smog in metropolitan areas with high air pollution (Gullick and LeChevallier, 
2000).  Thompson et al., 2000 summarize the main physicochemical properties of MTBE 
and potential contamination sources. 

After the introduction of MTBE as an oxygenate for fuels, acute health system 
complaints, such as headaches, nausea, dizziness, and breathing difficulties were 
reported.  The U.S. Environmental Protection Agency (USEPA) has classified MTBE as 
a possible human carcinogen (USEPA, 1996). Research studies are still in progress to 
determine whether MTBE is a human carcinogen. Human health effects can occur 
through ingestion, dermal contact, and inhalation of MTBE.  Ingestion of MTBE is a 
great concern for public health, as some drinking water sources are known to be 
contaminated with MTBE.  Although dermal contact of MTBE is rare, dermal contact of 
MTBE can occur through washing with contaminated water sources.  Inhalation of 
MTBE also tends to be infrequent.  It is probably most associated with vehicle refueling.  
The body excretes most of the substance in about 2 days after exposure. While contact to 
MTBE has proven to be a carcinogen to laboratory rats, there is no substantial research to 
support that MTBE is carcinogenic to humans. In fact, no human deaths have been 
reported due to inhalation, ingestion, or dermal contact to MTBE. 



MTBE REMOVAL TECHNOLOGIES 

MTBE is a relatively difficult compound to remove from contaminated water. 
Air stripping, adsorption, and advanced oxidation processes are all treatments that have 
been considered in the removal of MTBE from water.  Air stripping is a common 
treatment for volatile organic compounds (VOCs). This treatment, however, is not very 
effective with MTBE.  MTBE has a low Henry’s constant, which governs why air 
stripping is not an extremely efficient treatment. The low Henry’s constant means that 
MTBE is not easily transferred from the aqueous to vapor phase (Thompson et al., 2000).  
The volumetric air to water ratio necessary for the removal of MTBE from water is four 
to six times that of other gasoline compounds such as benzene (Davis and Powers, 2000).  
In order to accomplish 95% removal of MTBE by air stripping, an air to water ratio in 
excess of 200:1 (Gullick and LeChevallier, 2000) is required.  Truong and Parmele 
(1992) estimated the of air stripping MTBE to be about $9 per day per 1000 gallons of 
water treated with no consideration for off-gas treatment.  Because of the absence of any 
carbon branch more than a single carbon in length and the stable nature of the ether bond, 
the MTBE molecule is fairly recalcitrant to biodegradation (Johnson et al., 2000 and 
Gullick and LeChevallier, 2000). Therefore, the removal of MTBE via biological 
treatment would be much slower than that of other petroleum hydrocarbon compounds. 
Activated sludge treatment is possible albeit expensive.  Truong and Parmele (1992) 
estimated the biological removal of MTBE from an influent concentration of 20 mg/L to 
an effluent concentration of 365 µg/L to cost about $23 per day per 1000 gallons of water 
treated. They note that the low MTBE utilization rate and the problem of substrate 
maintenance leave significant technical issues unresolved.  Suflita and Mormile (1993) 
investigated the anaerobic biodegradation of MTBE. They found no evidence for the 
anaerobic degradation of MTBE after 182 days treatment.  

MTBE has a high solubility and low organic carbon partition coefficient, Koc. 
Therefore MTBE does not readily transfer from aqueous to organic phases.  MTBE is 
also more difficult to remove by adsorption to granular activated carbon than other fuel 
contaminants.  The adsorption capacity of GAC is roughly an order of magnitude less for 
MTBE than for fuel components such as toluene (Liang et al., 1999).  In fact GAC is not 
considered a cost effective alternative for large-scale treatment for high influent 
concentrations due to the reduced capacity for MTBE, (USEPA, 1998).  At lower MTBE 
concentrations (10 to 100 µg/L), however, GAC may be an effective removal technology 
(Cater et al., 2000).  GAC adsorption might be effective as a polishing step following air 
stripping (USEPA, 1998).  In spite of these limitations, adsorption onto GAC is 
commonly practiced in California for remediation of groundwater contaminated with 
elevated concentrations of GAC.  Such treatment leads to partial restoration of the aquifer 
by pump and treat technologies.  These remedial actions normally result in reductions of 
MTBE concentrations from over 1,000 mg/L to the lower mg/L range.  Mixed beds of 
GAC and organominerals may facilitate MTBE removal from water.  Thompson et al., 
2000, discuss the use of organozeolites for adsorption of MTBE from aqueous solution.  
The potential of GAC media for partial remediation of MTBE contaminated sites is 
presented in this publication.  

MATERIALS AND METHODS 



Pure methyl tertiary butyl ether (MTBE) was obtained from Alfa-Aesar. The product was 
rated as assay grade with a purity of 99+% (Alfa-Aesar employs the product name t-
Butylmethylether having a corresponding product number of 1839). A saturated MTBE 
solution was prepared by extracting pure product from a ChemSeal bottle septum using a 
10 mL syringe and injecting it into a Jet Pipette bottle filled with 400 mL of deionized 
water. Following injection, the solution was mixed until the pure product was solubilized. 
Consecutive injection of pure MTBE, followed by mixing, was repeated until the solution 
was saturated with MTBE.  Saturation was assumed once the presence of a visible free 
product layer over the aqueous solution. The bottle was then capped with the Jet Pipette 
dispenser. The solution was allowed to stand for 12 hours and was mixed a final time.  A 
free product layer thickness of approximately 5 mm was maintained with subsequent 
injections as needed to insure that the aqueous solution remained at the saturation 
concentration of about 48,000 mg/L. The stock solution was then ready for use in dilution 
and sample preparation.  Thompson et al., 2000, present information on the gas 
chromatograph analysis used in these studies. 

Six different granular activated carbon samples were obtained from various 
commercial suppliers: Calgon Carbon Inc., United Manufacturing Inc., and Carbo-Chem.  
The names of the carbon samples along with their provider are shown in Table 1.  
Adsorption isotherms were developed for each carbon by maintaining a constant MTBE 
concentration while the mass of carbon in each sample was varied for each specimen.  12 
ml glass tubes were used as reactors in these tests.  GAC masses in the tube varied from 
0.0 to 0.75 g in increments of 0.05 g.  MTBE saturated solution was added into each tube 
as minimizing volatilization as described by Thompson et al., 2000.  The initial 
concentration in all tests was computed at 1,846 mg/L.  The reactor tubes were then 
rotated in a Lovejoy end-over-end revolving apparatus for 24 hours at 20 rpm.  The 
samples were then centrifuged at 2000 rpm for 30 minutes.  2 µL samples were then 
taken from the supernatant and analyzed using direct aqueous injection, as described by 
Thompson, et al., 2000.  All tests were conducted in triplicate at room temperature.  

RESULTS 
Several isotherm models were evaluated to describe the experimental findings for 

all tests.  The Freundlich Isotherm model fit well the experimental data for all carbon 
samples.  Average equilibrium concentrations on the solid phase, qe = x/m, were plotted 
as functions of equilibrium aqueous concentration, Ce, using log-log scales to obtain the 
linearized form of the Freundich Isotherm.  Figures 1 through 6 summarize the 
experimental findings using this data linearization approach.   

It may be observed from these figures that the adsorption behavior for MTBE for 
each carbon sample is significantly different.  However, the adsorption behavior trends 
are somewhat linear, as predicted by the linearized version of the Freundlich Isotherm 
Model.  Table 2 summarizes the Freundlich Isotherm coefficients for the six GAC 
samples. 

The Linear Isotherm Model is a variant of the Freundlich Model.  These two models are 
essentially identical when the exponent 1/n is unity.  The 1/n exponents in Table 2 are 
considerably lower than 1.0, indicating that the Freundlich Model departs significantly 
from linearity if plotted on arithmetic scale.  Figure 7 may be used to illustrate these 



deviations from linearity in an arithmetic plot.  The curvature of all the lines, which is 
attributed by departure of the 1/n exponent from unity, is significant.  Further, the 
lowering slope with increasing equilibrium concentrations indicates that MTBE tends to 
favor the aqueous phase over the adsorbent. 

Figure 7 may be used to select the GAC that is more efficient for MTBE adsorption from 
aqueous solutions.  The intersection of the F600 and CC60 lines indicates that these two 
adsorbents are equally efficient at equilibrium concentrations near 0.5 mg/L.  The CC60 
carbon is more effective at higher concentrations, while the F600 outperforms other 
carbons at concentrations below 0.5 mg/L MTBE.  This finding should be applied with 
discretion since the lowest concentration measured in our experimental work never 
reached this relatively low value.  However, the lines in Figure 7 indicate that in general 
GAC performance follows the trend CC60 > F600 > PCB > F300 > GAC1000 = UMI 
within the equilibrium concentration range tested in our experimental work. 
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Table 1. Granular Activated Carbon Product Sources and Commercial Names. 

Supplier Name Commercial Carbon Name 
Calgon Carbon F 300 
Calgon Carbon F 600 
Calgon Carbon PCB 
Carbo-Chem CC 60 
Carbo-Chem GAC 1000 

United Manufacturing Incorporation UMI 
 

 

 

 

 

 

 
Table 2.   Freundlich Isotherm Constants for Commercial GAC Samples 

Carbon K 1/n 
CC 6O 142.76 0.3558 
F 300 66.06 0.4114 
F 600 134.46 0.2432 
GAC 1000 54.90 0.4244 
PCB 81.25 0.4249 
UMI 60.34 0.3757 
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Figure 1.  CC 60 Freundlich Adsorption Isotherm 
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Figure 2.  F300 Freundlich Adsorption Isotherm 
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Figure 3.  F600 Freundlich Adsorption Isotherm 
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Figure 4.  PCB Freundlich Adsorption Isotherm 
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Figure 5.  PCB Freundlich Adsorption Isotherm 
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Figure 6.  UMI Freundlich Adsorption Isotherm 
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Figure 7.  Isotherm Comparison 
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ABSTRACT 
 
 The oil production and petroleum refining industries generate considerable amounts 
of sludges and tank bottoms as waste. Since the landfilling option has gradually been 
narrowed, the disposal of these hazardous materials becomes a major problem because of the 
ever-tightened environmental regulations and expectation of ever-increased company profits 
margins. To maximize the waste oil recovery from sludges and tank bottoms and to minimize 
the volume of the hazardous waste, a number of waste recovery and treatment processes are 
introduced to the local industries. The process designs and unit operations of each process are 
different and each has its own merits, in terms of the technical complexity, operation 
friendliness, and costs and economics. A pilot study on each of these technologies and the 
subsequent tide-up to the existing unit operations is conducted, and the associated technical 
and economic comparisons are made. Some of these findings will be reviewed. 
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INTRODUCTION 
 

The petroleum refining industry generates relatively large amounts of waste from 
various sources, including wastewater, tank bottoms, slop oil emulsion solids and various 
sludges from oil/water/solids separation. However, the accumulation of crude storage tank 
bottoms is a comparatively serious problem experienced by most refineries worldwide. The 
settling out of the sand, rust and heavy fractions in the crude oil results in a loss of ullage in 
refinery crude storage tanks, and can ultimately cause refinery problems when slugs of this 
material are introduced into the plant. Most refineries have managed the problem by 
accumulating these sludges in a few of their crude tanks. Disposal of these wastes prior to the 
aggressive environmental regulation was relatively easy, simply by landfilling of solid wastes 
into a refinery's own landfarm or to commercial landfills. However, since 1990’s, the options 
available for the disposal of this material have been limited and economically prohibitive. 

 
 
Traditionally, the aims of the waste processing were limited to two functions – to 

reduce waste volume to minimize the amount of solid waste and thus the disposal cost, and to 
recover usable oil from the waste to the extent practical enhanced the economics of waste 
disposal. Nevertheless, the environmental regulatory concerns, economic viability and 
operational benefits have influenced development or treatment and disposal options. 
Methodologies range from simple single step in-situ chemical treatment for oil recovery to 
multistep physical, chemical, biological and thermal treatment to meet treatment standards for 
land disposal. The local refineries have been exploring better methods to implement the waste 
minimization and oil recovery from oily sludge to achieve the environmental-friendly 
objectives. Many refinery waste management techniques have been introduced from various 
process licensers from different countries. In order to assist the viability and effectiveness of 
applying any one of these systems under Kuwaiti conditions, pilot tests are carried out to 
validate or disprove its claims. After validation, further process evaluation will be 
commenced to select the most cost-effective and appropriate technology. 

 
 

THE WASTE PROCESSING TECHNOLOGIES 
 

Many technologies are available to treat the tank bottoms sludges. These are based on 
a combination of one or more of the following: 
 

! Physical methods such as centrifuging  
! Addition of chemicals to aid in extraction 
! Thermal treatment such as desorption 
! Biological methods 

 
The biomediation methods have been extensively studied previously for the remediation of oil 
contaminated soils (1) caused by the Iraqi scorch earth policy at the end of the Gulf War. In 
this contribution, some of the findings on the effectiveness of the physio-chemical separation, 
solvent extraction and thermal desorption processes, operating in batch mode to recover the 
petroleum hydrocarbons from the tank bottoms sludges, will be reviewed. 
 
 
 



Thermal Desorption 
 

The thermal desorption process is an indirect-fired rotary desorber employing an oil-
fired external heat source to volatise and to recover the petroleum hydrocarbons from the tank 
bottoms sludges. Nitrogen gas is introduced counter-currently into the desorber to eliminate 
the constraint of the lower explosion limit or combustion. Typical processing time around 60 
minutes and at temperature ranging between 350 to 500oC. A schematic diagram of the 
process is shown in Figure 1.  

 
 
The vapourised hydrocarbons and water are condensed and collected for analysis. 

The solid waste is conveyed out for collect and to be analysed. 
 

 
Solvent Extraction 

 
The solvent employed in the test is an organic material, which is compatible to the 

hydrocarbons. There is only a trace of aqueous solution involved and hence the operating 
temperature can be raised more than 100oC. The solvent does not destroy the wastes but to 
separate the oil from the solid components.  

 
 
The process diagram is depicted in Figure 2.  A small amount of solvent is added to 

the selected hydrocarbon fluids as a carrier. The mixture is preheated to the predetermined 
temperature in a heater before being pumped to the sludges holding tank. The carrier fluid is 
circulated in the system continuously for certain time depending on the type of fluid. No 
additional solvent is added to the re-circulating fluid. Liquid and solid samples are collected 
and analysed. 

 
 

Physio-Chemical Separation 
 
It is based on the "cavitations" (2, 3) and "hot spot" (4) sonochemistry that creates a 

dramatic molecular change in organic fluids and gases. Suslick (5) estimated that temperature 
and pressures of imploding cavities were on the order of 5500oC and 500bars. 

 
 
An aqueous liquid with a small amount of proprietary chemical is pressured and then 

pass through the sonochemical generator for a fixed period. The process fluid is then mixed 
with the tanks bottoms sludges under agitation for a certain time. The mixture is then left for 
phase separation under gravity. Analysis is performed on the liquid and solid samples. Figure 
3 shows the simplified process diagram. 

 
 

Sample Analysis 
 

From the above selected processes for the tank bottoms sludges treatment, both liquid 
and solid products are produced. The analyses performed for the process evaluation cover 
some physical and chemical properties of the materials, total volume analysis, total petroleum 
hydrocarbons test up to C33 (6, 7) and a mass balance on solid samples. In here, only the 
TPH, total volume analysis, and mass balance on solids are reported. 



The TPH test is relatively inexpensive and quick method, which is based on the 
ASTM D2887-93, EPA 418.1 or similar.  Although it has been recognized that the TPH is not 
adequate to identify the oil source, it is found to be very effective in the current comparative 
investigation. The boiling range distribution can provide useful information to the refiners. 
Since there is only one feed source, i.e., the tank bottoms sludges, the recoverable petroleum 
hydrocarbons can be analysed both quantitatively and qualitatively.  

 
 
The mass balance on the solid samples will be carried out on the wet and dry basis. 

Together with the total volume analysis, the overall effectiveness of each of the treatment 
process can be evaluated. The methodology for the process evaluation is summarised in 
Figure 4. 

 
 

RESULTS AND DISCUSSIONS 
 

In the following discussions, the concerned processes will be known as Processes 1, 2 
and 3; and the order designated is not necessary the same in the previous session.  

 
 

Oil Recovery Performance 
 
Before evaluating the three sludges treatment processes, samples from the untreated 

tank bottoms sludges are analysed to establish a baseline for comparison. Some properties of 
the crude oils, which have been held in the tank where the sludges are obtained, are shown in 
Table 1.  Since one sample is obtained from each of the three (oil/aqueous/solid) phases after 
treatment from one of the three processes, and together with the raw sludges, the total number 
of samples is 12. Coding of all the samples is listed in Table 2.  

 
 
From the total volume analysis of all samples, apart from those samples that collected 

from the treatment using light hydrocarbons as the circulation medium, the others are 
comparable with the baseline values. 

 
 
The results from the TPH analysis of the samples from the oil-phase are shown in 

Figure 5 as a cumulative bar chart. OIL0 shows the aliphatic hydrocarbons distribution, in 
terms of the percentage and carbon number of the untreated sludges. About 80% of the 
aliphatic hydrocarbons with the carbon number less than 23 is determined. After treatment in 
Process 1, a slight increase in the aliphatic hydrocarbons with the carbon number higher than 
23 is found. Similar observation is also found in the sample treated in Process 2, but with 
lesser extend than Process 1. However, a reverse trend is observed from the sample treated in 
Process 3. An increase in the aliphatic hydrocarbons at lower carbon numbers is found.  

 
The results of the TPH analysis on the aqueous samples treated in Processes 1, 2 and 

3 are depicted in Figures 6, 7 and 8, respectively. The characteristics of the chromatograms of 
AQU1 and AQU2 are very similar. However, the peak heights of AQU2 (Figure 7) are 
generally higher than those of AQU1 (Figure 6). The aliphatic hydrocarbons distribution in 
AQU3 follows a typical normal distribution curve where the highest peak is at the carbon 



number of 18 (Figure 8). Nevertheless, the height of all the peaks is generally higher than that 
of AQU2 and AQU1. 

 
 
To determine the remaining hydrocarbons in the solid phase of the product, a known 

quantity of the solid waste is used. Toluene extraction is applied to strip the remaining 
residue. After removing the solvent, the extract is weighted and then undergone the gas 
chromatograph (GC) analysis. The chromatograms of SOL1 and SOL2 are shown in Figures 
9 and 10. The characteristics of the aliphatic hydrocarbons from the extracts are very similar 
but the peak heights in the SOL2 are generally higher than SOL1. Figure 11 shows the GC 
analysis of SOL3, the characteristics of the aliphatic hydrocarbons distribution is slightly 
different than the previous two, and the peak heights are generally higher. 

 
 
Table 3 shows a comparison of the total oil content in the sediments on both wet and 

dry basis. Process 2 provides a better oil recovery on the wet basis. It is followed by Process 3 
and than Process 1. However, when comparing under the dry basis, Process 3 has 83.23% 
recovery, which is better than Processes 2 (83.07%) and 1 (81.03%). The increase in the water 
content in all the treated samples is due to the processing media used in the treatment.  

 
 

Process Economics 
 
The capital cost of each process cannot not be estimated because insufficient process 

and kinetic data are available for sizing and scaling-up the unit. Moreover, the mode of 
equipment acquisition, either to own or to lease, has not been determined. Hence, the 
operation cost is based on running the current pilot plant scale units, and accounted only for 
the utilities consumption and labour cost. A summary of the estimated cost per ton of sludges 
is shown in Table 4. Since the processing time and the number and form of utility requirement 
are differed from process to process, the cost variation is apparent.  
 
 

CONCLUDING REMARKS 
 
Three sludges treatment processes are evaluated. The preliminary results reported 

here show that there is not much difference in the process performance between them. 
Although one of the processes has a slight edge over the others in the oil recovery and volume 
reduction, the delta is not significant. In terms of the process economics, the operation cost 
varies quite substantially. Since a number of factors have not been considered in the 
estimation, this is not conclusive.  

 
 
One of the processes is comparatively easy to operate and the tide-in to the refinery 

will be relatively simple. However, in-depth study on the other analytical results must be 
made before selecting the process for further process evaluation.  

 
 
 
 

 



Table 1. Some properties of the crudes. 
 

Property Engineering Unit Value 
API oAPI 23 
Sulphur  Wt. % 4.5 
Water  Wt. % 0.2 
Boiling Point - IBP oC 50 
                        FBP oC 335 
Metal - Ni µg/g 15 
             V µg/g 30 

 
 
 
 

Table 2. Sample codes. 
 

Sample Code Treatment 
Oil phase Aqueous phase Solid phase 

Blank OIL0 AQU0 SOL0 
Process 1 OIL1 AQU1 SOL1 
Process 2 OIL2 AQU2 SOL2 
Process 3 OIL3 AQU3 SOL3 

 
 
 
 

Table 3. A comparison of the sediment contents. 
 

Content on Wet Basis (wt%) Content on Dry Basis (wt%) Code 
Oil Solid Water Loss Oil Solid Loss 

SOL0 16.90 73.90  6.50 2.70 18.07 79.04 2.89 
SOL1  3.10 85.00  9.50 2.40  3.43 93.92 2.65 
SOL2  2.60 81.70 15.00 0.70  3.06 96.12 0.82 
SOL3  2.80 88.10  7.70 1.40  3.03 95.46 1.51 
  
 
 

 
Table 4. Operation Cost 

 
Process Cost ($/ton) 
1 310 
2 155 
3 205 
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Figure 1. A schematic diagram of the thermal desorber process. 
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Figure 2. A simplified solvent extraction process diagram. 
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Figure 3. A simplified physio-chemical separation process diagram. 
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Figure 4. A methodology for process evaluation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
Figure 5. A cumulative bar chart comparing oil-phase samples 



Figure 6. The chromatogram of AQU1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 7. The chromatogram of AQU2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 8. The chromatograph of AQU3. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 9. The chromatograph of SOL1 

 
 



 
 
Figure 10. The chromatograph of SOL2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 11. The chromatograph of SOL3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



REFERENCES CITED 
 

1. Bella, M.T., Al-Awadi, N, Al-Daher, R., Chino, H. and Tsuji, H. "Remediation and 
rehabilitation of oil-lake beds in Kuwait: I. Bioremediation of oil-contaminated soil", 
in proceedings of the Symposium on Restoration and Rehabilitation of the Derset 
Environment, Amsterdam, Elsevier (1996).  

2. Suslick, K.S., Mcleleni, M.M. and Ries, J.T. “Chemistry induced by Hydrodynamic 
Cavitation”, Advances in Sonochemistry, 8, 870-71 (1997). 

3. Crum, L.A. and Matula, T.J. "Shocking Revelations", Science, 276, 1348-49 
(1997). 

4. Suslick, K.S., Gawienowski, J.J., Schbert, P.F. and Wang, H.H. "Alkane 
Sonochemistry", The Journal of Physical Chemistry, 87, 2299-2301 (1983). 

5. Suslick, K.S. "Sonochemistry", Science, 247, 1439-45 (1990). 
6. ASTM Method D2887 - 93. "Standard Test Method for Boiling Range Distribution of 

Petroleum Fractions by Gas Chromatography", in Annual Book of ASTM Standards, 
Vol. 5.01, Philadelphia, American Society for Testing Materials (1996). 

7. UOP Mathod 915 - 92. "Normal Paraffins by Capillary Gas Chromatography", UOP 
(1992). 

 
 

Acknowledgement 
 

The author would like to thank the KISR management for their financial support and 
encouragement in the implementation of this project. Special thanks also due to the 
colleagues who have assisted in the sample analyses and provided useful discussions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



THE BIOREMEDIATION OF MTBE WITH 
OXYGEN RELEASE COMPOUND (ORC®)  

 
 

Stephen S. Koenigsberg and Rick Gillespie, Regenesis, San Clemente, CA 
(steve@regenesis.com  rick@regenesis.com) 

William R. Mahaffey, Pelorus, Evergreen, CO (mahaffwr@worldnet.att.net) 
 

 
ABSTRACT 

 
MTBE complicates remediation and closure of properties contaminated with 

BTEX and other fuel hydrocarbons. Regulators and oil companies are becoming 
increasingly concerned about the environmental impact of MTBE, because some of its 
physical properties compromise active remediation methods such as air sparging and 
pump and treat systems.  One of the options to address these limitations is in-situ aerobic 
bioremediation, which can be enhanced by ORC (Oxygen Release Compound).  Several 
years ago, consultants using ORC noticed that MTBE concentrations decreased at an 
unusually high rate, relative to the literature in monitoring wells containing ORC filter 
socks.  Working on this empirical foundation, a number of subsequent laboratory and 
field experiments have demonstrated that oxygen can enhance the remediation of MTBE.  
These basic results and the implications will be discussed in detail. Also, some special 
features of the work, such as the role of co-oxidative mechanisms and competitive 
inhibition in MTBE bioremediation will be elucidated. 

 
 

INTRODUCTION 
 

As a ubiquitous fuel additive, methyl tert-butyl ether (MTBE), has complicated 
the remediation and closure of contaminated properties. Regulators, oil companies, and 
now the public are becoming increasingly concerned about the environmental impact of 
this and other related ether oxygenates.  Several factors responsible for the heightened 
level of concern include the following: 1) MTBE degrades very slowly under natural 
conditions, 2) it has a very low taste and odor threshold, 3) its toxicity and 
carcinogenicity profile are largely undetermined and 4) it is highly soluble and does not 
readily retard on the aquifer matrix. This last feature has compromised active remediation 
methods (air sparging and pump and treat) because of inefficiencies in stripping.  As a 
result, many consultants have turned to other treatment options – most notably in-situ 
aerobic bioremediation. 
 
 

Active in-situ aerobic bioremediation, designed to accelerate rates of natural 
attenuation, requires supplemental oxygen.  One option in achieving this is the use of 
Oxygen Release Compound (ORC).  ORC is a patented formulation of time-release 
magnesium peroxide that releases oxygen slowly when hydrated.  ORC treatment 
represents a “low intensity” approach to in-situ aerobic bioremediation; it is simple to 
apply, operates passively and is very low in cost because its use dramatically limits 
design, capital and operating expenses.  One application of ORC typically lasts 6 months 



to one year depending on site conditions. Its ability to reduce time to site closure has been 
documented via its use at 6,500 sites in 50 states and 12 countries.  There is also a full 
body of independent, peer reviewed literature on its performance, which can be accessed 
at www.regenesis.com.   
 
 

ORC is applied using exchangeable filter socks or as a loose powder.  Filter 
socks are placed in an array of wells or trenches, after which contact with ground water 
promotes the formation of an “oxygen barrier” that facilitates plume cut-off.  ORC 
powder can be made into a slurry for permanent applications in the saturated zone, or 
dispersed as free powder for the in-situ or ex-situ treatment of soil.  A broad array of 
treatment points, in which ORC slurry is backfilled or injected, can be implemented with 
low-cost, small-bore injection or auguring methods. Loose powder is traditionally used in 
the remediation of residual contamination at the bottom of tank excavations.  The first 
and most dominant applications of ORC were for the treatment of BTEX compounds and 
other petroleum hydrocarbons.  Use has now expanded to the remediation of certain 
chlorinated compounds, such as vinyl chloride and ethers such as MTBE.  A more 
complete review of the technology can be found in reference (1). 
 
 

ESTABLISHING THE EFFICACY OF ORC IN 
THE FIELD 

 
The observation that ORC could be used in the treatment of MTBE came 

fortuitously. In 1996, at a time when MTBE was not being regulated, we would 
encounter an occasional consultant who would be particularly thorough and analyze 
groundwater for “everything”.  As a result, MTBE levels would sometimes be reported in 
conjunction with conventional BTEX and TPH data in the course of tracking the 
performance of ORC. When we investigated the issue more closely we realized that 
MTBE was a potential concern and that it was degrading at a faster rate than would be 
expected in accordance with published rates (2). These data are presented in Table 1 and 
represent the exposure of the contaminants to fairly high levels of dissolved oxygen (20-
30 ppm), in wells where ORC socks were being applied.  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 increasing 
levels of dissolved oxygen in the aquifer.  This hypothesis was formulated in large part 
due to the foundation work of Salanitro et al., (3) in which it was shown that a bacterial 
consortium was capable of complete aerobic degradation of MTBE.  This work in turn 
was founded on a variety of reports involving the aerobic degradation of other ethers and 
a series of inconclusive studies pertaining to the aerobic and anaerobic degradation of 
MTBE itself. 
 
 

Subsequent to these field observations, which were reported by Koenigsberg (4), 
other oxygen-mediated bioremediation field evidence appeared in presentations by 
Javanmardian and Glaser (5) and by Carter et al., (6). These studies reported remediation 
of MTBE by air and oxygen sparging respectively.  Following this, as MTBE became 
more of a regulatory concern, other data sets supporting the hypothesis that ORC could 

 2 



facilitate the remediation of MTBE were being accumulated.  A summary of these 
earliest results, from remediations that occurred in 1996-1997 are presented in Table 2.  

 
 
Examining Case #4 in more detail as an example, ORC was applied as a slurry at 

a service station in Lake Geneva, WI.  At a site in Grafton, WI, there were actionable 
levels of MTBE and BTEX due to a leaking UST. Though the UST was removed and the 
contaminated soil excavated, MTBE and BTEX still persisted in the groundwater.  1,700 
pounds of ORC was applied via direct-push technology, to enhance aerobic degradation 
in the saturated zone.  The MTBE degradation results are presented in Figure 1.  
 
 

SUPPORTING THE FIELD OBSERVATIONS 
WITH LABORATORY RESULTS  

 
Subsequent to the work of Salanitro et al. (3), which presented the more general 

evidence for the role of aerobic processes, there was a specific report by Park and Cowan 
(7), which established and quantified a clear link between oxygen in the bioremediation 
of MTBE.  As a result, Regenesis commissioned studies at the University of California at 
Riverside with Marc Deshusses and Nathalie Fortin to corroborate these findings. The 
intent was to offer some evidence, under controlled conditions, that oxygen indeed was 
the limiting factor in the rate of MTBE biodegradation. The studies as reported in 
Koenigsberg et al. (8), investigated the biodegradation of MTBE by respirometry.  In the 
experiment, oxygen uptake rates at various dissolved oxygen concentrations were used to 
quantify the influence of dissolved oxygen concentration on the rate of MTBE 
biodegradation.  Results of the experiment demonstrated 1) the rate of MTBE 
biodegradation was proportional to the concentration of dissolved oxygen in water and 2) 
MTBE uptake followed a Michaelis-Menten kinetics with respect to dissolved oxygen. 

 
 

SPECIAL BIOCHEMICAL CONSIDERATIONS 
IN THE OXYGEN-MEDIATED 
BIODEGRADATION OF MTBE 

 
As additional data sets were reviewed, an interesting pattern emerged.  In many, 

although not all cases, it appeared that when MTBE and background hydrocarbons 
(typically BTEX) were co-mingled, the BTEX was preferentially remediated and its 
concentration had to drop before significant MTBE degradation could proceed. Prompted 
by such field results, a series of laboratory experiments were conducted to test whether 
background hydrocarbons interfere with MTBE degradation.  If so this would be a case 
of classical competitive inhibition and if proved true would be an important finding, 
because it would mean that oxygen supplementation would have dual value.  In other 
words, oxygenation could now be used to facilitate the removal of competing 
hydrocarbons as well as MTBE itself. 

 
To test the hypothesis, aerobic bacteria known to be capable of degrading MTBE 

and BTEX were isolated with the assistance of Don Phipps at the Orange County Water 
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District, Fountain Valley, CA. These bacteria were able to exist on a medium with MTBE 
as the sole carbon source.  In the experiment, performed by William Farone of APC in 
Anaheim, CA, the MTBE degraders were challenged with xylene as a representative 
BTEX hydrocarbon (relative to the chromatographic methods xylene could be handled 
conveniently in relation to MTBE on the same column). The results showed that MTBE 
degradation was inhibited by xylene; during a seven day period there was a 52% 
reduction of MTBE in the absence of xylene versus a 9% reduction of MTBE with xylene 
present. 
 
 

More advanced studies were then conducted by William Mahaffey of Pelorus 
EnBiotech in Evergreen, CO.  His work explored the hypothesis that MTBE 
biodegradation is 1) an aerobic co-oxidative process and 2) that competitive inhibition 
could exist between a primary substrate and MTBE and 3) that co-oxidation of MTBE 
may be limited by the availability of reducing equivalents required by the initial 
oxygenase enzyme system.  A working hypothesis was advanced based on structure 
activity relationships and an assumption that the most likely primary substrates involved 
in co-oxidation and competitive inhibition are compounds found at the aerobic fringe of a 
petroleum hydrocarbon plume.  Thus target substrates for co-oxidative metabolism of 
MTBE were; methane, alkanes, cycloalkanes, benzene and o-xylene. Initial studies, using 
resting cell transformation tests, demonstrated that substantial removal of MTBE was 
achieved with cultures that were acclimated to benzene, camphor, o-xylene and 
cyclohexanone (Mahaffey, unpublished).  In these early tests a specific benzene 
acclimated culture, designated PEL-B201, was found to be most efficient in degrading 
MTBE (58% removal).  This established the possibility that a single enzyme system 
could metabolize both MTBE and a primary substrate thus being under the influence of 
competitive inhibition dynamics.  Support for the competitive inhibition hypothesis was 
obtained by demonstrating both MTBE inhibition of benzene metabolism and the 
inhibition of MTBE metabolism with increasing benzene concentrations.  Subsequent 
studies (8) demonstrated clearly that MTBE inhibits oxygen uptake associated with 
benzene metabolism (Table 3). 
 
 

Biotransformation experiments performed with benzene acclimated cell 
suspensions are presented in Figure 2. Benzene induced cell suspensions degrade >99% 
of the added MTBE, while increasing levels of benzene (1.9 uM and 3.8 uM) resulted in 
a significant reduction in the rates of MTBE degradation.  No degradation of MTBE was 
observed with cells grown on the non-inducing substrate succinate.  The lack of MTBE 
degradation on succinate grown cells demonstrated that the MTBE metabolism occurs 
with an enzyme system associated with benzene metabolism and reaffirmed the 
hypothesis that MTBE is metabolized by co-oxidation.  
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OXYGEN UPTAKE RATES (OUR) WITH 
RESTING CELL SUSPENSIONS OF THE 

BENZENE DEGRADING BACTERIAL 
CULTURE PEL-B201 

 
Unpublished studies conducted at Pelorus have indicated that o-xylene degrading 

pure cultures will also efficiently degrade MTBE via a co-oxidative mechanism.  Some 
preliminary results indicate that the most efficient MTBE co-oxidizing cultures possess 
what maybe a novel pathway of o-xylene metabolism.  Studies have established that 
oxidation of the aromatic nucleus of o-xylene was the primary mechanism of attack.  
However, the formation of o-toluic acid and 2,3-dihydroxy-o-toluic acid suggested that 
attack of the methyl group substituent also occurs.   
 

Several strains of o-xylene degrading organisms have been shown to be 
simultaneously adapted to degradation of o-phthallic acid.  It is not clear at this time what 
the ring fission mechanism is for these organisms, however they are the most active 
MTBE degraders.  Inspection of space filling molecular models of MTBE and o-xylene 
indicate that the MTBE methyl groups can be aligned in the same plane as the o-methyl 
groups of o-xylene.  This is allows for speculation that MTBE could bind to the o-xylene 
oxygenase active site in a manner that they may align the methyl groups in the 
appropriate configuration for oxidative attack.  Studies such as these continue to expand 
the possible mechanisms available to microorganisms for the degradation of MTBE in the 
environment.   
 
 

CURRENT STATUS OF OXYGEN-MEDIATED 
MTBE BIOREMEDIATION 

 
In a second wave of field activity, several end users of ORC published papers on 

their results.  These include Boyle et al. (9), Buzea and DeStefanis (10), and Defibaugh 
and Fishman (11).  In one of the studies (10), BTEX and MTBE contamination in a fine 
grained sediment was treated with ORC through a series of push-point injections.   Data  
from the wells within the sphere of influence of the treatment, over a seven month period, 
is presented in Table 4. 

 
Since these studies a number of other major field projects have been executed.  

Recently, Patrick Hicks and Michelle Pahr of Arcadis Geraghty and Miller, in 
collaboration with J.P. Messier of the U.S. Coast Guard, performed a full-scale in situ 
bioremediation of dissolved phase MTBE and BTEX at a USCG facility in Elizabeth 
City, NC.  At the facility, three 10,000-gallon fiberglass underground storage tanks 
(USTs) had leaked and, after excavation and removal of the USTs, free phase Jet Fuel 
(JP-5) and groundwater were observed in the bottom of the excavation.  Depth to 
groundwater at the site is approximately 2 m below land surface (bls).  The goal of the 
project was to enhance the natural attenuation of dissolved petroleum constituents 
without interfering with facility operations.   
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Aquifer oxygenation was accomplished by injecting ORC into the contaminated 
aquifer. The source area near a former UST was treated with 18 injection points.  Each 
source area injection point received a slurry suspension of 35 pounds of ORC.  The 
plume portion was treated with 13 injection points.  Each plume area injection point 
received a slurry suspension of 22 pounds ORC.  A secondary treatment event in the 
plume area included 16 injection points.  Each injection point received a slurry 
suspension of approximately 33 pounds of ORC.  

 
 

Post treatment monitoring of the aquifer indicated the dissolved MTBE mass was 
reduced 100%in both the source and plume areas. The dissolved BTEX mass was 
reduced 99% in the source area, and 53% in the plume area.  Site closure has been 
obtained from the North Carolina Department of Environment and Natural Resources, 
Division of Environmental Management. 
 
 

With respect to ORC barriers, a major field research study was conducted by 
Barcelona and Jaglowski (12).  In the study, an in-situ reactive tracer test was conducted 
at the former Wurtsmith AFB in Oscoda, MI.  An ORC oxygen barrier was constructed 
and over 11,000 measurements were taken at over 3,500 locations and times during an 8-
month period.  The results were marginally positive with the authors stating that 
“evidence exists for the degradation of MTBE through TBA in a highly oxidizing 
environment” while also noting that “MTBE has been observed to degrade under suboxic 
conditions”.  Since there is other supporting evidence for anaerobic degradation of 
MTBE, although the role of aerobes is much less equivocal at this time, both mechanisms 
may have been operating in this system. 

 
 

With respect to the ORC barrier, it produced a significant level of oxygen (20-30 
ppm), however the groundwater flow rate was fairly high (1.3 ft./day) and this limited 
residence time in the barrier zone. Additionally, the experimentally constructed plume, 
which was created upgradient and allowed to migrate toward the barrier, hit the barrier at 
very low ppb concentrations.  Being at the “tail end of the asymptote” can be problematic 
with respect to seeing significant degradation in a short residence time. The lesson 
learned was that when barriers are used they would be more effective in combating 
higher concentration and/ or lower flow rate regimes. 

 
 

Eventually, that opportunity presented itself through the work of James 
Landmeyer and his colleagues at the U.S. Geological Survey Office in Columbia, SC.  
The following is a synopsis of the first intensive and definitively positive ORC barrier 
study as prepared by Landmeyer.  

 
 

“Microbial communities indigenous to a shallow ground-water system near 
Beaufort, South Carolina were observed to degrade milligram per liter concentrations of 
methyl tert-butyl ether (MTBE) under natural and artificial oxic conditions (13). 
Significant MTBE biodegradation was observed where anoxic, MTBE-contaminated 
ground water discharged to a concrete-lined ditch. In the anoxic ground water adjacent to 
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the ditch, concentrations of MTBE were greater than 1 mg/L. Where ground water 
discharge occurs, dissolved oxygen (DO) concentrations beneath the ditch 
exceeded 1.0 mg/L to a depth of 1.5 meters, and MTBE concentrations decreased to less 
than 1 µg/L prior to discharge. MTBE mass flux calculations indicate that 96% of MTBE 
mass loss occurs in the relatively small oxic zone prior to discharge. Samples of a natural 
microbial biofilm present in the oxic zone beneath the ditch completely degraded [U-14C] 
MTBE to 14C-CO2 in laboratory liquid culture studies, with no accumulation of 
intermediate compounds. Upgradient of the ditch in the anoxic, MTBE and BTEX-
contaminated aquifer, addition of a soluble oxygen release compound resulted in oxic 
conditions and rapid MTBE biodegradation by indigenous microorganisms. In an 
observation well located closest to the oxygen addition area, DO concentrations increased 
from 0.4 to 12 mg/L in less than 60 days and MTBE concentrations decreased from 20 to 
3 mg/L. In the same time period at a downgradient observation well, DO increased from 
less than 0.2 to 2 mg/L and MTBE concentrations decreased from 30 to less than 5 
mg/L.” 
 
 

“This biodegradation of MTBE in a shallow ground-water system at locations of 
natural and artificial oxic conditions is important in light of the large amount of evidence 
that exists suggesting that MTBE is relatively recalcitrant in many ground-water systems, 
and that MTBE would therefore preferentially accumulate. Those studies indicated that 
the success of bioremediation strategies such as natural attenuation would likely be low 
in plumes containing MTBE, and that remediation could only occur if contaminated 
aquifers were inoculated with specific microorganisms derived from enrichment cultures 
shown to degrade MTBE. However, the results of this study demonstrate that significant 
natural attenuation of MTBE can occur if the oxygen limitations naturally associated with 
gasoline releases can be removed, either under natural conditions where discharging 
anoxic ground water comes into contact with oxygen, or artificial conditions where 
oxygen can be added to aquifers containing mg/L concentrations of MTBE. This final 
solution may be an effective strategy for intercepting characteristically long MTBE 
plumes, particularly at those sites not characterized by ground-water discharge to land 
surface.” 
 
 

CONCLUSION 
 
Presently, there is a significant and growing body of evidence that oxygen 

enrichment of the sub-surface can facilitate the remediation of MTBE.  This paper has 
documented the first evidence for the efficacy of field applications of oxygen, in this 
instance through the use of a time-release oxygen technology, ORC.  Also, new 
contributions to understanding basic biochemical mechanisms of degradation that are 
oxygen dependent have been offered. These results were unfolded from a number of 
extant commercial data sets, with the support of the fundamental laboratory studies as 
cited. In addition to the use of ORC, others as cited have supported the essential 
conclusions through the use of sparged air or oxygen in their field work, and most 
recently, there have been two widely recognized, large-scale studies in this area (14 ; 15).   
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The decision to use of ORC or sparging to achieve desired objectives involves a 
basic series of economic and practical considerations and is beyond the scope of this 
paper. While it will be left to the consultant to sort out the exact needs which are highly 
case dependent, the advantages of having a passive, low cost and long term option for 
supplemental oxygenation is compelling. ORC technology seems particularly 
attractive for plume cut-off strategies by employing an easily injectable oxygen barrier. 
The total installed cost (injection and materials) for a barrier that is 100 feet in length and 
10 feet into the aquifer is about $10,000 with variable yearly replacement requirements.  

 
 

In the broader sense both ORC and sparging oxygenation technologies have 
established the essential fact that MTBE is aerobically biodegradable under field 
conditions and that accelerating the natural attenuation of MTBE by providing 
supplemental oxygen is a valid and important engineering objective in site management. 
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TABLES 
 
 

Table 1. 
 

Monitoring Well k/day BTEX k/day MTBE*
Site 1 (well #1) 0.1209 0.0841
Site 1 (well #2) 0.0479 0.0790
Site 1 (well #3) 0.0548 0.0112
Site 2 (well #1) 0.0383 0.0257
Site 3 (well #1) 0.6161 0.0432
Site 4 (well #1) (0.0108) 0.0854
Site 4 (well #2) 0.0636 0.0306
Site 5 (well #1) 0.0671 0.0912
Site 5 (well #2) 0.0577 0.1447

* Howard et al. (1991), in his reference book on degradation rates, reports that MTBE degrades at a
rate between 0.0038 and 0.0231. These rates probably reflect measurements in a range of natural
conditions from anaerobic through microaerophylic to aerobic.

Initial Observations on the Impact of ORC on MTBE
Composite Results for 1st Quarter 1996

 
 
 
 
 

Table 2. 
 

Site Location ORC Application Time 
(days)

Monitoring Well 
Distance from ORC 

Placement

% Reduction 
BTEX

% Reduction 
MTBE

1 PA Slurry Injection 138 MW 1 - 60' 66% 70%

2 NJ Barrier 182 MW 1 - 4' 24% 26%
MW 3 - 4' 73% 99%

3 NJ Slurry Injection 393 MW 1 - 7' 100% 90%
MW 2 - 50' 100% 86%
MW 3 - 85' 100% 100%

4 WI Slurry Injection 280 MW 2 - 7' 100% 100%
MW 3 -13' 90% 99%

5 WI Tank Pit Treatment 440 MW 1 - 4' 68% 78%
& Injection

6 MA Slurry Injection 187 MW 1 - 5' 100% 100%

Regenesis Field Program Results
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Table 3. MTBE Inhibition of Oxygen Uptake Associated with Benzene Metabolism 

 

 

µM 
Benzene 

µM 
MTBE 

nMoles-
O2/min 

Percent 
Inhibition   

Comments 

0 0 14.20 0 Endogenous rate on residual growth 
substrate 

0 10 9.40 33.8 % MTBE Inhibition of endogenous 
activity 

0 100 7.50 47.2 % " 

50  23.80 - Primary substrate activity 

100  27.50 - " 

250  30.80 - : 

50 100 12.50 47.5 % MTBE Inhibition of primary 
substrate activity 

100 100 13.90 49.5 % " 

250 50 17.00 44.8 % " 

 
 

Table 4. Concentration Reductions of MTBE and BTEX 
Adapted from Buzea, D.C. and DeStefanis. E.J.  1999.  Accelerated bioremediation as an 
alternative to conventional remedial technologies   In: In Situ Bioremediation of 
Petroleum Hydrocarbon and Other Organic Compounds (Alleman, B.C. and Leeson, A), 
Eds.),   Battelle Press, Columbus, OH 

 
Sample ID Date BTEX (ug/L) MTBE (ug/L)

TB-1 4/2/1997 54,100 1,300
TB-1 8/27/1997 30,200 < 500
TB-1 11/17/1997 32,300 180
TB-3 4/2/1997 206,200 10,000
TB-3 8/27/1997 39,300 6,900
TB-3 11/17/1997 9,900 4,800
TB-5 4/2/1997 93,100 33,000
TB-5 8/27/1997 61,100 4,900
TB-5 11/17/1997 45,400 5,600
TB-6 4/2/1997 99,000 22,000
TB-6 8/27/1997 52,300 3,800
TB-6 11/17/1997 58,300 2,400
TB-7 4/2/1997 20,570 540
TB-7 8/27/1997 1,360 76
TB-7 11/17/1997 34,400 300  
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ABSTRACT 
 
 In recent years, the Wyoming portion of the Powder River Basin has seen a 
tremendous boom in coalbed methane exploration and production activity. The geology 
of the Powder River Basin indicates that similar resources are likely to occur on the 
Montana side of the basin. However, development of the Montana coalbed methane 
resources is currently being strictly limited until the completion of two environmental 
impact statements: one by the U.S. Bureau of Land Management, and one by the 
Montana Department of Environmental Quality. Further complicating the development 
are lawsuits brought by local nongovernmental organizations and the concerns of two 
Native American reservations whose lands and resources may be affected. The technical 
aspects of major environmental issues facing the development of Montana’s Powder 
River Basin coalbed methane resources and where key stakeholders currently stand on 
those issues will be discussed. 



AN OVERVIEW OF ENVIRONMENTAL 
ISSUES RELATED TO COALBED METHANE 

DEVELOPMENT IN MONTANA 
 
 

INTRODUCTION 
 
Background 
 
 The latest and most controversial exploitations of coalbed methane (CBM) are 
occurring in the Powder River Basin (PRB) of southeastern Montana and northeastern 
Wyoming. The PRB, which is illustrated in Figure 1, encompasses approximately 
12,145 square miles. There are currently approximately 3100 wells in the PRB, with 
expectations of up to 39,000 more wells to be drilled over the next 10 to 15 years. A 
majority of the future exploration and production activities are expected to occur in the 
Montana portion of the PRB where only approximately 200 wells are currently 
producing. There have been 270 wells permitted by Montana regulatory agencies; 
however, a moratorium has been placed on additional permitting until an environmental 
impact statement (EIS) addressing the accelerated growth is completed. 
 
 The methane extraction process involves removing large volumes of water from 
the aquifer. Lowering the water pressure, which confines the methane within the coal 
seams, results in methane release and migration into extraction wells. Because of the 
potential for thousands of wells, and because CBM extraction consists of continual 
pumping and discharge of groundwater, several environmental concerns have been 
raised. 
 
 

ENVIRONMENTAL CONCERNS 
 
Potential Reduction of Groundwater Resources 
 
 A CBM production site often comprises multiple dewatering wells to reduce the 
hydrostatic pressure that confines the methane within the coal seam. These production 
sites are generally spaced in 20- to 40-acre increments in order to target a coal seam in a 
specific area or region. A conservative average of 10 gallons per minute of water 
production is estimated for each well within the PRB. Because of the magnitude of water 
being produced in an area, the potential exists for private drinking water, irrigation, and 
livestock wells to be affected. It is anticipated that many wells currently utilizing the coal 
seam aquifers for their well source water may be affected and left unproductive after the 
massive dewatering is deployed. 
 
Impacts to Streams, Soils, and Biological Constituents 
 
 Because of the potential for millions of gallons of produced water to be 
discharged to nearby streams and rivers, concerns have been raised about the potential for 
accelerated streambank erosion and impacts to water quality. The main issue with water 



quality is the amount of total dissolved solids (TDS), consisting of sodium, calcium, 
magnesium, various metals, etc. The chemistry of the discharged produced water is 
dependent on the source zone from which it is extracted and varies significantly across 
the PRB production area. In areas where the dissolved constituents are elevated above the 
background conditions, impacts to stream water quality are possible. The increased 
quantity of flow would not only have an impact on the water quality of the river, but also 
increase the rate of stream channel erosion and sediment load, which could potentially 
have a negative effect on the vegetation and aquatic organisms existing in the river 
ecosystem. According to Regele and Stark (1) the operation of 9000 CBM wells is 
estimated to produce approximately the same amount of annual flow as historically seen 
naturally in the Tongue River. 
 
 Another aspect of water quality concerns is the use of stream flow for crop 
irrigation. In areas where sodium absorption ratios, TDS, and other organic and inorganic 
constituents are above background levels, there exists the potential to adversely affect 
plant growth and soil morphology over a period of time. 
 
Miscellaneous Environmental Concerns 
 
 Several other potential environmental impacts could occur from the accelerated 
growth of CBM production, including: 
 

• Air quality impacts from methane-fired compressors and other construction 
activities. 

• Potential saline seeps from constructed holding ponds. 
• Reduced recharge to coal mine spoils. 
• Potential methane migration within aquifers. 
• Impacts to various forms of wildlife due to changes in water availability. 
• Impacts from alternative disposal methods like reinjection, timed releases, 

etc. 
 
 

STAKEHOLDERS 
 
 Because there are a wide variety of possible environmental implications from 
CBM exploitation, the number of organizations and individuals that hold an interest in 
these issues is far reaching. Several state and federal agencies are also required to assess 
and regulate the permitting process for drilling activities and evaluate the effects of the 
production process. The complex nature of these interactions has resulted in a widespread 
network of stakeholders in southeastern Montana, which are listed below. 
 
Nongovernment 
 
• PRB Region Farmers and Ranchers 
• Tongue River Water Users Association (TRWUA) 
• Northern Plains Resource Council (NPRC) 
• Sierra Club 
• Montana Ranchers Association 
• Montana Petroleum Association 



 
Native American Tribal Nations 
 
• Northern Cheyenne 
• Crow 
 
Federal Agencies 
 
• Bureau of Land Management (BLM) 
• Forest Service (USFS) 
• Army Corps of Engineers 
• Environmental Protection Agency (EPA) 
 
Montana State Agencies 
 
• Department of Environmental Quality (MDEQ) 
• Board of Oil and Gas Conservation (BOGC) 
• Department of Natural Resources and Conservation 
• Fish, Wildlife, and Parks 
 
 

LEGAL ISSUES 
 
 The CBM activity on the Montana side of the PRB has received rigorous scrutiny 
over the past two years because of the accelerated nature and potential environmental 
impacts of the production activities. Individuals and nonprofit environmental advocacy 
groups have filed several lawsuits in an attempt to ensure accountability by the industry 
and the regulating entities. A significant result of the courtroom activity has been a 
moratorium on CBM well permits being issued until an extensive EIS is performed. 
 
 According to NPRC Web site information, it has filed five separate lawsuits over 
the past two years. The first lawsuit was filed in March of 2000 against the Montana 
BOGC for violation of the Montana Environmental Protection Act by issuing drilling 
permits without the appropriate environmental review process. In a settlement in this 
case, the BOGC placed a moratorium on additional permitting until an EIS is completed. 
 
 In June 2000, a second lawsuit was filed by NPRC against an active exploration 
and production company for violation of the Clean Water Act (CWA). NPRC suggested 
that the CWA was violated through the discharge of produced water into the Tongue 
River and its tributaries without a permit. As a result of this lawsuit, the operator in 
question applied for and received the appropriate discharge permit issued by MDEQ. In 
April 2001, NPRC and the Montana Environmental Information Center, objecting to the 
discharge permit issued to the operator by MDEQ, filed a third lawsuit. A similar suit 
was filed by TRWUA. 
 
 In June of 2001, NPRC filed its fourth lawsuit against BLM for violation of the 
National Environmental Policy Act, the Federal Lands Policy and Management Act, the 
National Historic Preservation Act, and the CWA by approving applications for permits 
to drill. 



 
 The most recent CBM-related lawsuit was filed in August 2001 by NPRC against 
a producer. The suit claims that the producer violated the CWA by discharging fill 
material into the Tongue River and various other intermittent streams without a permit. 
The suit has requested that the producer obtain the necessary permits or remove all 
related fill materials from the drainages. 
 
 

CURRENT ACTIVITIES 
 
 An EIS is currently being prepared jointly by BLM, the Montana BOGC, and 
MDEQ and is scheduled to be released in draft format in late February 2002. The draft 
version of the EIS is intended to identify potential environmental complications from the 
production activities of CBM and will be available for public comment for a period of 
90 days after its release. The EIS will then be finalized, addressing the public input. 
 
 Interagency meetings occur approximately every 3 to 4 months. These meetings 
are a combination of federal, state, tribal, and local agencies interested in various issues 
related to CBM. Some of the attending parties are the United States Geological Survey, 
EPA, BLM, MDEQ, the Northern Cheyenne Tribal Nation, the Crow Tribal Nation, the 
Montana Bureau of Mines and Geology, USFS, and various research universities. These 
meetings are intended to provide the means for an informal exchange of ideas, concerns, 
and information between the agencies. 
 
 Public meetings are also periodically sponsored by the Coalbed Natural Gas 
Alliance. The alliance is comprised of several industrial entities performing CBM 
exploration and production in both Wyoming and Montana. The meetings are held in 
different cities throughout southeastern Montana for the purposes of informing and 
educating the public on CBM activities. 
 
 The purpose of the EIS and regulatory and public meetings is to ensure that CBM 
production activities are performed in an efficient and environmentally friendly manner. 
It is expected that this form of public involvement will continue to exist throughout the 
future of CBM exploitation. These activities have resulted from various concerned groups 
in the public and private sectors and from concerned citizens and landowners whom the 
production activities affect. 
 
 

FUTURE RESEARCH NEEDS 
 
 The EIS is expected to identify areas that are in need of further investigation 
prior to and during future CBM exploitation. Because of varying physical conditions and 
associated water quality within the vast PRB, environmental implications may change 
over time and vary significantly from place to place. Some of the areas that are expected 
to require further research and evaluation are the following: 
 

• Air emission impacts from operations 
• Erosional impacts to waterways 
• Treatment and disposal options for produced water 



• Soil quality impacts from continuous produced water discharge 
• Ecosystem disturbance 
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Monitoring and Mitigation of
Sustained, Localized Pitting Corrosion

YuPo J. Lin, Edward J. St.Martin, and James R. Frank
Argonne National Laboratory

Argonne, IL  60439

ABSTRACT
Many unexpected failures in pipelines and storage vessels can be traced to

sustained, localized pitting (SLP) corrosion.  Detecting such pitting is often difficult
because standard corrosion probes can only measure generalized corrosion, not the
localized corrosion that can drill holes into metal.  Argonne used both laboratory and
field experiments to design a corrosion probe that detect rapid SPL corrosion by taking
electrochemical noise measurements.  Argonne researchers have reexamined
electrochemical noise analysis (ENA) of localized corrosion by using hardware, signal
collection, and signal processing designs that are different from those used in
conventional ENA techniques.  The new data acquisition system was designed to identify
and monitor the progress of SLP by analyzing the power spectral density (PSD) of the
trend of the corrosion potential noise level (PNL).  The results of the PSD analysis
consistently demonstrated that the trends of PNL contain information that can be used to
differentiate between SLP corrosion and general corrosion mechanisms.  The degree of
linear slope in the low-frequency portion of the PSD analysis was correlated with the
SLP corrosion process.  Laboratory metal coupons, as well as commercial corrosion
probes, were tested to ensure the reproducibility and consistency of the results.  Argonne
evaluated the on-line monitoring capability of this new ENA method in a bench-scale
flow-loop system, which simulated microbially influenced corrosion (MIC) activity.  The
ENA results demonstrated that this in-situ corrosion monitoring system could effectively
identify SLP corrosion associated with MIC, compared to a more uniform general
corrosion mechanism.  A reduction in SLP activity could be clearly detected by the ENA
monitoring system when a corrosion inhibitor was added into one of the test loops during
the corrosion testing.  On the basis of the results obtained from laboratory experiments
and field tests, Argonne integrated a user-friendly ENA system, designed for on-line and
continuously monitoring of corrosion activity, that can automatically report the onset of
SLP corrosion.

Keywords:  electrochemical noise, corrosion, microbially influenced corrosion (MIC),
sensor, sustained, localized pitting (SLP).



INTRODUCTION
Corrosion of pipelines and storage facilities is a significant problem for

the oil and gas industry.  The most destructive form of corrosion is sustained,
localized pitting (SLP) corrosion, in which the metal or alloy is perforated
rapidly.  Although several methods to measure general corrosion rates are
available, reliable on-line methods to predict when  and where  SLP will
occur are not available.  A preliminary evaluation indicated that electrochemical
noise analysis (ENA) could be an effective method to analyze SLP corrosion (1).

ENA is a nondestructive, in-situ method of monitoring natural corrosion
processes.  Using ENA, researchers measure the endogenous electrochemical
corrosion current and potential fluctuations simultaneously.  Because natural
corrosion processes are chaotic, signal processing of the recorded current and
potential noise is very critical in interpreting the data collected.  To characterize
the corrosion mechanism, Argonne used different signal processing algorithms to
interpret the ENA data.  Several characteristic evaluations of the time-series noise
signal, such as potential and current noise levels, noise resistance (2,3,4,5), and
pitting index (6), were proposed to describe the corrosion mechanism.  These data
and methods alone did not allow researchers to effectively identify the different
corrosion mechanisms (7).  However, when spectral analysis of the chaotic
electrochemical noise was also applied, researchers found that it was a powerful
signal processing technique that could be used to characterize the noise data in a
frequency domain (8,9).  In this technique, the slope of the power spectral density
(PSD) versus frequency of the transformed signal is believed to relate to the
corrosion mechanism (10,11,12,13).  Most of the results presented in the
references demonstrated a correlation between the corrosion process and the slope
of the PSD under controlled constant potential or current laboratory studies.
However, very few literature citations discussed the application of this technique
in a natural corrosion process in which the potential or current is not controlled.
Coupling the PSD analysis technique with ENA would be an important step in
developing a practical tool for monitoring SLP for industrial applications.  

The main challenge was to differentiate SLP from uniform corrosion.  The
uniform corrosion process discussed here includes general corrosion and the
development of a very large number of uniformly distributed small corrosion pits.
SLP, as its name implies, refers to the few pits or group of pits that dominate the
corrosion process and force a very fast metal loss on a small portion of the surface
area.  As discussed in Reference 13, uniform corrosion appears to be a stochastic
process; localized pitting corrosion appears to be a deterministic process.  In most
natural corrosion systems, SLP occurs together with uniform corrosion.  They can
be seen in the potential noise PSD analysis as a plateau in the high-frequency
portion of the spectrum for the stochastic process and as a slope in the
low-frequency portion of the spectrum for the deterministic process (13).
Therefore, the low-frequency portion of the potential noise PSD could be used to



characterize the pitting corrosion process.  Conventional ENA techniques have
been used with some success in detecting the pitting corrosion process.  However,
it was not clear from these studies whether conventional ENA could effectively
differentiate the rapid growth of corroded pits in a small area (i.e., SLP) from the
uniformly distributed pitting over the entire area.  Inspecting a much lower
frequency range of the potential noise PSD spectrum (e.g., beyond 10-3 Hz) may
be necessary to differentiate dominating SLP from uniformly distributed pitting.
However, in this low-frequency range, some artifacts, such as flicker noise, could
limit the application of conventional ENA.

Argonne has developed a new approach to signal collection for
electrochemical noise measurements.  The new method can effectively detect the
SLP process and avoid the artifacts.  Instead of collecting the original corrosion
current and potential noise signal, Argonne collects the current and potential
noise level (CNL and PNL).  The CNL and PNL values are collected by
calculating (in-situ) the mean-square-error (MSE) of a few hundred noise-signal
data points.  These data points are recorded continuously during one
electrochemical noise measurement.  In Argonne’s new method, the data
collected reflect the trend of amplitude change of the current and potential noise
caused by corrosion during any test period.  Therefore, in theory, researchers can
collect the new form of signal data at much lower frequencies (e.g., 10-6 or
lower), allowing them to avoid the signal drift (or any interference from other
sources) caused by using a very low recording (i.e., sampling) rate.  Also,
Argonne did not find any artifacts, such as flicker noise effect, from the
instruments or environment during the CNL and PNL measurements.  This new
approach, in principle, should improve the resolution of PSD analysis in the low-
frequency range and allow analysis of any deterministic process recorded by the
noise signal.  The effectiveness of this new technique in detecting SLP was
demonstrated by conducting well-controlled laboratory experiments and a field
test in a natural gas pipeline.  The laboratory experiments were carried out in
flow-loop systems that were built to simulate corrosion in a gas pipeline.  With
the flow-loop system, Argonne could also design reproducible experiments under
controlled conditions to examine various corrosion mechanisms and the effects of
chemical treatments.

APPARATUS

Probes 

Electrochemical noise measurements were taken by simultaneously
recording the current noise and potential noise with a three-electrode probe.  The
working and counter electrodes were shorted together and connected through a
zero-resistance amperometer (ZRA) to monitor the corrosion current flow.  The
third electrode was used as a reference electrode to measure the corrosion



potential of the shorted electrode pair through a high-impedance voltmeter.  A
personal computer with a plug-in potentiostatt(1) served as the ZRA and voltmeter.

Two types of electrochemical probes were used.  The type I probe included a
standard calomel electrode (SCE) as the reference electrode and a carbon steel
coupon (C1018)(2) as the working electrode.  The counter electrode was either the
same material as the working electrode or a stainless-steel (S.S. 316) electrode.
The stainless-steel counter electrode is nobler than the carbon steel coupon.
Therefore, the working electrode (i.e., the carbon steel coupon) was forced into a
galvanic corrosion.  The type II probe was a commercial probe(3) that consisted of
three round-end cylindrical electrodes.  Again, carbon steel (C1018) was used
both in the working and in the counter electrodes.  A stainless-steel (S.S. 304)
electrode was used as the reference.

Before each experiment, the new method coupon and electrode specimens
were cleaned in an acid cleaning solution and rinsed with deionized water.  After
rinsing, the specimen was cleaned by sonication in water.  The cleaned specimen
was dipped into acetone and then dried in an oven to remove the water.
Electrochemical noise and weight loss were measured in each experiment.

Flow-Loop System

Four independent flow loops (A, B, C, and D) with separate simulated
produced-water solutions, fluid reservoirs, and pumps were used.  Each flow loop
was 4 in. in diameter and 6 ft long with separate flow-control and gas-purging
systems.  The simulated produced-water fluid was circulated through each loop.
Two commercial ENA probes (i.e., type II) were inserted into each of the four
loops, for a total of eight probes (see Figure 1).

To evaluate the performance of the new ENA technique in detecting SLP
caused by MIC, several nutrients and salts (such as chloride and sulfate) were
added to accelerate the MIC in the flow-loop system.  Ethanol was injected into
each test loop to trigger pitting corrosion because ethanol was rapidly converted
by sulfate-reducing bacteria to acetic acid and hydrogen sulfide.  This step
resulted in a localized low-pH region that accelerated the sustained pitting
corrosion under the biofilm.

                                                
(1)Trademark of Gamry Instruments, Inc.
(2)Obtained from Metal Samples, Inc.
(3)Rohrback Cosasco, Inc.



Data Acquisition

The current and potential fluctuations of corroding samples were read
during a short period (e.g., 4−30 s) with consecutive 400−600 measurements (i.e.,
sampling rate of 0.01 s−0.05 s).  The MSE of these consecutive data points was
calculated, and the results were recorded in a data file.  The
measurement/calculation was repeated at every time interval (e.g., at 10−120 s)
for a long period (e.g., 20−120 h).  Thus, the data recorded represent the potential
and current noise levels.  The results were analyzed by fast Fourier transform to
obtain the PSD of potential and current noise levels.  The linear slope of the low-
frequency portion of the PSD (called the α value) was calculated by linear fitting
by using the least-square method. 

RESULTS AND DISCUSSION

Corrosion Process Evaluation in a Laboratory Electrochemical
Cell

Researchers have demonstrated some success in using the conventional
ENA technique to detect the initiation of pitting corrosion, but the technique is
subject to interference in the analysis of the PSD in low-frequency ranges.
Although detecting the initiation of pitting corrosion in a process environment is
important, the ultimate goal is to monitor the sustained growth of pits in a
localized area.  Pits caused by corrosion can cover the entire or a large portion of
the area of the material, or pits can form in only a very limited area.  On the basis
of total weight loss from a metal surface, the former is no different than the latter.
However, SLP is obviously of more concern because of its tendency to cause a
hole in the material.  The uniform corrosion rate can be measured by using many
different methods.  The challenge is to detect the severity of SLP in a background
of uniform corrosion.  The new ENA technique is capable of extracting the
sustained corrosion signal from the mixture of uniform corrosion and pitting
corrosion processes.

Figures 2(a) and (b) show the PSD of conventional ENA of SLP and
uniform corrosion on metal coupons.  The potential PSD in both cases shows a
very similar value of slope (i.e., 1/f-α, α = 37) with the linear portion of each line,
both bending at a frequency of around 0.1 Hz.  On the basis of Figure 1, it appears
that the conventional PSD of potential (PSDP) cannot be used to distinguish
between SLP and uniform corrosion.  This result was expected because of the
difficulties caused by the interference generated in the low-frequency range of the
PSD analysis.  However, using the new ENA data acquisition procedure, Figures
2 (c) and (d) show a clear difference in the PSDs of measured potential noise level
(PSDPNL).  The slope (i.e., the -α) of the PSDPNL of the coupon with uniform



corrosion is –11, while that of the coupon with SLP is -39.  The α value thus
shows a significant difference between uniform corrosion and SLP.

The correlation of SLP corrosion with the PSDPNL is demonstrated for
metal coupons in Figures 3 and 4.  When SLP is in progress, the PSDPNL
changes dramatically.  Unlike uniform corrosion, which is represented by the
stochastic process, once SLP occurs, the PSDPNL reveals a deterministic process.
This process can be seen in Figure 3(a), which shows an carbon steel coupon with
deep pits.  Because the coupon was immersed in pure water with air purge only, a
passivation film of iron hydroxide covered most of the coupon surface area.
However, traces of chloride or other ions exist in the water and aid in the
formation of pits.  The PSDPNL (Figure 3[b]) shows an α value of 40 in the
low-frequency portion, which indicates a deterministic process.  Depending on
the total number and depth of the pits that are forming, the α value for the
PSDPNL could vary from 0 to 40, which reflects the domination of the SLP
corrosion formation, compared with uniform corrosion.  When the α value is
between 10 and 30, the metal surface is under an intermediate corrosion process
attack.  In this regime, the pits were either relatively shallow, or many shallow
pits were merging to form a group of pits that extended over a large portion of the
total surface area.  An example of uniform corrosion caused by shallow and
uniformly distributed pits is shown in Figure 4.  In this case, the coupon was
immersed in deionized water for 68 h.  The final α value of the PSDPNL is 15;
the surface morphology shows that shallow pits have formed on the coupon
surface.  This apparently indicates a less-dominating deterministic process of
small pit formation, compared with the stochastic process of uniform corrosion.
A comparison between the coupon in Figure 3 and the coupon in Figure 4
supports the hypothesis of a competition between a deterministic and a stochastic
process more clearly.  The operating conditions for coupons in Figure 3 and
Figure 4 were the same.  However, the coupon shown in Figure 3 has much
deeper pits than the coupon in Figure 4.  The total number of pits on the coupon
in Figure 4 is greater than that on the coupon in Figure 3 (the total pit number
ratio ≈ 50/5).  The aggressiveness of SLP corrosion (i.e., the domination of the
deterministic process over the stochastic process) shown in Figure 3 makes its α
value near 40.  The overall corrosion rate for the coupon in Figure 3 is one order
of magnitude smaller than that for the coupon in Figure 4 (i.e., 1.08 × 10-2 mg/h
vs. 1.78 × 10-1 mg/h from the weight loss measurement).  These results are also
evidence for the domination of SLP over uniform corrosion.  

Corrosion Process Evaluation in the Flow-Loop System

The new ENA system was used to monitor MIC by using simulated
produced-water fluid in a flow-loop system.  
 

To evaluate the performance of the new ENA technique in detecting SLP,
several chemicals were added to accelerate MIC pitting.  Ethanol was injected



into each loop to introduce acetic acid production and trigger pitting corrosion
during the test period.  Figure 5 shows the slope profile (5a) of PSDPNL and the
morphology on the tip of the probe (5b).  As discussed above, the slope indicates
that uniform corrosion was dominating the corrosion process.  This finding was
confirmed by the morphology on the tip shown in Figure 5(b). 

Figure 6(a) shows the change in slopes in PSDPNL during the test period
from a separate probe in a different loop.  From the change in profile of the
PSDPNL slopes, it is clear that uniform corrosion and pitting corrosion can
alternate and dominate the corrosion process.  The injection of ethanol was also
able to trigger SLP, which is indicated by a decrease in the slope.  Analysis of the
change in profile of slope in the tested probes revealed that six out of the eight
probes developed SLP.  These results were confirmed by weight loss and
morphology analysis of the probes after the test period.  Figure 6(b) shows the
morphology of the localized pitting corrosion attack on an electrode surface.
Similar statistical correlation between maximum pitting rate or the total corrosion
rate and several other parameters derived from the signal processing of the
prescreened ENA data were attempted.  None of them appeared to have a
significant linear correlation constant. 
 

Another experiment was performed in the flow loops to monitor the in-situ
effectiveness of corrosion inhibitors in the test system.  During the test period,
corrosion inhibitor was added to loop D, while ethanol was added to both loops D
and B.  Figure 7 shows the change in the profile of the slope of PSDPNL in loops
B and D.  As expected, the PSDPNL slope of the probe in loop D changed
immediately upon addition of the treatment chemical from an SLP signal to a
uniform corrosion signal (i.e., larger than -10).  On the other hand, the probe in
loop B continued to show SLP signal.  Therefore, it appears that the new ENA
method can be used as an in-situ process monitor for corrosion control.

On the basis of these findings, an on-line ENA system was designed that could
continuously measure, monitor, and report the SLP corrosion activities
automatically.  This new remote-controlled ENA system can update corrosion
activities every few minutes, and no attendant is needed.  Therefore, this device
can detect the onset of SLP corrosion in the early stages and provide early
warning of unexpected material failure. 

CONCLUSION
Argonne has developed a new data-collection and analysis approach for

ENA to monitor SLP.  The new PSD analysis technique, with an appropriate ENA
sensor, was used to distinguish SLP from generalized corrosion mechanisms on a
metal surface in an aqueous system.  When the metal was under a SLP attack, the
PSDPNL curve appeared as a linear decline in the low-frequency portion with a



slope equal to -40 dB/decrease (α = 40).  The linear decline in the low-frequency
range is believed to be caused by the dominating process of localized pitting
corrosion on the entire surface.  Under the hypothesis of stochastic/deterministic
competition during the SLP process (13), the corrosion mechanism changed to a
deterministic process from a more general stochastic process.  When only uniform
corrosion occurs, the PSDPNL was maintained at a near-constant level
throughout the entire frequency range (i.e., the α value is close to zero) because
(according to the hypothesis) the general corrosion mechanism is a stochastic
process.  Therefore, its PSDPNL is independent of the frequency.  If the uniform
and SLP equally dominate on the metal surface, a slope between -10 and -30
(db/decade) is observed.  The departure of α value from the 40-db/decade level
may occur for two reasons.  First, the large increase in the number of pitting sites
on the coupon surface would diminish the deterministic signal created by the SLP
process as it started to shift into a more random signal.  The second reason is
opposite to the first  if the localized pitting sites were very few and small, their
weak potential noise signal would be influenced more strongly by the random
signal from the background general corrosion signal that predominates.

A flow-loop system was used to test the ENA corrosion-monitoring
system.  The ENA probes were evaluated by using simulated produced water in a
flow-loop system with nutrients added to activate the MIC processes.  As
demonstrated previously by using small corrosion cells under stagnant conditions,
the linear slope of PSDPNL is also capable of detecting the SLP in a flow-loop
system.  The ENA probes were able to detect the onset of pitting corrosion and
record the change in corrosion when treatment chemicals were added.
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Figure 1.  Flow loops testing facility for simulated process fluids and material corrosion process evaluation.
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Figure 3.  PSD of potential noise level and surface morphology of type I probe with
S.S. 316 as counter electrode.  The probe was immersed in water with traces of NaCl
and purged with air; pH = 6.12.
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Figure 4.  PSD of potential noise level and surface morphology of type
I probe with S.S. 316 as counter electrode.  The probe was immersed in
water and purged with air; pH = 6.97.
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Figure 5.  Change profile of PSDPNL and morphology of probe 2 from flow loop A.
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Figure 6.  Change profile of PSDPNL and morphology of probe 6 from flow loop. 
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COMPARISON OF BIOPILE EFFECTIVENESS 
WITH LAND TREATMENT AT A WOOD 

TREATING SITE 
 
 

 Gilbert M. Long, P.E., C. Hunter Nolen, P.E., Camp Dresser & McKee, Inc., Houston, 
Texas 

 
 

ABSTRACT 
 
A series of 13 biopiles, each containing approximately 2,000 cubic yards of soil affected 
by elevated concentrations of pentachlorophenol (PCP) in diesel fuel, has been in 
operation at the Montana Pole and Treating Plant (MPTP) site in Butte, Montana, since 
1997.  The soil was taken from two sources: excavation of contaminated soil from the 
northern portion of the site, and soil that had been stored from a previous EPA emergency 
action, with higher PCP concentrations.  A land treatment unit (LTU) approximately 9 
acres in size was constructed and loaded with excavated soil from the northern portion of 
the site.   
 
Contaminated soils were placed on the LTU along with solid phase nutrients.  Water was 
added periodically as needed by a sprinkler system.  Biodegradation of PCP and TPH 
proceeded rapidly in the LTU, decreasing PCP concentrations from up to 99 mg/kg to 
below the target 34 mg/kg within three months. Operation of the initial lift in the LTU 
was limited to the warmer months between its loading in July and September, allowing 
only one soil lift to be treated in a single season.   
 
Contaminated soils with similar contaminant levels were used to construct eight of the 
biopiles.  Typical construction included an air venting pipe network and water irrigation 
tubing to assure aerobic conditions without limiting moisture.  The biopiles were not 
mixed but were kept aerobic by controlling the air flow through the piles.  The rate and 
extent of biodegradation of PCP may have been inhibited by the preferential utilization of 
TPH.  Since different organisms are involved in the biodegradation of these 
contaminants, the competition was possibly for oxygen or nutrients rather than an 
enzymatic competition.  
 
This paper presents some of the lessons learned in the field regarding the details of 
construction and operation of the biopiles, particularly in colder climates; the 
biodegradation data for the piles at various initial contaminant concentrations; and a 
comparison of the degradation rates of the biopiles with that achieved in the land 
treatment unit. 



  

SITE BACKGROUND 
 

The Montana Pole and Treating Plant (MPTP) site is located at 220 West Greenwood 
Avenue in Butte, Montana.  The wood treating facility began operations in 1946 and shut 
down in 1984.  With the exception of coal tar creosote reportedly used for a short period 
of time in 1969, the solution used to treat timber at the facility consisted of 5 percent 
pentachlorophenol (PCP) dissolved in 95 percent petroleum product (similar in 
characteristics and composition to diesel fuel). 
 
 

The Environmental Protection Agency (EPA) commenced an Emergency 
Removal Action (ERA) on July 10, 1985 with the U.S. Coast Guard.  Removal action 
activities occurred during the 1985 and 1986 field seasons.  EPA excavated 
approximately 3,000 cubic yards of highly contaminated soils, bagged them, and placed 
them in storage buildings constructed onsite. Two groundwater interception/oil recovery 
systems were installed to alleviate oil seepage into Silver Bow Creek along the northern 
border of the site.  Oil was recovered by physical separation, and separation underflow 
was reinjected to site groundwater via two infiltration galleries.  Contaminated areas of 
the site and features of the groundwater recovery system were fenced to restrict public 
access.  The groundwater and oil recovery system was maintained and operated by the 
Montana Department of Environmental Quality (DEQ) until February 1993. 

 
 
In June 1992, EPA instituted an additional ERA to control and recover the light 

nonaqueous phase liquid (LNAPL) found during the Remedial Investigation (RI).  The 
action included the installation of an LNAPL recovery and containment system and water 
treatment facility. 

 
 
In September 1993 DEQ and EPA issued a Record of Decision (ROD) 

identifying the areas and constituents of concern at the site and specifying the approach to 
remedying conditions at the site.  The approach selected was excavation and 
bioremediation of site soils, offsite disposal of debris and piping materials, and 
containment and treatment of site groundwater and recovered LNAPL.  The primary 
constituent of concern, PCP, was given a cleanup standard for soils of 34 ug/g established 
in the ROD.  In addition, carcinogenic polynuclear aromatic hydrocarbons (PAH) and 
dioxin constituents (based on Toxicity Equivalence Factors [TEF]) had cleanup levels 
specified. 

 
 
The Phase 1 remedial action consisted of the following major activities: 
 
 Excavation of approximately 46,000 cubic yards of contaminated soils from 

the north side of the site and removal of approximately 6,000 cubic yards of 
highly contaminated soil from the pole barns. 

 Construction of 13 biopiles, with provision for an additional five biopiles if 
required in the future. 

 Construction of a lined 9.2-acre biological land treatment unit (LTU) with 
approximately 8 acres of active treatment area. 



  

 Construction of two groundwater recovery trenches (the near creek recovery 
trench and the near highway recovery trench). 

 Construction of in situ infiltration basins on the site’s north side. 
 Construction of significant modifications to the water treatment system. 

 
 

The Phase 1 remedy was constructed by September 1997.  The Montana Bureau 
of Mines and Geology (MBMG) has been operating the site since January 1997. 

 
 
During early 1999, the Phase 2 remedial action was begun, consisting of the 

removal and disposal of remaining debris at the site, along with other minor 
miscellaneous site work.  The Phase 3 remedial action, consisting of removal of treated 
soils from the LTU, excavation of south-side soils, installation of in situ treatment 
systems on the north and south sides of the site, and other miscellaneous site work, was 
conducted from Summer 1999 through Winter 2000.   
 
 

ENGINEERING SELECTION PROCESS 
 

The remedy selection process was strongly influenced by the need to excavate a large 
quantity of soil during one season, due to additional remedial response activities being 
performed at other NPL sites along Silver Bow Creek.  All the accessible impacted soils 
north of I-15/90 were excavated in one operation.  Since the LTU was designed based on 
the natural site contours and had a capacity of approximately 25,000 cubic yards (CY) 
[19,100 cubic meters (CM)] of fluffed soil at a depth of 18 inches (0.46 m), but 46,000 
CY (35,200 CM) of soil were excavated, the remaining soil required proper covered 
storage to minimize its impact on the environment after excavation.   This led to the 
concept of using soil staging/pretreatment units (SSPs), using a biopile approach, to 
provide the necessary containment for the soils while including some capacity for 
hydrocarbon degradation.  These units were sized to contain approximately 2,000 CY 
(1,520 CM) of soil each, so 13 biopiles held the remaining excavated soil and provided 
the opportunity to store and pre-treat the highly impacted soil stockpiled in containers in 
the Pole Barns.   
 
 

The LTU was designed with a HDPE bottom liner, a large external retention 
pond to provide runoff water management and a water supply for irrigation.  The biopiles 
were designed with a HDPE bottom liner; air piping connected to a series of vacuum 
pumps to provide oxygen to the soil; an irrigation drip line system across the top of the 
piles to provide water and nutrient addition; and a top liner to prevent precipitation from 
flooding the piles and leaching contaminants from the soil.   
 
 

Given the need to store materials in biopiles, a comparison of advantages and 
disadvantages of the two bioremediation methods was conducted.  These are summarized 
in Table 1.  In general, the LTU was expected to be simpler to construct and operate than 
biopiles at this site, with comparable unit construction costs. 

 
 



  

LESSONS LEARNED DURING 
CONSTRUCTION AND OPERATION OF LTU 

 
The construction of the LTU proceeded uneventfully, as this technology has been well 
documented historically, and construction techniques are rather simple.  The construction 
included preparation of the area, placement of an HDPE liner under the entire LTU, 
construction of earthen berms to contain runoff, placement of leachate collection piping 
and a sand drainage layer, and loading the impacted soils.  Some construction 
considerations to be kept in mind include: 
 

 Preparation of the area beneath the plastic liner included removal of large 
rocks and debris to prevent liner puncture. 

 Light ground pressure vehicles were used to spread the sand layer over the 
liner.  

 A ramp was required to load the impacted soil onto the LTU, and a low 
ground pressure tracked vehicle was used to spread the soil to the desired 
thickness.  The first lift was spread to approximately 18-24 inches (0.46-0.6 
m) deep, but it was found later that much deeper lifts could be applied. 

 The berm was constructed with at least 12 inches (0.3 m) of freeboard above 
the top of the soil if possible. 

 A triangle shape for the LTU permitted the efficient use of a commercial 
center pivot irrigation unit, so no special equipment or labor-intensive 
irrigation was required. 

 The effective treatment depth extended at least 1 foot (0.3 m) beneath the 
tilled zone. 

 Application of solid fertilizer on the surface of the LTU after soil application 
proved effective, and liquid nutrient addition via the irrigation system was 
not necessary. 

 Soil screening during soil application can be a severe bottleneck if not set up 
properly, particularly during the wet season. 

 Very little makeup water for irrigation besides captured leachate was 
required for moisture control.  Most of the water loss was evaporative from 
the pond.   

 
 

Although a liquid nutrient injection system was designed into the center pivot 
irrigation unit, solid fertilizer was added to the impacted soil after its initial placement to 
accelerate the biodegradation process.  This first dose of nutrients was sufficient to 
biodegrade the initial lift of soil to below the cleanup standard with no further nutrient 
additions. 

 
 
The first lift was removed from the LTU in the summer of 2000 and a second, 

larger excavation resulted in placement of 132,000 CY (101,000 CM) of soil to an 
average depth of 8 feet (2.4 m).  After this lift was spread, it also was treated with solid 
fertilizer and tilled.  After approximately 3 months of treatment, the top 30-inch (0.76 m) 
lift was sampled and found to be below the cleanup standard.  This soil was then 
backfilled into open excavation areas at the site, and the remaining 5.5 feet (1.7 m) of soil 
is currently being treated.  



  

 

LESSONS LEARNED DURING 
CONSTRUCTION AND OPERATION OF 

BIOPILES 
 
The construction of the biopiles was not highly complex, but required more specialized 
and carefully orchestrated construction techniques than did the LTU.  The basic 
components of construction were as follows: 
 

1. Subgrade preparation and leachate collection/storage appurtenances 
construction 

2. Liner placement 
3. Shallow (1 ft) soil layer placement 
4. Air piping placement 
5. Remaining soil placement (and monitoring probe placement) 
6. Irrigation piping placement 
7. Outer liner placement and tie down 
8. Connection to vacuum blower systems 
 
The major lessons learned during the construction and operation of the biopiles 

are as follows: 
 
 As with the LTU, proper planning and the use of properly sized equipment 

for soil preparation and handling was a critical component of successful 
construction.  It was important to have high rate screening equipment and 
pug milling equipment in order to prevent bottlenecking at these points 
during construction. 

 Moisture/oxygen/carbon dioxide probes installed within the piles did not 
work effectively after completion of construction.  Monitoring of pile 
exhaust air proved adequate for evaluating pile air conditions. 

 Outer liners are subject to very large wind loads and had to be tied down 
extremely well. 

 Access to interior soils for performance sampling was difficult and labor 
intensive.  Sampling also occurred through holes made in the liner, which 
required patching.  

 The piles stayed warm later in the fall than the LTU, and therefore offered an 
apparently longer treatment season than the LTU. 

 The piles were warmed in the Spring by running the blowers to pull warm air 
through the piles on warm days, thereby jump-starting the treatment season. 

 Very little moisture addition was required over the treatment season, due to 
the presence of the liners and the creation of metabolic moisture during the 
biodegradation process. 

 Care must be taken when irrigating the piles to prevent over-watering and 
pile slumping. 

 In general, the piles did not appear to treat the site contaminants as rapidly as 
the LTU. 

 
 
 



  

PCP DEGRADATION RESULTS 
 
Based on a four-month operating season in the relatively cold climate of Butte, Figure 1 
presents the degradation results for the top and lower layers of the first lift of soil on the 
LTU, compared with the degradation results for an average of 10 biopiles constructed 
from the same source of contaminated soil over a three-year period.   
 
The initial sampling was conducted approximately one month after the LTU and biopiles  
were loaded; the biopiles exhibited a higher initial average contaminant concentration, 
which may be caused by the apparently rapid degradation in the LTU;.  The top layer of 
soil on the LTU was below the cleanup standard by the time the initial sampling 
occurred.  The average concentration of PCP in both layers of the LTU was reduced 
approximately 65% after one treatment season (July 1997 to June 1998), and was well 
below the cleanup standard of 34 ug/g. 
 
 

The biopiles that were constructed from the same soil as the LTU exhibited 
considerably slower PCP degradation.  Three operating seasons appeared to have reduced 
the PCP concentrations below the cleanup standard; however, confirmation sampling at 
the beginning of the fourth season indicated that the concentrations were still above 34 
ug/g.   

 
 
Although Total Petroleum Hydrocarbons (TPH) were not specified in the ROD 

as a cleanup requirement, TPH was measured in many of the same samples as PCP.  
These results are presented in Figure 2. 
 
 

As with the PCP, the TPH in the bottom layer of the LTU degraded 
approximately 65% in one season.  The TPH results for the top layer indicated a lesser 
rate of remediation, but both layers achieved concentrations of approximately 500 ug/g. 
The TPH concentrations at the time of the initial sampling were also higher in the biopile 
samples than for the LTU, probably for the same reasons indicated above for PCP.  The 
TPH concentration average in the biopiles reached the 500 ug/g range in the third 
operating season, and again there is considerable variability in the data.  

 
 
The highly contaminated soil that was stored in the storage buildings prior to 

construction of the biopiles was the subject of an additional test of a soil amendment 
demonstrated in laboratory studies to enhance the biodegradation of organic compounds.  
Two piles were amended with the additive and one pile was constructed identically 
except with no addition of the amendment.  The piles were constructed using the same 
design as the biopiles described above.   

 
 
The amended piles were observed to remain above the required minimum 

operating temperature of 50°F. (9°C.) for approximately two months longer than the 
untreated pile.  However, the PCP degradation curves shown in Figure 3 do not seem to 
indicate improved degradation of PCP.  These three biopiles achieved a higher 



  

percentage reduction of PCP than the less impacted soil piles, with greater than 50% 
reduction in PCP concentration compared with approximately 40% in the other biopiles. 

 
 

CONCLUSIONS 
 
Based on the results presented above, the LTU appears to be a more rapid soil treatment 
tool than biopiles at this site. This has been hypothesized to result at least partially from 
the lack of mixing available in a biopile configuration. It also appears that significant 
degradation of hydrocarbons may occur during the excavation, soil preparation, and 
loading stages for both the LTU and biopiles. 
 
 

It is not apparent from the available data whether the soil in the three highly 
contaminated biopiles will achieve the cleanup standard using biopiles, although 
significant reductions in PCP concentration occurred.  These soils may eventually require 
placement in the LTU for further treatment.  The amendment used in two of the biopiles 
did not exhibit increased degradation of PCP compared to the control biopile, even 
though the temperature of the amended piles was above 50°F. (9°C.) for approximately 
two months longer than the control pile.   

 
The selection of land treatment or biopile technology depends on many site-

specific factors.  For this site, it appears that land treatment has been a more effective 
method to treat the PCP present in the soil. 
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Table 1. Design Considerations- LTU vs. Biopiles 

 
Design Consideration Land Treatment Biopile 

 
Technology Status for PCP 
 

Well Proven in Similar 
Climate 
 

Relatively Unproven for 
PCP 

Space requirements 
 

Large Reduced 

Treatment Time 
 

Rapid  Slower 

Capital Construction Cost  
 

Medium Medium 

O&M Costs 
 

Low Medium 

Peripheral Equipment 
 
 

Irrigation, Tractor, Nutrient 
System 

Vacuum System, 
Water/Nutrient System 

Soil Preparation 
 

Simple Difficult 

Dust Control 
 

Irrigation Cover 

Sampling 
 

Simple Labor Intensive 

Weather Effects 
 

Flooding, Temperature Covered, Warmer Longer 

Water Usage/ Leachate 
Generation 
 

High from Precipitation Low 

Soil Mixing Simple Impractical 
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Figure 1.  PCP Degradation Results 
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Figure 2.  TPH Degradation Results 
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Figure 3.  PCP Degradation Results- High Concentrations 
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ABSTRACT 
 
 

Oil pipeline plugging, reserve souring and corrosion, represent important problems in oil 
industry. The main cause of these processes is assumed to be due sulfate (SRB) and thiosulfate-
reducing bacteria (TSRB) that produce H2S and affect the physicochemical properties of the 
water-metal interface and enhance corrosion rates. SRB’s growth in biofilms promotes 
corrosion by utilizing hydrogen and depolarizing cathodic sites on metal surface, and they 
produce H2S, which directly attack on metal surface.  

 
The random amplified polymorphism DNA-PCR utilizes primers, usually 10 

nucleotides long, to amplify multiple loci, which after agarose gel electrophoresis produce 
strain-specific profiles. The DNA probes from RAPD techniques have been applied for the 
detection of Azospirillum and Streptomyces strains. We have used RAPD techniques to develop 
genus-specific probe for sulfate-reducing bacteria. The probe was found to be specific for SRB 
in pure cultures and community extracted DNA from gas-pipelines biofouling.  
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INTRODUCTION 
 
 
Sulfate reducing bacteria utilize sulfate as final electron acceptor during the anaerobic 

respiration producing hydrogen sulfide acid; this acid promotes water production, souring and 
increase the sulfur concentration in oil (1). SRB can utilize hydrogen, iron or nitrates as 
electron donors (2). The SRB have capabilities to form biofilms on carbon steel (3, 4), and this 
characteristic is related with corrosion and pipelines plugging (5, 6). In metallic installations as 
the storage tanks, the equipment and hydrocarbon transportation pipes, the corrosion is one of 
the main problems that produce important economic losses and environment deterioration  

 
 
Physiological, biochemical or serological methods for microbial population studies have 

low detection levels. Recently these methodologies are changing. Molecular methods, using 
DNA or RNA sequence give better results. With these methods it is possible to analyze known 
sequences (genes) or to compare known pattern bands with unknown others, as Restriction 
Fragments Large polymorphic (RFLP), Desnaturing Gradient Gel Electrophoresis (DGGE), 
Temperature Gradient Gel Electrophoresis, or Random Amplified Polymorphic DNA (RAPD) 
methods. Molecular probes, with hydrogenase gene (7), and with 16SrRNA gene have been 
developed for SRB localization (8, 9, 10). For these probes it is necessary to know the gene 
sequence, but in the RAPD fingerprinting it is not.  

 
 
The random amplified polymorphisms DNA (RAPD) permit the fast detection of both 

genomic polymorphisms into species and microbial taxonomic and phylogenetic relationship 
(11). In RAPD, the genomic DNA fragments are amplified with one or two anonymous short 
primers that hybridize randomly with DNA. The random hybridization gives a specific pattern 
band for every microorganism. The RAPD technique requires high DNA purity with high 
molecular weight (12). This technique has been applied to characterize bacteria but in the 
medical domain (13, 14); in order to discriminate Bacillus species (15). In the environmental 
area, molecular probes have been used to detect Azospirillum genera in soil and plant roots (16); 
and Streptomyces genera in soil (17). The goal of this study is the development of three probes 
to detect both fermentative and sulfate reducing bacteria. 

 
 

MATERIALS AND METHODS 
 
 
Strains:  
Different strains were used to determine the fingerprinting RAPD (Table 1). The 

strains were grown in Ravot media: NH4Cl, 1.0 g/L; K2HPO4, 0.3 g/L; KH2PO4 , 0.3 g/L; 
MgCl2. 6H2O, 0.2 g/L; CaCl2.2H2O, 0.1 g/L; KCl, 0.1g/L; mineral Balch solution , 10 mL; 
0.1% rezarzurine, 1 mL; Na2SO4, 2.84 g/L; yeast extract, 2 g/L; casein peptone, 2 g/L; 
cisteine-HCl, 0.5 g/L; lactate syrup 60%, 5 mL; NaCl, 1.0 g/L; pH a 7.0. Culture media was 
sterilized at 116°C for 45 min. After sterilization, Na2S 2% was added to obtain a final 
concentration of 0.125 mg/L (18).  

 
 
 



Genomic DNA extraction 
The genomic DNA was extracted, from an exponential phase culture, with cetyl 

trimetyl ammonium (CTAB) extraction. DNA concentration was determined by UV 
spectrophotometry at 260 nm.(19). 

 
 
Biofouling DNA and soil DNA Extraction  
DNA was extracted with the Kit Fast DNA (101Bio). Extraction was carried out 

directly in 500 mg of soil; nevertheless, for biofouling gas pipelines an enrichment culture was 
necessary: 5g were cultured in Ravot media for 7 days at 30°C with sulfate as final electron 
acceptor. Liquid medium was centrifuged at 8,000 rpm during 5 min and cell pellet was used 
for DNA extraction. 

 
 
RAPD Fingerprintig profile. 
DNA amplification was performed with the Kit Ready to go RAPD (Amersham 

Pharmacia). Used primer was No. 6 (5’ d (CCCGTCAGCA) 3’ 70.6% de GC); Escherichia 
coli C1a was choosen as DNA reference. Polymerase chain reaction was carried out in a 
Thermocycler Stratagene Robocycler. Polymerization conditions were: initial denaturation 
step at 95oC for 5 min, followed by 45 cycles of denaturation (1 min at 95°C), primer 
annealing (40°C for 1 min) and the extension (72 C° for 2 min). PCR was concluded at 4°C for 
5 min. The electrophoresis was carried out in 2% agarose, at 100 V, in borates buffer (0.1M, 
Tris base; 0.1 M, boric acid; 2mM, EDTA) and DNA was stained with ethydium bromide  

 
 
Development of molecular probes  
One selected polymorphic band of each strain recovered from de agarose-gel and DNA 

was extracted with kit Prep-A-Gene (BioRad). DNA was amplified twice with the same primer 
and at the same conditions. Finally, DNA was dissolved in milli-Q water and kept at –20°C. 
Each band was labeled with Digoxigenin-11-dUTP by means of the random primer method 
with the Bio-Rad kit. The labeled efficiency was determined by the dot blot method and 
detection was carried out with the colorimetric NBT/ BCIP method (20).  

 
 
Dot blot Method 
Genomic and total DNA extracted from the samples and pure strains, were diluted to 1 

µg/µL with milli-Q water. 1µL of each DNA solution was deposited on a nylon membrane and 
dried at room temperature, then a crosslinking process with ultraviolet light at 360 nm for 3 
min was carried out. The prehybridization and the hybridization steps were made as described 
in the Roche-Boheringer Manual (20); assessing two hybridization temperatures (42 and 65°C). 

 
 

RESULTS AND DISCUSSION  
 
 

DNA obtained for the fingerprinting RAPD was pure and with high molecular weigh 
(Fig. 1). The fingerprinting RAPD of each strain was different. The primer No. 6 gave 3 to 5 
bands with high intensity and sizes fluctuating from 0.4 to 1.5 kbp (Fig.2). Only one 
polymorphic product for each strain was obtained (Fig. 3). 



Labeling efficiency was resolved comparing the DNA Digoxigenin- labeled signal with 
known concentration (reference DNA) with the signal of each molecular probe. Probe C3 had a 
labeled DNA of 1 ng/µL; probes E2 and P1 showed a labeled DNA of 100 pg/ µL (Fig. 4) 

 
 
Between two hybridization assessed temperatures (42 and 65°C) with Clostridium 

genomic DNA and C3 probe, 65°C hybridization temperature resulted the best one (Fig.5) 
 
 
Three molecular probes were developed, C3 with a size of 1400 bp for Clostridium sp; 

E2 with 750 bp obtained from Desulfovibrio alaskensis and P1 with 850 bp from Citrobacter 
freundii. The specificity of each probe was tested with the genomic DNA of the pure strains 
and the consortia (table 1). C3 and P1 probes hybridized only with their own no labeled 
sequence (dot No. 1 and No. 16, respectively) and their own genomic DNA (dot No. 2 and 
No.5, respectively) (Fig. 7 and 8). E2 probe hybridized in addition with their own sequence 
(dot No. 15) and DNA genomic (dot No.3) with the genomic DNA of Desulfovibrio H1 (dot 
No. 4) and Desulfovibrio gabonensis (dot No. 14) (Fig. 6). 

 
 
The signal intensity of the molecular probe with their own sequence was higher than the 

signal obtained with the genomic DNA. It was necessary to increase the genomic DNA 
quantity from 50 ng to 1 µg. obtaining a better signal (detectable), but no so clear as the signal 
obtained with the probe sequence. The RAPD fingerprinting profile was reproducible in this 
study. This technique seems to be useful for environmental analysis. Also, this method is 
applicable to discriminate species level, in our case it could be possible to distinguish between 
three Desulfovibrio species, but other comparisons with others genera have been done (13, 14, 
15). 

 
 

CONCLUSIONS 
 
 
Three molecular probes for one SRB and two fermentative strains were developed. 

Each one recognized their own genomic DNA. The best hybridization temperature was at 65°C, 
by Dot blot analysis. The RAPD pattern bands allowed preliminary strain characterization and 
selecting unique polymorphic bands for the probe’s development. For a good Dot blot 
detection, it is necessary at less 1 µg of genomic DNA. The strains were isolated from 
biofouling gas pipelines of Petróleos Mexicanos industry, and all of them have the capacity of 
producing biofilms over carbon steel. 

 
 
 
 
 
 
 
 
 
 
 



CAPTIONS FIGURE 
 
 
Fig. 1 DNA genomic electrophoresis of SRB strains in 0.8% agarose, stained with 
ethidium bromide 
M, kpb marker; 1, D. desulfuricans; 2, D. peptidovorans; 3, D. alaskensis; 4, 
Desulfovibrio sp;5, D. gabonensis; 6, D. indonensis;7, Citrobacter freundii; 
8,Clostridium sp. 
 
Fig. 2 SRB fingerprinting RAPD with the Primer 6 (CCCGTCAGCA)-70% GC: 40°C 
M, pb Marker; 1, Positive control E. Coli C1a; 2, Negative control; 3, D. desulfuricans; 
4, D. peptidovorans; 5, Clostridium sp; 6, Desulfovibrio alaskensis; 7, Desulfovibrio 
H1; 8,Citrobacter freundii 
 
Fig. 3 Electrophoresis in 2%agarose, stained with ethidium bromide of  
RAPD- fragment selected for the molecular probe: 
C3, Clostridium sp; P1, Citrobacter freundii; E2, D. alaskensis 
 
Fig. 4 Dot blot for determine the Labeling efficiency, colorimetric detection with 
NBT/BICP  
C3, Clostridium sp. probe; E2, Desulfovibrio alaskensis probe; P1, Citrobacter freundii 
probe; (+), Labeled DNA of known concentration 
 
Fig.5  Dot blot for to determine the Hybridization temperature colorimetric detection 
with NBT/BCIP, with Genomic DNA of Clostridium sp and the C3 probe ,  
 
Fig. 6 Dot blot with the E2 probe, hybridization to 65°C, colorimetric detection with 
NBT/BCIP: 
1,Clostridium sp.probe sequence; 2,Costridium sp gDNA; 3, Desulfovibrio alaskensis 
gDNA; 4, Desulfovibrio H1, gDNA; 5,Citrobacter freundii gDNA; 6, Desulfovibrio 
gabonensis gDNA; 7, J1 gDNA; 8, J2 gDNA; 9, J3 gDNA; 10, J6 gDNA; 
11, J9 DNAg; 12,Dethiosulfovibrio peptidovorans; 13, Desulfovibrio desulfuricans; 
14, D. gabonensis; 15, D. alaskensis probe sequence; 16,C. Freundii probe sequence, 
17, negative control, 18, negative control 

 
Fig. 7 Dot blot with the C3 probe, hybridization to 65°C, colorimetric detection with 
NBT/BCIP1,Clostridium sp.-probe sequence;  
1,Clostridium sp.probe sequence; 2,Costridium sp gDNA; 3, Desulfovibrio alaskensis 
gDNA; 4, Desulfovibrio H1, gDNA; 5,Citrobacter freundii gDNA; 6, Desulfovibrio 
gabonensis gDNA; 7, J1 gDNA; 8, J2 gDNA; 9, J3 gDNA; 10, J6 gDNA; 
11, J9 DNAg; 12,Dethiosulfovibrio peptidovorans; 13, Desulfovibrio desulfuricans; 
14, D. gabonensis; 15, D. alaskensis probe sequence; 16,C. Freundii probe sequence, 
17, negative control, 18, negative control 
sp.genomic DNA 
 
Fig. 8 Dot blot with the P1 probe, hybridization to 65°C, 
colorimetric detection with NBT/BCIP: 
1,Clostridium sp.probe sequence; 2,Costridium sp gDNA; 3, Desulfovibrio alaskensis 
gDNA; 4, Desulfovibrio H1, gDNA; 5,Citrobacter freundii gDNA; 6, Desulfovibrio 
gabonensis gDNA; 7, J1 gDNA; 8, J2 gDNA; 9, J3 gDNA; 10, J6 gDNA; 



11, J9 DNAg; 12,Dethiosulfovibrio peptidovorans; 13, Desulfovibrio desulfuricans; 
14, D. gabonensis; 15, D. alaskensis probe sequence; 16,C. Freundii probe sequence, 
17, negative control, 18, negative control 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Tabla 1 Strain and consortia used in the RAPD 
            fingerprinting and dot blot analysis. 

Microorganism Origen 
Desulfovibrio desulfuricans IRD 
Dethiosulfovibrio 
peptidovorans 

IRD 

Desulfovibrio  gabonensis  
D. alaskensis Gas pipelines Corredor 

Atasta-Cd. PEMEX 
Desulfovibrio H1(*) Gas pipelines Corredor 

Atasta-Cd. PEMEX 
Clostridium C3(*) Gas pipelines Corredor 

Atasta-Cd. PEMEX 
Citrobacter freundii) Gas pipelines Corredor 

Atasta-Cd. PEMEX 
Aerobic Consortia J1 Gas pipelines J1  
Aerobic Consortia J2 Gas pipelines J2 
Aerobic Consortia J3 Gas pipelines J3 
Aerobic Consortia J6 Gas pipelines J6 
Aerobic Consortia J9 Gas pipelines J9 

    IRD.-Institute Research Development (France) 
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 Fig. 7 Dot blot with the C3 probe, hybridization to 65°C, 
colorimetric detection with NBT/BCIP 
1,Clostridium sp.probe sequence; 2,Costridium sp gDNA; 
 3, Desulfovibrioalaskensis gDNA; 4, Desulfovibrio H1, gDNA; 
5,Citrobacter freundii gDNA;  6, Desulfovibrio gabonensis gDNA; 
 7, J1 gDNA; 8, J2 gDNA; 9, J3 gDNA; 10, J6 gDNA; 11, J9 DNAg; 
12,Dethiosulfovibrio peptidovorans; 13, Desulfovibrio desulfuricans; 
14, D. gabonensis; 15, D. alaskensis probe sequence; 16,C. Freundii 
probe sequence, 17, negative control, 18, negative control 
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 Fig. 8 Dot blot with the P1 probe, hybridization to 65°C, colorimetric 
detection with NBT/BCIP 
1,Clostridium sp.probe sequence; 2,Costridium sp gDNA; 
 3, Desulfovibrioalaskensis gDNA; 4, Desulfovibrio H1, gDNA; 
5,Citrobacter freundii gDNA;  6, Desulfovibrio gabonensis gDNA; 
 7, J1 gDNA; 8, J2 gDNA; 9, J3 gDNA; 10, J6 gDNA; 11, J9 DNAg; 
12,Dethiosulfovibrio peptidovorans; 13, Desulfovibrio desulfuricans; 
14, D. gabonensis; 15, D. alaskensis probe sequence; 16,C. Freundii 
probe sequence, 17, negative control, 18, negative control 
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Sulfate-Reducing 
Bacterias (SRB)

Desulfobacteriaceae:
1. Desulfomonas
2. Desulfobacter
3. Desulfotomaculum
4. Desulfococcus
5. Desulfonema
6. Desulfosarcina
7. Desulfobulbus
8. Desulfobotulus
9. Desulfonatronovibrio
10.Desulfobaca

Desulfovibrionaceae
1. Desulfovibrio

2. Desulfobacterium

3. Desulfohalobium

4. Desulfonatronum

Desulfomonile
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Beneficial Aspects

" Degradation of chloride aromatic 
pollutants

" Mercury methylation
" Heavy Metals precipitation

Voodrouw et al, 1999
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Detrimental Aspects

" Souring
" Corrosion 
" Biofouling
" Biofilms and pipelines plugging
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Sulfur Cycle

ferrobacteria

anode
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SRB
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+
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Pit Corrosion
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Methods for Microbial 
Population Study

Phenotype Characteristics 
◆ Physiological 
◆ Biochemical
◆ Serological

Level Detection from total population :
0.3% in soil, 0.001-0.1 % in marine water, 1-15% in activated sludges.

Genotype Characteristics

◆ Genes with 
Specific   sequence 
(DNA or RNA)
◆ TGGE; DGGE
◆ RFLP
◆ RAPD(APPCR)

Amman, 1995



9GLJGLJ

Random Amplified 
Polymorphic DNA (RAPD)

Advantages:

"Utilization of short oligonucleotides 
(10 nt), with arbitrary sequence
"Production of amplified DNA specific     
patterns
" Not is necessary previous knowledge 
of DNA sequence.
"Utilization of  little amount of DNA (ng)
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Random Amplified 
Polymorphic DNA (RAPD)

Disadvantages:

✹ Pure Culture 
✹ High molecular weigth DNA
✹ High purity
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Justification

In Mexico, the oil industry Petróleos 
Mexicanos (PEMEX) has an important 
pipelines transport system and others 
metallic installations : 

54 000 km terrestrial pipelines.
2000 km maritime pipelines. 
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General Objective 

To develop DNA probes by 
RAPD to detect specific SRB.
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Strategy

To obtain  samples
pipelines sludges or
pipelines biofouling

To develop Molecular
probe for to detect,
localize and to quantify
these SRB in pipelines

To analyze the 
biofilms formation 
and corrosion for 
these bacteria.

SRB Isolation 
from pipelines
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Methods 
And

Results
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SRB Isolation and 
Propagation

Eight sludges 
samples were 
obtained from 
PEMEX’s gas 

pipelines The SRB isolation was
conducted in API-38 media. 
The propagation was
realized in mineral base 
media with lactate as 
carbon source and 20 
mmoles sulfate/L  as final 
electron acceptor at 30°C.

Anaerobic culture
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Gram Stained Isolates 

Desulfovibrio alaskensis Citrobacter freundii

Desulfovibrio sp.Clostridium sp.
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RAPD
871 2 3 4 5 6

DNA genomic extraction of SRB pure culture

5’ PCR  with random shorts 
primers (10nt) with 60-
70 % GC
1.-Primer election
2.-Annealing temperature

37°C y 40°C

3’

5’3’

1     2     3

Electrophoretic separation:
1.-Pattern bands
2.-Selection of polymorphic bands.
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Genomic DNA Extraction
M  1   2 3  4  5   6   7 8 

23.1

9.4
6.6

4.4
2.3

kpb

DNA genomic electrophoresis of SRB strains in 
0.8% agarose, stained with ethidium bromide

M.- kpb marker

1.-D. desulfuricans

2.-Dethiosulfovibrio 
peptidovorans

3.-Desulfovibrio alaskensis

4.-Desulfovibrio sp.

5.-Desulfovibrio gabonensis

6.-Desulfovibrio indonensis

7.-Citrobacter freundii

8.-Clostridium sp.
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SRB Banding Pattern with 
the Primer B(CCCGTCAGCA-
70% GC: 40°C

M  1   2   3   4    5   6   7    8

Kbp

1000

700
500

200
100

M.- pb  Marker, 1.- Positive control E. Coli C1a,   2.-Negative 
control, 3.- D. desulfuricans, 4.- D. peptidovorans, 5.-
Clostridium sp., 6.- Desulfovibrio alaskensis, 7.-Desulfovibrio 
H1.1, 8.-Citrobacter freundii
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Polymorphic DNA

C3

P1

E2

Kpb

1000

700
500

200

100

Polymorphic DNA extraction: C3, Clostridium 
sp-1.4 kpb; E2, Desulfovibrio alaskensis- 700 
pb; P1, Citrobacter freundii-850pb.
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Digoxygenin-d-UTP
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Labeling efficiency

C3   E 2  (+)    P1   (+)

1 ng

100 pg

0.1 pg

# Labeled DNA dilution
# Probe Dilution 
# Colorimetric 

Detection

C3, Clostridium sp. probe; E2, Desulfovibrio 
alaskensis probe; P1, Citrobacter freundii probe; 
(+), Labeled DNA of known concentration.
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Hybridization Temperature

42°C

65°C

# Genomic DNA 
(Clostridium sp). 

# Hybridization with C3 
probe

# Colorimetric Detection
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Template Concentration

+ Genomic DNA dilutions 
(Clostridium sp). 

+ Hybridization with C3 
Probe

+ Colorimetric Detection

1 µg

500 ng

50 ng
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E2 Probe Hybridization

1                 2           3               4                5 6 

7              8            9              10                 11 12

13          14              15            16                 17 18

Dot blot with the E2 probe, hybridization to 
65°C, colorimetric detection with NBT/BCIP:

3, Desulfovibrio alaskensis genomic DNA; 4, 
Desulfovibrio H1.1 genomic DNA; 14,
Desulfovibrio gabonensis genomic DNA; 15, D. 
alaskensis probe sequence (E2).
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C3 Probe Hybridization

1                2               3               4              5         6 

7              8              9              10                11      12

13            14             15            16             17    18

Dot blot with the C3 probe, hybridization to 
65°C, colorimetric detection with NBT/BCIP:

1, Clostridium sp. probe sequence(C3)

2, Clostridium sp.genomic DNA
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P1 Probe Hybridization

1                2                 3               4            5         6 

7              8              9                  10             11      12

13            14             15            16             17    18

Dot blot with the P1 probe, hybridization to 
65°C, colorimetric detection with NBT/BCIP:

5, Citrobacter freundii DNA genomic

16, Citrobacter freundii probe sequence (P1).
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Conclusions

!Four strains, with capacity to 
produce biofilms on the carbon 
steel, to use sulfate as a final 
electron acceptor and produce 
H2S, were isolated.

! The RAPD pattern bands
permitted preliminary strain 
characterization. 
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Conclusions

!RAPD allows to select unique 
polymorphic bands for the probe’s 
develop .

! Three probes were developed, 
each one recognized their own 
genera genomic DNA by dot blot.
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Perspectives

"Probes Sequenciation 

"To develop a kit for specific 
SRB detection in pipelines for 
ISH.
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ABSTRACT 
 
 

The pipelines plugging, souring oil and corrosion by microorganisms are a big 
problem in the oil industry. The pipelines plugging is produced by bacterial consortium 
that can produce biofilms. In these attached microbial populations, aerobes bacteria growth 
in the superficial layers, and, anaerobes bacteria (fermenters, sulfate-reducing bacteria, 
tiosulfate-reducing bacteria, methanogen growth adhered to metal. In industrial areas, 
surfactants, emulsifiers and cathodic protectors, have been used to avoid bacterial 
adhesion. Recent research in the medical area have characterized proteins called adhesins, 
these proteins confer to the bacteria the adherence capability to an inert or biologic 
substrate. The goal of this work was to characterize the adhesion pathway of three wild 
strain bacteria, isolated from biofouling gas pipeline, two bacteria show H2S production 
capability and biofilms production on carbon steel SAE1018 corrosion coupon and they 
expressed two adhesion proteins. These strains are sulfate-reducing bacteria, partially 
identified by 16S RNA ribosomal gene. 
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INTRODUCTION 
 
 

The sulfate reducing bacteria (SRB) participation in biocorrosión and biofouling 
of pipelines has been suggested (1). SRB growth in biofilms, promotes the corrosion by 
hydrogen utilization and cathodic depolarization on metal surface. Also they produce H2S, 
which directly attacks the metal surface (2). 

 
 
The biofims are formed by microbial aggregates and extracellular polymeric 

substances (EPS). The EPS creates a microenvironment for sessile bacteria and allow the 
development of synergistic relationship. Their main components are not only 
polysaccharides, but also proteins, lipids and nucleic acids in minor proportion (3). The 
biofilms are involved in both beneficial and detrimental effect: One beneficial aspects is 
their potential use as biosurfactancts in tertiary oil production and their capacity to trap 
heavy metals; as detrimental effect, biofouling, increase friction resistance, and produce 
changes in metallic surface properties (hydrophobicity, roughness, color, etc.); finely 
biofilms participate in biocorrosión by bind with metal ions (4).  

 
 
In industrial areas, different effort has been done to avoid bacterial adhesion to 

metals. In this way, surfactants, emulsifiers and cathodic protectors have been used. Videla 
et al (1998) has reported the use of immunoglobulins to prevent the Pseudomonas 
adhesion to carbon steel and stainless steel (5). Medical studies have shown the presence 
of microbial surface proteins (Adhesins), that binding to specific protein receptors of the 
cell host (6). These proteins confer to the microorganisms the specific adherence capability 
to inert or biologic substrates. The goal of this study was to isolate SRB from biofouling 
gas pipelines and to determine their adhesion capability to carbon steel and the adhesins 
that participate in this process.  
 

 

MATERIAL AND METHODS 
 

 
Strain:  
Desulfovibrio desulfuricans, was used as reference strain and it was obtained from 

the Development Research Institute (IRD), France.  
 
 
Sulfate-reducing bacteria Isolation.  
Isolation was made from eight microbial consortia come from biofouling gas pipelines of 

Petróleos Mexicanos industry, in anaerobic conditions with Ravot media (7) at 30°C, using Hungate 
method. Kinetic growth was performed on enriched Ravot mineral media with yeast extract and 
peptone (2g/L). 125 ml serum bottle was added with 80 mL of fresh media and were inoculated with 
8 mL of an exponential phase culture of each isolate. The cultures were incubated at 30°C during 10 
days. Growth was determined by optical density at 580 nm every 24 hours. 



H2S Production Kinetic.  
Serum bottle with 40 mL of no-enriched Ravot Media (casein peptone and yeast 

extract, 0.1 g/L), were inoculated with 4 mL of an exponential phase culture, sulphate was 
added as electron acceptor in a final concentration of 20 mmols/L. Cultures were incubated 
at 30°C during 5 days, in anaerobic conditions. The H2S production was conducted by 
Curd Ruwish Method (8). 

 
 
Biofilms formation.  
Corrosion coupons of carbon steel SAE1018 (18mm x 20mm x 0.7 mm) surface 

finished with blast sand were used for this test (9). Nine corrosion coupons were placed in 
250 ml reactor containing 200 mL of Ravot media filtrated through 0.45 µm membrane. 
The system was sterilized at 110°C by 45 min. Each reactor was inoculated with 5 mL of a 
culture in exponential phase of Desulfovibrio desulfuricans, D. alaskensis (E2), 
Desulfovibrio sp. (H1), and incubated at 30°C during 30 days.  

 
 
Epifluorescense Microscopy.  
Three of the nine corrosion coupons were fixed with isopropyl alcohol and were 

stained with acridine orange solution (0.01%), excess was eliminated with alcohol (70%) 
and they were observed in an epifluorescense microscope Nikon Eclipse E800 model with 
blue filter (10). 

 
 
Scanning Electronic Microscopy.  
Other three corrosion coupons were fixed with 2 % glutaraldehide at 4°C for 24h, 

and then rinsed with phosphates buffer 0.2 M pH 7.2, and fixed for 2 h in osmium 
tetroxide. After washing three times in phosphates buffer 0.2 M pH 7.2, the biofilms were 
dehydrated by passing through a graded series of alcohol (30-100%) and frozen rapidly in 
liquid nitrogen prior to freeze-drying. Dried coupon were mounted on aluminum stub, 
sputter coated with gold and examined under a JEOL JSM 5900 LV scanning electron 
microscope at an accelerating voltage of 13 kV (11) 

 
 
Extraction of SRB total proteins.  
The strains were cultivated in Ravot media and they were harvested during the 

exponential phase. The cells were washed three times with phosphate saline solution (PBS: 
NaCl, 16g; KCl, 0.4g; NaHPO4, 1.3g ; KH2PO4, 0.4g) pH 7.0 and centrifuged at 10 000 
rpm, 15 min at 4°C. Each pellet was suspended in 900 µL of PBS, added 100 µL of 
proteases inhibitor, 0.1M phenylmethylsulfonyl fluoride (PMSF) and it was left overnight 
at -20ºC. . The cell suspension was centrifuged at 10 000 rpm for 15 min at 4ºC. Finally, it 
was suspended in 900 µL of cold PBS and 100 µL of triclhoroacetic acid (100%) overnight 
at 8ºC. The pellet was washed in cold PBS (12 000 rpm, 3 min at 4ºC), was dried off with 
sterile swab and suspended in 400 µL of sample buffer 2x boiled and centrifuged to 12 000 
rpm/3 min and stayed at -20°C until the electrophoresis in polyacrilamide -sodium dodecil 
sulfate (SDS-PAGE), 7% mesh (12). 



Extraction of Outer membrane protein.  
The cells were harvested in an exponential phase and were centrifuged at 5000 

rpm for 20 min at 4°C and were suspended in 5 mL of Lysis buffer (20 mM Tris-HCl pH 
7.4 -10 mM EDTA -1 mM PMSF-1% sodium laurilsarcosyl). The supernatant 
(laurilsarkosyl phase) containing the outer membrane was centrifuged at 30 000 rpm, 30 
min. The pellet was washed with 1% sodium lauril sarcosyl and suspended in 20 mM Tris-
HCl, pH 7.4-10 mM EDTA, 1 mM PMSF (12)  

 
 
Ligand assay of SRB to corrosion coupons of carbon steel 

SAE1018.  
The new coupons were incubated with 1 mL of outer protein membrane solution 

for 18 h at 4°C. Then washed with NET buffer (50 mM Tris-HCl, pH 7.4, 15 mM NaCl 
and 5 mM de EDTA) containing 0.1 mM PMSF. The adhesion proteins to metal were 
eluted with 2x SDS sample buffer, centrifuged to 12 000 rpm, 5 min at 4ºC. The pellet 
stayed in freezing at -20ºC, until the electrophoresis SDS-PAGE to 12% mesh. (13). 

 
 

RESULTS AND DISCUSSION 
 
 

Two strains identified by 16SrRNA gene sequence as Desulfovibrio alaskensis 
(E2) and Desulfovibrio sp. (H1) were isolated in Ravot Media: Isolates achieved 
exponential phase in 48 h (Fig.1) and produced dissolved H2S up to 12 mmoles of H2S/L in 
72 h (Fig.2), both are able to form biofilms in corrosion coupon;  Desulfovibrio alaskensis 
(Fig.3A) and Desulfovibrio desulfuricans (Fig. 3B) formed a fine biofilm on corrosion 
coupons.  

 
 
By Scan Electronic Microscopy it was possible to observe bacterial adhesion to 

corrosion coupons and exopolymers net also (Fig. 4A). Fig. 4B shows how biofilm is 
covered by salts and exopolymer layer. Desulfovibrio H1 and D. alaskensis were vibrio’s 
shape, with a size of about 1.2µm of large and 0.2µm of wide.  

 
 
In total protein molecular analysis, were obtained different profiles, with 15-17 

bands for each strain and the reference strain D. desulfuricans, they show 2 bands in 
different position of about 45 and 47 kDa and other one of about 37 kDa (Fig. 5A). Two-
adhesion protein; one of 25 and other of 37 kDa, were presents in all strains studied and a 
third one adhesion proteins of 21-kDa was found in Desulfovibrio alaskensis (Fig. 5B). 

 
 

The understanding of the molecular mechanisms implicated in the biofilm 
formation processes is still growing. Three step appear to be involved in this mechanism, 
primary adhesion, then attachment and finally colonization with bacterial accumulation in 
multilayered (14). In this study, Desulfovibrio alaskensis and Desulfovibrio H1, had 



capacity to adhere, to attachment and to colonize the carbon steel corrosion coupon 
producing abundant biofilm with exopolymers. In the same way, Beech et al reported the 
presence of polysaccharides in Desulfovibrio’s biofilm, associated with steel corrosion 
with these characteristic they demonstrated the possibility of Desulfovibrio genera to 
produce corrosion “in situ” (15). Electrophoretic profile of total proteins and RAPD 
fingerprinting of both strains showed that they are different species (16). Different 
molecules have been studied in bacterial adhesion as lectins, polysaccharides and adhesins, 
to inert surface and in presence of biological constituents. The metal-binding adhesins 
expressed by D. alaskensis, Desulfovibrio sp. (H1) and D. desulfuricans are of low 
molecular weigh alike with other metal-binding protein studied as molybdate-binding 
periplasmic protein of about 22.5 kDa, has been isolated from Escherichia coli, this protein 
have high affinity to molybdate uptake (17), and copper binding intracellular protein of 
about 24 kDa (18). These proteins are not adhesins because they aren’t expressed in cell 
surface, but they are similar to metal-binding adhesins, obtained from Desulfovibrio 
alaskensis, D. desulfuricans and Desulfovibrio sp. In other pathogens bacteria, their 
adhesins had molecular weigh about 230-280 kDa; these bacteria have capacity to adhere 
to biomaterials or host cells and were characterized in some bacteria as Staphylococcus 
aureus, St. epidermidis, Pseudomonas aeruginosa, and Enterococus faecalis (19).  

 
 

CONCLUSIONS 
 
 

Results support that these strains isolated from biofouling gas pipelines are 
sulfate-reducing bacteria. The strains have fast growth in mineral media with lactate as 
carbon source, and produce H2S when sulfate is used as electron acceptor. Strains were 
identified by 16SrRNA gene sequence as Desulfovibrio alaskensis and Desulfovibrio sp. 
both show metal adherence capacity: The three strains have the same two adhesin (25 and 
37 Kda), D. alaskensis shown another one of 21 kDa, all of them can colonize metal 
surface forming an abundant biofilm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fig. 1 Kinetic growth of sulfate-reducing bacteria in Ravot media 
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Fig. 2 H2S production by the three sulfate reducing bacteria 
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. 3  Epifluorescence microscopy of sulfate reducing bacteria biofilms on 
arbon steel SAE1018 corrosion coupon,: A) Desulfovibrio alaskensis; 
. desulfuricans; C) Corrosion coupon without bacteria. observed at 60X, 
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can electronic microscopy of sulfate reducing bacteria biofilms on carbon 
E1018 corrosion coupon, A) Desulfovibrio alaskensis exopolymers; B) D. 

skensis biofilm adhered to metal at 11 000 X; C) D. alaskensis  biofilm 
at 20 000X 
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FIGURE CAPTIONS 
 

 
Fig. 1 Kinetic growth of sulfate-reducing bacteria in Ravot media with lactate as carbon 
source and sulfate as electrons acceptor.  
 
 
Fig. 2 H2S production by the three sulfate reducing bacteria growth in Ravot media. 
 
 
Fig. 3 Epifluorescence microscopy of sulfate reducing bacteria biofilms on carbon steel 
SAE1018 corrosion coupon: A) Desulfovibrio alaskensis; B) D. desulfuricans; C) 
Corrosion coupon without bacteria. 
 
 
Fig. 4 Scan electronic microscopy of sulfate reducing bacteria biofilms on carbon steel 
SAE1018 corrosion coupon: A) Desulfovibrio alaskensis exopolymers; B) D. alaskensis 
biofilm adhered to metal at 11 000 X; C) D. alaskensis  biofilm at 20 000X 
 
 
Fig.5 Electrophoretic profile in SDS-PAGE and stained with blue Coomasie:  
A) SRB total protein ; B) SRB Adhesión protein  
M, weigh marker in kDa; 1, Desulfovibrio. desulfuricans; 2, Desulfovibrio H1;  
3, D. alaskensis. 
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THEIR IMPACT ON THE OIL AND GAS 

INDUSTRY 

Del Malzahn, Exponent, 39100 Country Club Drive, Farmington Hills, MI 48331 
(248) 324-91 14, Fax (248) 324-9199, dmalzahn@exponent.com 

ABSTRACT 

In 1995, the Michigan Legislature gained national recognition by adopting 
innovative concepts for the state’s site cleanup law, MI Natural Resource Environmental 
Protection Act Part 201. The new amendments put fairness back into the liability 
assignment process by shifting responsibility from the often innocent property owner to 
the party who caused the contamination. The new amendments also assigned certain new 
obligations to property owners and responsible parties, including requirements to exercise 
“due care” and to “diligently pursue” remediation. Of special interest to the regulated 
community and the oil and gas industry, the amendments affirmed the right of 
responsible parties to do voluntary site cleanups. 

Now, 6 years after the enactment of these amendments, rules designed to assist in 
their implementation are being proposed by the Michigan Department of Environmental 
Quality. This paper will present an overview of these proposed rules and highlight some 
of their important and controversial aspects. 



Introduction 

Michigan’s environmental cleanup law’ was extensively amended in 1995. These 
amendments were designed to streamline the cleanup process through self- 
implementation of cleanups and land use-based cleanup criteria. The authors and 
supporters of these amendments believed that these changes would achieve faster and less 
costly cleanups. The 1995 amendments enjoyed strong political support. Michigan’s 
big-city mayors saw the proposed changes as a real boost to brownfield development, and 
Michigan industrial interests viewed the amendments as a pathway to less regulatory 
interference and reduced cost. Today, many of the 1995 changes to Michigan’s 
environmental cleanup law are still regarded as innovative and progressive. Likewise, 
some of the changes strongly opposed by environmentalists before 1995 remain 
controversial. 

A key feature of the 1995 amendments was a shift in liability for cleanup actions 
from persons who just own or acquire property to those owners and operators responsible 
for the contamination. As a consequence of this proposed liability shift, the enabling bill 
was dubbed “Polluters Pay.” However, the liability shift produced two additional and 
unique obligations. First, owners of contaminated property, even those not liable for 
cleanup, must still exercise “due care” by protecting and informing persons accessing the 
contaminated site and by preventing any exacerbation of the contamination. Second, 
persons possessing knowledge of contamination that they caused must “diligently 
pursue” remediation. Both requirements are enforced by stiff penalties. 

The requirements of Part 201 apply to all persons responsible for an activity 
causing a release of hazardous substances. Therefore operators of oil and gas production 
facilities must comply with the Part 201 law and regulations in addition to regulations 
governing losses of brine, crude oil, oil or gas field waste, or products and chemicals used 
in association with oil and gas exploration, production, disposal, or development under 
Part 615, Michigan’s oil and gas law. The only distinction is that oil and gas operations 
are generally under the jurisdiction and enforcement of the Michigan Department of 
Environmental Quality (MDEQ) Geological Survey Division (GSD), the oil and gas 
permitting agency, and not the MDEQ Environmental Response Division (ERD), the 
agency charged with administering Michigan’s site remediation program. 

Current Part 201 Rules 

Two Part 201 rules packages have been promulgated by MDEQ. The first rule 
package deals with baseline environmental assessments (BEA).2 A prospective purchaser 
of property must complete a BEA if he or she wants liability protection from 
contamination preexisting on the site. This requirement applies to oil and gas operations, 
in which case the permittee (lease operator) must complete the BEA no later than 45 days 
after providing notice to GSD for site preparation work. Notice must be provided not less 
than 5 days in advance of any site preparation work. 

’ Natural Resources Environmental Protection Act, 1994 PA 45 1, Part 201. 
Natural Resources and Environmental Protection Act, 1994 PA 451; R 299.5901 to R 299.5919 
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The second rule package outlines requirements for “due care” responsibilities 
under the law.3 These rules apply to both liable and nonliable current owners and 
operators of contaminated property. Oil and gas operators also must follow the “due 
care” requirements at leased or other facilities that have old spills of crude oil, 
condensate, or brine. The rules require that responsible persons take measures necessary 
to prevent exacerbation of existing contamination, that the use of the property protect 
public health and safety, and that reasonable precautions be taken against acts by a third 
party. The rules contain both documentation and notification provisions. Persons are 
responsible for the response activity costs and damages resulting from their failure to 
comply with these rules. The burden of proof in a dispute as to what constitutes 
exacerbation will be borne by the party seeking relief. 

Examples of due care actions by oil and gas operators include preventing 
employees at or visitors to the site from coming in contact with pit materials by erecting 
barricades and avoiding disturbances to previously contaminated surface areas during site 
preparation. Locating brine and tank batteries over or near known groundwater 
contamination should also be avoided. 

Proposed General Rules Package 

On June 18, 2001, MDEQ proposed a general administrative rule package, which 
implements the major sections of the Part 201 amendments. The proposed rules are 
divided into ten parts and fill more than 340 pages.4 The key provisions cover the 
following topics: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Integration of a land use-based approach to cleanup requirements 
throughout the rules 

The response activity process 

Clarification of the response activities requiring MDEQ approval 

Response activities requirements for liable parties “diligently 
pursuing” cleanups 

Clarification of requirements for relocating contaminated soil 

Calculations and application of generic cleanup criteria for land use 
categories 

Requirements for selection and documentation of relevant exposure 
pathways and applicable cleanup criteria. 

The general administrative rules package proposed by MDEQ had been discussed 
and debated for 5 years through an MDEQ Advisory Group composed of representatives 
from various business, local government, and environmental stakeholder groups. 
Nevertheless, many in the regulated community believe that the proposed general 
administrative rules will not substantially achieve the goals of the Part 201 amendments. 

Natural Resources and Environmental Protection Act, 1994 PA 451; R 299.51001 to R 
299.5 1021 

The proposed rules can be downloaded from http://www.deq.state.mi.us/erd/part20l/index.html. 4 



The following is an extensive but not exhaustive list of the major issues raised and 
comments made by business and local governmental stakeholders: 

1. The rules severely restrict the option for self-implementation of 
response activities. 

a. Several pages and more than 500 lines of proposed regulation are 
devoted to controlling persons undertaking self-implemented 
cleanups. The regulated community believes that the rule is so 
extensive and complex that it will be impossible to know with 
certainty whether a self-implemented cleanup is in compliance 
with the rule. Fear of noncompliance with the rule could severely 
limit the number of cleanups proceeding under this faster 
cleanup option. 

b. Owner-operators in nonzoned areas of the state, such as in many 
of the oil and gas fields, cannot avail themselves of many of the 
cleanup options afforded by the amendments without first 
seeking MDEQ approval. 

2. The rules are excessively complex and overly prescriptive. 

a. The rules do not provide a clear compliance pathway by which a 
regulated party can easily discern and meet his or her 
obligations. 

b. Ten exposure pathways and three site conditions must be 
evaluated at each site or an explanation provided for why they 
are not relevant. 

c. Cleanup criteria as specified in the rules often lack a solid 
scientific underpinning and are developed without a clear, open 
process. Of particular concern is the development of aesthetic 
criteria, especially values for chlorides in groundwater. 

d. Noticing and documentation requirements are numerous. 

3. Final site closure is lost in sea of MDEQ approval requirements. 

a. Various rules include provisions for continuing obligations 

b. Several rules allow “closed” sites to be reopened 

4. Cleanup criteria for the groundwater-surface water interface are 
ultraconservative. 

a. The rules establish an arbitrary convention for compliance with 
specifications for protection of surface waters from groundwater 
contamination. 

b. Storm sewer infiltration must be evaluated as an exposure 
pathway. 

Alternative methods for assessing surface water effects are 
largely unacceptable to MDEQ. 

c. 

4 



Concerns about these issues were conveyed to MDEQ by several business groups 
and local governments. As result, MDEQ Director Russell Harding convened a small 
task force of interested parties to review and improve the rule package. The result will 
probably be an entirely revised rule package to be proposed by the end of this year. 

Impact on Oil and Gas Operations 

Since the enactment of the Part 201 amendments, GSD has continued to oversee 
oil and gas operators with respect to Part 201 cleanup requirements. However, delisting 
sites requires the approval of both GSD and ERD. Moreover, as mentioned above, 
operators may perform a BEA to seek liability protection from preexisting contamination 
and must comply with BEA and “due care” rules when necessary. For example, special 
precautions should be taken for old drilling pits. GSD has made it clear that “any person 
who penetrates or otherwise compromises the integrity of a pit or liner may incur liability 
under Part 201”(1). This possibility creates a major barrier to the development of 
abandoned oil fields, especially for gas storage operators. 

In response to the promulgation of the general rules, oil and gas operators will 
have to pay close attention to additional investigation, notice, and documentation 
requirements if they become involved in any remediation activity. When rules overlap, 
especially with regard to reporting, GSD will probably continue to administer those 
sections. However, several specific and detailed requirements for remedial activities 
have been proposed and may require the oil and gas operator to deal directly with ERD as 
well. 

As the rulemaking process moves forward, we are likely to learn more about how 
MDEQ, and particularly GSD, will handle their implementation. If history repeats itself, 
we should see a gradual change in both how cleanup gets done and the attitude of those 
charged with cleanup enforcement. Next year will be the last for Governor Engler’s 
administration, and the rule changes and their implementation may acquire a whole new 
focus in 2003. Accusations of secret cleanups and lax enforcement have already been 
made. Depending on their final version, the Part 201 rules could fuel the gubernatorial 
campaign’s political debate, severely slow brownfield development, and constrain 
business expansion, including oil and gas development. Continued cooperation between 
MDEQ and the regulated community in resolving the more problematic portions of the 
rules could avoid these difficulties. 
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ABSTRACT 

 
Land acquisition, exploration and development and other activities related to the 

production of coal bed methane (CBM) and coal mine methane (CMM) in North America 
is on the increase.  These increased activities are driven by economic factors, including: 
technological advancements, gas prices and the potential for carbon credits. 
 
 De-gassing of underground coal mines (venting mine gob, pre-mine and post-
mine gas drainage) appears to be on the rise and some mines are at risk of closure 
because of the costs related to de-gassing. Primarily done for the purpose of mine safety 
and mine productivity, de-gassing of underground coal mines offers opportunities for the 
economic production of CMM. 
 
 Environmental considerations and issues, both pro and con, beset CBM and 
CMM exploration, development and production.  In this context, this paper discusses the 
widespread CBM and CMM activity in North America (the where) and the factors (the 
why) that drive this activity. 
 



INTRODUCTION 
 
 Activities related to the research, exploration, development and production of 
coal bed methane (CBM) and coal mine methane (CMM) are on the rise and widespread 
in North America today.  Economic factors such as technological advances, gas prices 
and the potential for carbon credits have encouraged these activities. 
 

A number of environmental considerations and issues are equated with CBM and 
CMM exploration, development and production activities.  Among them are: 
 

• Adverse Environmental Issues 
o Production and disposal of poor quality water; 
o Draw down of water tables and depletion of aquifers; 
o Methane emissions to surface; 
o Construction, operation and maintenance of facilities; 
o Access to well sites; and 
o Spacing of well sites. 

• Positive Environmental Issues 
o Production of potable and irrigation water; 
o Reduction of green house gases; and 
o Access to remote areas. 

 
The primary objective of this paper is to describe the widespread geographic 

extent of CBM and CMM activities in North America.  This description of the 
geographic extent of CBM and CMM activities, in turn, illustrates the magnitude of the 
environmental considerations and issues. 
 

Select background information on CMM and CBM is first introduced and 
explored to provide a foundation and a possible rationale for why these activities are so 
geographically widespread. 
 
 

BACKGROUND INFORMATION 
 
 Coal seams initially were formed from plant material that accumulated in toxic, 
acidic water (humic acid) of swamps or poorly drained areas.  The toxic conditions 
discouraged the bacterial decomposition of the vegetation and, instead, allowed the 
vegetation to “mummify” into early stages of coal or peat.  Early diagenetic changes 
(dewatering, compaction) to the original plant matter and later metamorphic processes 
progressively transform the coal through ever increasingly higher rank, a process 
normally referred to as coalification or rankification.  
 
 Bacterial action and coalification processes produce by-product gases or coal gas.  
Methane accounts for 80 to 95% of coal gas by volume, hence the reference to coal bed 
methane or coal mine methane.  Other coal gases include ethane, propane, butane, carbon 
dioxide and oxygen.  During the coalification process, much of the coal gas is lost to the 
atmosphere or to encompassing rock strata.  The gas retained in coal is related to a 
number of factors, including the coal rank, the burial and thermal history of the coal, the 
tectonic and erosional history and the lithologic makeup of the immediate roof and floor. 



 
CMM and CBM production, in the context of this discussion, are distinct from 

one another.  CMM production involves the recovery and sale of coal gas from operating 
or abandoned underground coal mines.  As used here, CBM production is done in non-
mining areas and involves drilling of wells for the purpose of coal gas recovery using in-
situ processes.  There are circumstances where CBM production, as defined here, 
precedes coal mining, and, in that sense is a form of degassing a coal seam prior to 
mining. 
 
Coal Mine Methane (CMM) 
 
 The production of coal gas from coal mines falls into a number of categories.  
Two broad categories are the production of coal gas from the two following sources: 
 

• Active coal mines; and 
• Abandoned coal mines. 

 
 Active Coal Mines:  In 1985, according to the United States Bureau of Mines, 
the 20 most gassy underground coal mines in the United States liberated methane at rates 
that ranged from a low of 4.2MMcfd to a high of 17.2MMcfd.  These methane liberation 
rates exclude degasification projects.  Degassing of active underground coal mines is 
done principally for the purpose of mine safety and to ensure economic levels of mine 
productivity and production rates.  A number of degassing techniques are used to 
augment and reduce the load on the primary ventilation system in gassy underground coal 
mines; among them are: 

 
• Pre-mine drainage (in-mine);  
• Post-mine drainage (in-mine); and 
• Gob vent wells. 

 
Figure 1 is an illustration of pre-mine drainage in a longwall mine.  In this 

example, radial arrays of in-mine horizontal holes are drilled into the coal seam prior to 
longwall extraction of the coal and the formation of gob.  Gas is withdrawn from these 
boreholes using a vacuum pump and collected into a pipeline network that ultimately 
takes the gas to the surface. 
 
 Figure 2 is an illustration of post-mine drainage of gas that invades a coal mine 
through mining induced fractures.  In this example, cross measure boreholes are drilled 
into underlying strata prior to longwall extraction.  As longwall mining occurs, the 
underlying strata are fractured from the mining itself (floor heave and other stress 
release) and gas released from these sub-strata invades the mine through these fracture 
sets.  Like with the pre-mine drainage, gas is withdrawn from the post-mine drainage 
boreholes using a vacuum pump, collected into a pipeline network and pumped to the 
surface. 
 
 Strictly speaking, gob vent wells are a post-mine drainage technique.  Prior to 
mining, wells (vertical, angle or directional) are drilled from the surface to within a few 
tens of feet above a longwall panel.  Typically the gob vent wells do not produce gas in 
any quantity until after the longwall face has mined past the wells and the overburden has 
collapsed to form highly fractured gob.  The gob vent wells then produce to the surface, 



either naturally or with the assistance of vacuum pumps.  Figure 3 illustrates a typical gob 
vent well.  
 

Certain of these coal mine degasification techniques have been used for over 30 
years.  Originally gases produced from these degas drainage wells were vented to the 
atmosphere.  Later (circa 1980) coal companies found ways to capture and sell gas 
produced from these degas wells.  This commercial exploitation of “gob gas” was 
coincident with the development of processes to produce pipeline quality gas from degas 
wells. 
 

Abandoned Coal Mines:  Once an area is mined out, the mines are sealed and 
abandoned.  Thakur (1980) reports that CMM production from abandoned mines is very 
small (1).  However, there are projects underway to produce gas from abandoned mines 
in Japan (2) and the United Kingdom (3 & 4).  Furthermore, there are opportunities for 
production of coal gas from abandoned mines in North America, albeit not much activity 
in this area. 
 
Coal Bed Methane (CBM) 
 

CBM production, in the context of this discussion, is an in-situ process of 
producing coal gas in non-mining areas generally by desorbing the coal gas by 
dewatering and lowering the water table in wells drilled for that purpose.  Figure 4 
illustrates a typical CBM well in the Powder River Basin of Wyoming. 
 

Geological Criteria Influencing CBM Potential:  Some of the more important 
geological factors used to identify or define potentially economically viable CBM plays 
are listed and briefly described below:   
 

Geologic Factor Desired Characteristics 
Coal Thickness Thick coal 
Depth to Coal Shallow coal 
Continuity of Coal Continuous coal 
Areal Extent of Coal Large areal extent 
Seals Fine grained sediments in immediate roof & floor 
Gas Content High gas content 
Gas Composition High methane content 
Permeability High permeability 
Structural Setting Simple structural setting 
Hydrology Ease of dewatering 

 
In the final analysis, the interrelationship of these geological factors and other 

economic considerations (gas prices & tax incentives, proximity to pipelines & other 
infrastructure, ease of access) combine to formulate an economically viable CBM play.  
Successful CBM producing districts can display widely differing geological 
characteristics.  Consider, for example, the differences in geological characteristics 
between the Powder River Basin (PRB) coals of Wyoming and the San Juan Basin coals 
of New Mexico and Colorado, both successful CBM producers, as illustrated below: 



 
Typical Characteristics San Juan Basin Powder River Basin 

Individual Coal Bed Thickness 10 to 40 feet 20 to 90 feet 
Coal depth 1500 to 3000 feet 500 feet 
Gas Content 100 to >800scf/t <80scf/t 
Permeability 5 to 30mD 1,000mD 
 

The low rank Powder River Basin coals have a very low gas content (<80scf/t) 
compared to the gas content characteristic of coals in the San Juan Basin of New Mexico 
and Colorado (in places >800scf/t).  However, the Powder River Basin coals generally 
are thick (typically 30 to 100 feet), occur at shallow depths (<1000 feet), are highly 
permeable (≈ 1,000mD) and don’t require hydraulic fracturing (as do many of the San 
Juan Basin wells).  As a result, CBM well completion and development costs are very 
low in the PRB. 
 
 Activity in the way of exploration and development of CBM plays cover a broad 
range of coal basins in North America because of the various combinations of geological 
characteristics that can be used to define a CBM play. 
 
 

GEOGRAPHIC EXTENT OF CMM AND CBM 
ACTIVITY IN NORTH AMERICA 

 
 The following discussion describes the geographic extent of CMM and CBM 
activity in North America.  This description not only describes where current production 
is taking place, but also where potentially CMM or CBM might be developed in the 
future.  
 
Extent of CMM Activity 
 

Current CMM activity in North America is concentrated in the Central 
Appalachian Basin and the Warrior Basin of the eastern United States (Figure 5).  Consol 
Energy recovers and sells about 130MMcfd of coal gas, most of it related to degassing of 
its underground coal mines in Virginia.  This places Consol Energy as the second largest 
producer of coal gas in the United States. 
 
 In the early 1990s, Black Warrior Methane Corporation, jointly owned by Jim 
Walter Resources (JWR) and Sonat Coal Gas Inc., delivered 40MMcfd of gas recovered 
from the degasification of JWR’s underground mines located in the Black Warrior Basin. 
 
 Prospective CMM plays, both from currently producing mines or abandoned 
mines, are centered around coal mining districts that are experiencing or have 
experienced large inflows of coal gas (Figure 5).  These include: 



 
• Mimosa district, northeastern Mexico; 
• Piceance Basin, Colorado; 
• Uinta Basin, Utah; 
• Raton Basin, Colorado & New Mexico; 
• Western Canadian Mountain Coals, Alberta & British Colombia; and 
• Eastern Canadian Coals, Nova Scotia and New Brunswick. 

 
Common to all of the currently producing and prospective CMM areas is a 

history of gassy conditions and methane explosions.  Degasification projects are 
considered at most operations when the mine ventilation systems liberate about 4 to 
5MMcfd.  Extensive degasification projects are almost mandatory when methane 
liberation levels reach about 10MMcfd.  Currently operating prospective CMM areas that 
are degassing will consider the recovery and sale of that gas to offset their degassing 
costs.  Also the potential for carbon credits (reduction of green house gases) may prove 
an incentive.  Production from abandoned coal mines is not being done in North America 
today, but might be considered in the future, particularly if efforts overseas prove 
successful. 
 
Extent of CBM Activity 
 
 CBM production was about 1,350Bcf in year 2000, most of it (an estimated 
1,100Bcf) from the mature producing basins (San Juan Basin, Warrior Basin and Central 
Appalachian Basins).  Emerging CBM producing basins; including the Powder River, 
Raton, and Uinta basins; contributed to the 2000 CBM production. 
 
 The U.S. Geological Survey has estimated approximately 50Tcf of in place coal 
gas resource that they deem technically recoverable between depths of 500 and 6000 feet 
(4).  Table 1 is a summary of this coal gas resource by basin or region and Figure 6 
illustrates the widely distributed geographic location of these basins or region.  This 
resource estimate covers sixteen distinct coal basins or regions in the United States, and 
describes most, but not all, of the CBM activity in the United States.  In addition, basic 
research and preliminary evaluations are being done in parts of Alaska and the Gulf of 
Mexico. 
 
 The Mimosa District of northeastern Mexico is another area that is currently 
receiving some attention as a CBM play (Figure 6).  Current and past underground coal 
mines in this district are gassy and have experienced methane explosions and gas 
outbursts. 
 
 The Mountain and Foothills coal regions of western Canada are currently 
undergoing preliminary exploration and evaluation as CBM plays.  Historically, 
underground mines these regions have been notoriously gassy and subject to gas 
outbursts and methane explosions.  Other CBM plays receiving attention in western 
Canada are the subbituminous coals in the Plains Region and isolated coalfields in British 
Columbia. 



Summary and Conclusions 
 
 CMM and CBM activity in North America is widespread from the Mimosa 
District of northeastern Mexico on the south to Alaska on the north and from the west 
coast to the east coast.  This activity ranges from outright CMM and CBM production to 
exploration and preliminary research and evaluation. 
 
 The widespread geographic extent of CBM and CMM activities in North 
America clearly illustrates the magnitude of the associated environmental considerations 
and issues. 
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TABLES 
 
Table 1.  Estimated Technically Recoverable In Place Coal Gas Resource in the United 
States as per the U.S. Geological Survey (5) 

Region Basin or District In Place Gas (Tcf)* 
Pacific Coast Western Washington 0.70 

Uinta Basin 3.21 
Piceance Basin 7.49 

 
Colorado Plateau – Basin & Range 

San Juan Basin 7.53 
Powder River Basin 1.11 
Wind River Basin 0.43 
SW Wyoming 3.89 

 
Rocky Mountain – N. Great Plains  

Raton Basin 1.78 
Forest City Basin 0.45 
Cherokee Platform 1.91 

 
Mid Continent 

Arkoma Basin 2.64 
Illinois Basin 1.63 
Black Warrior Basin 2.30 
Northern Appalachia 11.48 
Central Appalachia 3.07 

 
Eastern Region 

Cahaba 0.29 
GRAND TOTAL 49.91 
* Technically recoverable resource refers to coal seams at depths between 500 & 6000 
feet. 
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Figure 1.  Pre-mine gas drainage in a longwall mine.  
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Figure 2.  Post-mine gas drainage of sub-strata in a longwall mine. 



 

Monitoring 
equipment 

Exhaust fan

Casing to about 60 m above 

Cement 

Slotted casing or open 

Coal bed 

Coal bed 

Coal bed 

Fractures 

Gas 

 
Figure 3.  Illustration of a typical vertical gob vent well. 
 

 
 
Figure 4.  Typical CBM well in the Powder River Basin (PRB), Wyoming 
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Figure 5.  Coal mine methane activity in North America 
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Figure 6.  Coal bed methane activity in North America 
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ABSTRACT 
 
 
The Powder River Basin, located partially in Wyoming, has become the site of 
widespread development of coal bed methane (CBM) as an energy source.  The rapid 
attraction of production companies to this area of Wyoming has brought with it a 
phenomenal growth in the number of air emission sources that poses certain dilemmas for 
the environment at large, as well as energy industries and the regulatory agencies.  The 
large influx of combustion sources, such as compressor engines and electric generators, 
raises issues concerning the consumption of the Nitrogen Oxides increment, 
formaldehyde emissions from lean burn combustion sources, diesel and unpaved road 
particulate matter emissions and impacts on visibility.  In addition, the growth in 
developing the CBM resource presents myriad concerns for permitting and regulating 
these sources of air pollution. 



AIR QUALITY ISSUES RELATED TO COAL 
BED METHANE DEVELOPMENT IN THE 

POWDER RIVER BASIN 
 

Introduction 
 

The Powder River Basin, located in Wyoming and Montana, has become the site 
of widespread development of coal bed methane (CBM) as an energy source in the very 
recent past.  The rapid attraction of natural gas production companies to this area of the 
nation has brought with it a phenomenal growth in the number of air emission sources 
that poses certain dilemmas for the environment at large, as well as energy industries and 
the regulatory agencies.  The large influx of combustion sources, such as compressor 
engines and electric generators, raises issues concerning the consumption of the Nitrogen 
Oxides increment, formaldehyde emissions from lean burn combustion sources, diesel 
particulate matter emissions and impacts on visibility.  To date, in excess of 16,000 CBM 
wells have been permitted to drill and more than 3,500 wells are on federal lands.1 By the 
time this paper is presented, the number will have grown.  This phenomenal growth in 
developing the CBM resource presents myriad concerns for permitting and regulating 
these sources of air pollution.2 
 

Background 
 

The Powder River Basin is a topographically interesting portion of the Rocky 
Mountain West.  The Powder River itself is one of two major tributaries to the 
Yellowstone River. The river originates in east-central Wyoming and flows north to 
Montana. It is fed from the west by the perennial streams of the Bighorn range and from 
the east by ephemeral streams. The Basin is essentially bounded on the West by the 
Bighorn mountain range, with beautiful vistas of Cloud Peak and Gardner Mountain, and 
on the East by the Black Hills. For some, it epitomizes the essence of all that is 
“western”.3 
 

The wildlife of the Basin is varied and numerous in species.  It is one of the last 
remaining habitats of the plains elk where bald eagle, falcon, grouse and red-tailed hawk 
fly overhead.  The area is also home to pronghorn antelope, mule and whitetail deer, fox, 
bear, turkey, mountain lions and the North American lynx.  Fishing in several places of 
the region is considered among the best in the United States. 
 

From a cultural resource perspective, the Native Americans who once freely 
roamed this portion of the Great Plains consider the area “sacred”.  It was here that Chief 
Crazy Horse, a distinguished Oglala Sioux, took his stand to prevent American 
encroachment of Lakota lands.  It is this area of which he said, "My lands are where my 
dead lie buried". 
 

Geologically, it is also known for what is buried beneath the soil.  The Powder 
River Basin overlays coal beds over sixty meters thick that were deposited during the 
Paleocene era, 65-55 million years ago.  Pursuit of coal and its energy byproducts within 
the Basin has followed closely on the heels of energy development in the San Juan Basin, 



where coal bed methane became the focus of natural gas production efforts several years 
earlier.  Coal deposits in the area are known for their high quality and low sulfur and ash, 
which are preferred characteristics for coal-fired power generation systems in the West. 
 

Depending on the source of information, natural gas reserves in the Basin are 
estimated to be twenty-four to thirty-two trillion cubic feet.4  One industry estimate of the 
recoverable gas reserves is six to nine trillion cubic feet.5  The United States Geologic 
Survey estimate is one hundred trillion cubic feet. With newly developed extraction 
technologies, the natural gas industry has come to regard the Powder River Basin as a 
major resource of coal bed methane gas.6 
 

It is this history, culture and geology that make the development of coal bed 
methane in the Powder River Basin a controversial issue, and which causes air quality to 
be an issue for industry, regulators and the community at large. 
 

Air Quality Issues Related to Coal Bed Methane 
Development 

 
In general, the air quality in the Powder River Basin has been very good. There 

have been occasional, elevated levels of total suspended particulate (TSP) and Sulfur 
Dioxide (SO2) due to oil and gas production, coal mining and industrial and refining 
activities, but there have been no significant non-attainment issues to date. 
 

Until relatively recently, the growth in air pollution sources has been relatively 
slow. It has only been since the early 1990’s that energy development in the Basin has 
spiked the installation of new air pollution sources, especially in the Wyoming portion of 
the basin.  During the most recent past there have been marked increases in the placement 
and operation of wellhead equipment, compression equipment, dehydrators, tanks, power 
generation units, and the myriad auxiliary equipment associated with oil and gas 
development.  And wherever gas resources are found there is usually an increase in the 
installation of energy delivery infrastructures.  This infrastructure development in the 
Basin includes the installation of natural gas transmission pipelines, construction of 
electric transmission facilities choosing to take advantage of nearby energy resources, 
and a substantial number of new, unpaved roads connecting these facilities to more major 
transportation routes. 

 

Nitrogen Oxide Increment Consumption 
 
One of the most significant issues facing the Wyoming portion of the Basin is 

potential consumption of the NOx Prevention of Significant Deterioration increment due 
to the rather phenomenal growth in combustion sources there.  The coal bed methane 
development has spurred large growth of low level sources at ground level.  None of 
these sources are typically large enough to trigger Prevention of Significant 
Deterioration, but nonetheless the sheer volume may be affecting the State’s compliance 
with the National Ambient Air Quality Standard and Prevention of Significant 
Deterioration increment for Nitrogen Oxides. According to Bernard Dailey of the 
Wyoming Air Quality Division, his division is “processing thousands of permits for 
compressor engines and there is no end in sight”.7 Until recently, most of these permits 
either did not include modeling or had applied highly simplified dispersion modeling. 



 
To determine the extent to which the NOx increment is being consumed, the 

Wyoming Department of Environmental Quality has embarked on a large-scale study of 
sources in the Basin. Since the available data on file at the agency is relatively old, it does 
not contain any significant detail concerning this recent growth in “new” emissions 
sources. This new study is including the impact of oil and gas development in addition to 
the more traditional sources of mining and mineral processing.8  Since Wyoming already 
requires Best Available Control Technology in its permitting process for all but 
insignificant sources, a finding that suggests high the consumption of the NOx increment 
could mean much more aggressive source control. Currently Wyoming requires oxidation 
catalysts on engines down to 800 horsepower.  The state has said it would consider 
extending that technology down to 400 horsepower, if necessary to reduce NOx 
emissions. 

 
The energy rich states of the Great Plains and Rocky Mountain West have rather 

consistently made statements indicating a commitment to developing energy resources 
with the least amount of government barriers.  However, if the NOx study for Wyoming 
indicates excessive increment consumption, Wyoming will have its hands tied in the 
sense that the U. S. Environmental Protection Agency will dictate to a large degree what 
the next steps will be. Limits on combustion sources or lower emission limits could be 
required, having the opposite effect to stimulation of energy development. 

 
Wyoming has also stated a concern for growth in formaldehyde emissions.  This 

would be primarily from the large growth in lean burn engine technology.  While not a 
demonstrated problem to date, the state is in the process of doing some risk assessment 
evaluations for this pollutant. Depending on the outcome of that work, selective catalytic 
reduction may be required for formaldehyde reductions, which would further serve to 
restrict emission source growth in the Basin.  On a more positive note, since coal bed 
methane of the Basin is relative void of hazardous air pollutants, there are not significant 
concerns for emissions of benzene, ethyl benzene, toluene or xylene.  Some extended gas 
analyses have shown none of these hazardous components in the gas stream. 

 

Visibility and Particulates 
 
Coupled with the NOx increment issue is the concern for visibility. While it is 

clear that NOx alone is not the only issue in visibility impacts, its precursor effect ranks 
high among the list of concerns.  Emissions from coal mining and trains play a large role 
in projected visibility problems of the Basin.  And due to the rapid growth of coal bed 
methane extraction in areas distant from commercial power, production companies have 
been relying to a large extent on temporary power generation using diesel fuel to operate 
production equipment.  All of these sources combine to have a negative impact on the 
highly prized visibility of Wyoming and Montana.  

 
During some recent field inspections by the Wyoming Air Quality Division, a 

large number of unpermitted diesel power generator sets were observed.  These had been 
located or, in some circumstances, relocated to well production sites to provide power 
where no commercial power was available.  After some investigation, the Division 
concluded that there were a relatively large number of these units operating specifically 
in support of coal bed methane development.  Rather than attempting to eliminate the 



unpermitted sources, the Division’s response was to alert the industry to get these units 
permitted.  

 
Wyoming has responded to the growth in both gasoline and diesel power 

generators by instituting special guidance.  Very recently the state has provided 
procedures whereby sources can get a waiver for pre-existing temporary equipment as 
long as they register with the state.  After October 31, 2001, sources must process 
applications for gasoline or diesel power generators as “new sources”.  Of course nothing 
in the permitting and registration process currently provides any visibility protection so 
further controls may ultimately be required on such allied production equipment. 

 
Another aspect of coal bed methane development is the impact of the physical 

plants on the previously undeveloped West.  Consider that many of the areas currently 
developing coal bed methane, and many others being considered for development, are in 
places that have seen only antelope, buffalo and domestic cattle as their tenants.  
Production sites require access for construction crews, operations and maintenance staff 
and the variety of vendors that must service the production facilities to be productive.  All 
of these entities travel the network of unpaved roads that crisscross this previously 
undisturbed territory.  The visibility impact is noticeable to even the veteran construction 
worker, since the contrast of road dust plume is against an otherwise pristine 
environment.  And to transport the natural gas to various markets, transmission pipelines 
must be constructed, causing yet more soil disturbances.   

 
Since there is currently little monitoring for visibility or particulates in the Basin, 

this becomes an emerging issue for Wyoming and Montana.  Based on work that 
Wyoming has undertaken in the southwest portion of the state, it is rather clear that 
Wyoming will probably precede Montana in defining the scope of the problem and 
eventually regulating sources from a visibility and particulate control perspective.  It is 
the rapid growth in particulates that has the states wondering if there is a Non-Attainment 
Area concern for particulates caused by this unexpected and rapid growth of emissions 
sources. 
 

Air Regulatory Issues for Coal Bed Methane 
Development 

 
 Wyoming has been fairly responsive to the growth issues regarding coal bed 
methane.  The agency website has a variety of forms and guidance directed specifically to 
the coal bed methane industry.  The site includes forms for filing permit applications, 
calculating emissions, change of ownership forms, Best Available Control Technology 
worksheet, and several guidance documents on how to permit generators and to perform 
dispersion modeling. 9  
 

The Wyoming Air Quality Division has made a reasonable effort in providing 
regulatory guidance to the coal bed methane industry. However by its own admission, it 
is having substantial difficulty in providing timely permitting.  For a number of reasons, 
the Division cannot process permit applications any more quickly than the Wyoming 
statutory timeframes.  The coal bed methane industry can expect construction permit 
applications for minor sources to take up to 150 days, assuming there are no special 
circumstances or issues regarding completeness and the analysis for Best Available 



Control Technology.  And as always, the Environmental Protection Agency can exercise 
oversight authority to further lengthen the process. 

 
One minor issue in the permitting process that has substantial potential for impact 

on timely permit issuance relates to near-source ambient air impacts.  The Division has 
been requiring that the exhaust stacks of all compressor engines are 1.5 times higher than 
the tallest building at the facility under consideration.  This requirement provides for 
improved dispersion characteristics with respect to building downwash influences; 
however, it does have some undesirable outcomes for industry.  If a typical-sized 
compressor building is anticipated for a facility, the stack height could warrant special 
engineering and installation efforts.  Several producers have resorted to using “shed-type” 
structures to avoid the negative aspects related to this provision in the Division’s 
guidance.   

 
 Perhaps a more significant impact to timely permit issuance in Wyoming is 
staffing.  The Division has been experiencing substantial difficulty in hiring and retaining 
permit engineers. The low pay scale relative to technical professional staff and the 
competitiveness in the environmental industry keep staff retention at a very low level.  
When experienced permit engineers leave the Division, or move to other positions within 
the Division or the Department of Environmental Quality, it takes a long time to recruit, 
hire and train new staff.  To some extent, agencies like the Wyoming Air Division act as 
the training ground for staff aggressively recruited by consulting firms and industry alike. 
 

The overall efforts by the Wyoming Air Quality Division appear to reflect what 
many in the industry hope is a sign of the kind of cooperation that can continue during 
the evolution and maturation of the industry as it attempts to develop this relatively 
unique energy resource. 
 

Conclusion 
 
When one considers the history and nature of the Great Plains and the Rocky Mountain 
West, it seems that the proposed development and extraction of natural gas within coal 
deposits is on a much faster timeline than the larger environment that holds that resource.  
Population and industrial growth in western states has followed a rather gradual, albeit 
constant, development curve.  The demand for natural gas and associated energy 
resources is high and can only spur development to faster and greater growth.  But the 
regulatory infrastructure has been designed for periods of slower growth and lesser 
demand. 
 
Industry and government will need to address this issue in an unified manner, 
acknowledging the issues both entities face and keeping in mind that responsible resource 
development can continue while protecting the environment. 
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Summary 

Pumping and in-situ bioremediation has been applied as the first and second remediation tiers at a 
former refinery site, mainly contaminated by BTEX compounds, and has led to a cost effective 
removal of about 2460 tons of hydrocarbons, 98% of the initial contamination respectively. At 
that remediation level, declining degradation rates and hydrocarbon concentrations in groundwater 
imply the prevalent kinetic constraints and limitations of technical remedial action, with respect to 
their potential to comply with established groundwater quality guidelines. By a risc assessment, 
based on mass transfer and groundwater transport modelling, Natural Attenuation is assumed to be 
feasible as final third tier of the site remediation, enabling the containment of the plume as well as 
the removal of residual hydrocarbons within a reasonable time frame. 

' 

1. Introduction 

Hydrocarbon contaminations generally comprise complex mixtures of constituent components that 
are effectively immiscible with groundwater. Coupled to their low solubility in groundwater the 
effectiveness and progress of established remediation techniques, e.g. pumping and bioremediation, 
are kinetically controlled by mass transfer mechanism. 

Prevailing kinetic constraints and limitations of pumping and in-situ bioremediation operations are 
often indicated by declining degradation rates and hydrocarbon concentrations in groundwater. 

As alternative for further remediation natural attenuation has to be thoroughly evaluated with 
respect to their potential to control plume extent and exposure pathways as well as to comply with 
groundwater quality criteria removal. The implementation of appropriate and cost-effective 
remedial strategies requires R good understanding of the governing processes and suitable methods 
to evaluate the mass transfer, transport and transformation behaviour of the constituents, which 
will be presented in this paper. 
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Compounds of concern 
Mineral oils 

Mineral oils are a mixture of different compounds where properties vary with respect to solubility, 
toxicity, adsorbability and biodegradability. The properties dep and on the number of C-atoms and 
the length of the C-chains. The longer the chain the lass biodegradability to compound is. The 
biodegradability of the mineral oils decrease according the following ranking: 

Alkanes - Iso-Alkanes - Alkenes - Alkines - Cycloakanes 

Many inventions confirm this behaviour and in some site samples under going natural attenuation 
processes the alkane fraction disappeared completely which the other compounds are still existing 
(Handbuch der mikrobiologischen Bodenreinigung, Materialien zur Altlastenbearbeitung, Band 7, 
LfU Karlsruhe 1991). 

In general mineral oils an readily biodegradable under aerobic conditions and oxygen in the limiting 
factor. But biodegradation could be proved under anoxic conditions with electron acceptors others 
than oxygen, too, (Bregnard et a1 1997, Ackersberg et a1 1991, Rueter et a1 1994). 

Monoaromatic compounds 
I 

This group of contaminants comprises benzene, toluene, ethylbenzene and xylenes. They are 
moderately soluble in water, readily biodegradable and weakly absorbable. Benzene is highly toxic 
and carcinogenic, but best biodegradable among this group. 

Under aerobic environmental conditions the kinetic of biodegradation of all those compounds is 
very high. Moreover they are biodegradable under anoxic and even under methanogenic conditions, 
too (Vogel and Grbic’-Galic’ 19987). Some research group could prove the mineralisation of 
BTEX-compounds under sulphate reducing conditions (Edwards et a1 199 1, Beller 1992, Weiner et 
a1 1998). Edwards et a1 describe a ranking in the biodegradation also follows: toluene, p-xylene and 
o-xylene. No transformation in the presence of sulphate could be observed for benzene and 
ethylbenzene on the other hand. Loveley et a1 (1995 and 1996) could prove the degradation of 
benzene during sulphate reducing conditions. Even under iron-reducing conditions BTEX 
compound can be oxidised. It is remarkable that the rate of minerlization under there conditions is 
almost as high as that under aerobic conditions (Loveley et a1 1994). 
The microorganism can use the iron oxydes existing in the subsurface for the oxidation of the 
monoaromatic compounds in the frame of a natural attenuation process. According Baedecker et a1 
1993, Bennet et a1 1993 and Eganhouse et a1 1993 th ls  process in predominant for the oxidation of 
benzene, toluene, ethylbenzene and xylenes during a case study at a refinery site. Iron reduction is 
present in environments where nitrate and sulphate is depleted. 
Wilson (1986) as well as Vogel and Grbic’-Galic’ (1987) observed a slow mineralization of 
benzene, toluene and O-xylene even under methanogene conditions. 
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2. Site Description 

I 

, 

- .a 

. ‘1. 

0. 

. n. 

The site is located in the Hessian Rhine- 
valley and has been used as refinery from 
1966 to 1986. In 1974 a corrosion hole in a 
subsurface production pipe led to the 
release of about 2500 t of NAPL spreading 
out as mobile phase on the groundwater 
surface over an area of about 70.000 m2. 
Benzene and BTEX has been detected as 
the predominant contaminants with a mass 
fraction of 15% and 50%, respectively, on 
the NAPL. 
fig. 1: site map and NAPL expansion 

The upper aquifer mainly consists of sand, gravelly sand, or sandy gravel sediments, characterized 

3. Remediation Tier 1 - Pumping and Product Recovery 

- 
* Pumping Operation 
Y 

1974-1 989 2 1500 

9 

1974 1979 1984 1989 

by a hydraulic conductivity from 5.10“ to 
2-10” mfs. As shown by fig.2 the aquifer is 
limited by a siltlclay layer at a depth of 20 
m bgs. The NAPLs are located in the 
upper part of the aquifer from 6 to 10 m 
bgs. The hydro-geological cross sections 
illustrates the hydraulic containment to 
protect the adjacent water wells. 

fig.2: hydrogeological cross section 

The first remediation tier focused on the 
recovery of mobile NAPL and the hydraulic 
containment of the contaminated area in 
order to protect the adjacent water wells by 
pumping and bailing. 15 years of pumping 
operation from 1974 to 1989 led to the 
removal of about 2000t of hydrocarbon, 
mainly as mobile ph,ase (see fig.3). 
Remaining were about 500 t of immobile 
residual hydrocarbons, which could not 
efficiently removed by pumping. The 
decreasing slope of the removal graph 
(fig.3) indicates the kinetical constraints of 
the pumping operation. 

fig.3: NAPL removal during pumping operation 
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4. Remediation Tier 2 - Stimulated In-Situ Bioremediation 

! 

As the removal of the residual NAPL (500 t) could not efficiently be acheved by pumping, 
laboratory test, pilot field study and groundwater modelling has been performed to assess the 

fig.4: hydraulic system of in-situ bioremediation 

4.1 Mass Balances 

feasibility of a in-situ bioremediation 
(Battermann et al, 1993), stimulated by 
nitrate and nutrients. Based on the result of 
the feasibility study a large scale in situ 
bioremediation applying nitrate as electron 
acceptor was initiated as second tier in 
1992. The hydraulic system of recovery 
wells and recharge trenches (fig.4) enabled 
a groundwater circulation of 400 m3/h for 
intensive flushing and effective distribution 
of nitrate and nutrients and the hydraulic 
containment of the subsurface treatment 
area of about 18 ha (Battermann et al, 

For process control and evaluation of the in-situ biodegradation mass balance calculations have 
been performed. Relevant compounds of mass balancing were the electron acceptors NOi , 0 2 ,  

SO,"-, FeOII), M i  (IV), the inorganic carbon and alkalinity, the alkaline and alkaline-earth metals 
and the dissolved organic carbon. The attribution of mass balances to biological and geochemical 

reactions for quantification of hydrocarbon '::I degradation has been evaluated by inverse 
modelling procedures (Meier-Lohr, 1998) 
adjusting ,,measured" and ,,calculated" 
mass balances of inorganic carbon and 
alkalinity. Applying about 1100 t nitrate 
and 200 t oxygen during eight years of 
operation the removal of hydrocarbons 
from residual nonaqueous phase liquids has 
been quantified of about 460 t of 

Din Situ Biodegradation : 330 t 

1990 1991 1992 1993 1994 1996 1996 1997 1998 1999 hydrocarbons. 
2 prellmlnary years 8 years In sRu bbremedlalion treatment 

fig.5: quantification of hydrocarbon degradation and removal 

As shown in fig. 5 about 70 % of the mass removal, i.e. 330 t, has been contributed by biological 
transformation and mineralization of hydrocarbons, evaluated from mass balances and adjusted 
stoichiometric relationshps. Considering biological oxida-tion of reduced minerals sensitivity 
analysis reveals a loss of electron acceptors in the ranges of 10 to 15% . 
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4.2 Mass Transfer and Biodegradation Kinetics 

I 

I 

, 

In-Situ bioremediation relies on the stimulation of the microbial activity and enhancing the mass 
transfer rate of contaminants from NAPL phases into aqueous phase. For evaluation of 
multicomponent NAPL mass transfer and biodegradation kinetics an integral hydraulic modelling 
approach (Meier-Lohr et al, 1998) has been applied. The mathematical model of the hydraulic 
system is based on an advection-dispersion-reaction incorporating a first-order mass-transfer 
relation-ship and first-order biodegradation kinetics for the BTEX-compounds benzene, toluene, 
and xylene. On the assumption that the enhancement of the NAPL-compounds dissolution caused 
by microbial activity relies mainly on the increase in water solubility CWeq at interfaces, a 
solubility factor fK1 was introduced and evaluated by calibration. 

Due to the model calculations the enhancement of NAPL mass transfer by a factor of about 10 to 
15, compared with pumping operation, was mainly affected by the biological influence on 
hydrocarbon solubility in groundwater, indicated by solubility factor fK1 of 4 to 6. As far as 
biodegradation kinetics of the BTEX compounds are concerned model calibration led to the 
following rate constants KIB : benzene 0,003-0,03 l/d ; toluene 0,15-0,25 l/d ; m-p xylene 0,03 - 
0,07 l/d . Benzene, only slightly biodegradable under the denitrifjing conditions, was mainly 
removed from NAPL by flushing, because of its high solubility in water. 

4.3 Remarks on the Effciency of in-situ Bioremediation 

........... The enhancement of dissolution and 
subsequent degradation of aromatic 

........... ! hvdrocarbons from residual 
multicomponent NAPL by a factor of about 
10 compared with pumping operations gave 

bioremediation (fig.6). However, at a 
remediation level of 98 % NAPL-removal, 
declining degradation rates and hydocarbon 
concentrations in groundwater indicate the 
prevalent kinetic constraints and limitations 
of the in-situ treatment with respect to their 
potential to comply with established 
groundwater clean-up criteria for BTX- 

........................ 

evidence to the efficiency of the in-situ 

1980 1990 2000 2010 2020 

Year 
compounds. 

fig.6: Evaluation of mass removal by pumping and bioremediation 

5. Evaluation of Natural Attenuation as Tier 3 

Natural attenuation processes are mainly governed by the availibity of suitable electron acceptors, 
the mass transfer kinetics of constituent contaminants and the fate and transport properties of 
dissolved constituents. Therefore implementation of natural attenuation as remediation alternative 
requires a comprehensive characterization and evaluation of the attenuation processes with respect 
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to their potential to control plume extent and exposure pathways as well as to complete the source 
removal. 

5.1 Methodological Approach 

The feasibilty of Natural Attenuation as final remediation action has been investigated by a risc 
assessment, including inventory analysis, exposure pathway evaluation, elaborate mass transfer 
and groundwater flow and transport modelling of the contaminants of concern. Mass transfer and 
transport characteristics were derived from the site and accomplished by literature data. 

5.2 Inventory Analysis 

The inventory analysis of the constituent hydrocarbons ( total: 40 t) reveals, that benzene is still the 
most relevant contaminant of concern. Due to the relatively high solubity the benzene concentration 
or fraction in groundwater (25 %) is ten times higher than in the residual NAPL ( 2.5 %), which 
stands in line with the partitioning derived from Raoult’s law. 

By balancing the available electron acceptors, the capacity of natural degradation of hydrocarbons 
at the site, has been calculated to about 1000 kg/year. As proven by groundwater analysis during 
the pumping operations, sulfate will be the pre-dominant electron acceptor at background 
concentrations of 100 mg/l. Mi(IV) and Fe(II1) attached to the soil matrix, will also provide 
considerable electron accepting capacity for natural biological hydrocarbon mineralization. 

5.3 Exposure Pathway Evaluation 

According to the risc assessment, the 
migration of dissolved hydrocarbons, in 
particular benzene, in groundwater is the 
relevant pathway under natural condltions. 
By elaborate groundwater flow modelling 
different hydrological conditions and 
discharge scenarios are evaluated with 
respect to an exposure of the potential 
receptors. As illustrated on fig.7, an 
exposure of the adjacent public water work 
can be excluded, as the river is an effective 
natural boundary for the catchment area of 
the water wells on the opposite river bank. 

fig.7: groundwater flow at mean hydrological condltions 

5.4 Mass Transfer Calculations 

For quantification of hydrocarbon exposure, the mass transfer model, calibrated to site conditions 
and data, shows, that the mass-transfer rate will decrease after closure of bioremediation by a 
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factor of about 25 in all likelihood. That means a total hydrocarbon outflow at the border of 
residual contamination of about 500 kg/year total hydrocarbons, including 125 kg/year benzene. 
5.5 Fate and Transport Modelling 

The fate and transport modelling leads to the assertion that benzene will be naturally degraded 
under sulfate and irodmangenese reducing conditions to concentrations of about 10 pg/l at the 
exposure point at the river bank. A considerable reduction of the benzene plume expansion by 
Natural Attenuation, NA, is expected withm 15 years (fig.8 & fig.9). 

fig. 8 benzene plume after 5 years fig. 9 benzene plume after 15 years 

6. Conclusions 

Pumping and product recovery is acknowledged as an essential first tier in aquifer remediation that 
focused on the removal of mobile NAF'L. In-situ bioremediation has been proven as efficient 
technology to enhance the remediation of residual immobile hydrocarbons. Natural Attenuation is 
assumed to be feasible as final process for site remediation, enabling the containment of the plume 
as well as the removal of residual hydrocarbons within a reasonable time frame. Applied Natural 
Attuation will require an elaborate groundwater monitoring and groundwater modelling to verify 
the calculations and to ensure the protective status of the site. 

The applied mass balance calculations, the mass transfer and groundwater transport modelling give 
considerable support for the development of a cost effective remediation strategy. 

All organic compounds present at hydrocarbon contaminated sites under a naturally occurring 
biodegradation process which is controlled by the following factors: 

Toxicity of the compounds 

availability and acceptance of electronacceptors (Mainly oxygen, nitrate, sulphate, Fe(III), 
M(W) 

Composition of the contaminants cocktail 
competive biodegradation of the compounds 
environmental conditions (e. g. pH-value, temperature, humility) 
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Aerobic an anoxic degradation of the compounds is predominant for natural attenuation 
process. Methanogenic processes only play a minor vole in the elimination of the 
contaminants. 

The interactions between the different compounds under the different environmental conditions are 
highly complex and not enough elucidated so far. The knowledge on the processes occurring in the 
subsurface in still very weak and a reliable prediction modelling requires still a lot of research 
activity. 
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ABSTRACT 
 

The problems associated with contamination of groundwater and drinking water 
by MTBE have been increased the need for a better understanding of the process that 
control its environmental fate and the potential for natural attenuation. As a result, the 
biodegradability of MTBE has received considerable attention. In this work a compilation 
of the available information about the presence of MTBE in environment demonstrates 
that MTBE pollution exists but the problem has not been analyzed in Mexico. In order to 
evaluate the potential of biodegradation in soil samples from gasoline polluted sites in 
Mexico microcosm under both aerobic and anaerobic conditions were done.  Up to date 
the results of microcosm experiments suggest that biodegradation of MTBE was present 
in the most of the samples only in aerobic conditions and in cometabolism with other 
gasoline compounds. 
 

INTRODUCTION 
 

Fuel oxygenates are added to gasoline to increase combustion efficiency and to 
reduce air pollution. Methyl tert-butyl ether (MTBE) is the most commonly oxygenate 
used because its high octane level, low cost, ease of blending with gasoline. However, 
due to its unique physical and chemical properties relative to other gasoline components, 
MTBE has shown to migrate in subsurface at speeds similar to groundwater with minimal 
retardation. It is well known that the current practice of amending gasoline with MTBE 
has caused a widespread contamination of groundwater (1). The use of oxygenated 
gasoline in Mexico, as a control strategy to improve air quality, started in 1991 and the 
current concern on MTBE contamination in the USA have provoked that Latin-American 
countries are aware of the MTBE ban, although the pollution problem has not been yet 
formally recognized in those countries. 

Biodegradability tests are a good indication of the persistence and recalcitrance 
of the compounds in the environment. Some studies have been conducted on the 
biodegradability of MTBE under both aerobic and anaerobic conditions. The 
recalcitrance of this compound was clearly demonstrated when first studies were 
published  and no degradation was observed, however recent studies have shown that 
MTBE is biodegradable preferentially under aerobic conditions, using  MTBE as a sole 
carbon source (2, 3, 4) or in cometbolism with other compounds such as alkanes (5, 6, 7, 
8). More recently few studies have reported the MTBE degradation by anaerobic 
conditions under Fe(III) (9) and nitrate reduction (10).  



 
The aim of this work is to analyze the situation of use, pollution and the potential 

of biodegradation of MTBE in gasoline from polluted sites in Mexico. In order to achieve 
this objective, three main aspects are analyzed in this work: 1) The potential risk of 
groundwater pollution in Mexico based on data of actual production, demand of MTBE 
and number of gas stations and drinking water wells, 2) Some scarce studies about its 
presence in the environment as results of pipeline leaks and storage tank spills and 
evaporative emissions and 3) Potential of biodegradation of samples collected in polluted 
sites. 
 
MTBE production and pollution in Mexico 
 

Two kinds of gasoline are used in Mexico, PEMEX Magna and PEMEX 
Premium; they contain aromatics, 29.5%; olefins, 8.5%; paraffins, 54% and MTBE, 9%. 
The gasoline demand in Mexico is approximately of 528 thousand of barrels per day (11) 
and the MTBE production in Mexico is only about 4.4 thousand of barrels per day (12) 
for this reason an important volume is imported from USA. Globally Latin America 
consumes 4% of the MTBE world production (13). It is well known that gasoline and 
specifically MTBE reaches and pollutes groundwater and it is an important water source. 
The water supply for Mexico City is 65 m3/s and 70% is obtained from groundwater. 
Soto et al., 2000 (14) consider that Mexico City is a representative example for the risk of 
pollution because of high population and gas station densities; in Mexico City there are 
241 gas stations and 752 drinkable water wells, besides some indications exist of 
groundwater pollution due to the presence of organic compounds. There are some reports 
about MTBE presence in environment around gas stations. Concentrations in air about 
11.5 mg/m3 has been monitored in service station in Chihuahua city (15) and MTBE 
concentrations of 4.4 ppb have been detected in crossroad by monitoring emission to on-
road vehicles (16). Additionally distribution and storage stations are also a pollution 
source and MTBE has been detected (17, 18, 19) (see Table 1).  Only one serious study 
has been conducted in order to try to evaluate the MTBE pollution in Mexico City 
groundwater. It was carried out by a governmental department. A total of 345 samples 
were taken in the underground and groundwater around gas stations and concentrations in 
the range of 4-87 mg/L (see Table 2) were detected in some samples, fortunately no 
MTBE was found in any of the 33 monitored drinkable water well (20). In Mexico there 
is no legislation about gasoline releases and MTBE limits in groundwater, however it 
could be seen that all reported concentrations are above the limit of 20 µg/L established 
by USEPA.  

 
MTBE is facing out in USA, however the MTBE substitution seems unlikely to 

be adopted in the short term in Latin America countries because of there are only few 
studies on MTBE presence in the environment that support a stringent regulation and 
therefore no penalties exist for organisms involved in production, distribution and 
releases of the oxygenated fuel. In addition, economic aspect involved in changes of 
production and distribution units is an important point furthermore the price increase 
associated to the introduction of other compounds instead of MTBE in gasoline. 

 
Therefore more studies are necessary to prove the contamination for this 

compound and to study alternatives for cleanup. 
 



The following section will show the potential of bioremediation on gasoline 
polluted sites. 
 

MATERIALS AND METHODS 
 

Soil Sampling.  
 

Soil Samples from gasoline polluted sites were obtained in the southeast region 
of the country. The spills were result of illegal fuel intake in pipelines. The samples were 
aseptically taken to depths of 1.50 m by a soil sampler with and conserved to low 
temperature during transport. 
 
Location of sampling points and soil characterization. 
 

The sampling points were located along the gasoline pipeline Minatitlán-Mexico. 
Samples of three bioremediated sites and three polluted sites were collected (Table 3). 
The polluted sites belong to the southeast region, the mayor soil activity was for 
agricultural purpose. The spill dates were between October 1998 and February 2000. The 
gasoline spill volume (data by PEMEX, Mexican Petroleum) was between 40,922 and 
556,500 liters. 
 

It was made a physicochemical and microbiological characterization of the 
samples. Organic matter, total nitrogen, pH and moisture content were analyzed 
according to standard methods (21, 22). The soil type was analyzed by the texture 
technique in a certified laboratory. Total microbial counts and gasoline degraders were 
done on bacteriological agar and noble agar in gasoline atmosphere respectively. 
 
Microcosms.  
 

The microcosms were carried in 125 mL serum bottles sealed with mininert 
valves, in both anaerobic and aerobic conditions. Aerobic tests were inoculated with 
microbial consortia grown in plates. The initial biomass was of 20 mg protein /L, with 20 
mL of mineral medium and 5 uL of gasoline (Magna SIN). The composition of the 
mineral medium was (g/L): K2HPO4,2; KH2PO4, 1; NH4Cl,0.75; MgSO4,0.5; CaCl2, 
0.018; element trace and pH of 7. The experiments were carried out at a constant 
temperature of 30 oC and 100 rpm. Sterile microcosms with gasoline or MTBE were used 
as blanks. 

Anaerobic microcosms to assay MTBE degradation were inoculated with soil and 
the mineral medium was amendment with different electron acceptors. It was tested for 
nitrate and sulfate reduction, methanogenic conditions, Fe (III), Mn(IV) and humic acids. 

Maximal degradation rate was calculated by Gompertz model as it was described 
by Acuña et al., 1996 (23). 
 
Analytic  Techniques:  
 



Gas chromatography: For gasoline quantification, samples in headspace were analyzed 
by a gas chromatograph GC -FID (Hewlett Packard 6890) with a column HP-1 of 30 m x 
320mm x 250 um, the flow of the carrier gas, helium, was of 1.5 ml/min, hydrogen flow 
of 35 ml/min and air flow of 400 ml/min. The initial temperature was 40oC and the final 
temperature was 120 oC  at a rate of 2 oC per minute. CO2, O2 analysis was done by a GC-
TCD (Gow-Mac 580) at ambient temperature and carrier gas flow of 65 ml/min. The 
column was a CTR-I (Alltech). 
Biomass. Coomassie brilliant blue assay was used to quantify protein, the biomass was 
hydrolized with NaOH 0.1 N after reaction it was read in a UV-Spectrometer at 620 nm 
(24).  
 
 

RESULTS AND DISCUSSION 
 

Soil characterization.  
 

The most of the soil samples were of clay type with sand or slime fraction (Table 
4), the pH close to neutral or slightly basic. The nitrogen content was in the range of 0.03 
to 0.130 %, these values classify the soil between poor and slightly rich (25), the samples 
243 and 132 km were the richest according to the nitrogen content. The organic matter 
was between trace and 1.77%, these values are in the range of very low to low according 
to the classification by Aguilera, 1989 (26). The moisture content was between 10-30% 
these values are considered acceptable to support microbial activity in soil (27). Although 
the soil was for agricultural activities the matter content and nitrogen was no as high as it 
was expected. The soil samples with the highest organic matter and nitrogen content were 
132 km and 243 km.  

 
 

 
Microbiological counts 
 

All soil samples presented an acceptable count (see Table 5). The soil sample 
with the highest total microbial count was 243 Km and the highest gasoline degrader 
count was for the sample 214 Km. In general, the total microbial counts were between 
2.38 x 106 and 6.92 x 108 cfu/g these values correspond to an adapted microbial 
population (28).  Gasoline degraders counts were in the range of 1.12 x 106 and 3.24 x 
107 cfu/g. It can be observed that a great fraction of the microbial population is gasoline 
degrader. It can be concluded from the high percentage between the total and gasoline 
degrader populations. The best percentage was approximately 80% for the sample 
214Km followed by the samples 132 Km and 242 Km with percentage of 45%, the 
sample with the lowest ratio was 243 Km where less than 1% of the microbial population 
is gasoline degrader. However, in this case the gasoline degrader count was in the same 
magnitude order as the other samples. The counts were quite acceptable and this shows a 
microbial population highly specialized in the degradation of gasoline compounds. 
 
 
Microcosm 



 
The gasoline degradation rate was measured for all the samples. As it can be seen 

in Table 6, the samples 214, 396 and 132 were the most active and the degradation rates 
were between 0.93 and 1.34 mg/mgprotein/h for gasoline. MTBE degradation was also 
quantified by chromatographic analysis and the highest degradation rates correspond to 
the same samples. The MTBE degradation rate was in the range of 0.032-0.166 mg/mg/h. 
In general, the sample 214 Km showed to have the best activity in both microbial counts 
and kinetics. In Figure 1 it can be observed the evolution of the gasoline and MTBE and 
oxygen consumption and the CO2 production and microbial growth for sample 214 Km. 
A complete degradation of MTBE was observed in approximately 100 hours.  Similar 
degradation rate was reported by Hernández et al., 2001 (29) in microcosms experiment 
inoculated with biofilter packing material treating gasoline vapors. 

 
There was no changes in gasoline concentrations in the blanks and also for 

anaerobic microcosm under different acceptor electrons acceptors. 
 
No degradation was observed in microcosm with MTBE as sole carbon source 

and in anaerobic conditions. 
 

The results indicate cometabolism degradationof MTBE; some reports have 
demonstrated MTBE degradation by cometabolism with some gasoline compounds and 
alkanes such as: propane (5), butane (6) and pentane (8). The MTBE degradation rates 
reported are in the range of 0.92-44 mgMTBE/g cell/h (30). As it can be observed the 
degradation rate for MTBE in this work is higher.  

 
 
Other compounds degradation 
 

In order to study the degradation of specific compounds, the samples were 
grouped in two microbial consortia: 1) Contaminated soil and 2) bioremediated soil for 
further studies named as M1 (samples 132, 181, 242 Km) and M2 (214, 243, 396 Km) 
respectively.  
 

For M1 and M2, the gasoline degradation was 0.821 and 1.103 mg/mg protein/h 
respectively and the MTBE degradation rate was 0.117 and 0.080 mg/mg protein /h. Other 
compounds were specifically measured: pentane, hexane, toluene and isooctane. In the 
case of the pentane and toluene degradation was slightly faster than the MTBE 
degradation but for hexane and isooctane degradation it was lower (Table 6). The Figure 
2 shows the pentane, hexane, isooctane and toluene degradation consumption. 
Only few studies (31, 32) have reported the degradation of specific compound in the 
gasoline mixture.  

 
 

FINAL REMARKS 
 

The analysis about the current situation of the contamination with MTBE shows a 
not recognized potential risk for using MTBE as gasoline oxygenate in Latin American 



countries due to the legislation lack. The MTBE pollution exists and it can affect the 
groundwater. 

 
About potential of degradation of MTBE, it was observed that the degradation of 

this compound can be carried out in presence of other gasoline compounds by 
cometabolism. This kind of degradation seems widespread and some studies report 
MTBE cometabolism with alkanes.  Possible reasons for the absence of direct 
metabolism of MTBE can be: the short period of exposure of the soil to the MTBE, the 
collected samples were shortly exposed and adapted to MTBE. 

 
The microcosm experiments using MTBE as a sole carbon source and under 

anaerobic conditions were negative during the test period. Some reports exist about 
positive results on MTBE biodegradation and more recently in anaerobic conditions but it 
many cases the activity was present after long adaptation and enrichment time.  In this 
work, further studies need to be done about cometabolism with specific compounds and 
to search for intermediates as TBA.  
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Figure 1.  Gasoline, MTBE and O2 consumption and CO2  , biomass production of 214 
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Table 1. MTBE in soil samples from distribution and storage tanks  
 

Number of 
sampling 

points 

Number of 
samples with 

MTBE 

MTBE 
concentration 

Location Reference 

41 5 0.03 mg/Kg Morelia Iturbe et al., 2001a (17) 
46 4 0.17 mg/Kg Zacatecas Iturbe et al., 2001b (18) 
30 1 3.35 mg/Kg Puebla Flores et al., 1999 (19) 

 
 

 
 

Table 2.  Underground and groundwater analysis around gas station (20)  
 

Tested place Number of 
service station 

Number of 
service station 
with MTBE 

Maximal 
MTBE 

concentration 
(mg/L) 

Gas station 
underground 
 

 54 40 52.1 

Phreatic water 
below gas station 
 

 47 39 87 

Drainage around 
gas station 
(residual water) 
 

 48 34 3.96 

Gas station in 
zone of aquifer 
recharge 

Underground  
 
Phreatic water 
 

7 
 

7 

5 
 

5 

5.58 
 

7.22 

Discharge of 
residual water in 
gas station 

Drainage 
 
Underground 

58 
 

4 

46 
 

4 

9.20 
 

6.04 
 

 
Table 3. Location of the sampling points from gasoline spill sites. 
 

Location Spill date Spill volume 
(liters) 

Actual 
status 

132 Km June 2000 - Polluted 
242 Km February 1999 - Polluted 
181 Km February 2000 - Polluted 
214 Km October 1999 556,500 Bio restored 
396 Km October 1998 40,922 Bio restored 
243 Km April 1999 80,000 Bio restored 

 
 
 



 
 

Table 4.  Physicochemical soil characterization  
 
 

Location Soil type pH Organic 
matter 
 (%) 

Total 
nitrogen 

(%) 

Moisture 
content  

(%) 
132 Km Clay-slime 7.43 1.77 0.120 28.09 
242 Km Sand-clay 7.40 0.20 0.030 13.52 
181 Km Clay-medium 7.40 1.00 0.090 20.12 
214 Km Clay-medium 6.90 1.60 0.070 15.06 
396 Km Clay-sand 7.70 Trace 0.03 20.32 
243 Km Clay-sand 8.00 1.50 0.130 10.40 

 
 

Table 5. Microbial Counts and degradation rates of soil samples 
 
Location Total count 

CFU/g dry soil 
Gasoline count 

CFU/g dry soil 
Gasoline 

degradation rate 
mg/mgprotein/h 

MTBE 
degradation rate 

mg/mgprotein/h 
132 Km 4.20 E+07 1.84 E+07 0.93 0.107 
242 Km 2.38 E+06 1.12 E+06 0.80 0.032 
181 Km 3.3 E+07 2.69 E+06 0.74 0.059 
214 Km 4.26 E+07 3.64 E+07 1.34 0.166 
396 Km 3.17 E+08 1.14 E+07 1.18 0.107 
243 Km 6.92 E+08 1.24 E+06 0.67 0.05 

 
 
 
 

Table 6. Summary of degradation rates of samples. M1: mixture of polluted sites, M2: 
mixture bioremediated sites 
 
 M1 M2 
Gasoline degradation rate  (mg/mgprotein/h) 0.821 1.103 
MTBE degradation rate  (mg/mgprotein/h) 0.117 0.080 
CO2 production rate (mg/mgprotein/h) 1.040 1.197 
O2 uptake (mg/mgprotein/h) 0.211 0.266 
Pentane degradation rate (mg/mgprotein/h) 0.17 0.226 
Hexane degradation rate (mg/mgprotein/h) 0.044 0.026 
Isooctane degradation rate (mg/mgprotein/h) 0.039 0.033 
Toluene degradation rate (mg/mgprotein/h) 0.111 0.167 
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Figure 1.  Gasoline, MTBE and O2 consumption and CO2  , biomass production of 214 
Km soil sample 
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Figure 2. Evolution of pentane, hexane, isooctane and toluene consumed on sample M1 



Evaluation of Subsurface Flow and Free-water Surface 
Wetlands Treating NPR-3 Produced Water -Year No. 1 

J.E. Myers, Texaco, Houston, TX, L.M. Jackson, Rocky Mountain Oilfield Testing Center, 
Casper, Wyoming 

ABSTRACT 
This paper is a summary of some of the activities conducted during the first year of a 

three-year cooperative research and development agreement (CRADA) between the Department 
of Energy (DOE) Rocky Mountain Oilfield Testing Center (RMOTC) and Texaco relating to the 
treatment of produced water by constructed wetlands. The first year of the CRADA is for design, 
construction and acclimation of the wetland pilot units. The second and third years of the 
CRADA are for tracking performance of pilot wetlands as the plant and microbial communities 
mature. 

A treatment wetland is a proven technology for the secondary and tertiary treatment of 
produced water, storm water and other wastewaters. Treatment wetlands are typically classified 
as either free-water surface (FWS) or subsurface flow (SSF). Both FWS and SSF wetlands work 
well when properly designed and operated. 

This paper presents a collection of kinetic data gathered from pilot units fed a slipstream 
of Wyoming (NPR-3) produced water. The pilot units are set up outdoors to test climatic 
influences on treatment. Monitoring parameters include evapotranspiration, plant growth, 
temperature, and NPDES discharge limits. The pilot wetlands (FWS and SSF) consist of a series 
of 100-gal plastic tubs filled with local soils, gravel, sharp sand and native wetland plants (cattail 
(Typha spp., bulrush (Scirpus spp.), dwarf spikerush (Eleocharis)). Feed pumps control hydraulic 
retention time (HRT) and simple water control structures control the depth of water. The treated 
water is returned to the existing produced water treatment system. All NPDES discharge limits 
are met. Observations are included on training RMOTC summer students to do environmental 
work. 



INTRODUCTION 
Wetlands are an evolving water freatment technology. We are still learning how to 

design and operate treatment wetlands for specific applications. Pilot studies can test a wide range 
of possible wetland designs and operational practices. The pilot work can target specific 
pollutants for degradation, and the pilot data can be used to design and operate full-scale 
treatment wetlands. Pilot wetlands are also relatively inexpensive to construct and operate. 

Free water Surface (FWS) Wetlands 

FWS wetlands are designed and operated to not only improve water quality, but may also 
provide high quality wetland habitat for waterfowl and other wildlife. FWS wetlands look and 
function much like natural wetlands. The root zone of the submergent plants acts as a point of 
attachment for microbes. There are several processes involved in treating the water in wetlands. 
The combination of plants, soils and microbes treats the influent through sedimentation, filtration, 
precipitation, flocculation, and bio-chemical transformation. 

Subsurface Flow (SSF) Wetlands 

Modern-day SSF wetlands began in Europe several decades ago for the treatment of 
sewage. Today SSF wetlands are used throughout the world to treat storm water, acid-mine 
drainage, agricultural runoff, feedlot runoff, and industrial wastewater. The major advantage of 
using a subsurface flow wetland is that the wastewater stays below the gravel surface thereby 
decreasing or eliminating exposure to wastewater, odor, and insect vectors, reducing 
evapotranspiration rates and maintaining water temperature for optimal plant growth. Another 
advantage is that SSF wetlands are smaller in area than FWS wetlands. 

OBJECTIVES 
The primary objective of this three-year pilot study is to evaluate the performance of 

FWS and SSF wetlands treating produced water at Naval Petroleum Reserve No. 3, located north 
of Casper, Wyoming. The first year is for the design, construction and acclimation of the pilots. 
The second and third years are for tracking the treatment performance of the wetlands as the 
wetland plant and microbial communities mature in the extremes of the Wyoming climate. The 
secondary objective is train RMOTC summer students from the DOE Mickey Leland Energy 
Fellowship Program to do environmental work. 

SCOPE 
Design of the FWS and SSF pilot wetlands is based on previous pilot unit experience by 

Texaco personnel. The construction of the pilot wetlands was done jointly by RMOTC and 
Texaco personnel and RMOTC summer interns. Local plants, soils and rocks were used in the 
construction. The summer students constructed and operated the pilot wetlands during the 
acclimation phase. Several parameters were evaluated during acclimation phase. The parameters 
include: 



0 Design and Construction Methods for FWS and SSF Pilot Wetlands 
Treatment Efficiency 
0 Effects of Evapotranspiration 

PlantGrowth 
Effects of Temperature 
Chemical Oxygen Demand 

Conductivity 
Solids Deposition 
Troubleshooting Pilot Wetlands 

PH 

MATERIALS AND METHODS 

Pilot Unit Construction 

The produced water originates at tank battery B-Tp-10. It is transferred to a 150-barrel 
cooling tank where the water reaches ambient temperature before being pumped into smaller feed 
tanks. The produced water is introduced to the pilot wetlands using a variable-speed injector 
pump. The pumps are electrically operated. Pump flow rates control the hydraulic retention time 
(HRT). 

Each pilot system consists of four 100-gallon tubs, one-inch PVC pipe and fittings (Table 
1). The units are placed in series, elongated, and at descending elevations to facilitate gravity 
water flow. Sampling ports are built into the tubing connecting each pilot unit. The water is 
discharged from the pilot wetland system into a sump. From the sump, the treated water is 
discharged into the existing bio-treatment pond (Figure 1). 

One feature of the SSF pilot wetlands is the arrangement of the discharge and outflow 
headers, The discharge header provides an even flow through the wetland and prevents 
channeling and plugging. The header is assembled by drilling holes into one-inch PVC pipe, 
approximately one inch apart using a spiral pattern. It is set inside of the pilot wetland and 
covered by 18 inches of gravel. 

A similar apparatus was designed as an outflow header for each wetland. Again, holes 
were drilled into one-inch PVC pipe. The pipe was covered by a screen and set at approximately a 
45" angle, perpendicular to the discharge outlet of the wetland. This design allows the water to 
discharge through several ports instead of just one avoiding dead spots and channeling. 

Wetland Plants 

Softstem bulrush and cattail are emergent aquatic plants. Emergent plants can stabilize 
the wetland bed surface, provide an attachment surface for microbes, insulate the bed, and assist 
in decomposition of pollutants. During the active growth period, plants are able to significantly 
reduce pollutants in the water by providing oxygen to the microbes in the root zone and 
consuming nutrients to build additional plant biomass. During the senescent phase, plants still 
contribute to the reduction of pollutants by providing oxygen to the microbes. 



Softstem Bulrush was collected approximately one-half a mile from the test site. Bulrush 
can survive over a wide pH range of 5.4 to 7.5, and their adaptability is high. The Wyoming 
growth period for bulrush is approximately six months (spring to fall). 

Broadleaf Cattail was collected from same site as the bulrush. The cattail growth period 
extends from April to August. Cattails can tolerate pH levels from 5.5 to 7.5. Studies indicate 
cattail is a good wetland plant for removing organic pollutants from the water. Cattail oxidizes 
the soil creating an aerobic environment. 

Key FWS Pilot Wetland Design Features 

When constructing the FWS pilot wetlands for tertiary treatment, there are a few key 
design features: elevation, standpipe height adjustment and water distribution. This pilot system 
was constructed outdoors, near the water source. The natural grade of the site was used to 
maximize gravity flow for the system. However after we built and “test drove” the system, we 
discovered that FWS pilot wetland No. 1 would not flow into No. 2. No. 1 was raised a few 
inches to compensate for ground settling. The elevation problem was corrected, and gravity flow 
worked (Figure 2). 

Pilot wetland elevation and standpipe height adjustments are linked. If the standpipe 
needs to be lowered in order to reduce the volume of water in the wetland, it cannot be adjusted 
below the level of the distribution pipe for the next wetland. In FWS pilot wetlands, the 
standpipe was placed to set the maximum water level (6-8 inches). However, the standpipe 
placement did not take into consideration the elevation of the distribution pipe for the next pilot 
wetland. This made adjustments to the standpipe nearly impossible (Figure 2). 

Water is distributed from one pilot wetland to the next by collection into the standpipe 
where it flows out of the discharge outlet. From the discharge outlet the head pressure pushes the 
water up the distribution pipe and into the next wetland. To facilitate laminar flow conditions and 
maximize contact time with the wetland, it is important to discharge the water from the 
distribution pipe on the centerline of the next wetland in series (Figure 3). 

Key SSF Pilot Wetland Design Features 

Our summer students learned that the SSF pilot wetlands require more attention to design 
parameters and materials than do the FWS pilot wetlands. Adjustments to SSF pilot wetlands 
required removing the plants and rock material, fixing the problem and then resetting the wetland. 
This process interrupts data collection, as well as plant and system acclimation. The students got 
to: 

1.  Fixleaks. 
2. Address plugging challenges. 
3. Adjust flows from pilot wetland to pilot wetland. 
4. Transplant plants. 

In all but one of the SSF pilot wetlands, leaking from the discharge outlet was a problem. 
The original plumbing and fittings did not seal around the outlet. This was repaired with a new 
outlet plumbing system from a specialty store. 



There are three ways to address plugging of the SSF pilot wetlands. (1) Excavate all 
material from the wetland, wash the gravel until clean, and reset wetland. (2) Install a 
backflow port. (3) Purchase clean washed gravel. 

Improper flow distribution may be the easiest challenge to remedy assuming the flow is 
being affected by the positioning of the standpipe and not due to elevations. Much like the 
FWS system, flow from SSF pilot wetland to pilot wetland is dependent upon the elevation of 
the standpipe and distribution pipe into the next wetland. The standpipe must be higher than 
the distribution pipe, otherwise gravity flow will not be achieved. It is usually easier to adjust 
the standpipe since this pipe is on the outside of pilot wetland rather than the distribution 
pipe, which is buried in gravel material inside the wetland. The students learned to inspect 
these elevations before gluing the pipe together. 

Finally, it is important to note the level of water within the SSF pilot wetland is equal to 
the elevation of the standpipe on the outside of the wetland. Plants will die if the water level 
is below the root zone. The student solutions were to dig out the plants and reset them to the 
water level within the wetland and/or to adjust the height of the standpipe. 

The RMOTC summer students learned that it is more efficient to design and construct the 
pilot wetland properly the first time than it is to fix the pilot wetlands during operation. The 
SSF pilot wetland elements are shown in Figure 4 at the end of this paper. 

SAMPLING AND ANALYTICAL TESTS 
See Table 2 at the end of this paper. 

RESULTS AND DISCUSSION 

Free-water Surface Pilot Units 

During the acclimation phase, water samples were collected from each of the four 
sampling ports on weekdays. The pH, electrical conductivity, evapotranspiration, flow rates, 
hydraulic retention time, total dissolved solids, chemical oxygen demand, and water temperatures 
were measured. In addition, stem height and density of the wetland plants were noted. The 
discussion below compares and contrasts the treatment efficiency of each of the two systems. 

The pH value measures the amount of H+ ions available in solution and equals the 
negative log of the concentration of H'. Most plants and microbes live with pH values of 6.5-8.5 
standard units. 

The overall pH of the FWS pilot wetland treated water was neutral and fell within the 
NPDES discharge limit. There were occasional spikes in pH levels, which may be attributed to 
evapotranspiration and intermittent interruptions of flow due to power outages during the month 
of August (Table 3 and Figure 5). 



The pH of SSF pilot wetlands remained neutral throughout the acclimation stage. All 
readings fell well below the NPDES discharge limit of 8.5 standard units (Table 12 and Figure 6). 

Electrical Conductivity (EC) 

The conductivity values were measured with a HACH sensION5 portable 
conductivity/TDS meter. EC is a measurement of the ability of an aqueous solution to carry an 
electrical current, and it can be used to detect a change in the salt content of water and indirectly 
measure the amount of evaporation. 

Conductivity measurements for the FWS pilot wetlands leveled out compared to initial 
treatment readings. Bentonite was added to three of the four pilot wetlands to seal leaks from the 
discharge outlets. This addition in concert with high evapotranspiration rates may have 
contributed to the elevated conductivity measurements (Table 4 and Figure 7). 

The conductivity values in the SSF pilot wetlands stabilized during the latter part of July. 
During August, three of the wetlands were reset and the systems were plagued with weekly power 
outages. Measurements were not taken during this time. Subsequent readings during September 
show a noticeable step-wise reduction at each sample port indicating salts are being removed as 
the water flows through the system (Table 12 and Figure 8). 

Evapotranspiration (ET) 

ET can affect the electrical conductivity of a wetland by evaporating the water and leaving the 
salts. This causes the ion concentration in the water to increase. 

The average ET for the FWS pilot wetland ranged between 1/8 to 1/3 inches of water loss each 
day from July 3 through July 26, 2001. (Figure 9) The measurements were collected with a 
modified pan evaporator. 

Due to the reconstruction of the SSF tubs, data gaps are present. 

Flow Rates 

Pump flow rates were measured twice weekly. The flow rates help to set the hydraulic 
retention time (HRT). Differences between influent and effluent pilot wetland flow rates were 
used to diagnose occasional plugging challenges (Table 5). 

Hydraulic Retention Time (HRT) 

The HRT is a measurement of how long on average the water is in contact with the 
wetland. The HRT is equal to water volume divided by the flow rate. By plotting HRT v. pilot 
wetland treatment performance data, one can begin to size of a full-size treatment wetland (Table 
6 and Figure 10). 

Flow rates for each of the FWS pilot wetlands were measured at the influent distribution 
pipe to each wetland. The working volumes of the wetlands were measured by filling and 
draining the wetlands. The target HRT was a 24 hours per wetland. The actual HRTs ranged 
from 14.1 to 36.1 hours due to variations in the feed tank head pressure and evapotranspiration. 



HRT measurement in SSF pilot wetlands is more difficult to do than in the FWS pilot 
wetlands. Two methods were used to determine the volume of the SSF pilot wetlands. The 
empirical method was fill and drain. The theoretical method calculated the volume based on the 
volume and porosity of the gravel. The RMOTC summer students learned that both methods 
worked. 

Typically, pea gravel has a 30% porosity and hydraulic conductivity between 10.' to lo2 
cdsec.  With 30% porosity the water is able to flow through the media. Sufficient pore space is 
available for microbes to attach to the surface area of the gravel and permit plant roots to expand. 

The use of the small rock size has a number of advantages. (1) There is more surface area 
available on the media for treatment as compared to large rock. (2) Small void spaces are 
compatible with development of the roots and rhizomes of the vegetation. (3) It creates laminar 
flow conditions (Table 7). 

Total Dissolved Solids (TDS) 

TDS was measured using a HACH conductivity/TDS meter. TDS is an indication of 
ionic strength and an indirect measure of the salt content of the water. 

In comparison with the conductivity measurements of each pilot wetland, the TDS rates 
The stepwise reduction in TDS is in agreement with the conductivity have stabilized. 

measurements (See Tables 8 & 12 and Figures 1 1 & 12). 

Chemical Oxygen Demand (COD) 

Chemical oxygen demand is the equivalent quantity of oxygen used to oxidize the 
organic matter in a wastewater. The COD was measured using the HACH dichromate COD 
method, a HACH COD reactor, and spectrometer. 

During the acclimation phase, the general trend for COD in the FWS pilot wetlands was a 
stepwise decrease from Port 1 through Port 4. This trend suggests that microbes are oxidizing the 
hydrocarbons in the produced water. There is still some scatter to COD data indicating that 
acclimation is not over yet (Table 9 and Figure 13). 

COD was not successfully measured for the SSF pilot wetland by the summer students. 
The plugging of the SSF pilot wetlands made sample collection impossible. COD sampling of 
the SSF pilot wetlands is now underway after the plugging was corrected and the students 
returned to school. Those data are not reported. 

Temperature 

Water temperature is a critical parameter to the operation of a wetland. Most wetland 
plants cannot sustain growth in waters with temperatures greater than 100°F. At low 
temperatures, microbial activity slows down and plants become senescent. Temperature was 
measured with a HACH sensION5 portable conductivity/TDS meter. 

Water temperature in the FWS pilot wetlands ranged from 64°F to 83.6"F. These water 
temperatures provided an ideal environment for wetland plant growth (Table 10 and Figure 15). 



Water temperatures in the SSF pilot wetlands were slightly lower than in the FWS pilot 
wetlands. Average temperatures ranged from 58°F to 75°F. These temperatures are slightly 
below the optimal plant growth range. The effect on SSF wetland plant growth was evident when 
compared to the FWS wetland plants (See Table 12 and Figure 16). The temperature difference 
are attributed to the FWS pilot wetlands with the open water heating up faster during daylight 
hours than the below ground water of the SSF pilot wetlands. 

Plant Growth Rates 

Plant growth rates are an indicator of the quality of the water and how well a wetland is 
operated. Plant height and stem density are common ways of measuring plant growth. Students 
found that plant height was considerably easier to measure than stem density. 

In the FWS pilot wetlands, broadleaf cattail averaged 7 inches of growth per week. 
Softstem bulrush grew an average of almost 6.5 inches per week, while the average growth for 
Olney's bulrush was approximately 4.3 inches of growth per week (See Table 10 and Figure 14 
15). 

The plants in SSF pilot wetlands did not fair as well as the FWS pilot wetlands. Each of 
the four wetlands was reset during the acclimation phase. The plants were removed during the 
resetting of the pilot wetlands and transplanted. Many of the transplants died and growth of the 
remaining plants was slow. Frequent transplantation is not good for plants. 

SSF Wetland Coupon Testing 

In this wetland pilot, 1 x 1 x '/4 inch coupons were used to measure solid and scale (COS) 
deposition from the waste stream. The coupons were placed at different depths in the pilot 
wetlands to determine where solids and scale might cause future plugging in SSF wetlands. 

The three coupon pipes were placed on a spacing of approximately 15 inches apart in 
each SSF pilot wetland. The pipes were set at depth of 28, 17 and 21 inches respectively (Figure 
4). Insertion of the pipes into the gravel bed was difficult. Pipes were initially hammered into the 
gravel bed. The same procedures were used in the remaining wetlands to install coupon pipes. 
For reset SSF pilot wetlands, the pipes were placed in the wetland as the gravel was added to 
avoid the difficulty in hammering. 

The acclimation phase coupon testing data are inconclusive due to continuous 
interruptions and resetting of the system. Although we did not collect enough data to compare 
solids deposition to TDS, the coupons were good indicators for poor flow, determination of water 
levels, and locating bed plugging (Table 13) 

SUMMARY OF YEAR ONE CRADA WORK 

FWS Wetland Conclusions 

The FWS pilot wetland system was successful. 
FWOTC summer students can set up FWS systems with minimal supervision. 



COD is removed. 
The pH is regulated. 

The FWS pilot wetlands are nearing completion of the acclimation phase. 
Wyoming plants and soils work in treatment wetlands and meet discharge limits. 

Electrical conductivity and total dissolved solids meet discharge limits. 

The FWS pilot wetland system was successful during the acclimation phase at lowering the 
COD below the current NPR-3 discharge limit NPDES permit. The pilot wetlands met the pH 
limits. The FWS pilot wetland treating produced water had good plant growth and an abundant 
population of insects indicating that the water was of high quality. 

SSF Wetland Conclusions 

The SSF pilot wetland system was successful. 
0 

0 

RMOTC summer students require more attention when setting up SSF than FWS pilot 
wetlands. 
The SSF pilot wetlands are in the acclimation phase. 
Wyoming plants and rock work in treatment wetlands and meet discharge limits. 

The native Wyoming wetland plants and rocks (gravel) work well in SSF wetlands. 
Although the reconstruction of several of the wetlands disrupted plant growth, the plants grew 
well after the plugging and elevations were corrected. Based on the plant growth, the system is 
still in the acclimation stage. Careful attention must be paid to the design and construction 
specifications on SSF wetlands. 

Observations on Training Summer Students 

Training summer students to do environmental work is an interesting undertaking, especially 
for environmental professionals who are not educators. The RMOTC summer students are 
mostly undergraduates with limited laboratory and field experiences. Some of the common 
environmental concepts are easily grasped while other concepts can take a long time. Over the 
10-week period of working with the summer students, we found: 

Explanation of an-environmental concept worked best when it was based on the student’s 
major field of study. 
Documentation of field and lab journals has become a lost art. 
As is common among environmental professionals, the first-time pilot unit is a “throw- 
away.” The second or third pilot unit is the keeper. 
Summer students required more attention when setting up SSF than FWS pilot wetlands. 
The Civil Engineering idea about water flows down hill is easy to see in a FWS wetland 
and not so easy to see in a SSF wetland. 
Students who have never done any gardening are good at killing wetland plants. 
There is no substitute for laboratory experience when it comes to analytical testing. 
Field engineering is an art form for gifted and a disaster for the mechanically challenged. 
For the learning experience, it is best to let the student struggle with the challenge and 
then provide potential solutions. 
Wyoming can be a culture shock for students from large cities. 



FUTURE PILOT WETLAND WORK 

FWS and SSF Wetlands 

Over the next two years, the FWS and SSF pilot wetland work will follow the maturation of 
the wetlands. As the plant and microbial communities mature, wetland treatment performance 
and operations will be monitored. Some of the monitoring activities are listed below. 

Data collection 
HRT and Flow Rates 
Plants and Soils 
Water Depth 

0 Pan evaporation 
0 REDOX 

0 Wetland Operations 
Fertilizer for plants 

Microbial Testing 
Biological Activity Reaction Tests 

Heterotrophic bacteria 
. Sulfur reducing bacteria 

Fluorescing bacteria 



Table 1. Eaubment List 

[tern 

Vessel 

Feed pump 

Feed tank 

Cooling tank 

SumD 

PVC pipes 

PVC fittings and adaptors 

Sealant 

Plants 

Plastic tubing 

Zip Ties 

Topsoil 

Cooling Tank 

Feed Tank 

Rock 

Plants 

Pallets 

Stabilizers 
(wooden stakes) 

Nvlon Screen 

Description 

Rubbermaid. 100-dlon tub 

Adjustable stroke and speed injection pump to feed produced water to 
pilot wetland 

300-gallon tank 

150-barrels (42 gallons = 1 barrel) 

5-gallon bucket 

Ultra-violet resistant 1” pipe 

Elbows. ball valves. T connectors. stomers 

Silicon and bentonite 

Broadleaf cattail (Typha ZatifoZia.), Olney’s bulrush (Scirpus 
americanus). and softstem bulrush (ScirDus validus) 

318” OD, 1/41) ID 

Various sizes 

1 vard 

150-barrels 

300-gallons 

318” to 3/41) pea gravel; 2” sewer rock 

Bulrushes (Scirpus validus) and Broadleaf Cattail (Typha latifolia) 

3 x 3-feet 

16-inches in length 

2 x 2-inch, 1/16 mesh 



Table 2. Sampling Plan for Treatment Perf 
I 

lPort4 18.3 

I SamDlinc Parameter 

lPort4 17.8 /Port4 17.6 

Chemical Oxygen Demand (COD) 

Biological Oxygen Demand (BOD) 

DH 

Total Dissolved Solids (TDS) 

Temperature 

Oil and Grease (O&G) 

Total Petroleum Hydrocarbons (TPH) 

Total Suspend Solids (TSS) 

Plant Height 

Stem Density 

Stem Diameter 

Hydraulic Conductivity 

Reduction and Oxidation (Redox) 

Hydraulic Retention Time (HRT) 

Residence Time Distribution (RTD) Diagram 

Solids Deposition 

mance Parameters 
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911710 

9/20/0 7/12/01 
Port 4 6.081 Port 4 
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Port 2 6.04 Port 2 
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Port 4 5.26 Port 4 
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Port 4 
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I I I I I I 

Volume Average Flow Rate 
(em3) (mVmin) 

Tub 1 134,150.41 158 
Tub 2 144,469.67 86 
Tub 3 154,788.93 93 
Tub 4 185,746.72 100 

Table 5. FWS Wetland Flow Rates (mumin) 

HRT 
(hr) 

14 
28 
28 
31 

Average Flow rate 
Volume (em3) (cm3/min) HRT 

237638.52 150 1584.257 
HRT (hr) HRT (day) 

26.40428 1.10 

Table 8. FWS Wetland TDS 
I I 

Port 2 
Port 3 

7/30/01 IPort 1 12.2 1 
2.4 
2.5 

Port 2 
Port 3 

!Port4 12.0 
9/14/01 IPort 1 12.3 

2.1 
2.4 



17/18/01 lPort 1 12.2 17/26/01 IPort 1 12.3 I 

Port3 
Port4 

I lPort2 12.3 I IPort 2 12.4 I 
2.3 Port3 2.2 
2.1 Port4 1.9 

7/12/01 
Port4 44 Port 4 114 I lPort4 155 
Port 1 142 7/20/01 Port 1 112 
Port 2 81 Port2 59 
Port 3 75 Port 3 15 
Port4 58 Port 4 

8 
A 

7/9/01 

z 
E -  

G 

Y 
3 
33 

k a 
Y 

3 
33 3 

Q) Y 

a2 8 3 
3 d a 

Fl 
a2 CI 

.3 a8 Y 

d m 
3 -  
G m 

8 -  
G 

133 
m 

Port 1 70.3 7/19/01 Port 1 70.9 7/30/01 Port 1 78.2 
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Tub No. 1 Tub No. 2 

Cattails 10.09 5.82 

Softstem bulrush 4.96 7.142 

Olney’s bulrush 4.24 3.27 

Table 12. SSF Wetland Data Summary 
I I 

Tub No. 3 

9.05 3.31 

8.81 5.17 

Tub No. 4 

5.63 4.21 



712310 1 

Tub 3 6.72 7.6 2.7 90.3 
Tub 4 6.69 8.0 2.7 80.4 
Tub 1 6.47 68 7.6 2.6 67.6 
Tub 2 6.52 123 7.7 2.6 71.7 

Tub 2 
Tub 3 

5.68 7.9 2.3 60.2 
5.50 502 7.7 2.2 59.5 





Parameter 

Chemical Oxygen Demand 

NPDES Discharge Limit 

100 mg/L 

Oil and Grease 

PH 

Conductivity 

10 mg/L 
6.5-8.5 standard units 
(must remain within range) 

7.5 pS/cm 



T e n s l e e p  Coo l ing  F e e d  
Tank Tank Tank 

Influent to feed tank 

Innuent to pilot system 

T u b  1 

Sample port 4 7- Sample port 1 - 
Sample port 2 

Sample port 3 I 

Discharge into sump 

I 

Figure 1. Pilot Unit System Process Flow Diagram 
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REMEDIATION OF A WEATING OIL RELEASE 
UNDER A BASEMENT FLOOR 

Robert A. Nauta (URS/Dames & Moore) 
William L. Lundy (BMS, Inc.) 

Introduction 

A #2 heating oil release into the soil beneath the subbasement of a commercial building 
posed a significant remedial challenge. Fuel oil from leaking heating oil storage tanks impacted 
the soil and ground water through pactures in the concrete floor, under the basement boiler room. 
Conventional technologies such as soil vapor extraction (SVE) or excavation proved 
impracticable. Because BMS could easily access the contaminated zone using their patented fluid 
jet injection system, their in-situ BIOX@ chemical oxidation process was selected as an 
experimental new technology that appeared to provide a successful solution for this difficult 
problem. 

Project Background 

In January 1994 oil staining was noticed in the basement of a commercial building by the 
local fwe department. Two 1,000 gallon underground storage tanks (UST’s) that held fuel oil 
were located beneath the sidewalk adjacent to the corner of the building. Both UST’s were 
placed in a concrete vault (a former steam tunnel), and backfilled with sand. The release from the 
UST’s saturated the soils at the base of the vault, and seeped into the basement along fractures in 
concrete floor (See Figure 1). 

The regulators was notified of the release, and inspected the site in March 1994. They 
subsequently required that the UST’s be removed, and that the nature and extent of soil 
contamination be determined. Both UST’s were removed in August 1994, and approximately 90 
cubic yards of contaminated soil were removed and disposed off site. At the time of tank 
removal, both tanks were observed to have corrosion holes and corroded piping. 

Follow-up characterization work included the collection of soil and groundwater samples 
from locations inside and outside the building. Results of this site investigation indicated that 
there had been on exceedances of groundwater quality standards and concentrations of diesel 
range organics (DRO) in soil samples were above generic cleanup standards. Remedial 
alternatives evaluated by a previous consultant recommended soil vapor extraction (SVE) with a 
subsequent hydrogen peroxide application as the appropriate remedial strategy. 

Dames & Moore was retained by the client to complete a supplemental site investigation 
to further identify the lateral and vertical extent of soil contamination. This investigation was 
completed in May 1997. The lateral extent of soil contamination is shown on Figure 2. Data 
collected during this investigation were used to estimate the volume of Contaminated soil present 
at the site and to evaluate potential remedial responses. Results were present in the October 1997 
Supplemental Site Investigation and Remedial Action Plan (RAP) report. Excavation and off-site 
disposal, in-situ bioventing, and passive bioremediation were the potential remedial technogies 
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evaluated to remediate approximately 120 tons of soil with DRO concentrations above 100 
mgkg. Excavation of the contaminated soil was recommended. 

Proposed Remedial Action 

In 1998 Dames & Moore prepared plans and specifications for the excavation of 
contaminated soil from beneath the building and from beneath the sidewalk adjacent to the 
building. A bid package was submitted to five potential bidders. Two competitive bids were 
received. These excavation costs significantly exceeded estimated costs presented in the October 
1997 RAP. Dames & Moore subsequently re-evaluated an in-situ remedial response and 
recommended a new in-situ chemical oxidation remediation technology. 

In addition to reevaluating potential remedial responses, Dames & Moore reviewed 
historic groundwater monitoring results in response to the addition of groundwater quality 
standards for several poly aromatic hydrocarbons @AH) compounds in December 1998. Results 
of groundwater samples collected revealed that chrysene was the only compound to exceed the 
Enforcement Standard. 

Dames & Moore recommend that the contaminated soil be remediated by application of 
the BIOX@ process to the subsurface. This in-situ process required the injection of a proprietary 
reagent into the saturated and unsaturated zones to degrade hydrocarbons. 

The Oxidation Process 

The process, coined the BIOX@ Process by it’s developers, is based upon hydrogen 
peroxide chemistry. However, unlike conventional Fenton chemistry which injects liquid 
hydrogen peroxide, the BIOX@ Process generates hydrogen peroxide in-situ. This is 
accomplished by injecting a proprietary reagent blend that contains an aqueous suspension of 
peroxygens and amendment compounds formulated to control pH and catalytic activity as well as 
the production rate of hydrogen peroxide. Because the quantity of hydrogen peroxide available at 
any given time is minimal, the process does not generate the heat indicative of conventional 
Fenton chemistry. Therefore, loss of contaminants through thermo volatilization is obviated. 

For shallow applications (less than fourteen feet) the reagent can be applied using a soR- 
advance drilling technique that creates a high velocity, low volume fluid jet that displaces the soil 
immediately around the tip of a hand-held probe rod. These injection points are closely spaced to 
ensure that the impacted soils are sufficiently mixed with the reagent. The pumping equipment 
(See Photo I) can also be staged away from the injection zone. This eliminated the impact of 
remedial equipment upon an area of high railroad activity. 
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Photo I -- Jet Probe 

The Application 

The reagent compound was injected through probes at low flow rates under high velocity. 
In the basement, pilot holes % inch in diameter were drilled through the concrete, and a 5/8” 
probe rod advanced by hand into the underlying soil unit. A Geoprobe boring was used to 
advanced the Geoprobe rods through the debris under the sidewalk outside and into the 
underlying soils . 

Preliminary estimates indicated that two applications would be required to achieve the 
remedial objectives. Each application would require the injection of reagent through probes 
located in a regular grid and in the same manner as explained above. An estimated 5,500 pounds 
of reagent per treatment was used for each application. This is equivalent to 36.5 pounds per 
cubic yard of soil treated. The injection specifics are listed in Table 1. 

Table 1 - Remedial Design 

Injection Zones Under Sidewalk Basement 

IP Areas: 
Vertical Extent: 
IP Spacing: 
Injection Points: 
Reagent: 
Time: 
Injection Dates: 

100 sf 240 sf 
7’ - 18’ 0 - 12’ 

2 27 
5,500 Total 
4 Days 

2nd March - 2000 

3’ (Designed) 3’ 

1“ NOV-1999 

Results 

The results of the soil applications are shown in the table below. GRO contaminants 
were reduced to below maximum closure limits (MCLs). 
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BIOREMEDIATION OF POLLUTED SOIL 
WITH HEAVY HYDROCARBONS ONSHORE 

LOCATIONS FROM LOBITOS, TALARA –
PERU  

 

Manuel A. Navarro M.Sc., Petro-Tech Peruana S.A. 
Sandra Vanegas M.Sc., PTI of Peru SRL. 

 

ABSTRACT 
 

Remediation of soil included in situ application of combined technique: Land 
Farming and Engineered Remediation. Land Farming allowed land preparation by 
addition of native soil and nutrients in proportion of 1: 1 to favor degradation activity of a 
selected microbial native population coming of treatment area under laboratory 
conditions. Wild strains isolated corresponded in 50% to yeast whom beginning 
hydrocarbon decomposition process, the other 50% was mainly compose by strains of 
Pseudomonas aeruginosa and Serratia marcescens. In five months the average TPH 
content was reduced from 32 to 1.7% and the soil reestablished his chemical, physical 
and microbiological proprieties. Gas chromatography was used to follow the strongly 
reduction of alkanes, aromatics, and paraffin compounds. Small amounts of paraffins 
were the mainly analytes remaining detected at the end of the TPH test. The combination 
of applied techniques constitutes an effective alternative in elimination of hydrocarbons 
pollutants in terrestrial ecosystems. 

 



 
 
 

 

INTRODUCTION 
 

The hydrocarbons are the most common pollutants in nature, and they are 
associated with the production and the use of crude oil's sources. At the end of the 
eighty's the world public's attention has been focused in environmental problems 
generated by hydrocarbons contamination (Exxon Valdez.1989), caused mainly by 
anthropogenic sources that producing environmental impacts. 

 
In consequence a series of techniques has been applied looking for minimize 

concentrations of polluted products until indexes determined by governmental authorities 
of each country. The application of conventional technologies involves the removal, 
alteration or isolation of pollutant. Such techniques consist basically on an excavation, an 
incineration, a safe confinement or a chemical stabilization. In these technologies, in 
most of the cases, pollutants are not completely eliminated. In contrast Bioremediation 
profiles as an effective solution for diverse environmental decontamination overcomes 
limitations of conventional techniques allowing the destruction from a wide variety of 
hydrocarbons to smaller costs. This process is based in the application of microorganisms 
with degraders properties. 
 

In the location of Lobitos – Talara, in the north of Peru, 100 m near to sea, it 
found an area of 1830 m3 strongly disturbed by hydrocarbon wastes. Preliminary analyses 
reported a TPH of 30.5%, represented mainly by paraffins and isoparaffins, whose 
resistance to degradation has been broadly reported. Remediation of soil included the 
application of biodegradation in response to a bioaugment of a potentially degradative 
microbial native population previous treatment of the land by the addition of nutrients (N, 
K, P), oxygen supply and watering activities. 
 

In situ Bioremediation process was monitoring determined physical, chemical, 
and microbiological parameters and the reduction of different hydrocarbons groups by 
Gas chromatography FID along six months of treatment. 
 
 

LABORATORY ACTIVITIES 
 
Isolation of microbial strain with possible ability to degrade 
hydrocarbons:  
 

Soil samples coming from disturbed area were resuspended in buffer solution, 
serially diluted and plated on two different solid media and one liquid media. The 
inoculated liquid media was plated in solid media after three days of incubation and 
constantly shake under aerobic conditions. All plates were incubated under aerobic 
conditions at 30o C. 
All colonies that had differences in colony morphology, size or pigmentation on solid 
media were picked.     
In the same way, the total microbial heterotroph population and total microbial 
degradative population were enumerated. 



 
 
 
 
Characterization of strains:  
 

The bacteria were described following the key pointed out in the Bergey’s 
Manual of Systematic Bacteriology (Williams & Wilkins. 1984). The yeasts were not 
identified until genus and/or species but their type of metabolism was designed (aerobic 
respiration, anaerobic respiration, fermentative). 
   
Biodegradation assays: 
 

Different mixtures of isolates were inoculated to a final concentration of 107 - 108 
cfu/g in 100 g of hydrocarbon contaminated soil contained in a glass flask with a side 
arm. A Potassium hydroxide solution is introduced into the side arm to trap CO2.  The 
CO2 determination was the result of a mineralization process.  
   
Inoculum size and it application: 
 

The most degrader mixture strain was selected to be applied in field to 
accelerated hydro carbonated products elimination. The inoculum was prepared in solid 
media constituted by inorganic salts and molasses; later it was added in a tank and 
applied on the soil.   
   
 

FIELD ACTIVITIES: 
 

The main work performed in situ was the Landfarm technical, preparing the soil to 
stimulate microbial activity and transform the hydrocarbons present in the pit using 
natural biological, physical and chemical processes.  
 
Following are the activities performed during the Landfarming: 
 
Preliminaries 
 
Topographic works are civil engineering task required to define the volume 
contaminated and specific finish conditions of the land to obtain an safety area 
and aesthetically acceptable. Besides included contaminated solids movement and 
mixing with sandy soil. 
 
From this activities the following information was obtained: 
 
AREA   = 2800 m2 
PERIMETER  =   271 m 
VOLUME OF CONTAMINADED SOIL = 1830 m3  
PIT BOTTOM SLOP WAS FIXED IN 0.3%. 
 



 
 
 
Homogenization of oily sludge  
 
Organic and natural oleophilic material was applied and mixing with 
contaminated soil. This material was used in the first step to mix it with liquid 
oily sludge and improve soil firmness. To allow mechanical work, the total area 
was divided in treatment cells of 10 x 10 m. (figures 1 and 2).   
 
This material guarantees a supply of organic material and provides porosity, 
texture and consistency that soil requires it. Additionally it have the characteristic 
of trap and absorb hydrocarbons, avoiding leachate them toward subsoil, 
spreading the contamination. Oleophilic material aids retention and treatment of 
heavy metals, especially the cadmium (Gupta, M.S. et al. 1988; Shukla, S.R., and 
V.D., Sakhardande.1991), and controlling phosphorous levels on fertilized soils 
(Mbagwu, J.S.C. 1989). Rate required for this contaminated soil was 23 Kg/ m3. 
 
Land movement : Excavation and Removal 
 
Contaminated soil was excavated and removed toward a site suitable temporaly. 
This material was piled on a berm located between the pits (north and south). 
Bottom pit was covered with 0,25 cm of compacted impervious material (clay) 
and then was applied a layer of oleophilic organic material. Contaminated soil 
was returned and spreaded on the isolating layers (figures 3 and 4). 
 
Land movement: tilling contaminated soil 

 
On treatment area the hydrocarbon affected soil was tilled monthly to add 

oxygen, and water was applied to maintain moisture content. Commercial 
fertilizers were added to accelerate biodegradation. These nutrients were applied 
according to lab analysis for soil sampling and under land treatment rules 
established by Peruvian Authority (table 1). 

 
    

SAMPLING AND MONITORING 
 

Sampling: 
 

The area was divided in 40 cells (10 x 4 m); twelve of them were chosen at 
random and sampling at different points and depths following an “X” or “∑” path. At 
every cell were taken composite samples.  
 
Parameters: 
a. Microbiological: aerobic microbial population total count per gram soil and degrader 

ability microbial population count per gram soil. 
 



 
 
 
b. Physics and Chemical: pH, moisture, organic material (TOC: total organic carbon), 
chloride, nutrients, hydrocarbons petroleum total (TPH), heavy metals (chromium, 
cadmium, barium, mercury and lead) and Leachates. 
   
Monitoring:  
 

The soil biodegradation is a process that combines metabolic activities of 
microbial diversity and the interactions between physical, chemical and biological 
environmental complexes. Nevertheless the complexity of process it has been used 
different methodologies to measure hydrocarbons biodegradation in soil: pH -ASTM D-
1293, Humidity percent -ASTM AND-1131-93, Total organic carbon- ASTM D-1131-
93, Chlorides - ASTM D-512, Concentration of Nutritious: Phosphorus - ASTM 
modified D-515/Olsen, Nitrogen - ASTM D-3228 / Microkjeldahl and Potassium - 
ASTM D-4192, Total Percent hydrocarbons (TPH) - EPA-1664 /ASTM 2172 modified, 
Heavy Metals Determination: chrome - ASTM D-1687, Cadmium - ASTM D-3557, 
Barium - ASTM D-4382, Mercury - ASTM D-3223 and Lead - ASTM D-3559.  
Gas chromatography was used to follow the strongly reduction of alkanes, aromatics, and 
other hydrocarbon compounds. The analyses were carried out by certified laboratories.  

 
 

RESULTS AND DISCUSSION: 

Laboratory: 
 
Isolation and selection of microbial hydrocarbons degrader strains 
 

Native yeasts were found in a significant quantity of aerobic heterotrophs 
microbial population total (46 %), which indicated that these microorganisms work on 
hydrocarbons degradation process. The 54 % were indigenous bacterial strains. 
 
Strains identification 
 

Yeasts were not identified in type genus or specie. This important group was 
classified in five types according to macroscopic characteristics, glucose metabolism and 
enzyme cytochrome-oxygenase detected. Qualitative and quantitative list of the genera 
and species found are shown in table 2. 
  
Biodegradation assays  
 

The assays showed that mixture of bacteria and yeasts are good options for 
field biodegradation processes and specifically for high molecular weight 
hydrocarbons. 
 



 
 
 
Field: 
 
 Following activities were used to prepare the soil and then apply 
biodegradation technical: blend fresh and contaminated soil (1:1), add nutrients 
(N, P) and additives (natural organic material) in the rate 100:10:1 (C:N:P), 
addition of oxygen  (manual and mechanical tilling) and soil watering for 
optimum moisture. 
  
 Carbons, nitrogen, phosphorous and potassium sources were evaluated 
and compared with criterion of protection land. Studies for Peruvian north coastal 
soils (Inrena 1973) shown that this soils have a low availability of phosphorous 
and organic material but potassium content high. 
 
Carbon Sources 
 
 Carbon source was supplied by hydrocarbons, natural fertilizer and 
organic bulking agent (oleophilic). Monitoring results are shown in figure 5. 
During land farming there was a strong reduction of the total hydrocarbon 
content. This drastic reduction can be assigned to dilution 1:1 (fresh soil: 
contaminated soil) sometimes used in land farming operations, volatilization 
processes for low molecular weight hydrocarbons as well as by mechanical 
blended and homogenization of the soil in all its thickness.  
 

Studies realized found that hydrocarbons content can not exceed 8% to facilitate 
bioremediation process because a soil saturation produce a reduction of the degradation 
kinetic, and in some cases inhibit growth of the degrader microbial population (Ercoli, 
E.C., et al. 1999). But this condition is a recommendation for some biodegradation 
processes. Hydrocarbons levels as high as 25% by weight are reported treatable. Also 
other important variables can improve contaminated soil biodegradation, like as soil type, 
hydrocarbon type and strong winds for oxygen infiltration. 
 

An initial analysis about organic material registered a high content of 17%, due to 
hydrocarbons and additional sources of carbon like as woods, rags, birds squeleton.  
 

During all process evaluated the carbon source registered a reduction near to 1% 
in TPH and 7% in organic material, directly related with microbial population count 
which registered an increase of 102 due to soil biodegradation reached during land 
farming. After first microbial inoculation total population was stayed to 106 (Figures 6 
and 7). Degrader microbial population along the process increase 103 times with respect 
to initial reference (table 3). 
 

Figures 5 and 8 shown that hydrocarbon groups were degradated during 
bioremediation process. Initial gas chromatographic showed that paraffin was a 
predominant group. Paraffin have recalcitrance to microbial action, which produce their 
degradation slow; in this case paraffin was reduced to 92,6% in the treated soil and we 
will hope a additional increase in next months.   



 
 
 
 

Table 4 illustrate Hydrocarbon finish contents, which guarantee that current 
toxicity levels are lower to found levels when began the project, are shown in.  
 
Nitrogen source 

 
After carbon, nitrogen is the element more important during biodegradation 

processes. With respect to isolated degrader microorganisms, bacteria are denitrifying 
mainly which facilitated hydrocarbons biodegradation. Additionally, there was a 
metabolic activity to reduce TPH and organic material, which increase nitrogen 
consumption in oxidizes form. Figure 9 illustrate that after land farming the nitrogen 
stayed almost constant.  
 
Microelements: Phosphorous and Potassium 
 

Microorganisms use inorganic phosphates available in environment. Strong 
reductions were registered during biodegradation process (Figure 9), which can be 
explained due microbial activity response and adsorption process of the natural organic 
material applied on contaminated soil.   
   

With respect to potassium, there was a reduction because of microbial 
requirement to assure its cell integrity.  
 
Other factors 

 
Moisture: at the beginning treatment area registered low moisture (0.9%). 

After land farming the moisture stayed near to 5 %, and allowed microbial 
development including finally seeds germination and vegetal covering 
maintenance.  
                                                                                                                                                          

Chloride: treatment area registered contents under 0.001 %, which by no 
means affect microbial metabolism of the inoculated degraders strains. Isolated 
strain and selected for microbial pool were cultivated in culture media prepared 
with different concentrations of sodium chloride.  
 

Heavy metals: During crude oil production some of this elements are 
introduced by chemical treatment or natural occurrence. Behavior of the evaluated 
elements during project is registered in table 5. Contents were constant in all 
process and never have surpassed the permissible levels of Energy Peruvian 
Ministry (Table 6). 

 
Leachate water: To verify if water table was affected by hydrocarbons 

filtration, subsoil water samples were took to 15 m from treatment cells. A 
monitoring station reported a hydrocarbon content high, because to a small 
leakage by old well found during land movement. The old well, ownership of 
other company, was repaired and cemented. Finally the filtration was eliminated 



 
 
 
and later analyses have reported a reduction significant on hydrocarbons 
concentrations. Samples took in other monitoring stations did not report 
hydrocarbons in subsoil water. 

 
CONCLUSIONS: 

 
1. Combination of Land farming and engineered bioremediation are technical 
very effectives to reclaim hydrocarbons contaminated soils, which allowed 
recovery the soil from 30% to levels close 1,5% of TPH.   
 
2. Periodic soil and water monitoring confirm that no adverse soil or groundwater 
impacts have occurred. Accurate records of remediated soil are maintained. 
 
3. With the trees planted on area treated an environmental impact strong was 
transformed to harmonious landscape, recovering land using. 
 
4. To difference of the others used technical for contaminated soil recovery, 
bioremediation guarantee reduction and elimination of the contamination by 
means of mineralization process, just as aromatic compounds which are 
hydrocarbon groups more toxic but almost has disappeared. 
 
5. Paraffin and iso paraffin are hydrocarbon groups that become 78% of the soil 
current contamination. Both hydrocarbon groups are branched chain with high 
molecular weight and their degradation slow. Studies have proved that paraffins 
are hydrocarbon chain less toxics for humans and other organisms.  



 
 
 

 
TABLES AND FIGURES 

 
Table 1. Permisibles levels for nutrients on peruvian soils (Agriculture Ministry – 
Technical Bulletin 1973)  

 
Levels Low Mediun High 

Organic material (%) 0.15 – 2.0 2.1 – 4.0 > 4.1 
Nitrogen (ppm) < 1000 1000 – 2000 >2000 
Phosphorous (ppm) 0 – 6 7 – 15 > 15 
Potassium (ppm) 0 – 250 255 – 350 > 355 

 
Table 2. Genera and species microbial isolated from contaminated soil samples at 
Primavera, Lobitos. 
 

Description  
Family Enterobacteriaceae 
Superiority: Serratia marcescens  

22 % 
11 % 

Bacillus spp 15 % 
Pseudomonas aeruginosa 10 % 
Group no fermenting- no oxidizer 7 % 

 
 
Table 3. Results of parameters during bioremediation process in Primavera, Lobitos 
 

Days 
 1 34 49 61 82 102 124 140 155 209 
pH 7.6 7.7 7.6 7.0 7.4 6.7 6.7 6.925 7.35 - 
Moisture (% W) 0.9 4.4 6.0 5.1 4.2 4.8 5.1 5.8 6.65 - 
Chloride (ppm) 525 825 835 414.5 239 694 670 670 522.5 - 
Total organic 
carbon (% W) 17 13.4 10.9 9.9 7.2 4.9 8 6.78 7 - 

Potasium (ppm) 590 503 505 247.5 118 246.5 167 240 110 - 
Phosphorous 
(ppm) 1719 1060.5 968.5 116.5 61.5 54 62.5 5.2 5.2 - 

Nitrogen (ppm) 1424 508 562.5 565.5 429.5 508.5 462.5 400 400 - 
TPH (%) average 30.5 4.9 4.8 2.8 2.6 2.2 1.9 1.765 1.725 1.53 
Microbial 
population total 
count per gram 

3x104 2x106 - 4 x106 5x105 1x106 7x106 4x106 6x106 - 

Degrader 
microbial 
population total 
count per gram  

4x102 - - - - 7x104 - - 5x105 - 

 
 
 
 



 
 
 
 
Table 4. Hydrocarbons finish content on soils of Primavera - Lobitos.  
 

HIDROCARBONS GROUP CONTENT (%) 
Paraffin 1,5245 
Olefin 0.0055 

Iso paraffin 0.0720 
Naphthalene 0.2671 
Aromatics 0.1834 

 
 

Table 5. Heavy metals contents on soils of Primavera - Lobitos. 
 
 

Element (ppm) Day 34 Day 49 Day 82 Day 154 
Lead 20.6 18.4 19 18.3 
Cadmium 0.04 0.04 0.04 0.05 
Barium 289.5 270 266 258 
Mercury < 0.005 < 0.005 < 0.005 0.006 
Cromium 8.55 7.9 6.5 5.4 

 
 
 

Table 6. Typical and toxics concentrations for elements on soil (Environmental guide of 
Energy Peruvian Ministry). 

 
Element Typical soil 

concentration 
(ppm) 

Soil concentration  
world-wide (ppm) 

Soil concentration 
inhibitory of vegetable 

growth  (ppm) 
Barium 500 1-30 15-90 
Cadmium 0.5 0.01-1 1- >640 
Chromium 70 2- 300 5- 5000 (Cr 6+) 

50- 5000 (Cr 3+) 
Mercury 0.1 0.005- 0.5 0.3- 50 
Lead 30 5- 70 100- 1000 

 
 
 
 
 



 
 
 

       
 

Figures 1 & 2. Topographic work and homogenization of oily sludge. 
              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 3 & 4. Excavation, removal and tilling contaminated soil in Primavera- Lobitos 
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Fig. 5. organic material and TPH during hydrocarbon degradation process, Primavera 
project, Lobitos.    
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Fig. 6. TPH and microbial population total count during biodegratation process in 
Primavera- Lobitos 
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Figure 7. Total microbial population and degrader microbial population, bioremediation 
project in Primavera- Lobitos 
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Figure 8. Behavior of the evaluated hydrocarbons group during Bioremediation 
process in Primavera-Lobitos 
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Figure 9. Nutrients and micro element during biodegradation process biodegradación in 
Primavera- Lobitos 
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ABSTRACT 
The United States Environmental Protection agency manages the National Oil and Hazardous 

Substances Pollution Contingency Plan Final Rule, Subpart J Product Schedule (40 Code of Federal 
Regulations Part 300.900) which list dispersants, surface washing writs, bioremediation agents, surface 
collecting agents, and miscellaneous oil spill control agents that may be used in response to oil spills on land 
and on or near waters of the U.S., depending on the product and its proper application. Over the last few 
years alternative oil spill response methods have been gaining in acceptance and use in the field among first 
responders, industry, state and federal agencies, Congress, and the entire oil spill response community. EPA 
sets policy and guidance for the proper use and authority to use these products. Manufactueres and vendors 
of these products have become more aware of this acceptance evidenced by the frequency that EPA is 
contacted to provide information on the listing process and EPA policy regarding their use. The number of 
applications to add new products to the Subpart J Product Schedule have increased over the last year. 
Subpart J is very prescriptive and specific in directing mandacturers to perform the proper test within the 
proper protocols, yet many applications are rejected or need modification due to errors in testing procedures 
or data reporting. 

This paper will address the data needed to list a product under each categoq and will clanfy issues 
related to the Product Schedule. It will also address the policies that EPA uses to enforce the Subpart J 
regulation. The author has managed the Product Schedule for over three years and his experience and 
expertise regarding the issues surrounding alternative countermeasures will be covered as well. Dispersants, 
surface washing agents (SWA), chemical sorbents, and other technologies have sparked controversy and 
confusion in all regions and areas of the U.S., and in some cases internationally. Many research efforts have 
added to the baseline knowledge we have about dispersants and bioremediation agents- toxicity, efficacy, and 
proper use but conflicts still arise as that data is interpreted and applied in the field. The reader will have a 
better understanding of why and how alternative countermeasures are required to be listed and describe the 
authority to use them based on EPA policy. 

INTRODUCTION 

Subpart J applies to navigable waters of the United States and adjoining shorelines, the waters of the 



contiguous zone, and the high seas beyond the contiguous zone in connection with activities under the Outer 
Continental Shelf Lands Act, activities under the Deepwater Port Act of 1974, or activities that may affect 
natural resources belonging to, appertaining to, or under the exclusive management authority of the United 
States, including resources under the Magnuson Fishery Consewaticm and Management Act of 1976. (40 CFR 
300.900) The authority to use alternative countermeasures on oil spills is granted to the U.S. federal 
government within the NCP under section 300.910. 

WHY A PRODUCT SCHEDULE? 

In 1967, the Torry Canyon wrecked off the coast of England oiling many prime holiday beaches as 
95,000 tons (593,750 barrels) of oil was released into the ocean. 10,000 tons (66,000 barrels) of chemicals 
were used to attempt to remove the oil from the impacted shorelines. These chemicals were actually 
degreasing agents containing over 60% aromatic solvents. Both the solvents and the surfactants were highly 
toxic to marine life.(AF'I 1999) Kenneth Biglane, then the Director of EPA Oil and Special Materials Control 
Division flew to the spill and witnessed what can be described, and confmned by many in the oil spill 
response community as sever misuse of chemical cleaning agents. He said that anyone who was able to carry 
hoses, back pumps, portable pumps etc...were pressed into service. He saw damage to the biota to the extent 
never before witnessed by him. Coastal hotels were approached by salesman and were encouraged to use 
these materials on their oil contaminated beaches much to their regret as they helped to cause erosion of 
those very beaches. 

In June of 1968, President Johnson directed the Secretaries of Defense, Interior, and Transportation 
and the Director ofthe EPA Office of Science and Technology to assume special responsibilities to complete 
a muti-agency contingency plan in order to strengthen this Nation-s preparedness to act in the event of an oil 
spill pollution emergency along our coast and waterways. Chemical dispersants were being highly touted by 
industry and each week DOT, DOD, and DO1 were besieged by chemical salesmen, who wandered in off the 
street or were sent by Congressmen and showed up on-scene at most spills. Newspapers would report about a 
- marvelous potion and spend many hours interviewing the few federal experts that knew about the 
compounds. EPA was not against the proper use of these chemicals, but hoped that situations such as the 
Tomy Canyon spill response would indeed become rare events. 

In April of 1970, Congress passed the Federal Water Pollution Control Act which called for a 
National Contingency Plan (NCP), further Congress called for a schedule of chemical use on spills to be 
prepared. Mr. Biglane convened a task force at EPA with six state water pollution control ad ministntors... the 
Product Schedule was born. (Biglane 1976). Today it is a fact that dispersants and some other chemical 
countermeasures are far less toxic than their predecessors, however EPA is still inundated at times with 
salespeople wanting to have EPA -endorse or -approve their products based on their low toxicity. EPA 
encourages the prudent and effective use of these products and directs manufacturers to follow the proper 
procedures within Subpart J of the NCP in order to have their products listed and, in turn, used properly. 

AUTHORITY FOR A PRODUCT SCHEDULE: 

The use of dispersants, other chemical agents, and bioremediation agents to respond to oil spills in 
U.S. waters is governed by subpart J of the NCP (40 CFR 300.900). EPA-s regulation, which is codified at 40 
CFR 300.00, requires that EPA prepare a schedule of dispersants, other chemicals, and other spill mitigating 
devices and substances, Zany, that may be used in carrying out the NCP. The Product Schedule (hereafter 
referred to as the Schedule) is required by section 311(d)(2)(G) of the Clean Water Act (CWA), as amended 



by the Oil Pollution Act of 1990 (OPA). Under Subpart J, respondents wishing to add a product to the 
Schedule must submit technical product data specified in 40 CFR 300.915 to EPA. EPA places oil spill 
mitigating products on the Schedule if all the required data are submitted. The Schedule is available to 
Federal On-Scene Coordinators (OSCs), Regional Response Teams (RRTs), industry, states, oil spill response 
companies, hazardous materials response teams, and Area Committees for determining the most appropriate 
products to use in various spill scenarios. Products currently listed on the Schedule are divided into five basic 
categories: dispersants, surface washing agents, surface collecting agents, bioremediation agents, and 
miscellaneous oil spill control agents. 

INFORMATION REQUESTED FROM 
MANUFACTURERS: 

Under subpart J, manufacturers who wish to list a product on the Schedule must report the items 
specified below for the appropriate category. 
Dispersants: Means those chemical agents that emulsify, disperse, or solubilize oil into the water column 
or promote the surface spreading of oil in to the water column. 

1. 
2. 
3. 
4. 

5. Shelf life; 
6. 
7. 
8. 
9. 

10. Dispersing agent components; 
1 1. 

12. 

Name, brand, or trademark, if any, under which the dispersant is sold; 
Name, address, and telephone number of the manufacturer, importer, or vendor; 
Name, address, and telephone number of primary distributors or sales outlets; 
Special handting information and worker precautions for storage and field application, 
including maximum and minimum storage temperatures; 

Recommended application procedures, concentrations, and conditions for use; 
Results of the effectiveness test set forth in Appendix C of the NCP 
Results of the toxicity test set forth in Appendix C of the NCP; 
Physical properties covered by the American Society for Testing and Material-s reference 
standards; 

The concentrations or upper limits of any heavy metals, cyanide, and chlorinated 
hydrocarbons; and 
The identity of the laboratory that performed tests, the qualifications of the laboratory-s 
staff, and laboratory experience with similar tests. 

Under NCP subpart J, respondents must test dispersant products for effectiveness and toxicity and 
provide the results to EPA-s Oil Program Center. Dispersants are required to demonstrate a 50% (- 5%) 
effectiveness level in order to be placed on the Schedule. Only those dispersants that meet or exceed the 
effectiveness acceptability threshold are eligible to be listed on the Schedule and need be tested for toxicity. 
RRTs may require an additional swirling flask test using a type of oil other than that specified in Subpart J 
Appendix C (Alaska North Slope Crude and South Louisiana Crude), An RRT may require toxicity test 
using an invertebrate species other than that specified in Appendix C (Menidia beryllina and Mysidopsis 
bahia). This authority is not intended to make the preauthorization of certain technologies more difficult and 
does not authorize the RRTs to establish more stringent effectiveness and toxicity criteria, but will enable 
them to make more informed decisions by providing them with additional site or area specific data. 
Individual states, however, may require other tests and more stringent toxicity requirements. Although there 
is no toxicity threshold for dispersants, EPA feels that when making decisions on the use of dispersants, or 
any other product, spill responders should use the least harmful products that have been proven effective 
under the standardized laboratory conditions and actual field use, EPA explicitly reserves in the rule, the 
right to request additional documentation regarding both test and conduct verification testing of the 
effectiveness test results. 



Surface Washing Agents (SWAs) : Any product that removes oil from solid surfaces, such as 
beaches and rocks, through a detergency mechanism and does not involve dispersing of solubilizing the oil 
into the water column. 

1. 
2. 
3. 
4. 

5. Shelf life; 
6. 
7. 
8. 
9. Surface washing agent components; 
10. 

11. 

Name, brand, or trademark, if any, under which the surface washing agent is sold; 
Name, address, and telephone number of the manufacturer, importer, or vendor; 
Name, address, and telephone number of primary distributors or sales outlets; 
Special handling information and worker precautions for storage and field application, 
including maximum and minimum storage temperatures; 

Recommended application procedures, concentrations, and conditions for use; 
Results of the toxicity test set forth in Appendix C of the NCP, 
Physical properties covered by MTM-s reference standards; 

The concentrations or upper limits of any heavy metals, cyanide, and chlorinated 
hydrocarbons; and 
The identity of the laboratory that performed tests, the qualifications of the laboratory-s 
staff, and laboratory experience with similar tests. 

EPA will be conducting research on developing a test method and may speclfy an effectiveness 
protocol for surface washing agents. This category generates the most confusion due to SWAs action on 
removing oil from an impervious surface. SWAs are designed to break up and lift the oil allowing it to float on 
water and be collected for removal using sorbents, vacuum trucks, skimmers or other mechanical means. 
They are not supposed to emulslfy or disperse the oil in any large degee, as this makes the recovery of the oil 
more difficult. Dispersants and SWAs are therefor opposite in action and purpose. However, EPA is 
concerned that these categories are often interchanged and this leads to misuse of the products. SWAs have 
been used on open water spills while dispersants have been used to wash oil from sandy beaches driving the 
oil deeper into the substrate. Both misuses may cause further harm to the environment than the oil alone. 
SWAs are not allowed to be washed away into or applied directly to a water body, but should always be 
recovered along with the oil as best as possible. As reported by state and federal authorities, all too often in 
the author-s opinion, SWAs have been used to expedite cleanup with little concern for preventing the runoff 
from reaching waterways where they can cause fish kills and accumulate in storm drains possibly causing 
further explosion hazards. The exception being that fire departments may use a SWA to quickly dissipate 
fixnes and fuel from a vehicle accident to prevent fire arid explosion hazards. FOSCs may authorize their use 
to prevent harm to human life even if the product is not listed on the Schedule. EPA encourages recovery of 
the oil or gas in all cases. 

Surface Collecting Agents: Means those chemical agents that form a surface film to control the 
layer thickness of oil. 

1. 
2. 
3. 
4. 

5. Shelf life; 
6. 
7. 
8. 
9. 
10. Surface collecting agent components; 
11. 

Name, brand, or trademark, if any, under which the surface collecting agent is sold; 
Name, address, and telephone number of the manufacturer, importer, or vendor; 
Name, address, and telephone number of primary distributors or sales outlets; 
Special handling information and worker precautions for storage and field application, 
including maximum and minimum storage temperatures; 

Recommended application procedures, concentrations, and conditions for use; 
Results of the toxicity test set forth in Appendix C of the NCP, 
Physical properties covered by ASTM-s reference standards; 
Test results distinguishing surface collecting agents from other chemical agents; 

The concentrations or upper limits of any heavy metals, cyanide, and chlorinated 



hydrocarbons; and 
The identity of the laboratory that performed tests, the qualifications of the laboratory-s 
staff, and laboratory experience with similar tests. 

There are no surface collecting agents on the k t  as of June, 2001. 

12. 

Bioremediation Agents : Means microbiological cultures, enzyme additives, or nutrient additives that 
are deliberately introduced into an oil discharge and that will significantly increase the rate of biodegradation 
to mitigate the effects of the discharge. 

1. 
2. 
3. 
4. 

5. Shelf life; 
6. 
7. 
8. 

9. 

10. 

Name, brand, or trademark, if any, under which the bioremediation agent is sold; 
Name, address, and telephone number of the manufacturer, importer, or vendor; 
Name, address, and telephone number of primary distributors or sales outlets; 
Special handling information and worker precautions for storage and field application, 
including maxirnum and minimum storage temperatures; 

Recommended application procedures, concentmtions, and conditions for use; 
Results of the effectiveness test set forth in Appendix C of the NCP; 
For microbiological cultures, a listing of all microorganisms by species, including 
percentages, special nutrient requirements, etc.; 
For enzyme additives, information on the enzyme, including source, operating conditions, 
shelflife, etc.; 
The identity of the laboratory that performed tests, the qualifcations of the laboratory-s 
staff, and laboratory experience with similar tests. 

Miscellaneous oil spill control Agents: Is any product, other than those defined above that 
can enhance oil spill cleanup, removal, treatment, or mitigation. Examples of these agents are sorbents 
containing chemical or biological ingredients, elasticity modifiers, emulsion treating agents, and solidifiers. 

1. 

2. 
3. 
4. 

5. Shelf life; 
6. 
7. 
8. 
9. 
10. 

11. 
12. 

Name, brand, or trademark, if any, under which the miscellaneous oil spill control agent is 
sold; 
Name, address, and telephone number of the manufacturer, importer, or vendor; 
Name, address, and telephone number of primary distributors or sales outlets; 
Special handling information and worker precautions for storage and field application, 
including maximum and minimum storage temperatures; 

Recommended application procedures, concentrations, and conditions for use; 
Results of the toxicity test set forth in Appendix C of the NCP; 
Physical properties covered by ASTM-s reference standards; 
Miscellaneous oil spill control agent components; 
The concentrations or upper limits of any heavy metals, cyanide, and chlorinated 
hydrocarbons; 
Information on any microbiological cultures, enzyme additives, or nutrient additives; and 
The identity of the laboratory that performed tests, the qualifications of the laboratow-s 
stafT, and laboratory experience with similar tests. 

Due to the nature of this category EPA reserves the right to require further testing of products that do 
not meet strict definitions of defined product categories. Some products may q u w  as a -mixed product in 
which case the criteria to be listed may include combinations of the requirements listed above. However, 
note that the Miscellaneous category is not a -catch-all for manufactures wishing to market a product they 
claim to perform all the actions described in other categories. An example being a SWA that also acts like a 
dispersant when used in a neat form or a bioremediation agent that also contains enough surfactant to 
disperse the oil into the water column. EPA resenes the right to closely examine the method of action for 



every product and makes corrections to manufactut-er application language when necessary. Some latitude 
may be granted, but it is important for the integity of the Schedule and its usefulness to the oil spill 
community that manufactuerers not market a product as a comprehensive one-size-fits-all agent able to 
perform any oil spill related task 

Under subpart J, the respondent must also no* EPA of any changes in the composition, 
formulation, or application of the dispersant, surface washing agent, surface collecting agent, bioremediation 
agent, or miscellaneous oil spill control agent. If the change is likely to alter the effectiveness or toxicity of the 
product, EPA may require retesting. If EPA decides that retesting is necessary, the submitter must have the 
product tested in a laboratory and forward the data, along with the qualifications of the laboratory sM, to 
EPA. 

Sorbents: Means essentially inert and insoluble materials that are used to remove oil and hazardous 
substances from water through adsorption, in which the oil or hazardous substance is attracted to the sorbent 
surface and then adheres to it; absorption, in which the oil or hazardous substance penetrates the pores of the 
sorbent material; or a combination of the two. Sorbents are generally manufactured in particulate form for 
spreading over an oil slick or as sheets, rolls, pillows, or booms. Sorbents are not required to be listed under 
the NCP Product Schedule. However sorbents that contain chemical or biological components, especially 
when made in loose form, may be required to be listed. Manufacturers that produce sorbent materials that 
consist of materials other than those listed in paragraph (g)(l) of 300.915 shall submit to EPA the technical 
product data specified for miscellaneous agents. Materials listed under (g)(l) include organic materials such as 
peat moss and bird feathers, mineral compounds including volcanic ash and vermiculite, and synthetics such 
as polyproplene and polyester. 

If EPA determines the sorbent may cause a deleterious effect on the environment, the product needs 
to be listed under the Miscellaneous category. Examples of sorbents that are required to be on the Schedule 
include loose cellulose materials that contain non-indigenous microbes, chemical solidifiers, or any other 
product that does not meet the defrntion of sorbents as stated in 300.915 (g). EPA is aware that the 1994 
Subpart J list of sorbent materials is dated and does allow for broader interpretation of what a sorbent material 
is. An example is the recent development in using human hair as a sorbent. 

AGENCY ACTIVITIES: 

Under subpart J, EPA will perform activities when a mandacturer applies to have a product listed on 
the Product Schedule. Once the technical product data required by the rule are submitted, EPA must 
perform the following activities: 

C Receive and process the data; 
C Review the data for completeness and procedural accuracy; 
C Not& the respondent of the decision on listing the product on the Schedule; and 
C If approved, place the product on the Schedule, store the data, and supply the data upon 
request. 

EPA-s decision to place a product on the Schedule is based on the completeness of the information 
presented, however the product will be evaluated for its effects on water quality as prescribed in the Clean 
Water Act section 31 1. EPA reserves the right to request further documentation of a lab-s test results. EPA 
also reserves the right to verify test results and consider those results in determining whether a product meets 
listing criteria. EPA has 60 days to n o w  the manufacturer of its decision to list a product on the Schedule, or 
request additional information, and/or a sample of the product in order to review and/or conduct validation 
sampling. 



PRACTICAL UTILITY OF THE DATA: 
If all of the required data are submitted, EPA places oil spill mitigating products on the Schedule. 

The Schedule is available for use by OSCs, RRTs, and Area Committees in determining the most appropriate 
products to use in various spill scenarios. Under 40 CF'R 300.910(a), RRTs and Area Committees are 
required to address the desirability of using the products on the Schedule in their Regional Contingency Plans 
and Area Contingency Plans, respectively. The required information is needed from the respondent so that 
the OSCs, RRTs, and Area Committees can make informed decisions to safely employ chemical 
countermeasures to control oil discharges. Correct product use is critical in emergency situations. While 
RRTs and area committees along with the FOSCs make the decisions to use or not use alternative methods, 
there are certain guidelines and national policies that apply. EPA-s policy that draws some attention and 
controversy, is that freshwater use of dispersants is not authorized for waters of the U.S. Shallow water use is 
also discouraged. This policy is in agreement with the National Academy of Sciences and other research 
efforts. There are exceptions but due to the nature of dispersants, the environmental conditions, and the 
requirements to use them effectively, 
the inland waters of the U.S. 

EPA Will not allow general or preauthorized use of dispersants in 

AUTHORITY FOR USE: 
Section 31 1 (d)(2)(G) of the CWA, as amended by the OPA, requires that the NCP include a 

schedule identifying -dispersants, other chemicals, and other spill mitigating devices and substances, if any, 
that may be used in carrying out the NCP. The authority of the President to implement the CWA is 
currently delegated to EPA by Executive Order 12777 (56 Eli54757, October 18,1991). 

The Schedule is available for use by OSCs, RRTs, and Area Committees in determining the most 
appropriate products to use in various spill scenarios. For spill situations that are not addressed by the 
preauthorization plans, FOSCs, with the concurrence of the EPA representative to the RRT' and, as 
appropriate, the concurrence of RRT representatives from the states with jurisdiction over the navigable waters 
threatened by the spill, and in consultation with the Department of Commerce (National Oceanic and 
Atmospheric Administration, NOAA), and the Department of the Interior (DOI) natural resource trustees, 
when practicable, may authorize the use of chemical and or biological agents on the oil. State environmental 
agencies and the responsible party may also be consulted. 

FEDERAL AGENCIES- ROLE WITHIN THE RRT: 
EPA provides the FOSC for inland spiUs'with every coastal region establishing its jurisdictional 

boundaries with the local Coast Guard Marine Safety Offices. As per 40 CFR Section 300.120, the United 
States Coast Guard (CG) is the predesignated FOSC, and has the overall responsibility for oil spill response 
management in the coastal zone and for incidents under its jurisdiction, including alternative countermeasure 
activity. The CG, in conjunction with the RRT, will be directly involved in a dispersant application and use of 
any listed products, and may be responsible for assigning tasks to each participating agency during the 
response. EPA, with its expertise , may act as a technical advisor to the FOSC. This includes advising the 
FOSC on the ability of a particular bioremediation agent to degrade oil in the environment safely and at a rate 
that is sigmfkantly higher than the natural rate of oil degradation for example. 

NOAA maintains extensive infoxmation on Ocean and atmospheric conditions. This i n f o d o n  can 
be used to assist in the selection of a particular countermeasure technology. NOAA has both a biological 
assessment team and support contractors, who understand how products may be used in conjunction with 
more conventional clean up strategies. 

and during planning stages the Fish and Wildlife Service provides consultation for Endangered Species 
protection for any spill within the areas managed by DO1 response activities. DO1 federal land managers are 

DO1 manages certain areas of the U.S. coastline and most federal inland areas. During a response 



consulted by the FOSC regarding response actions which are compatible with the management philosophy for 
the area. The use of any products may possibly conflict with the land management objectives of the DO1 
agencies. (Caribbean RRT Bioremediation Spill Response Plan 1995) 

DOES LISTING MEAN EPA APPROVES AND 
ENDORSES A PRODUCT ? 

No. The listing of a product on the Schedule does not constitute approval of the product. To avoid 
possible misinterpretation or misrepresentation, any label, advertisement, or technical literature that refers to 
the placement of the product on the NCP Product Schedule must either reproduce in its entirety EPA written 
statement that it will assist the product to the Schedule under 40 CFR 300.920(a)(2) or include the disclaimer 
shown below. Failure to comply with these restrictions or any other improper attempt to demonstrate the 
approval of the product by any NRT or other U.S. Government agency shall constitute grounds for removing 
the product from the Schedule. 
DischhzeE [PRODUCT NAME] is on the U.S. Environmental Protection Agency-s NCP Product 
Schedule. This listing does NOT mean that EPA approves, recommends, licenses, certifies, or authorizes the 
use of [PRODUCT NAME] on an oil discharge. The listing means only that data have been submitted to EPA 
as required by Subpart J of the National Contingency Plan, 300.915 EPA makes no claim that any of the listed 
products work exactly as they are supposed to. At the present time the only threshold that must be met is for 
the Swirling Flask Test and the Bioremediation 28-Day Effectiveness Test. 

CONCLUSIONS: 
Proper uses and lessens learned: 

departments and the entire oil spill community to share their experiences with us and each other. FOSCs play 
a vital role in deciding when to use a product by their participation on the RRT. RRT representatives may be 
called on to concur with in-situ burning, chemical and biological countermeasures for marine and inland spills 
more often. Share your experiences with the U.S. National Response Team who in turn can evaluate and 
distribute this information for all. Only through open and honest communication and sharing of these lessens 
learned can we all better understand the appropriate uses and limitations of alternative countermeasures such 
as chemical and biological agents listed on the NCP Product Schedule. In the near future, EPA will be 
proposing changes and improvements to Subpart J and the product listing process. We welcome diverse 
participation in this process which will be announced in the Federal Register. 

EPA encourages industry, FOSCs, state and local agencies, Oil Spill Response Organizations, fire 

Whom can one contact for more information about listing products on the NCP 
Product Schedule? 
EPA's NCP Information Line at (202) 260-2342, or by writing to: 
U.S. Environmental Protection Agency 
Oil Program- Center (5203G) 
1200 Pennsylvania Ave. 
Washmgton, DC 20460 

Packages should be sent to: 



Nick Nichols (5203G) 
U.S. EPA Crystal Gateway #1 
1235 Jefferson Davis Hwy 1P floor 
Arlington, VA 22202 
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ABSTRACT 
In the refinery industry, the washing processes of middle-distillates 
solutions generate phenol and sulfide-containing waste streams. The spent 

using caustic 
caustic liquors 

generated contain phenols at a concentration of 36 g.L-'. Regarding sulfw compounds, 
sulfide concentrations between 19 and 72,000 mg.L-' have been detected in these streams. 
The goal of this study was to evaluate the specific impact of phenol and sulfide 
concentrations towards the phenol biodegradation activity of a phenol-acclimated 
anaerobic granular sludge. An inhibition model was used to calculate the phenol and 
sulfide irhbitory concentrations that reduced in 100% (IClOO) the phenol biodegradation 
activity. A maximum phenol biodegradation activity of 9.4 mg phenol g-'VSS.h-' was 
assessed and the IClOO values were 21.6 mM and 15 mM for phenol and sulfide 
respectively. The limitation of the phenol biodegradation flow by phenol inhibition 
seemed to be related to the more important sensitivity of phenol-degrading bacteria. The 
UASB operation in a non phenol-depending inhibition condition did not present any 
sensitivity to sulfide concentration till 306.4 mgS.L-'. At this residual concentration, the 
pH and disulfide concentration might be responsible for the general collapsing of the 
reactor activity. 

KEYWORDS: 
Phenol, sulfide, methanogenesis, inhibition, UASB 

ABREVIATIONS AND NOTATIONS 
A: Methane production activity (m1.h-I) 



Cphe.: Concentration of phenol (mM). 
Cs2- : Concentration of sulfur as sulfide form (mgS.L-') 

CS-H2S : Concentration of sulfur as the free hydrogen sulfide form (mgS.L-') 
Ctox: Concentration of the toxic compound in the liquid phase (mM) 
Cx: Concentration of biomass incorporated at the beginning of the experiment as Volatile 
Suspended Solids (gVSS.L-') 
COD: Chemical Oxygen Demand (mgC0D.L-I) 
dCx: Net production of biomass (gVSS.L-I) 
HRT: Hydraulic Retention Time (d) 
IC100: Concentration of the toxicant that completely inhibits the measured activity (mM) 
I c l O o p h e . :  Concentration of phenol that completely inhibits the measured activity (mM) 
IC1 OOs2- : Concentration of sulfide that completely inhibits the measured activity 
(mgs .I,-') 
K350c(H2S): Equilibrium constant of the couple H2S / HS- at 35OC= 1.28.10-' 
Ks: Half-saturation constant (mM) 

n, ttphe.9 ns2- , m, mphe.9 ms2- : Adjustment constant 
P: Average atmospheric pressure in Mexico city (0.785 atm) 
rx (CH4) : Specific methanogenic activity rate (mmol.g-'VSS.h-') 
(-rJexp, (-YJ,,~,~: Specific phenol biodegradation rate obtained from the experiment and 
from the model respectively. 
-rx (Cphe ) : Specific phenol biodegradation rate (pmol.g-'VSS.h-') 

- rx (Cph,, , Cs2- ) : Specific phenol biodegradation rate in presence of sulfide as toxicant 
(pmol.g-'VSS.h-') 
- rx (Csub, , C,, ) : Specific substrate biodegradation rate in presence of a toxicant 
(pmol.g-' VS S . h-' ) 
qmm: Maximum activity rate (pmol.L-'.h-') 
R: Perfect gas constant (82.05 l.atm.mol-'."K-') 
to: Time at the beginning of the activity 
T: Temperature (303.15 OK) 

Volume of the bottle liquid (L) 

Yx, : COD to biomass conversion yield (% w/w) 

INTRODUCTION 
The petrochemical and particularly the refinery industries generate concentrated effluents 
which integral treatment is still representing a challenge. 
Spent caustic come from nonregenerative desulfurization processes that use caustic soda 
scrubbing in combination with air oxidation. These nonregenerative processes are used to 
remove H2S and CH3SH from gasoline and to remove H2S, C02 and HCN from sour 
condensate gas (1). This effluent involves very small volumes but it is very concentrated 
in phenols and in sulfide. Sulfide concentration of 72 g.L-', phenol and alkyl-phenols 
concentrations of 16.3 g.L-' and 20.1 g.L-' respectively were reported by Olmos-Dichara 
et al (2) in samples collected from the 13.68 m3.d-' spent caustic produced at the Tula 
refinery, Hidalgo, Mexico. 



Sour condensates come from thermal or hydrogen cracking operations where carrier 
steam is used in injection or aeration. The processed products are rich in sulfur, which is 
hydrogenated and carried off by the steam. These condensates are termed sour because of 
their high €€NH4S content along with considerable phenol compound content (1). Sulfide 
concentration of 405 mg.L-' and phenol and alkyl-phenols concentrations of 173 mg.L-' 
and 101 mg.L-' respectively were found out from the 15,000 m3.d-' produced by the Tula 
refinery, Hidalgo. 
The aim of this study was to evaluate the specific impact of the phenol and sulfide 
concentrations upon the behavior of the phenol biodegradation activity in presence of 
these two major contaminants of the refinery industry. Special emphasis has been done 
on the determination of the range where the phenol biodegradation activity could occur in 
methanogenic conditions relatively to these tw6 variables. 
The feasibility of the treatment of phenol as sole carbon source in presence of increasing 
sulfide concentration was carried out using a laboratory scale UASB reactor in order to 
determine the limits of the process operation. 

MATERIALS AND METHODS 

Inoculum 

An adapted granular sludge was used from a 4.7 L UASB laboratory reactor that 
degraded phenol as a sole carbon and energy source during 10 months. The phenol- 
loading rate applied to the reactor was 3 gC0D.L-'.d-' with a COD removal of 90%. The 
VSS content of the acclimated sludge was 8.5%. 

Basal medium 

The basal medium used for the serum bottle trials and the reactor assay was prepared 
using reduced water and contained the following compounds (mg.L''): NaHC03 (5000), 
NH4Cl (280), CaC12 .2H20 (lo), K2HPO4 (250), MgS04 (100) and yeast extract (100) 
and 1 mL of micronutrients stock solution which contained (mg L-I): FeC12 -4H20 (2000), 
H3B03 (50), ZnC12 (50), CuC12 .2H20 (38), MnC12 .4H20 (500), (N&)6M07024 .4H20 
(50) , A1Cl3 -6H20 (go), CoClz .6H20 (2000), NiC12 .6H20 (142), Na2Se0 -5H20 (164), 
EDTA (IOOO), resazurin (200), HC136% (1 mL). 

Stock solutions 

The phenol and sulfide concentrated stock solutions were made from phenol and sodium 
sulfide respectively in reduced water and then adjusted to pH 7.0. The sodium sulfide 
stock solution was prepared following the protocol described in APHA (3). 

Anaerobic biodegradation and inhibition trials 

The anaerobic inhibition assays were performed in 120 mL glass serum bottles. 2 
gVSS.L-' of granular sludge were transferred to each serum bottle previously filled with 
basal medium in order to achieve a final volume of 25 mL. The serum bottles were sealed 
with 12 mm thick butyl rubber stoppers and flushed with a gas mixture of 30% C02 and 
70% N2 for 5 minutes. The serum bottles were incubated overnight at 30°C to allow 



biological consumption of residual dissolved oxygen. The phenol concentrations were 
adjusted 24 hours later to target concentrations in quadruplicate serum bottles using the 
concentrated stock solutions. Sulfide concentrations were adjusted in inhibition trial 
bottles using the sulfide stock solutions. Bottles were incubated at 30°C in an agitated 
incubator (50 rpm). 
Cumulative methane production was measured every hour by sampling the headspace of 
the bottles. All gas were kept in the head space of the bottle throughout the experiment in 
order to limit the transfer of soluble sulfide to the gas compartment (4). 0.8 mL liquid 
samples were collected for phenol assessment based on the cumulative methane 
production progress. Sulfide concentration and pH were measured at the beginning of the 
trial utilizing a complete bottle solution. Triplicate negative controls were prepared 
without any phenol or sulfide addition. 

Operation of the UASB reactor 

A 1.135 L UASB reactor was operated during 114 consecutive days. The granulated 
biomass within the reactor was of 5.41 gVSS.L-I. The reactor was fed with phenol as sole 
carbon source at a COD specific loading rate of 391 k 28.4 mgC0D.g-'VSS.d-'. The 
reactor was operated with a HRT of 0.52 f 0.01 day and incorporated an independent 
recirculation tool to set the upward liquid speed to a value of 0.44 m.h-'. The sulfide stock 
solution was fed into the reactor using an independent pump. The concentration of total 
sulfide was increasing along the experiment from 0, 50, 100, 150,250 and 400 mg.L-'. 
Gas from the reactor was collected from the gas collector in a adsorption column filled 
with a 4% NaOH solution. Methane volume was measured each 24 h. and was equal to 
the displaced solution volume. 

Treatment of raw results 

The methane production activity was calculated from the slope of the cumulative methane 
production versus time curve obtained at the maximum methane production rate 
implementing a linear regression method. Then the specific methanogenic activity rate, 
r,(CH4), was calculated from the following Equation (Eq. 1). 

The relation between specific biodegradation activity rate and toxicant concentration was 
drawn based on experimental results. Experimental results were fitted using the Han and 
Levenspiel kinetic model (5) implementing a minimum-square procedure using a 
Microsoft Excel macro (Eq. 2). 

Theoretical COD balance were done as indicated in the table 1. 



Analytical met hods 

Quantification of phenol concentration was carried out on the centrifuged aqueous phase 
by HPLC with a Hewlett-Packard 5890, using a Zorbax column. The mobile phase was 
methanol-water (70%-30%) at a flow rate of 1 mL min-'. The size of the sample was 20 
p1. The methane measurement was conducted by GC using a Perlun Elmer 8500 equipped 
with a conductivity detector and a packed steel column (3m x 1/8 in; Porapak Q 80-100 
mesh, Millipore Corp., Bedford, Mass). The temperature conditions of the column, 
injector and detector were 8O-20O0C, 250°C and 250"C, respectively. The carrier gas was 
Helium at a flow rate of 20 mL min-' and 0.1 mL of sample was injected. 
Volatile Suspended Solids, COD, sulfates and total sulfide concentrations were 
performed according to the protocol described in APHA (3). 

Chemicals 

All compounds were purchased from Sigma-Aldrich (Mexico City) of the highest purity 
commercially available and used without further purification. 

RESULTS AND DISCUSSION 

Influence of phenol concentration on its own biodegradation 
activity 

The phenol biodegradation and the methane production activities were monitored on the 
serum bottle trials at different initial phenol concentrations. For each phenol 
concentration, the rate of phenol biodegradation at to and the maximal m.ethane 
production rate were calculated. The theoretical phenol-to-methane conversion 
stoichiometric coefficient was calculated on the basis of equation 3 (6): 

2C6H5OH+8H20+7CH4+5CO2 6%. 3) 

According to equation 3, each mole of biodegrated phenol is converted into 3.5 moles of 
methane. In the figure 1, the kinetics of phenol biodegradation and methane production 
were represented on a phenol-based. In order to compare both activities, the phenol-to- 
methane stoichiometric conversion factor i.e. 3.5 divided the methane production rate. 

Both kinetic behaviors were very similar as far as the action of phenol is concerned. The 
phenol appeared to be always limiting in the whole metabolic activities leading to the 
production of methane. In the first part of the curve from 0 to 11 mM of phenol, phenol 
limited by default the activities following the classic first-order kinetic described by 
Monod (7). In the second part of the curve (1 1 to 21.6 mM), phenol limited by excess 
both kinetics generating an inhibition. 
The inhibition caused by phenol concentration was important and never allowed the 
installation of a non-phenol dependant maximum activity (order 0) as described in the 
standard Monod kinetic model. In order to determine the kinetic parameters, a Monod- 
derived model was applied as described by Han and Levenspiel (5) in order to implement 
the substrate inhibition phase (Eq. 4). Results are shown in table 2. 



The maximal phenol biodegradation rate (qmax) estimated by the model was 100 
pmoles.g-'VSS.h" (9.4 mg.g-'VSS.h-'). The maximal phenol biodegradation rate was of 
72.6 pmo1es.g-'VSS.h-' (6.8 mg.g-'VSS.h-') at a phenol concentration of 10.6 mM (1.0 
g.1-I). The phenol biodegradation activity took place at a phenol concentration range from 
0 to 21.6 mM (2 g.L-'). 

Fedorak and Hrudey (8) determined that the production of methane on phenol, 
implementing a non-acclimated anaerobic sludge, was not inhibited at a concentration of 
1,200 mg.L-'. They showed that the phenol-degrading acid-forming bacteria are more 
susceptible to inhibition by phenol than the methanogens. In a recent work, Olguin et al. 
(9) evaluated the phenol inhibition towards acetoclastic activity on a phenol-acclimated 
anaerobic biomass. The inhibition constant IC50 and IClOO were of 14.9 mM (1.4 g.L-') 
and 83 mM (7.8 g.L-') respectively. These results confirmed the more important 
sensitivity of the phenol-degrading bacteria and as a consequence, the methane 
production rate should be limited by the substrate flow and not by a specific phenol 
inhibition on acetoclastic methanogen bacteria. 

Influence of sulfide concentration on phenol biodegradation 
activity 

The influence of total sulfide concentration upon the phenol biodegradation was 
examined under methanogenic conditions. In order to minimize the inhibition impact of 
phenol, this experiment was conducted in condition of minimal limitation effect i.e. at a 
phenol concentration of 10.6 mM. 
In the figure 2, the inhibitor effect of the total sulfide concentration was studied within a 
sulfur concentration range fi-om 0 to 12.5 mM (0 to 400 mg.L-'). 
The inhibition effect of sulfide concentration was demonstrated since the lowest 
concentration. This inhibition intensity presented a slowing down at a sulfide 
concentration expressed as sulfur concentration of 7.8 mM (250 mg.L-I). 
In order to determine the kinetic parameters of sulfide-related inhibition to phenol 
biodegradation, a Monod-derived model was applied as described by Han and Levenspiel 
(5) (Eq. 5). Results are shown in table 2. 

The phenol biodegradation activity was completely inhibited at a sulfide concentration of 
15 mM (480 mg.L-') as extrapolated by the model. An estimation of the sulfide 
concentration leading to a phenol biodegradation activity reduction of 50% (IC50) was 
calculated by interpolation implementing the equation 3. The IC50 was of 2.7 mM (86 
mg.L-'). 



The aqueous H2S concentration corresponding to the total sulfide IClOO was calculated 
from the species equilibrium at 35°C based on the equation 6 proposed by McCartney 
and Oleszkiewicz (10): 

' S -H ,S  - - (1 + K,,.c(H2s)/10-~H)-L * cs2- 

Based on equation 6 and on the monitored pH: 7.0 f 0.1, the free hydrogen sulfide 
concentration corresponding to the calculated IClOO was 7.15 mM (243 mgH2S.L'') and 
IC50 was 1.48 mM (50.3 mgH2S.L-'). 
Hilton and Oleszkiewicz (1 1) found a concentration of 500 mgS2-.L-' (15.6 mM) as 
completely inhibitor of the methanogenic acetoclastic activity at pH 6.5. In addition, 
based on an 8 days batch experiment, they assessed an acetate biodegradation reduced to 
50% with a free hydrogen sulfide concentration of 45 mgH2S.L-'. They demonstrated the 
more significant role of un-ionised H2S in the inhibition of acetogenesis activity with 
levels of 200 mg H2S.L-' as the generally assumed maximum toxic level as far as 
methanogenesis is concerned. 
Visser et al. (12) were evaluated the conditions of competition between methanogenic 
and sulfidogenic activities as well as the effect of S2- and H2S concentration at different 
pH values. The IC50 values they have determined were 564 mgS2-.L" and 184 mgH2S.L-' 
at pH 7.2-7.4. 
The sulfide and free hydrogen sulfide inhibition of the methanogenic biodegradation of 
phenol was very closed to the generally accepted inhibiting concentration for 
methanogenic and acetoclastic activities in this range of pH (PH I 7.8) where the fraction 
of free hydrogen sulfide represents more than 10% of the total sulfide and the inhibitory 
effect of the disulfide concentration could be neglected (4). IC50 of the specific 
acetoclastic methanogenic activity of a granular sludge occurred at a free hydrogen 
sulfide concentration of 250 mg S-H2S-.L-' (acidic range) or a total sulfide concentration 
of 825 mgS2-.L" (alkaline range) (4). 
Hilton and Oleszkiewicz (1 1) demonstrated that the effect of added sulfide on acetate 
uptake by methanogens were much more severe than on acidogenesis (lactose users). 
Comparatively, acidogenic bacteria could utilized lactose till concentration closed to 950 
mgH2S .L-' which could explained that with the phenol biodegradation the methanogenic 
acitivity might be limited as far as sulfide inhibition is concerned. 

Influence of sulfide concentration upon phenol biodegradation in 
an UASB reactor 

In order to obtain balances of the metabolic activity of the reactor biomass based on the 
COD parameter it was of a great importance to consider all the COD compartments (Eq. 
7). 



The Experimentally measured COD resulted from two origins: The total substrate COD 
( ~ C O D s u , ,  ) and the sulfide COD (COD,,_ ). The progressive increase of sulfide 
concentration should lead to a balance error because this additional COD do not 

The phenol loading rate that was applied to the UASB reactor was 6.6 f 0.3 mg.g-'VSS.h- 
I .  This loading rate was chosen based on the phenol biodegradation maximal activity 
achieved with this inoculum in batch experiments (6.8 mg.g-'VSS.h-'). 
During the 81 first days of operation, neither sulfide nor sulfate were detected in the 
outlet of the reactor. It is assumed that most of the sulfur was eliminated from the reactor 
by a stripping process on a hydrogen sulfide form (pH 7.2-7.4). 
During the first 3 9 days, the phenol biodegradation activity acclimated progressively. 
From the day 40 to 8 1 , a stationary phase was established on zero-sulfide conditions. The 
total substrate COD and the phenol removal were 95.6 f 3.6% and 98.1 f 3.2% 
respectively. The total substrate COD loading rate was biodegraded from 380.0 f 23.8 to 
16.5 f 13.4 mg.g-'VSS.d-'. The methane volume produced along these phases was 0.82 f 
0.1 L.L-'.d-' with a total substrate-to-methane conversion yield of 8 1.8% ( Yx,coD,,,, - 

18.2%). 
From the day 82 to 95, the sulfide concentration began to increase at the outlet of the 
UASB reactor to values of 41.4 f 26.2 and then 170.6 f 23.8 mgS-S2-.L-'. Although the 
increasing of sulfide concentration was increasing no negative effect was observed on the 
operation parameters. The total substrate COD and phenol removal were 96.3 f 4.7% and 
98.4 f 0.7% respectively. The methane volume produced along these phases was 0.89 f 
1 .O L.L-l.6' with a total substrate-to-methane conversion yield of 85.2%. 
When residual concentrations of sulfide were compared to the inhibitions constants 
determined based on the figure 2, the results were as follow: IC25 < 41.4 mg S-S2-.1-' < 
IC50 < 170.6 mg S-S2-.1-' 2 IC75. However, the pH of the reactor was greater than in 
batch experiment with values of 7.6-8.1. 
The possible benefit effect might be explained by the participation of the S2- molecules to 
the installation of a more reductive potential at the contact of the microorganisms, which 
could participate, to the increase of the COD-to-methane conversion. 

' participate to the energetic methanogenic metabolism. 

- 

During the last phase from day 96 to day 114, an inhibition activity was expressed. This 
expression focused on the drastic reduction of total substrate COD and phenol removal to 
values of 0.75 5 1.5 % and 10.0 rf: 8.9% respectively. The methane volume produced at 
the end of this phase was 0.1 f 0.04 L.L-'.d-' but was reduced at a slower rate than the 
biodegradation activity from which a production of methane of 0.01 L.L-'.d-' should have 
been expected. At that time, the concentration of sulfide was 306.4 f 9.9 mgS-S2-.L-' at 
the outlet of the reactor which value was beyond the IC75 value (166.7 mgS-S2-.L-') but 
still below from the IClOO value (480 mgS-S2-.L''). The pH of the reactor ranged between 
values from 8.1 to 8.5. 
Faysa and Rifaat (13) worked with an UASB reactor to treat sewage sludge containing 
high sulfide concentrations. When the operation came to a total sulfide concentration of 
510 mgS2-.L-', the activity of the reactor collapsed and the Total Volatile Acids 
accumulated within the reactor. 
Koster et al. (4) demonstrated that in high rate methanogenic reactor, the generalized 
upper limit of tolerable sulfide of 200 mgS2-.L" allowed significative acetoclastic activity 
to occur. This result could be related with the higher biomass concentration that still 
allowed the operation of an UASB reactor at concentration of 1000 mgS2-.L-' at a neutral 
or alkaline pH value. A good correlation between the free hydrogen sulfide concentration 



and the maximum specific acetoclatic methanogenic activity existed at neutral and acidic 
pH values. At pH of 7.8 and 8.0, where the fraction of free hydrogen sulfide is only 
approx. 10%' the maximum specific acetoclastic activity decreased much faster with an 
increasing free hydrogen sulfide concentration than at the other pH values tested. In the 
alkaline pH range the total sulfide concentration appeared to dictate the inhibition that 
might be related to the inhibitory effect of disulfide concentration, particularly at the 
upper end of the methanogenesis' pH range. 

Results from the batch trial correlated in a quiet satisfactory way the results observed in 
the UASB trial but the UASB operation seemed to be less sensitive to the inlet sulfide 
during the first part of the experiment. This result might be attributed to the following 
factors: 

- The VSS concentration within the reactor was of 5.41 gVSS.L-' versus 2 gVSS.L-' 
in the serum bottles 
The biogas generated in the reactor could generate a stripping of the H2S form 
particularly in the lower initial pH at the beginning of the experiment. 

- Part of the initial sulfide concentration is oxidized to sulfate during the process 
- The general operation of the reactor had been realized in condition of alkaline pH 

and the observed inhibition might be attributed to the bisulfate form while in the 
serum bottles experiments the inhibition effect should be related to free hydrogen 
sulfide concentration. 

- 

The collapsing of the reactor activity might be attributed to the disulfide concentration of 
the reactor cumulated with a non-specific pH inhibition when pH exceeded the upper 
range for the methanogenic activity (pH 2 8.2). 

CONCLUSION 
In this work, the impact of the inhibitory potential of phenol and sulfide on the 
methanogenic activity was assessed as an evaluation of the feasibility of anaerobic 
depollution of effluents from refinery origin. The application of the Monod-derived 
inhibition model from Han and Levenspiel ( 5 )  allowed the prediction and understanding 
of the toxicity behavior of these compounds towards the phenol biodegradation activity. 
The inhibition of phenol biodegradation seemed to be due to phenol-degrading bacteria 
rather than methanogens sensitivity based on the comparison of the IClOO achieved with 
phenol biodegradation activity and acetoclastic activity (9). 
Sulfide inhibition generated a complete inhibition of the phenol biodegradation activity at 
a value of 480 mg.L-' at pH 7.0. This value is comparable with previous results achieved 
on different carbon source (11, 13, 12) and might be attributed on H2S concentration on 
this pH range. 
The UASB operation confirmed the feasibility to treat effluent composed of phenol and 
sulfide. However, the removal efficiency collapsed drastically at sulfide concentration of 
306.4 mg S-S2-.L-' in a pH range of 8.1-8.5. This shock had to be related to a combination 
of disulfide concentration and pH rather than free hydrogen sulfide (4). 
The treatment of these refinery effluent prior to sulfide elimination or in presence of 
residual sulfide concentration would rather be treated in the alkaline range of pH in order 
to limit the contamination of biogas by free hydrogen sulfide which contribution to 
general contamination is not tolerable. 
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Table 1 : Determination of balance variables 
Measured variable Stoichiometric equation Balance variable 

Table 2: Kinetic parameters of phenol biodegradation in methagenic conditions calculated 
based on Han and Levenspiel (1998) Monod-derived model. Effect of phenol 
concentration and sulfur concentration as sulfide. 

Sulfide -~ "" " 
Phenol .._,..._.._"""-__I "" __.-.- ___ "_ "" 

qmax 1 CX 100 pmol.g-' VSS.h 
KS 15 mM 

IClOO 21.6 mM 15 mM 
n 0.5 3 
m 4 0.1 
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Figure 1 : kinetics of phenol biodegradation and methane production activities on basis at 
phenol concentration. 
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Figure 2: kinetic of phenol biodegradation activity on basis at sulfur concentration as 
sulfide. 
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Figure 3: Operation of the UASB reactor at a constant phenol loading rate of 159.5 f 7.1 
mg.g-' VSS.d-' incorporating an increasing sulfide concentration from 0 to 400 mg S-S2- 
.L-'. (a) COD specific loading rate (b) removal efficiency (c) methane production (d) 
sulfur concentration as sulfide. 
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ABSTRACT 

 
Simple, cost-effective techniques are needed for land managers to assess the environmental 

impacts of oil and gas production activities on public lands, so that sites may be prioritized for 
remediation or for further, more formal assessment.  Field-portable instruments provide real-time data and 
allow the field investigator to extend an assessment beyond simply locating and mapping obvious 
impacts.  Field investigators can examine sites for the presence of hydrocarbons in the subsurface using a 
soil auger and a photoionization detector (PID).  The PID measures volatile organic compounds (VOC) in 
soil gases.  This allows detection of hydrocarbons in the shallow subsurface near areas of obvious oil-
stained soils, oil in pits, or dead vegetation.  Background sampling should be done for comparison with 
impacted areas. 

   
Five sites in the Big South Fork National River and Recreation Area in northeastern Tennessee 

were examined in November of 1999.  A pit at one site at the edge of the flood plain of a small stream had 
received crude oil releases from a nearby tank.  Soil gas samples were drawn through flexible Teflon 
tubing from open auger holes about 3 feet (1 meter) deep.  The area down gradient from the pit showed 
anomalous concentrations of VOCs for a distance of about 50 feet (15 meters) delineating a crude oil 
plume.  PID readings at other sites showed 1) one reclaimed site where hydrocarbon biodegradation was 
incomplete; 2) one reclaimed site where biodegradation had left no traces of VOCS; and 3) two sites 
where traces of substantial offsite migration of hydrocarbons occurred.   

 
Remnants of condensate occur in sandy soils at a production at the Padre Island National 

Seashore in Texas that was examined in January 2001.  The site was marked by dead vegetation 
that had been observed 8-9 years earlier by National Park Service personnel.  Soil gases were 
sampled for VOCs in the area believed to have received the condensate in order to: 1) test and 
modify sampling techniques, to determine what techniques might be effective in sandy soils with 
a shallow water table, and to contrast them with techniques used in the earlier study; and 2) 
delineate the probable area of condensate release. 

 
Field results show that sealing auger holes with a clear, rigid-plastic tube capped at the 

top end and sampling the soil gas through a small hole in the cap increases the soil gas VOC 
signature compared to sampling soil gases in the bottom of an open hole.  This sealed-tube 
sampling method thus increases the contrast between the VOC levels within a contaminated area 
and adjacent background areas.  The tube allows the PID air pump to draw soil gas from the 
volume of soil surrounding the open hole below the tube in a zone less influenced by atmospheric 
air.  In an open auger hole, the VOC readings seem to be strongly dependent on the degree of 



diffusion and advection of soil gas VOCs into the open hole from the surrounding soil, a process 
that may vary with soil and wind conditions.  Making measurements with the sealed hole does 
take some additional time (4-7 minutes after the hole is augered) compared to the open-hole 
technique (1-2 minutes).   

 
The rigid-plastic tube technique used to survey for soil gas VOCs across the entire Padre Island 

site showed that condensate has impacted at least 0.28 acres (0.12 hectares).  Because sampling along the 
northwest side of the site did not get down to background values, the impacted area may extend northwest 
of the surveyed area.   
 

INTRODUCTION 
 

Land managers have increasing responsibilities to assess the nature and extent of environmental 
impacts of various activities on public lands and to determine the associated risks to human health and 
ecosystems.  In many cases, the land manager has a large number of sites to evaluate, limited resources to 
perform remediation and assessments, and limited guidance on how to evaluate and prioritize sites.  
Because formal site assessments are lengthy and expensive (1), and because limited resources need to be 
used on those sites with the greatest problems, accurate prioritization is vital. 

 
The generally remote location of oil and gas production sites on Federal lands has historically 

limited public concern regarding impacts on human health and ecosystems.  More recently, however, oil 
and gas production sites on Federal and private lands have come under increased scrutiny as past 
production impacts are being recognized, impacts on fish and waterfowl are documented, use of surface 
and ground water supplies are expanding, rural areas are encroached upon by residential and commercial 
development, and recreational uses of producing areas are increasing. 

 
For oil and gas production sites, the main sources of human health and ecosystem risks are 

hydrocarbons (especially that fraction that is dissolved in water), saline water co-produced with the 
hydrocarbons, and radionuclides, principally radium in the produced water or associated scale and sludge.  
This study presents a method whereby field workers using relatively inexpensive, portable equipment can 
rapidly evaluate oil and gas production sites for hydrocarbon releases.  The technique provides 
semiquantitative data that can be used to compare and prioritize sites for more formal site assessment 
efforts and remediation, or to assess the effectiveness of remediation.  The method also has the advantage 
of being simple and cost-effective, extending the reach of the observer into the shallow subsurface, and 
providing real-time field data.  Using this method and simple site mapping, several locations a day may 
be assessed.   

 
Knowledge of the site characteristics (geology, slope, drainage, topography, etc.) and 

hydrocarbon history enhances the ability to search for and recognize likely sites for contamination.  Thus, 
these techniques are best used by, or in company with, knowledgeable local personnel. 

 
The initial use of the method here presented was in a reconnaissance study in the Big South Fork 

National River and Recreation Area in northeastern Tennessee, where it was tested in several different 
settings.  We did not perform extensive measurements at any one site in order to complete a preliminary 
site assessment, nor did we develop sufficient data to generalize about the nature and extent of 
contamination throughout the park unit evaluated.  The results of a study at one site in the Padre Island 
National Seashore in south Texas are also presented.  The purpose of the second study was to test and 
modify the soil gas sampling methods used in the Tennessee study and to delineate the extent of a specific 
release. 
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Hydrocarbon releases 
Hydrocarbon releases can range from major, episodic spill events to more prolonged seepage 

from pits, pipes, stuffing boxes, and tanks.  Spills and seepage can be generated by equipment or 
containment failure, vandalism, lightning strikes, flood damage, and other natural phenomena.  Released 
hydrocarbons can flow across the land surface or seep into the subsurface from pits and bermed areas 
designed to contain spills.  Because condensate and most crude oils are less dense than water, they remain 
on the surface of the water table.  Hydrocarbons will dissolve to some extent in ground water and 
volatilize to the soil gas in the unsaturated zone.  The ratio of the partial pressure of a compound in air to 
its concentration in water at a given temperature is called the Henry’s Law constant (2).  Henry’s law 
constants for pure phase components of crude oil can be used to predict dissolution in water and 
volatilization to air, a critical step to an assessment of the toxicity (2,3,4).  The water-soluble and volatile 
fractions often include those components of crude oil that have high toxicity (for example, benzene, 
toluene, ethylbenzene, and xylene, collectively known as BTEX).  Where a significant vapor-phase 
fraction is present, a subsurface hydrocarbon plume can be detected by measuring volatile organic 
compounds (VOCs) in soil gas above the hydrocarbon layer.  Microbial degradation of hydrocarbons can 
contribute to detection of a plume because degradation products are often volatile. 

 
Hydrocarbon releases at a production site are typically visible at the surface in the form of stained 

soil, oil in pools on the soil surface or in pits, or oil sheen on the surface of nearby ponds and streams.  
These features are readily documented by observation and simple site mapping.  What is typically not 
visible are hydrocarbons that have soaked into the soil surrounding a pit and are now moving downslope 
in the subsurface either dissolved in the ground water or moving as a separate phase on the surface of the 
water table.  Also not readily discerned are dissolved hydrocarbons that may be present in ground water 
seeps or surface water flows downgradient from the release site. 

 
Leakage of refined petroleum products from underground storage tanks, seepage of chlorinated 

hydrocarbons from waste pits, and spills of petroleum products during refining and transport have 
required the development of detailed site assessments and remediation procedures for hydrocarbon-
contaminated sites (5).  A photoionization detector (PID, fig. 1, appendix 1) is commonly used as a 
screening instrument at such sites to check for the presence of volatile organic compounds and to protect 
personnel from exposure to them. 

 
The simple technique for site assessment described here uses a PID to detect VOCs in soil gas in 

auger holes at oil and gas production sites where spills are apparent.  This approach has advantages in that 
readings are instantaneous and the sensitivity and range are excellent (0.1 to 10,000 parts per million 
(ppm) VOCs).  The instrument can detect direct hydrocarbon contamination of soils, VOCs being given 
off by a non-aqueous phase hydrocarbon layer on top of the water table, or hydrocarbons dissolved in the 
water.  It thus allows personnel to evaluate movement of hydrocarbons beyond the immediate area of 
release.  Understanding how far and in which direction hydrocarbons may have migrated beyond the 
immediate site is critical to assessing and prioritizing the site, especially if potential receptors (i.e. stream, 
pond, water well) may exist downgradient from the site. 

 
Much work of this type has been done as the preliminary or screening phase of formal site 

assessments or to guide cleanup of hydrocarbon spills on an emergency basis (Hayden Truscott, Kinder 
Morgan, Inc., oral commun., 2001).  Little of this work has been published, and experience with 
screening techniques is usually limited to oil industry and consultant company environmental, health, and 
safety personnel. 
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BIG SOUTH FORK FIELD STUDY 
 

As a result of discussions with personnel of the Geologic Resources Division of the U.S. National 
Park Service, the authors visited the Big South Fork National River and Recreation Area in northeastern 
Tennessee in early November 1999 (fig. 2).  A Geographic Information System (GIS) study of the Big 
South Fork National River and Recreation Area (T.J. Mercier and J.K. Otton, U.S. Geological Survey, 
unpub. map, 1999) shows that 314 oil and gas wells exist within the unit boundary and 3,453 wells exist 
within the watershed.  The Big South Fork boundary file and the watershed boundary file were supplied 
by Ron Cornelius (National Park Service, written commun., 1999).  The oil and gas well location data 
were derived from proprietary files (Petroleum Information/Dwights LLC well database) leased by the 
U.S. Geological Survey.  

  
 
A review of the published literature for the oil fields in the Big South Fork area indicates that oil 

and gas production in this area yields little produced water (6,7).  Onsite discussion with Big South Fork 
National River and Recreation Area personnel and site visits showed that selected fields had some water 
production and that condensates were being produced at other sites.  In this area, oil fields producing from 
sandstone units tend to have coproduced water, whereas those producing from carbonate reservoirs yield 
little or no water (Steve Bakaletz, National Park Service, oral commun., 1999). 

 
Procedures used at Big South Fork 

The technique here described relies on detecting VOCs present in soil pore gas derived from a 
nearby hydrocarbon source.  Hydrocarbons can either occur as a free phase in pore spaces or be sorbed to 
mineral grain surfaces.  A PID can detect VOCs of low-molecular weight (C1-C10, excluding methane) 
in air down to concentrations of 0.1 ppm.  The PID has an internal pump that draws air through a charcoal 
filter and a moisture filter to a photoionization chamber where hydrocarbons are ionized by ultraviolet 
light.  Ejected electrons are detected as a current.  Apparent soil gas VOC concentrations are calculated 
based on calibration of the PID to a known standard gas.  Reliable readings require the use of filters and 
careful operation to limit access of dust and moisture to the measuring chamber.  Reported precision for 
measurement of a single standard gas is +2 ppm or 10 percent of reading. 
 

We used a 2-inch (5 centimeters) diameter soil auger (appendix 1) to create entry for soil-gas 
sampling (depths checked with a ruler or tape).  Soil augering typically involves multiple entries into a 
hole with withdrawals to pull soil from the auger bit.  We measured soil-gas VOC concentrations in the 
open hole at one or more depths as augering progressed.  Soil-gas measurements in the open auger hole 
are made by sampling through attached Teflon tubing that is lowered down the hole to the desired depth 
(typically less than one inch above the bottom of the hole).  Teflon tubing is recommended by the PID 
manufacturer to minimize VOC sorption losses to the tube walls.  The internal pump of the PID draws the 
soil gas sample through the tube and into the ionization chamber.  Care must be taken to avoid plugging 
the end of the tube with dirt and to avoid drawing water into the tube and the PID.  The PID values 
typically drop through time as air from the atmosphere slowly dilutes the VOCs in the open hole, so the 
maximum value is recorded.   
 

Background measurements should be made at a study site to determine the range of natural VOC 
levels in local soils.  Organic matter in soils generates measurable VOCs, including many that are 
common to petroleum-contaminant sites (8).  The Teflon tubing used to make downhole measurements 
may sorb VOCs from soil gas in a contaminated auger hole and then release them during subsequent 
measurements.  Flushing of the tube with ambient air should be performed between soil gas 
measurements, especially after measuring high VOC samples.  Ambient air may also yield slightly 
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elevated VOC readings if volatile hydrocarbons are contributed from a nearby pit or tank or from 
aromatic plants at the site. 

 
For an overview of hydrocarbon sampling in petroleum-contaminated soils see various papers in 

Calabrese and Kostecki (9). 
 
Although not attempted in this field study, our lab experiments indicate that volatile organic 

phases dissolved in water can be detected by collecting 750milliliters (ml) of water in a 1-liter glass 
container.  A piece of plastic film is placed over the container opening, then the lid is screwed on.  The 
sample is shaken for two minutes and then allowed to sit for two additional minutes to allow all of the 
bubbles entrained in the water to reach the headspace (a stop watch should be used).  The jar is then 
carefully opened and the PID input port inserted in the jar headspace by poking a hole through the plastic 
film.  The maximum value observed should be recorded.  As with the soil gas sampling, readings to 
measure background hydrocarbon levels in waters should be made and sample bottle contamination 
should be monitored, perhaps using distilled water as a blank. 

 
Although not discussed here, measurements of VOCs can be made on soil samples extracted from 

the hole.  Retrieved soil samples can be placed in sealable plastic bags and set aside for several minutes in 
a place warmer than ambient conditions in the ground.  This allows the soil sample to degas volatile 
hydrocarbons that may occur as a fraction of hydrocarbons present as a free phase in the soil or sorbed to 
the soil minerals.  All samples at a given site should be warmed similarly.  Later, the tip of the PID inlet 
tube is carefully inserted into the partially opened plastic bag and measurements made.  The values 
typically start high and drop quickly as ambient air is drawn rapidly into the plastic bag.  The maximum 
value should be recorded. 
 
Big South Fork Site Studies 

In early November of 1999, the authors visited five sites in and adjacent to the Big South Fork 
National River and Recreation Area in northeastern Tennessee (fig. 3) to test the assessment procedure 
described above.  The Big South Fork National River and Recreation Area is on the Cumberland Plateau 
where it is deeply dissected by the Big South Fork of the Cumberland River and its tributaries.  The area 
is underlain by generally flat-lying sandstone, shale, and limestone.  Thick residual soils form on the ridge 
crests, thin soils on hillslopes, and colluvial and alluvial deposits of varying thickness occur on the toe of 
the valley slopes and on valley floors.  Rainfall for the area is about 60 inches (1.5 meters) per year.  Our 
visit was preceded by an extended period of below-normal precipitation, and stream flows were at 60-year 
record lows. 
 
Site BSF 99-1  

This site lies along Pine Creek adjacent to a dirt road that follows an old railroad grade (fig. 3). It 
is in the Oneida South 7.5-minute quadrangle (latitude 36o28’5.68”N and longitude 84o35’17.11”W),  
about 1 mile upstream (east) of the Big South Fork National River and Recreation Area boundary.  There 
is an active oil storage tank, an older pumping unit, and two abandoned tanks at the site (fig. 4A).  
Adjacent to the oil storage tank is a small pit about 12x23 feet  (3.7x7 meters) formed by a berm on the 
downslope side of the pit.  Spilled oil on the soil surface extended from a valve at the base of the tank to 
the pit (fig. 4B).  The pit had oil in it and, based on oil staining on the pit walls and a tree trunk, the oil 
level was about 12-16 inches (30-40 centimeters) below its apparent maximum after the spill event (fig. 
4C).  The pit had not overflowed.   

 
The active tank and pit are located on the floodplain of Pine Creek at the edge of a higher terrace.  

A heavily vegetated area of trenches, pits, and dirt mounds lies between the oil-filled pit and Pine Creek 
(fig. 4A).   These features may represent older oil and gas production operations at this site.  We augered 
one hole upslope from the tank and the pit (background site, A, fig. 4A; table 1), one hole adjacent to the 
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spilled oil between the tank and the pit (B, fig. 4A; table 1), and 6 holes in the soil between the pit and the 
stream (1-6, fig. 4A; table 1).  Table 1 shows data for these holes. 

 
Site BSF99-2  

This site is located on the crest of a small ridge between Bear Creek and the Clear Fork of the 
Cumberland River in eastern Scott County (fig. 3).  It is in the Honey Creek 7.5’-quadrangle at latitude 
36o23’15.28”N and longitude 84o39’45.21”W.  The locality includes the site of an old tank battery, now 
removed, a new tank battery, an active pumping unit, and an area of remediated soil (fig. 5).  There is no 
water production, however, the oil has a high gas fraction.   

 
About six years prior to our November 1999 visit, lightning struck one of the tanks in the old tank 

battery (fig. 5).  The gas in the headspace of the tank exploded and about 200 barrels of oil were released .  
This oil moved south, downslope into a small stream (fig. 5), then into Bear Creek, and subsequently into 
Clear Fork (Steve Bakaletz, National Park Service, oral commun., 1999).  The affected area immediately 
below the old tank battery was remediated by tilling the soil to a depth of 4-5 inches, fertilizing, then 
planting with winter wheat and winter rye (Steve Bakeletz, National Park Service, oral commun., 1999).  
Three holes were augered at this site: one in the low end of the remediated area in a small depression 
created by a low berm (1, fig. 5; table 2); a second in the floor of a small dry wash several tens of feet 
below the remediated area (2, fig. 5; table 2); and a third on the opposite hillslope (background site, A, 
fig. 5; table 2).  At the site of hole 1 sedges were growing, indicating that the site is damp at least part of 
the year.  Soil in the upper 9 inches of the hole contained semisolid fragments of residual hydrocarbon, 
but no noticeable hydrocarbon odor.  Below a depth of12 inches a strong hydrocarbon odor was present.  
In hole 2 the soil was damp throughout but no hydrocarbon odor was noticed.  Small pools of water were 
noted downstream from hole 2.  On the hillslope above and below hole A sandstone ledges were observed 
and the soil was sandy.  No hydrocarbon was observed in the vicinity of hole A, which is considered a 
background site. 

 
 

Site BSF99-5  
This site is along Hurricane Ridge in the upper part of the drainage of the North Fork of Honey 

Creek (fig. 3), in the Honey Creek 7.5’-quadrangle at latitude 36o25’55.67”N and longitude 
84o40’21.20”W.  The site consists of a pumping unit and a bermed tank battery with 4 oil storage tanks, 
each with a valve near their bases on the west side (fig. 6).  The bermed area is covered with a thin layer 
of gravel.  The soil and the berm adjacent to these valves have been oil-stained in a pattern indicating that 
oil has sprayed from the valves when opened.  Oil-stained soil extends from the valves at the base of each 
tank to a distance of as much as 9 feet.  We augered two holes in and near the oil-stained soil associated 
with the third tank (inset, fig.6).  This oil-stained soil patch included an inner zone of pooled oil at the 
surface.  Hole 1 was augered about 18 inches from the edge of the stained soil.  Hole 2 was augered at the 
toe of the oil-saturated soil pool (inset, fig. 6).  PID data are reported in table 3. 
 
Site BSF99-7  

This site is located on the crest of a small ridge between Bear Creek and Clear Fork in eastern 
Scott County near Site BSF99-2 (fig. 3).  It is in the Honey Creek 7.5’-quadrangle at latitude 
36o23’21.78”N and longitude 84o39’31.35”W.  The site consists of an open, reclaimed area about 175 x 
150 feet  (53 x 48 meters), formerly the location of an oil sludge pit about 100 feet (30 meters) in 
diameter and several feet (a few meters) deep (fig. 7).  Reclamation work, done in 1993 and 1994, 
included spreading of the sludge mixed with local soil, lime (for pH adjustment), and Triple 12 fertilizer 
across the land surface and then tilling the surface.  The site was planted in clover, winter wheat, and 
winter rye.  Total petroleum hydrocarbon (TPH) analyses for composite soil samples at the site 
immediately after reclamation were in the 500-700 ppm range (Steve Bakaletz, National Park Service, 
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oral commun., 1999).  Low, bermed areas occur at the north and south edges of the field where the slope 
drops off into stream valleys (fig.7).   
 

The following sites were augered (locations shown on fig. 7): 
1) a hole close to the center of the open area; 
2A,B) two holes close together just upslope from the berm in the low spot along the northern 
edge of the reclaimed area ; 
3) one hole on the hillslope below the northern edge of the reclaimed area;  
4) one hole on the hillslope below the reclaimed area;  
5,6,7,8,9) five holes on a small fan and stream terrace below the toe of the slope just above the 
valley floor;  
10) One hole on the north-facing slope, but upvalley, from the alluvial fan; and  
11) one hole in a background site on the south-facing slope.   

In picking hole locations downslope from the reclaimed area, we followed a natural drainage channel 
established by runoff through a break in the berm (fig. 7).  The small alluvial fan merges with a narrow 
terrace along the stream.  The PID results for these holes are recorded in table 4. 
 
Evaluation of individual site PID data at Big South Fork 
 
Site BSF99-1 

At Site BSF99-1, the data (fig. 4A, table 1) demonstrate that hydrocarbons have moved 
downslope from the pit site toward Pine Creek.  Soil gas VOC measurements above background extend as 
much as 49 feet from the edge of the pit (Hole 3- 9.8 ppm) and possibly as much as 62 feet (Hole 4- 3.3 
ppm).  The value for Hole 4 (3.3 ppm) is indistinguishable from the upslope background sample A (3.5 
ppm), however PID values for Holes 5 and 6 continue to drop below the site A background value, 
indicating that Hole A may not represent background for this lower, more sandy and gravelly part of the 
stream terrace.  The extent and shape of the hydrocarbon contamination plume could be delineated more 
completely by augering additional holes on a close-spaced grid and carefully contouring resulting PID 
values.  Possible limits to the area of impact are shown in figure 4A. 

 
Site BSF99-2 

At Site BSF99-2, the PID data (fig. 5, table 2) indicate that hydrocarbon remediation has not been 
complete at the lower end of the reclaimed area; for example, the PID value for hole 2 in the wash bottom 
(4.1 ppm) indicates that hydrocarbons may still be present in the subsurface in the shallow alluvium along 
this drainage.  Further checking along this drainage in places where hydrocarbons may have accumulated 
may be warranted.  

 
Site BSF99-5 

At Site BSF99-5 (fig. 6, table 3), volatile hydrocarbons in soil gas are not above background at 
depths of several inches at a distance of 18 inches from the margin of the stained soil surface.  Thus 
hydrocarbons nor VOCs appear to have moved laterally from the margins of the pooled oil.  PID readings 
at depths of 11 and 16 inches at the edge of the pooled oil show above-background readings.  The 
downhole readings may be influenced by VOCs given off by oil on the surface moving downward during 
sampling.   
 
Site BSF99-7 

PID readings at Site BSF99-7 (fig. 7, table 4) indicate that hydrocarbons at the reclaimed site 
have been effectively remediated to background levels within the soil profile, however, our aerial 
coverage of the site was limited.  There are no apparent traces of hydrocarbons above background in the 
soil profile at site 1 in the middle of the reclaimed area, at the low end of the reclaimed area where the 
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water table is near the surface (sites 2A and 2B), nor on the downhill slope to the north of the reclaimed 
site (sites 3 and 4).   

 
Volatile hydrocarbons at above-background levels were detected in the small alluvial fan and 

associated stream terrace at the base of the slope below the north edge of the reclaimed area (Sites 5,8, 
and 9).  Hydrocarbons from the site moved downslope and accumulated in the shallow sediment along the 
stream margins.  The nature of this movement is unknown, but it could have occurred either as surface 
flow of oil, surface water carrying dissolved hydrocarbons, or shallow ground water carrying dissolved 
hydrocarbons.  Additional measurements downstream from this locality seem warranted.   

 
Soil gas PID readings in auger holes on the fan and terrace gave highest readings at depths just 

above the level of standing water in the lower part of the hole.  This indicates that sensitivity to VOCs is 
increased if downhole measurements can be made immediately above saturated ground.  Humidity can 
lead to spurious high readings under these conditions if care is not taken to keep condensing moisture out 
of the ionization chamber.   

 

 PADRE ISLAND FIELD STUDY 
 

In January 2001, the authors and personnel of the National Park Service (NPS) visited the 
A-4 site in the Padre Island National Seashore, Texas.  The site is located about 9 miles south of 
the Malaquite Beach Campground (fig. 8). 

 
The main objectives were to: 1) test and modify sampling techniques, to determine what 

techniques might be effective in sandy soils with a shallow water table, and contrast them with 
techniques used in the earlier study; and 2) delineate the probable area of condensate release at a 
known release site. 

 
Site features 

The site includes a gas-and-condensate-processing unit placed on a 6-foot-(1.8 meter)-
high bulkhead adjacent to an area of low, vegetation-covered dunes (figs. 9, 10, and 11).  The 
bulkhead is about 25 feet wide and 46 feet long (7.6 x 14 meters), the long dimension being 
oriented N. 50o E.  Three pipelines extend from the bulkhead at its northeast end; one carries 
produced gas and fluids from a nearby well to the unit, and the other two carry natural gas and 
condensate product away from the bulkhead.  A 2 x 4-foot (0.6 x 1.2 meters) sump is located on 
the northwest side of the bulkhead (fig. 11). Various oily fluids (lubricating oils, etc.) have seeped 
from the sump into the adjacent soil, leaving it slightly stained.   

 
The site also includes an area where, in 1992 or 1993, a stream of condensate and natural 

gas was sprayed into the air northwest and west of the bulkhead.  It was common practice in the 
1980s and early 1990s for personnel working on equipment at such sites to vent pressurized lines 
to the atmosphere prior to working.  Condensate landed on the nearby sandy soils and percolated 
into the ground.  NPS personnel who visited the site after the event reported death of vegetation 
over an area of about 1/3 to 1/2 acre (Paul Eubank, National Park Service, oral commun., 2001).  
During subsequent visits, NPS personnel noted revegetation of the dead area.  Only one such area 
of contamination had been documented by earlier observations of NPS personnel, although other 
areas of condensate contamination in soils may be present at this site.   

During our site visit, 29 shallow auger holes at 26 sites (fig. 9) were sampled.  Data from 
these holes provide 1) information regarding the best approach to sampling VOCs in vadose-zone 
soil gases in sandy soils with a shallow water table, and 2) an evaluation of the extent of shallow 
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ground water and vadose-zone hydrocarbon contamination at this particular site.  For this study 
we measured volatile organic compound concentrations in soil gases from: 1) an area of obvious 
soil staining adjacent to the sump; and 2) an area away from the bulkhead where vegetation kill 
had been observed in past years.  In the following discussion, these auger holes will be labeled 
AH(X) except in figure 9 where only the numbers are used. 
 
Geologic setting 

The Padre Island site is located in an area of deflation basins and low, vegetation-
stabilized blowout dunes (fig. 12) between the fore-dune area along the beach and the back-island 
dune area adjacent to the bay (11).  The bulkhead lies near the margin of a deflation basin, at the 
edge of a low blowout dune.  Water levels in auger holes indicate that the water table ranges from 
about 0.6 meter (2 feet) below the surface in the topographically low areas at the site to about 1.5 
meters (5 feet)   in the dune areas that we sampled.  The water table may lie at greater depths in 
higher parts of the dune not sampled.  Although the water table depth was noted at many auger 
hole locations, we did not survey the elevations of the collars of the auger holes nor did we 
measure the water-table depth consistently enough to establish the local hydrologic gradient.  We 
suspect that the water-table topography is a subdued version of the dune topography. 

 
A typical profile of contaminated soil on a dune at the site (from the surface downward) 

consists of 1) dry, powdery, fine- to medium-grained, well-sorted noncohesive sand; 2) damp, 
cohesive, grayish orange to pale grayish orange, fine- to medium-grained sand (no condensate 
odor); 3) damp to nearly saturated sand, generally grayer in color with depth and progressively 
stronger in condensate odor; and 4) water-saturated sand, gray to black in color, variably strong 
condensate odor (fig. 13A).  Free gas condensate may be present on top of the water table.  In 
areas with a shallow water table, the dry surface layer is commonly absent (fig. 13B).  A layer of 
decaying plant material occurs locally at the surface.  Locally, in areas of documented 
contamination, we observed reddish iron-oxide staining at the surface and in the shallow 
subsurface.  The gray to black color of the sand at and above the water table likely reflects the 
presence of an iron-monosulfide coating on the sand grains.  That coating may have formed by 
the reduction of sulfate to sulfide by sulfate-reducing bacteria, and the reaction of the sulfide with 
iron.  The presence of iron monosulfides indicates that sulfate-reducing bacteria are actively 
consuming hydrocarbon in the soil.  Sulfate is likely derived from sea salt carried from the beach 
by wind. 

 
Sampling methods at Padre Island 

In the northeastern Tennessee investigation described earlier, soil gas was sampled by 
augering 5-centimeter-(2 inch)-diameter holes about 75-100 centimeters (2.4-3.0 feet) deep and 
then inserting a flexible Teflon tube into the hole to within a few centimeters of the bottom.  The 
PID was then used to draw the sample from the bottom of the open hole through the tube.  The 
highest reading using this technique was typically the initial value after pumping started, because 
ambient air is drawn into the hole and up the tube as sampling progresses and dilutes the soil gas 
in the open hole.   

 
At the Padre Island site, we compared the open auger hole technique to an alternative 

technique in which a 5-centimeter-diameter, clear, hard plastic tube (capped at one end, Appendix 
1) is inserted into the open auger hole (fig. 14).  The soil adjacent to the upper part of the hole (or 
soil removed during augering) is pushed against the walls of the tube at the top of the hole to 
form a seal (fig 15).   The tip of the PID probe is inserted into a hole in the plastic cap, which is 
covered with duct tape (often replaced) to form an effective seal against air (fig. 15).  The pump 
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in the PID then draws air from the space within the tube and from the space in the open hole 
below the end of the tube.   

 
Initially, the sampled air is a mixture of atmospheric air and soil gas that has diffused 

from the walls of the auger hole.  As sampling progresses, soil gas is drawn from the volume of 
soil surrounding the open hole below the tube walls.  The volume of air in the open space can be 
calculated from the depth of the hole and its radius.  About two volumes of air should be drawn 
from the hole (the PID pump pulls at 500 cc/minute) to insure that soil gas is being pulled into the 
open space, which may take as much as five minutes.  The PID provides continuous readings; 
thus the hydrocarbon values can be monitored to detect peak values.  At the end of the 
measurement session, peak and average readings are provided by the instrument.  Typically, a 
gradual, then sharp, rise in readings that reach peak values is seen in 1.5 to 3.5 minutes and 
recorded.  The readings then gradually decline (see AH26 sampling results below in table 5).  The 
length of hard plastic tube that we mostly used at this site was 61 centimeters (24 inch); however, 
a 30.5-centimeter-long (12 inch) tube was used at some sites where there was a shallow water 
table.  At one site we compared values obtained using the longer and the shorter tubes.  At 
another, we evaluated the local variability of soil gas VOC readings. 

 
In areas of dry, sandy, poorly cohesive soils at the surface, we dug a small pit at the 

sample site to get below the dry sandy layer, then used a small plastic bucket with the bottom 
removed to prevent sand from falling into the open auger hole.  The depth of the auger-hole collar 
below the soil surface was estimated, and this value was added to the depth of the auger hole, to 
determine total depth of the hole.  If the soil was damp or oily and cohesive at the surface, the 
bucket was unnecessary.   
 
Sample method test results  
Teflon tube, open hole versus rigid tube, sealed hole 

Soil gas samples were taken at locations AH1 and AH8B (fig. 9, table 5) using both the 
Teflon tube/open hole and rigid plastic tube/sealed hole methods.   At AH1, the soil was oily and 
cohesive from the surface downward because of the coating of hydrocarbon on the mineral 
grains.  AH1 was initially augered to a depth of 40 centimeters (16 inches), and the Teflon tube 
was inserted to within a few centimeters (about 1 inch) of the bottom of the hole.  The maximum 
reading (7.1 ppm) occurred early, and then values declined.  After this first sample, background 
readings taken on the Teflon tube dropped to about 1.3-1.4 ppm after several minutes of drawing 
ambient air (0.0 ppm) through the tube.  The hole was deepened to 83 centimeters (33 inches).  A 
maximum value of 19.2 ppm was observed near the bottom of the hole.  

  
We observed several large, brown-colored droplets on the inner walls of the Teflon tube 

near the bottom after this second sampling.  We also observed water condensation on the inner 
walls of the Teflon tube.  The larger water droplets were probably drawn into the bottom of the 
tube from standing water or water-saturated sand in the bottom of the hole.  Water condensation 
formed on the inner wall of the Teflon tube because the ground temperature was warmer than the 
air temperature by several degrees.   

 
After pulling the Teflon tube from the hole, we attempted to get the tube back to ambient-

air volatile-organic-carbon (VOC) concentrations (0.0 ppm) by pulling air through the tube with 
the PID.  The VOC readings did not decline readily and went above the bottom hole value (>20 
ppm) initially.  After several minutes, the values still had not declined significantly.  We believe 
that the walls of the Teflon tube and the water droplets on the walls had sorbed and were 
subsequently releasing substantial amounts of VOCs.   
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We switched to the 61-centimeter-long, 5-centimeter-ID rigid plastic tube.  We calculated 

the approximate volume of our hole, which was 83 centimeters (33 inches) deep and 5 
centimeters (2 inches) in radius (about 1600 cubic centimeters (cc), 98 cubic inches), and 
determined that 5 minutes was an adequate sampling time.  The maximum reading was 419 ppm 
of VOC during a 5-minute sampling period.  This value is a factor of 20 X higher than the value 
obtained with the Teflon tube in the open auger hole.  After removing the probe from the hole we 
noted that the instrument read 4 ppm without any tube attached (presumably VOCs were sorbed 
by the inline water trap).  It took several minutes to get the instrument down to ambient levels 
(0.0 ppm).  We also pulled ambient air through the 61-centimeter-long tube to check for 
contamination.  Initial readings were about 15 ppm, but after several minutes the levels dropped 
to less than 4.0 ppm.   

 
Throughout the Padre Island study, we noted that background readings should be checked 

on the tubes after moderately to highly contaminated sites (20-1000 ppm) had been measured.  
The tube can be cleaned of sorbed VOCs by removing the cap and swinging the tube through the 
air for a few minutes.  Pushing a clean cloth through the length of the tube can also lower VOC 
readings.  If the tube is used without getting the VOC concentrations down to ambient levels (0.0 
ppm at this site), then the background reading on the tube should be recorded and subtracted from 
the results in the next reading.  Background readings are used in table 5 to calculate the true VOC 
reading. 

 
We sampled soil gas at Site AH8 and then returned to that site three days later and 

augered three additional adjacent holes (AH8B, AH8C, and AH8D, fig. 9).  In hole AH8B (90 
centimeters (35 inches) deep, measured 112 ppm with the rigid tube), we inserted the Teflon tube 
to various depths above the bottom of the hole (10, 20, and 30 centimeters (4, 8, and 12 inches) 
table 5).  The maximum values were 22, 24, and 19 ppm, respectively.  The values were one-fifth 
to one-sixth of the values obtained by the rigid tube technique.  These maximum values were 
typically obtained early in the measurement period (as was also observed in the Tennessee study); 
however, a strong wind was blowing during the sampling, and the values fluctuated substantially 
after the initial reading, in some cases reaching or exceeding the initial reading.   
 
Comparison of the longer and shorter rigid tubes 

At AH15 (159 centimeters (63 inches) deep) and AH21 (66-75 centimeters (26-30inches) 
to the WT), we compared values obtained using the 61-centimeter-long rigid tube to a 30.5-
centimeter-long rigid tube.  At AH15, the 61-centimeter tube yielded a maximum value of 83.9 
ppm, whereas the 30.5-centimeter tube yielded a maximum value of 63.0 ppm.  The lower 
readings with the 30.5-centimeter tube were expected.  It is likely that an upward-decreasing 
VOC concentration gradient exists in the soil profile (like that indicated by the shading in fig. 
13A), with maximum VOC values at the top of the hydrocarbon layer at the water table.  The 
shallower tube drew soil gas from a larger soil volume that includes soil of lower VOC 
concentrations closer to the surface; thus values were expected to be lower. 

At AH 21, the hole was initially augered to 90 centimeters.  When checking the hole 
depth, we noted that the water level in the hole was at 75 centimeters.  We used the 30.5-
centimeter-long rigid tube and obtained a maximum VOC concentration of 50.2 ppm between 1 
and 2 minutes into the reading.  We then inserted the 61-centimeter-long tube; however, we noted 
that the water level had risen to 66 centimeters in the hole.  A maximum reading of 40.4 ppm was 
obtained during a 4-minute reading.  We raised the 61-centimeter tube out of the hole about 9 
centimeters and remeasured.  A 36.5 ppm reading was observed at 1 minute and lower readings 
thereafter.  We were expecting the initial reading with the 61-centimeter tube to be higher than 
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the 30.5 centimeter reading.  However, with long measurement times on a relatively shallow hole, 
the pump may have pulled low-VOC air in the sample from near the surface.   
 

Within site variability 
We sampled soil gas at Site AH8 and then returned to that site three days later and 

augered three additional holes (AH8B, AH8C, and AH8D, fig. 17) about 0.5 m from the original 
hole.  The initial reading for hole AH8 was 96.5 ppm (83 centimeters deep).  Readings for AH8B, 
AH8C, and AH8D were 112 ppm (90 centimeters deep), 112 ppm (91 centimeters deep), and 88.1 
ppm (91 centimeters deep), respectively (table 5).  The lower reading for AH8 may reflect the 
somewhat shallower depth of sampling; however, the lower reading for AH8D cannot be 
similarly explained.  The readings for AH8B, AH8C, and AH8D reflect variability, but we are 
uncertain whether the variability is because of site, operator, or instrument.   
   

Extent of hydrocarbon in soil at A-4 
VOC analyses for the 26 auger-hole sites are tabulated in table 5 and portrayed in Figure 

18.  The highest reading (419 ppm at AH1) at the site was from the area of oil-stained soil 
adjacent to the sump (table 5, fig. 9, fig. 11).  Outside of that area, the highest reading was 159 
ppm in AH14 (table 5, fig. 9).  The area of hydrocarbon soil contamination documented by the 
sampling (fig. 19) is 0.28 acres (0.12 hectares).  The area of contamination is well constrained 
only at the northeast end and the southwest end where the edge of the area is bracketed by sample 
locations.  The impacted area likely extends northwest of the surveyed area.   

 

DISCUSSION AND CONCLUSIONS 
Use of PID 

Reconnaissance field measurements conducted at sites in and near the Big South Fork National 
River and Recreation Area indicate that a PID can be used to indicate elevated concentrations of VOC in 
soil gas and to trace movement of hydrocarbons related to spills and pit leakage at production sites.  At 
Site BSF99-1 (fig. 3), hydrocarbons may have moved in the subsurface several tens of feet westward from 
an oil-filled pit.  At Site BSF99-2 (fig. 3) hydrocarbons appear to have escaped the immediate vicinity of 
the site and left traces in the nearby stream drainage.  At BSF99-7 (fig. 3), the data indicate that 
hydrocarbons likely escaped the oil waste storage pit at the remediated site and moved downslope into the 
stream drainage to the north.   

PID data may also be used to assess the completeness of remediation at reclaimed sites.  At Site 
BSF99-2, hydrocarbons remain in the soil profile in damp soils in a depression at the low end of the 
reclaimed site.  The persistent dampness, as indicated by wetland plants, may prevent the oxygenation of 
the soils, slowing bacterial remediation of the hydrocarbons.  At Site BSF99-7, which is sandier and 
better drained, no hydrocarbon traces remain at sampled sites within the reclaimed area.   

The data show that downhole measurements of soil gas using a thin Teflon tube extends the reach 
of the PID input port to consistently detect hydrocarbons.  Sorption of hydrocarbons on the walls of the 
Teflon tube must be checked by running background measurements on ambient air.  At Site BSF99-5 (fig. 
3), hydrocarbons were confined to a surface layer.  Because an open-hole measurement of hydrocarbons 
may be influenced by contamination from the surface layer, establishing the depth of penetration of free-
phase hydrocarbons may require soil sampling at progressively greater depths.  
 
Conclusions 

The methods described in this study provide rapid, real-time measurements that can be used to 
assess the dispersion of contaminants from oil and gas exploration and production sites and to prioritize 
sites for further, more detailed evaluation or remediation.  The equipment is inexpensive to rent or buy, 
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and it is easily portable and not readily affected by typical field conditions.  Reconnaissance 
measurements can be made at several sites in one day, however, sampling is limited to the surface and 
shallow subsurface accessible with a soil auger.  Because most hydrocarbon releases occur at the surface, 
most sites are amenable to such auger hole techniques. 

The findings at site BSF99-1 and site BSF99-7 indicate that if oil is pooled in pits or 
behind retaining structures of various types for any length of time, it can seep into the soil and 
move with the ground water.  If the soil and its substrate are sufficiently permeable (alluvial sand 
and gravel as at BSF99-1, sandy soils developed on sandstone bedrock as at BSF99-7), then oil 
can move significant distances, tens to a few hundreds of feet.  

Remediation for hydrocarbons at two sites (BSF99-2 and BSF99-7) seems to have been 
successful.  Some hydrocarbon remains in poorly drained, poorly oxygenated soils at the low end of Site 
BSF99-2.  Hydrocarbon traces appear to extend downslope beyond the limits of remediation at Sites 
BSF99-2 and BSF99-7.  At Site BSF99-2, crude oil reportedly flowed a considerable distance down 
stream from the site and traces of this crude oil may still be present in alluvium along the affected stream 
reach.  At Site BSF99-7, the data indicate that crude oil or soluble crude oil fractions may have moved 
downslope, possibly in the shallow ground water, during the life of the oil waste pit.   

Interbedded sandstones and shales are common at the surface in many areas of oil and gas 
production in the U.S., thus we believe that our study at Big South Fork shows broad applicability of the 
technique employed.  There are, however, many producing areas of the U.S. where the soil characteristics 
(higher permeability, deep water table, perched water table), rainfall (semiarid to arid), and other 
parameters (low viscosity oils) are different and similar studies of  hydrocarbon releases in these areas 
should be conducted.  

Under the conditions at the A-4 study site and elsewhere in sandy soils on Padre Island, 
the rigid tube/sealed hole technique offers better results than the open hole/Teflon tube technique 
because: 

1) the rigid tube technique draws VOCs from the soil gas surrounding the hole; VOC 
concentrations are higher in the soil gas surrounding an auger hole than in the bottom of 
the open auger hole.  The open auger hole must rely on diffusion and convection of 
VOC-bearing soil gas from the surrounding soil.  This can be affected by several 
variables, including wind speed across the open hole and the porosity and permeability of 
the soil surrounding the open auger hole.  The higher values derived by the rigid tube 
technique provide a greater contrast between background and contaminant soils, and a 
greater sensitivity for identifying slightly contaminated areas; and 

2) the rigid tube appears to sorb less VOCs from the soil gas than the Teflon tube, making it 
easier to get the tube back to acceptable background levels prior to the next sample.   
The sandy soils found on Padre Island are well suited to the rigid tube technique because 

the high permeability of the soil allows the PID pump to draw sufficient soil gas to maintain a 
500cc/minute flow; the technique, however, may have limits in soils where the permeability is 
lower and the 500cc/minute rate cannot be sustained.  The PID has an automatic pump shutoff 
when the back pressure becomes too high.  In cases involving very high permeabilities (gravelly 
sand, for example), the PID may draw atmospheric air into the tube in situations where the 
sample depth or the water table is shallow, or the sampling time is long. 

Generally, where the hydrocarbon contamination is at the water table level and the soil 
profile is open to the surface, an upward decreasing concentration gradient is present in the 
vadose zone, as predicted by theory, and as we have documented.  Thus, the measured VOC 
concentration is, in part, dependent on the distance of the sampled interval above the water table 
level.  It is important to sample soil gas at some consistent interval above the water table, perhaps 
20-30 cm (8-12 inches).  The best procedure may be to auger the hole to the depth of the water 
table and then insert a tube to the proper depth to leave a 20-30 centimeter open-hole interval 
above the water table.  This would require having various lengths of tube available.  Sampling 
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times needed to reach maximum values may be longer when the tube is longer and the initial 
volume of low-VOC air in the hole is greater. 

VOC data obtained at the Padre Island site using the rigid tube technique and the PID 
successfully delineated an area of condensate contamination, the boundaries being best defined 
where bracketed by anomalous and background sample locations.  The contaminated area at the 
A-4 site is open to the northwest because background values were not reached, but VOC values in 
soil gas seem to be decreasing in that direction. 
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Table 1. Soil photoionization detector readings for Site BSF-1  
between Oneida and the Park unit boundary. 

 
 
Hole 

Distance downs
from pit 
(feet) 

TD for 
hole 
(inches) 

Soil gas 
sample 
depth 
(inches) 

Maximum  
soil-gas  
PID reading 
(ppm) 

A NA 33 32 3.5 
B NA 33.5 11 

33 
12.3 
12.8 

1 20 37 27 25.1 
2 23 41 34 

41 
39.4 
29.9 

3 49 36 36 9.8 
4 62 25 25 3.3 
5 87 34.5 34.5 1.4 
6 127 28 28 0.4 

                    NA- not applicable; ppm- parts per million; TD- total depth 
 

Table 2. Soil photoionization detector readings for Site BSF-2 with the Park unit. 
 

 
Hole 

TD for 
hole 
(inches) 

Soil gas 
sample 
depth 
(inches) 

Maximum soil gas
reading 
(ppm) 

1 32 8.5 
21 
28 
32 

0.6 
20.9 
26.4 
32.2 

2 20 20 4.1 
A 32 23 

32 
1.1 
0.7 

TD, total depth; ppm- parts per million 
 

Table 3. Soil photoionization detector (PID) readings for Site BSF99-5. 
 

 
Hole 

TD for 
hole 
(inches) 

Soil gas 
sample 
depth 
(inches) 

Maximum soil gas  
PID reading 
(ppm) 

1 30 
(5-6 inches of grave
top) 

30  0.2 
 

2 16 
(3 in. gravel 
at top, partly 
 oil coated) 

11 
16 

4.1 
5.0 

                                 TD, total depth; ppm- parts per million. 
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Table 4. Soil photoionization detector (PID) readings for Site BSF99-7. 
 
 
Hole 

Location 
description 

TD for 
hole 
(inches) 

Soil gas 
sample 
depth 
(inches) 

Max. soil  
gas PID  
reading 
(ppm) 

Remarks 

1 Middle of 
reclaimed area 

34 32 0.2 Refused at TD by  
bedrock. 

2A Low, bermed area 
at north edge of  
reclaimed area 

12 11 0.1 Hit WT at 12 inches. 

2B 15 feet upslope 
from 2A 

16.5 16.5 0.2 Refused at TD by  
bedrock 

3 Just below berm 
at edge of 
reclaimed area 

18 18 0.2 Refused at TD by  
bedrock 

4 About halfway 
down slope to 
stream 

14 14 0.4 Background at 0.2  
ppm 

5 At head of small  
alluvial fan 

16 16 9.8 Refused at TD by  
bedrock 

6 Toe of fan at 
toe of slope 

9 9 0.9 Refused at TD by  
gravel/bedrock 

7 Near head of fan- 
4 feet from #5 

16 16 0.2 Refused at TD by  
bedrock. 

8 Downvalley on  
fan/terrace 

23.5 23.5 13.9 Hole TD just above 
 WT. 

9 Downvalley from 
#8 

16 15 4.7 TD just below WT. 

10 On hillslope 
upvalley from  
reclaimed site 

21 21 1.8 Away from area  
possibly affected  
by HC movement 

11 On opposite slope 
from reclaimed 
site 

13 13 1.3 Away from area  
possibly affected  
by HC movement 

WT- water table; TD- total depth of auger hole; HC- hydrocarbons; ppm- parts per million 
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Table 5. Volatile organic compound measurements at auger hole locations at the A-4 site 

BG- background hole; RT-rigid tube; except where noted, the tube was 61 cm long; TT (XX)- Teflon tube, 
number of cm above bottom of hole; NA- not applicable; bg- no odor, no measurement, background value 

assumed; WT- water table; mins- minutes; secs- seconds; ppm- parts per million. 
 

Site # Method Date Depth  
(cm) 

Time of 
measurement 
(mins:secs) 

Raw VOC reading, 
peak, if just one listed 

 (ppm) 

Raw minus 
background  

(ppm) 
BG RT 01/09 72 5:00 0.3 0.3 

AH1 TT (2.5) 01/09 40 NA 7.1 7.1 
 TT (2.5) 01/09 83 NA 19.2 17.9 
 RT 01/09 83 5:00 419 419 

AH2 RT 01/09 85 5 :00 9.1 Unknown 
AH3 RT 01/09 85 11:00 15.0 Unknown 
AH4 RT 01/09 88 5:00 1.3 1.3 
AH5 RT 01/09 88 4:00 1.2 1.2 
AH6 RT 01/09 84 5:00 0.4 0.4 
AH7 RT 01/09 66 5:00 76.7 76.7 
AH8 RT 01/09 83 5:00 96.5 94.9 

AH8B RT 01/12 90 4:00 112 111 
 TT (10) 01/12 90 NA 22 NA 
 TT (20) 01/12 90 NA 24 NA 
 TT (30) 01/12 90 NA 19 NA 

AH8C RT 01/12 91 4:00 112 111 
AH8D RT 01/12 91 4:00 88.1 85.4 
AH9 RT 01/11 87 5:00 0.6 0.6 

AH10 RT 01/11 88 5:00 70.4 70.4 
AH11 RT 01/11 90 5:00 40.8 40.0 
AH12 RT 01/11 88 5:00 12.1 11.0 

   114 6:00 28.4 27.3 
AH13 RT 01/11 104 5:00 2.7 0.7 

   138 5:00 17.5 15.5 
AH14 RT 01/11 88 5:00 159 159 
AH15 RT 01/11 100 5:00 8.5 6.4 

   156 4:00 90.4 89.2 
AH15 RT 

(61cm) 
01/12 159 5:00 83.9 83.9 

 RT 
(30.5cm) 

01/12 159 5:00 63.3 63.0 

AH16 RT 01/12 134 4:00 57.0 56.6 
AH17 RT 01/12 141 4:00 127 127 
AH18 RT 01/12 160 1:00 131 131 

    1:50 138 138 
    3:00 127 127 
    4:00 117 117 

AH19 RT 01/12 121 1:55 102 102 
    4:00 86.2 85.8 

AH20 RT 
(30.5cm) 

01/12 57 
WT at 57 

4:00 1.1 1.1 
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Table 5 (continued) 
 
Site # Method Date Depth (cm) Time of 

measurement 
(mins:secs) 

Raw VOC reading 
(ppm) 

Raw - background 
(ppm) 

AH21 RT 
(30.5cm) 

01/12 90 
WT at 75 

1:00 49.4 49.4 

    Max 50.2 50.2 
    2:00 46.5 46.5 
    3:00 45.6  
 RT  

(61 cm) 
01/12 90 

WT at 66 
2:00 32.0 30.9 

    4:00 41.5 40.4 
 RT  

(52 cm) 
01/12 90 

WT at 66 
1:00 36.5 35.4 

    2:00 34.6 33.5 
AH22 RT 

(30.5cm) 
01/12 80 

WT at 65 
0:30 21 20.9 

    1:00 30.8 30.7 
    1:30 35.7 35.6 
    2:00 38.6 38.5 
    2:30 38.9 (max) 38.8 
    3:00 37.9 37.8 
    3:30 37.1 37.0 
    4:00 36.1 36.0 

AH23 NA 01/12 69 (WT) - bg NA 
AH24 RT 

 
01/12 100 

WT at 96 
0:30 6.7 6.7 

    1:00 16.4 16.4 
    1:30 20.0 20.0 
    2:00 21.2 (max) 21.2 
    2:30 21.1 21.1 
    3:00 20.7 20.7 
    3:30 20.4 20.4 
    4:00 19.8 19.8 

AH25 NA 01/12 105 - bg NA 
AH26 RT 01/12 133 

WT at ~110 
0:30 3.2 3.2 

    1:00 24.7 24.7 
    1:30 38.1 38.1 
    2:00 44.5 44.5 
    2:30 45.7 45.7 
    Max 45.9 45.9 
    3:00 44.7 44.7 
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Figure 1. Photoionization detector (RAE Systems, appendix 1) used to determine the concentration of 
volatile organic compounds in air. 

 
 

 
 
Figure 2. Location of the Big South Fork National River and Recreation Area in eastern Tennessee and 
southern Kentucky. 
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Figure 3. Detailed map of Big South Fork National River and Recreation Area showing some 
cultural features and hydrocarbon study site locations (1 , 2, 5, and 7) in and near the park unit.  
Sites 3, 4, and 6 were studied for other contaminants and results are reported in Otton and 
Zielinski (10). 
 

 
 

Figure 4A. Sketch map of study site BSF-1 along Pine Creek between Oneida and the east boundary of 
the park unit.  Many features were measured with tape and compass.  Site includes evidence of older 
operations (older large tanks, dirt mound, trench, and pit at auger hole site 4) that are heavily overgrown.  
A- background site; B- site adjacent to spill on soil; down-gradient sample sites numbered 1-6. 
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Figure 4B. View of active oil tank looking north at site BSF-1 showing spilled oil from tank on soil 
surface.  Pit is just to the left of the view. 
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Figure 4C. View of oil in pit adjacent to active tank.  Oil stains on the small tree (arrow) mark a higher 
level of oil in the pit.   
 

 

Figure 5. Sketch map of Site BSF99-2 showing local features, remediated area, and 3 localities where 
holes were augered (1,2,A). 
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Figure 6. Sketch map of Site BSF99-5 showing tank battery and adjacent pumping unit.  Width of the 
area in the figure is about 200 feet (61 meters), however, features are not to scale.  Inset- Closeup sketch 
of Tank #3 and adjacent soil area with stained and oil-saturated soils and auger hole locations.  Features 
not to scale. 

 
 
Figure 7. Sketch map of Site BSF99-7 showing reclaimed area, stream drainage to the north, and auger 
hole locations.  An erosional channel, formed by runoff from the site, extends from the north edge of the 
reclaimed area to the head of a small alluvial fan.  The distance from center of the reclaimed area to the 
stream is about 300 feet (90 meters) (measured from topographic map). 
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Figure 8. Approximate location of the A-4 study site in the Padre Island National Seashore, Texas. 
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Figure 9. Sketch map of Site A-4, showing cultural and natural features and soil-gas-sample 
sites.  Sample locations mapped by tape and compass.   

 
 

 

 25 



 
 

Figure 10. Gas-processing unit on bulkhead, A-4 site.  View from the east looking west.  Note 
low dune area beyond the bulkhead. 

 
 

 
 

Figure 11. View of the sump on the northwest side of the bulkhead and the area of oil-stained 
(light brown) soil adjacent to the sump.  Note low dunes beyond bulkhead. 

 

 26 



 
 

Figure 12. View, looking east, of the northeast part of the sampled area at the Padre Island 
National Seashore study site A-4.  The person in the photo (arrow) is near site AH8.  He is 

flanked to the northwest and southwest by the low dune ridges (fig. 9).  The bulkhead and the 
parking area beyond are in a deflation flat. 

 
 

 
 
 

Figure 13.  Schematic soil profiles for soils at the A-4 site.  A- soils on the low dunes; 
B- soils in the swales 
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Figure 14. Individual is inserting the 61-centimeter long clear, rigid plastic tube into the open 
auger hole.  The yellow instrument is the photoionization detector with a water filter.  The other 

instrument is a microRmeter, designed to check for naturally occurring radioactivity. 
 

 
 
Figure 15. Site AH 16.  Top of inserted tube with blue rigid plastic cap and duct tape.  Note hand 

impressions from pushing soil down around the top of the tube to seal the soil.   Also note the 
weak iron oxyhydroxide staining in soil surface layer. 
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Figure 16. Individual is pulling the 61-centimeter-long tube from the auger hole.  The 
photoionization detector (PID) is in his right hand.  The small, white disk below the black tube on 
the PID is the water trap, a device designed to prevent water from entering the ionization chamber 
in the instrument.  The probe tip is below the trap.  The probe tip is inserted in the hole in the duct 

tape and the soil gas sample is drawn from the auger hole by the pump in the PID. 
 
 

 
Figure 17. Site AH8.  Initial hole is marked by the orange flag (the flag is visible but not the 

metal wire inserted into the ground; the hole is beneath the midpoint of the meter stick).  Adjacent 
locations, AH8B, AH8C, and AH8D, are marked by 10-penny nails tied with red flagging.  The 

opening for one of these holes is visible, just to the right of the red flagging on the left side of the 
photo.  The photoionization detector (yellow) and an open field notebook are visible. 
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Figure 18.  Site map showing volatile organic compound (VOC) values (in parts per million, 
from table 5).  VOC readings are the maximum observed at each site.  Values are queried where 
background measurements were not taken prior to sampling.  bg- no odor to sand at total depth, 

background VOC readings assumed with no measurement made. 
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Figure 19. Areas where data indicate hydrocarbons are present at and near the water table.  The 
larger area of hydrocarbons may extend to the northwest and is reasonably well delineated only at 
the northeast end and southwest end of the mapped area, where sample sites bracket the contact.  

The area near the sump was mapped based on one reading and the stained soil at the surface. 
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Appendix 1. Field equipment used during this study* 
 
1) RAE-2000 Photoionization Detector 

RAE Systems   
1339 Moffett Park Drive 
Sunnyvale, CA  94089 

 
2) Soil auger 
2¼” diameter general-purpose soil auger- threaded, stainless steel bit, cross handle, and 3-foot extension 
rods 

AMS Supplies 
105 Harrison 
American Falls, ID  83221  
 

3) Clear, plastic rigid tubing and caps are available as bird feeder tubing supplies from local wild bird 
stores.  Hardware stores may also carry such materials or can order them. 

 
 

*  Mention of equipment used during this study is for information only and does not imply endorsement 
by the U.S. Geological Survey.  Instruments and equipment sold by other manufacturers may achieve the 
same results. 
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ABSTRACT 
 
Selecting an appropriate method for disposal of hydrocarbon contaminated 

drilling waste involves a number of fundamental issues; regulatory compliance, 
environmental risk and liability, cost effectiveness, environmental impact, and timeliness 
of disposal. 

 
Newpark’s composting process was developed as a viable bioremediation option for 

management of drilling wastes generated from oil based mud systems.  Hydrocarbon 
contaminated drill wastes are blended with programmed organic substrates and nutrients, 
with the mixture being constructed into on-site compost windrows.  By providing an 
optimum environment, including moisture, aeration, nutrients and secondary treatment 
enhancers; Newpark’s composting protocol allows for enhanced degradation throughout 
the entire year, even at –50 oF.   

 
The material is managed to maintain optimum bio-degradation levels until the 

hydrocarbon levels have reached suitable levels for final land application.  The compost 
material is then assessed for toxicity prior to land application; to date Newpark’s compost 
material has been exposed to and consistently passes all bioassay procedures. In addition, 
these compost materials consistently meet with commercial compost quality criteria.  

 
Newpark’s composting process is not only an effective method of hydrocarbon 

contaminated waste treatment, but the resulting media is a highly organic, nutrient rich, 
value added product.  The material is used to provide soil erosion control, nutrient 
benefit, improved tilth, and overall enhanced reclamation of disturbed soils on the well 
site or leased areas.     
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INTRODUCTION 
 

The year 2001 drilling season will generate in excess of 500,000 cubic yards of 
oily drilling waste in Western Canada alone.  The petroleum hydrocarbon contamination 
issue is further illustrated by several hundred thousand tonnes of contaminated soils seen 
annually throughout our region. 

 
Management options for these contaminated materials include the following: 

 
- Landfill Disposal 
- Landfarming / landtreatment systems 
- Encapsulation / stabilization 
- Thermal Destruction or recycling 
- Washing and recovery systems 
 
 

Landfill storage is, by far, the most common disposal option for these wastes in 
Alberta.  However, many operators choose to manage these wastes on their own property, 
thereby maintaining liability control ‘on-site and in-field’.  Outside of Alberta there are 
increased restrictions on burial of such materials, and treatment is required to address 
future liability issues. Soil conservation, waste recovery, recycling, conversion, and 
resource management concepts have been a major driving force for effective 
bioremediation techniques.  Typically, a bioremediation treatment system will falter in its 
ability to meet financial goals or closure requirements.  In addition, many bioremedial 
methods perform poorly in our generally difficult Canadian climate. 

 
 

In the past, land treatments were the mainstay of ‘in-field’ bioremediation 
systems throughout Western Canada.  Land treatments had demonstrated successful 
treatment of oily drilling wastes and had provided operators with ‘cradle to grave’ 
management.  However, due to our climate and land restrictions, it was clear that land 
treatments were not the best answer and were becoming less attractive to our clients.  
Operators were looking for solutions to the restrictions imposed by land treatment 
systems; timely management, large land disturbances, aggravation of native soils, and 
potential reclamation difficulties.    Composting systems that require a smaller footprint, 
work in extreme environmental conditions, and provide accelerated biodegradation have 
shown great promise in the treatment of the drilling wastes generated from oil based mud 
drilling, and are now moving to become a mainstream option.  

 
 

COMPOSTING DEFINED 
 

Composting is a controlled biological process by which organic materials are 
converted by microorganisms into innocuous, stabilized by-products(1).  The process of 
composting reduces organic matter into carbon dioxide, water, heat, and humus.  
Composting techniques in agriculture date back to the 12th century, with major scientific 
enhancements developed in the early 1900’s(2).  The composting process is also, by 
definition, a ‘self heating’ process, whereby the decomposition process releases energy in 
the form of heat.  These compost temperatures follow a predictable pattern as the process 
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evolves with spikes and drops impacted by aeration events and internal conditions. (Fig. 
1)  

 
 

In the past 15 years, composting technology has developed as an excellent 
remediation and land reclamation tool.  Composting systems have demonstrated effective 
remediation of biodegradable organic compounds, including but not limited to petroleum 
and non-petroleum hydrocarbons, explosives (TNT, RDX, HMX), ammonium picrate 
(yellow-D), and organic pesticides(1).  Petroleum hydrocarbons including diesel, gasoline, 
crude, kerosene, and mineral oils are biodegradable utilizing composting techniques.   

 
 

WASTE VS. BENEFICIAL PRODUCT 
 

A waste is simply a material for which there is no re-use or recycle value.  
Certain technologies are able to convert waste materials into value added commodities.  
Composting is such a technology, with regards to biodegradable organic wastes. 
Increased scrutiny on waste management, shrinking landfill space, and reduction in 
suitable soil resources, has brought composting to the forefront of waste management and 
conversion strategies.  Backyard, mixed source waste (MSW), agricultural, and industrial 
composting systems are rapidly becoming the cornerstone of landfill diversion systems. 

 
 

Our capital city (Edmonton, Alberta) has taken the initiative with the TransAlta 
composting facility, observing a 35% waste diversion within the municipal waste 
disposal system.  As understanding of biological treatment techniques improves there is 
an increased acceptance of the waste conversion process and resulting products.  
Composting techniques applied to oily wastes may provide similar benefits, whereby 
residual hydrocarbon contamination is converted into stable organic matter.   

 
 

COMPOST AMENDMENTS 
 

Wood fibre (e.g. post peelings, bark, wood residuals) has demonstrated suitability 
as the primary stabilization and bulking agent within the compost media.  Wood fibre 
provides the aerated structure required for these aerobic treatment methods, as well as 
available carbon, to the composting system.  The total carbon from the oily waste itself 
will not create the ‘self heating’ composting characteristics.  

 
 

Wood fibre products are commonly acquired through local forest product 
producers (e.g. Sawmills), where that material is commonly a waste material.  Petro 
Canada and Suncor have taken the initiative to generate wood fibre resources from 
wellsite ‘slash’ and ‘rootstocks’ which would traditionally be burned in many regions.  
This use of on-site carbon provides excellent carbon recycling and reduces emissions 
from construction activities. 
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Newpark developed custom composting products in order to provide optimal 
nutrient levels and enhanced rates of biodegradation.  The ProActivate products (I, II, & 
III) provide ideal nutrient levels to ensure biological activity is limited only by available 
carbon.  Programmed nutrient levels are kept at designated standards by balancing 
Nitrogen and Phosphorous with available carbon.  Typical programs optimize available 
carbon to nitrogen at a 40:1 ratio, with phosphorous content at 1/10 that of nitrogen 
levels.   

 
 

Probioxyl is a chemical surfactant designed to provide particle wetting capacity, 
structural enhancement, and stability to the compost system.  Probioxyl has demonstrated 
the ability to increase moisture holding capacity by up to 31%, reduces nutrient leaching 
to trace levels, and assists in aeration of the compost material.   

 
 

COMPOSTING TREATMENT PROCESS 
 

There are several fundamental ‘conditions’ required for effective biological 
remediation of petroleum hydrocarbons.  Structural parameters, microbial quality, carbon 
type, macro & micro-nutrient levels, oxygen availability, moisture content, and trace 
elements must be balanced with the remedial method to optimize degradation rates.   The 
very nature of composting technology allows for near optimal aerobic biodegradation 
activity.    

 
 

Traditionally, the oily drilling wastes may be stored in containment sumps or 
tanks during drilling, with clean-up operations beginning upon completion of drilling 
operations.   The Composting While Drilling (CWD) system removes the need for 
containment sumps and tanks by initiating the composting process upon generation of the 
waste.  The environmental technicians provide direction and supervision of on-site 
personnel to appropriately blend the materials and ‘stockpile’ initial compost media on 
location.  This procedure significantly reduces waste storage requirements, prevents cross 
contamination of freshwater wastes, protects groundwater and soil resources from 
potential contamination, and initiates the composting process prior to rig release.   

 
  

The stabilized piles created during the CWD process are formed into windrows, 
aerated, and routinely monitored.  Specialized compost monitoring technicians ensure 
that construction and amendment activities occur as programmed.  The windrows are 
turned (aerated) and amended as required to ensure that oxygen levels, moisture content, 
and nutrients maintain optimal levels. 

 
 

The heat released by organic metabolization is the secret to maintaining active 
degradation throughout the year.  These self-heating piles are successful in the cold 
northern climates in North America, even with winter chills below –50 oF.  This 
characteristic sets composting apart from biopiles, biocells, and land treatments; which 
have sharply reduced bioactivity at sub-zero temperatures.  The composting treatment 
process (temperatures) follows precisely the same pattern as traditional composting. (Fig. 
1)  This is ideal, as much of the composting activity is at temperatures of 95 – 110 oF, 
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which closely corresponds with optimal temperature ranges for hydrocarbon 
remediation(3).  By maintaining the accelerated biological degradation in all seasons, 
composting is able to reduce treatment duration significantly.   

 
 

Compost bioactivity, TPH levels, moisture content, and nutrient levels, are 
monitored until the process is midway into the curing stage; which triggers closure 
assessment.  During this period much of the available carbon has depleted and compost 
temperatures approach ambient air temperature.  This stage triggers our assessment for 
residual hydrocarbons, compost maturity, and toxicity issues.   We use the term maturity 
for this stage, as it correlates with traditional composting terminology.   At maturity, the 
compost is deemed to be at  (or near) treatability end-point whereby the further 
degradation of the residual hydrocarbons is not cost effective in a compost windrow 
format.   

 
 

Mature compost will still maintain a residual hydrocarbon content.  A common 
misconception with bioremediation is the belief that 100% of the hydrocarbon 
contaminant will be removed, unfortunately residual levels will remain in all treated 
product and levels will vary with the hydrocarbon type and treatment process.  A 
properly managed compost treatment of diesel / mineral oil contaminated drilling waste 
should observe a 80 - 90% reduction in hydrocarbon content within the compost 
windrow.  A further 5-10% reduction will occur in the final land application stage. (See 
pilot project) 

 
 

Degradation rates for diesel, distillate, mineral oils, and similar products typically 
ranges from 300 – 500 mg kg-1 day-1 in the active phase with 100 – 200 mg kg-1 day-1 into 
the final stages of windrow composting.  Newpark’s composting program in Antigonish, 
Nova Scotia, manages synthetic oil contaminated wastes with degradation rates in excess 
of 700 mg kg-1 day-1. 

 
 

EQUIPMENT 
 

Several compost mixing and ‘turning’ systems were trialed during the 
development of this procedure for oilfield drilling wastes.  Agricultural mixers, modified 
spreaders, horizontal windrow turners, and ALLU’sTM hammermill buckets were tested.  
Many of these systems provided excellent blending and mixing capabilities, however; 
most of these units failed in durability and were impractical for oilfield operations.  
Newpark selected the ALLUTM hammermill buckets due to suitability for working with 
oilfield construction equipment.  The ALLUTM buckets can be retrofitted to conventional 
loaders and tracked hoes, which are readily available and accepted within the oilfield 
construction arena.  The mixing rate may be somewhat reduced when compared with 
horizontal turning systems, but the units more than compensate in flexibility for pile size 
and tolerance to varied site conditions.  
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COMPOST STABILITY 
 

Environmental impact from hydrocarbon migration is a serious concern with any 
waste management system.  Land treatments, biocells, biopiles, landfills, static piles, and 
composting are all exposed to natural precipitation and possible release of hydrocarbons 
from the containment system.   

 
 

Newpark’s treatment program requires the use of a specialized surfactant 
(Probioxyl), which assists in providing stability of water:oil within the compost matrix.  
Multi-project data confirms the success of this method of ‘maintaining’ pile fluid 
stability.  The climate in B.C. and many areas of Alberta does bring high levels of 
precipitation; as such, water management is an integral portion of our treatment program.  
In general, any leachate related fluids generated from our treatment piles are recycled 
through the compost matrix to provide the moisture required for optimum degradation.  
In extreme cases, the water may require removal from the treatment system.  In these 
instances, the water is analysed and discharged observing the standards detailed by local 
environmental legislation.  

 
 

Charted data illustrating the results of our lab scale Toxicity Characteristic 
Leachate Procedure (TCLP) study are seen in Figure 2.  The TCLP analytical procedure 
is designed to determine the mobility of contaminants present in liquids, solids, and 
multiphasic wastes(4).  Briefly, this procedure oversaturates 1 part sample in 20 parts of 
mildly acidic water, and rolls the mixture for 24 hours.  The fluids are then extracted and 
tested for the presence of any released contaminants, petroleum hydrocarbons in this 
instance.  This study included analyses on all stages of the composting process with total 
hydrocarbon content ranging from 19,000 to 207,000 mg/kg.   The oil content in the 
leachate was found to be very low at 0.1 to 26.5 ppm, with an average below 10ppm TPH 
in the extract.  This equates to a mere fraction of the hydrocarbon content of the compost 
material itself. (Fig. 2)   

 
 

Data were compiled from assessment of actual fluids collected at a group of 
treatment sites in 1999, a very wet year.  This data indicates that our programmed 
compost blends and Probioxyl provides excellent ‘in field’ containment of the 
hydrocarbon contaminants.  The highest recorded hydrocarbon level in the actual 
leachates was 9.6 ppm, with typical results measured below 2.0 ppm.(Fig. 3)  A portion 
of this trace value will also reflect naturally derived hydrocarbons that may be present 
due to wood fibre degradation (Ie. Resin acids, fatty acids, and humic acids).  Newpark’s 
analytical assessments have shown our compost is unable to release petroleum 
hydrocarbons into water at any saturation level.  

 
 

MATURITY AND TOXICITY TESTING 
 

The composted product meets those release criteria set out for traditional drilling 
waste management, outlined in the Alberta Energy and Utilities Board Guide 50 
document for Drilling Waste Management(5).  However; more data was required to 
further utilize these materials as soil amendment beyond well site boundaries.  A pleasant 
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surprise from the composting system is the absolute non-toxic nature of the final product.  
Newpark’s mature compost product has been exposed to, and passed, a battery of 
biological toxicity procedures.  Likewise, each lot of compost is subjected to compost 
quality assessments along with an acute toxicity assessment.  To date, on over 80 mature 
projects, we have exceeded the maturity criteria as defined for saleable compost; this is 
not to suggest a use of this product in residential gardens, but we do meet those 
standards(6).  With regards to trace elements (metals) over 95% of our compost meets 
CCME Category ‘A’ compost quality criteria (consumer grade), the remaining meeting 
Category ‘B’ standards (industrial grade).(Fig. 4)  The low trace elements are not due to 
the composting process; but rather, good drilling fluid product screening by industry.   

 
 

Ecotoxicity assessments routinely include the MicrotoxTM test (Vibrio Fischeri)(7) 
in conjunction with Radish (Raphanus sativus) and Cress (Lepidium sativum) 
germination and 14 day biomass measurement(6).  Alternative screening has included 
germination and biomass of Northern Wheatgrass (Agropyron dasystachyum), Lettuce 
(Lactuca sativa var.), Alfalfa (Medicago sativa var.), corn (Zea mays var.), and Oats 
(Avena sativa var.).  Invertebrate sensitivity has also been assessed through redworm 
(Eisenia fetida) avoidance and survival testing which also measured no toxic effects.(8)  
Figure 5 & 6, illustrate some routine toxicity data collected on compost projects analysed 
at maturity in 1999 / 2000.  Consistent MicrotoxTM non-toxic results, on all mature 
projects, is quite significant in this author’s opinion, as this particular test is extremely 
sensitive to petroleum contamination.(Fig. 7) 

 
 

Mature compost materials have been used for land reclamation on wellsites, 
access roads, and pipeline ROW’s, as well as applied to agricultural lands.  In addition to 
the soil quality improvement, the material has demonstrated excellent erosion control 
application.  

 
 

PILOT PROJECT  
 

Newpark began exploring alternatives to land treatments in 1996, with a full-
scale pilot program beginning in 1997.  The initial field program was developed in Petro 
Canada’s Wildcat Hills field, west of Calgary, Alberta.   Initial amendment blends were 
determined using  composting cells / bins (1 yd3).  This stage of the technology 
assessment identified definite bioactivity and potential as an effective treatment system.   

 
   

The Wildcat Hills pilot specifically managed and treated 620 cubic yards of oily 
solids (cuttings & centrifuge underflows) along with 435 cubic yards of oily liquids.  
Total Petroleum Hydrocarbon (TPH) was measured at 108,000 mg/kg within the initial 
compost media blend.  This composting system was activated in the fall of 1997, the 
project was monitored and amended as required for one year.  Hydrocarbon content was 
reduced by 75% within the first 150 days (Ie. 500mg kg-1 day-1), with the compost 
maturity occurring by day 300.  The mature compost contained 18,000mg/kg non-
leaching, non-toxic, hydrocarbon residual.   
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Concurrent to the curing stage of the treatment process, an in-situ vegetation 
growth study was performed on the compost product.  The compost materials were 
applied to the surface of disturbed soils adjacent to the wellsite activity area to determine 
impact to receiving soils.  Several variables were incorporated into the growth trials 
including:  Hydrocarbon content, fertilization, soil incorporation, and application rate.  
Figure 8 outlines the design of the compost material assessment.   

 
 

Assessment of the growth trial plots indicated that the compost media improved 
vegetation growth, health, and erosion control characteristics of the receiving soil.(Fig. 9)  
The data gathered from the growth trials were utilized to gain approvals to surface apply 
the finished product to native soils surrounding the wellsite area.   

 
 

Approvals were granted by Alberta Environment (AENV) and the Alberta 
Energy and Utilities Board (AEUB) to remove the material from the treatment area and 
surface apply to the disturbed soils adjacent to the ‘cut and fill’ areas surrounding the 
wellsite.  Research requirements dictated that we applied the materials with no 
incorporation into the receiving soils, this allowed completion of the project with no 
impact from dilution with receiving soils.  The site was seeded and allowed to re-
vegetated in the spring / summer of 1999, with a final assessment of vegetation and 
residual hydrocarbons in September.   

 
 

The TPH in the surface applied material was found to meet Guide 50 Drilling 
Waste Management criteria for release.  The average TPH value at 681 total project days 
was 3707 mg/kg in the compost material. (Fig. 10)   

 
 

Sampling and analyses of base and adjacent soils clearly showed there were no 
concerns with contaminant migration throughout the entire project. Annual inspections of 
the compost have noted excellent plant seed development, regeneration (I.e. lifecycle), 
and healthy native species encroachment.  This project was profoundly significant for 
several reasons: 

 
1) Activity footprint was under ½ acre and outside of wellsite activity areas,  
2) Surface application provided erosion control and revegetation benefits to the 

disturbed soils surrounding the wellsite activity area.   
3) The procedure demonstrated accelerated biodegradation rates. 
4) There was no dilution impact from native soils, demonstrating successful 

management using the process alone. 
5) Clearly proved that biodegradation was possible as a year-round process. 
6) Demonstrated compost bioconversion as an excellent waste recycling tool. 
7) Biodegradation in excess of 97% for the diesel contaminants. (Fig. 10)  
 

Petro Canada’s pilot project proved the effectiveness of this process and 
generated data allowing regulators to approve Newpark’s process to continue as a viable 
option.  
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SUMMARY 
 
Globally there has been a strong movement to divert organic matter from landfill 

disposal thereby preventing loss of soil resources; especially if there are suitable 
processes for re-use of these materials.  This composting system has consistently 
demonstrated the ability to provide a quality soil resource from hydrocarbon 
contaminated drilling wastes.   

 
 
This system is rapidly finding application throughout our industry, currently 

Newpark manages over 400 compost projects throughout Western Canada; as well as at 
our bioremediation facilities in Nova Scotia and Wyoming.  Continued research is 
required to generate process specific closure criteria as designed for each petroleum 
hydrocarbon type.   Newpark is also designing a composting system to address the 
bitumen contaminated drilling wastes generated in Alberta’s oilsands region, initial pilot 
project data will be compiled by December 2001. 
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Figure 1.   Internal temperature profile for a typical composting treatment matrix 
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Figure 2.  Laboratory TCLP hydrocarbon leachability study. (Semi-Log) 
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Figure 3.  Leachate hydrocarbon content from Newpark treatment locations. (Semi-Log) 
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Figure 4.  Trace elements (metals) as compared with national compost quality standards 
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Figure 8.  Vegetation growth trial plot design.   
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Figure 10.  WCH Pilot Project – Hydrocarbon Content and Range  
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ABSTRACT 

Landspraying While Drilling (LWD) involves the land disposal of innocuous 
freshwater drilling wastes during drilling operations. The goal of this disposal 
method is controlled application of the drilling wastes in a manner that preserves soil 
chemical, biological, and physical characteristics. In addition, existing and future 
vegetation must not incur reduction in health or productivity. This management 
technique affords operators the opportunity to construct and drill shallow gas and oil 
fields with extremely reduced site impact. This disposal method finds a strong fit 
with the ‘new age’ concepts of multi-use range management and sustainable 
development. Low impact equipment working in unison with qualified environmental 
expertise has allowed LWD (or similar methods) to become an accepted practice in 
much of the fertile Western Canadian prairies. Newpark is working with the U.S. 
Department of the Interior, Bureau of Land Management as well as regional Oil and 
Gas agencies to develop similar systems in Mid-Continent United States. 
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ABSTRACT 
 
 This study was conducted by Raba Kistner Consultants, Inc. (RK) on crude oil 
affected soils (COAS) originating from an oil production location in the IPEC Tall Grass 
Prairie Project area known as the “Redwood Tank Site”. 
 
 The objectives of the study were to determine the environmental, engineering and 
economic feasibility of recycling COAS as an ingredient in the production of specified 
grades of non-hazardous, asphalt paving materials for use on oil field applications and 
secondary roads. 

 Asphaltic Incorporation™ (AI) is a proven environmental remediation method of 
utilizing affected soils as the fines component in the production of cold processed 
recycled paving materials.  To date, the majority of AI™ projects have involved the 
recycling of materials from industrial or “downstream” facilities involving product 
releases from refineries, pipeline and distribution terminals, tank farms, UST sites and 
petrochemical locations.  Historically, oilfield remediation has been limited to landfill, or 
other disposal, and variations of “landfarming”.  Little work has been performed in this 
sector that would be of the resource recovery nature.   

 Innovative Resource Recovery Remediation™ (R3™) methods can produce a 
lower net cost compared to other remedial methods.  Utilization of R3 technologies, such 
as AI™, not only serves as a remediation technique for hazardous materials, but also 
results in the production of viable products.  When the value of these products are 
deducted from production costs (i.e., remediation), the end result is a reduced net project 
cost.  As this applies to the E&P sector of the oil industry, there is a demonstrated need 
for all weather access roads, more efficient tank containment berms and dikes, paved 
loading and unloading areas, and other structures that will not only provide for more cost 
effective operations, but are more environmentally correct. 
 

This study provides data on the environmental, engineering and economic 
aspects of utilizing R3™methods, such as AI™, in the oilfield industry.  It provides a 
starting point for producers to utilize their in-house personnel and equipment to recover 
resources and produce paving materials rather than managing their affected materials as a 
waste.
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Introduction 
 

This study was conducted by Raba Kistner Consultants, Inc. (RK) in conjunction 
with the International Petroleum Environmental Consortium and the University of Tulsa, 
Tulsa, Oklahoma.  The subject of the study was to determine the environmental, 
engineering and economic feasibility of incorporating crude oil affected soils (COAS) 
from the historic Tall Grass Prairie Area in the Vicinity of Pawhuska, Oklahoma, as an 
ingredient in the production of non-hazardous, specified grades of asphalt paving 
materials for use on oil field and secondary roads. 
 

Oil Fields and environmental quality has always been regarded as a quandary, 
perhaps best summed up by a statement at a recent Arkansas Oil and Gas Commission 
USEPA workshop.  “The number one objective of oil producers is to get oil out of the 
ground.”  Only in the past twenty years have spill control and prevention technologies 
developed to the point where waste minimization and pollution prevention are accepted 
industry standard practices.  This is not to say that producers are not concerned about the 
environment.  Quite the contrary.  In a majority of early Oklahoma and Texas oil field 
discoveries the landowners became the producers.  An example would be the Electra, 
Texas field.  The Ranch owners were looking for livestock water and to their dismay, 
albeit short-lived dismay, all they could find was oil.  Today, seventy years later, the 
pump jacks and cattle continue to co-exist in an adapted environment.  Land management 
and water are still a primary concern and they, as well as a majority of producers, have 
strong ties to their land and its resources. 
 

Oil and water are as, if not more, important than they every have been.  Past 
oilfield practices, that for 50 years or more were not regulated as they are now, have led 
to a number of large-scale environmental concerns, such as the situation in Tall Grass 
Prairie region of Oklahoma.  The detrimental effects of historic crude oil and brine 
releases to surface and groundwater are now being realized and a major effort is 
underway to restore this area that originally to lead Native Americans and settlers to this 
unique Oklahoma environment. 
 

Today’s independent oil producers are facing a number of complex situations.  
Widely fluctuating oil prices, with more downs than ups, operation of stripper wells with 
production of one barrel a day, salt-water intrusion, high energy and operating costs and 
environmental regulations.  Their job remains focused on getting oil out of the ground 

  



and trying to make a profit.  Fixed costs, directly related to production, is first in their 
budgets.  It is an unfortunate fact of life that environment is further down the list.  But, 
where to get the dollars to restore a salt brine scar on their lease that were there 40 years 
before they took over.  Or where to get the dollars to remediate an old reserve pit that 
may be older than the producer themselves, and all the other inherent environmental 
concerns they may not have caused, but are responsible for.  The pump jack motor comes 
first.  If there is any money left they may be able to dike up around the tank battery.  Is 
this wrong?  No, not necessarily.  While we in the environmental remediation business 
cannot help our oil-producing clients with stabilizing oil prices, or reducing energy costs, 
or their depleting reserves, we can help with their second highest operating cost, which is 
environmental compliance. 
 

It is up to us as an industry to provide cost effective, time efficient and 
environmentally correct solutions for our clients. When analyzing the cost of any 
environmental remediation project where can you save your client the most money?  By 
reducing our hourly rate?  This is not the answer.  We have ever increasing fixed costs, 
the same as the producer has.  Can we reduce equipment costs such as for a groundwater 
pump and treat system?  While the units become more efficient every year, they also cost 
more money.  What is the most often overlooked aspect of reducing environmental costs?  
It is the net project cost.  What is a project’s net cost?   
 

Remediation net cost is the total combined costs, less any cost recovery credited 
to the producer.  In some cases, reserve pit oil can be reclaimed for a few dollars, a little 
bit of pipe and steel may be salvaged, some drums of chemicals may be returned to the 
manufacturer for credit, but by and large, cost recovery for conventional remediation is a 
miniscule amount.  Take land farming for example.  You start with “dirty” dirt, spend 
some dollars piling it up and disking it around and you may wind up, eventually, with 
“clean” dirt.  But its still dirt.  You started with dirt, ended up with dirt that cost you some 
money.  Regardless of your land farming costs, the gross cost is your net cost.  There is 
no potential for cost recovery.  Review all the other conventional and traditional oil field 
remediation methods.  No matter how low a cost you can get your contractor to do them 
for, they are still non-recoverable costs.   
 

A typical scenario may be standing oil around a tank battery, with inadequate 
containment dikes, along side a creek.  The agency comes around tells the producer to 
“fix it”.  The “fix” is calling in a backhoe, digging a hole and “stabilizing” the oil with 
dirt.  In some states, this is an agency acceptable practice.  We see literally hundreds of 
these every year.  The producers keep telling us their job is getting oil out of the ground.  
Okay, then why is it back on the ground and not sold?  This is lost revenue.  The dirt 
dike?  Every time it rains or the vacuum truck runs over it, they lose containment, so they 
fix it again.  This is lost revenue.  Burying the spill?  Even though in some cases agency 
approved, have you corrected the problem?  The oil exemption of the Code of Federal 
Regulations Title 40 Part 261.4 (CFR40 261.4) is known and loved by all producers.  Its 
still there, but so are the Oil Pollution Act (which does not exempt crude oil spills) the 
Clean Water Act (which does not exempt crude oil spills, the Endangered Species Act 
(which does not exempt crude oil spills), the Clean Air Act….shall we continue? 
 

How can we reduce the net cost and long-term liability of the above scenario?  
By the use of Resource Recovery Remediation™ (R3™).  R3™ is the regulatory and 
physical transformation of environmentally affected materials from a waste to a resource 

  



to a product.  The on site use, off site sale or barter of these products provides cost 
recovery.  Cost recovery reduces project net costs.  
 

In the foregoing scenario the spilled oil is a resource.  If feasible, recover the oil 
and sell it.  If not feasible to reclaim it, why not bring in that same backhoe you’d have to 
have in the first place, load the oily soils on a truck, take it to a Producer operated facility 
and process it into asphalt.  Haul the asphalt back to the lease, rebuild your liner and dike 
and be done with a whole series of problems.  Cost comparison?  How many times has 
such a spill occurred in the same dike?  How many times have they “fixed” the dike?  
How much oily dirt have you buried on the lease?  How much money have you spent 
over the years “fixing’ the same problem.  If the battery site was lined and diked with 
your own asphalt, you could recover the oil from the next leak and wouldn’t get a letter 
from the agency saying “Congratulations you owe us $2,600 per day, everyday, until you 
get your dike fixed as you are in violation of the SPCC rules, the Clean Water Act, the 
Clean Air Act, the Endangered Species Act and every other Act we can think of, 
including the 3rd Act of Hamlet” (the part about “Alas poor Yourick, I knew him 
well…until he went out of the oil business”.) 
 

Oil producers are already in the Resource Recovery business.  Accidental 
releases can become resources.  Consider the advantages of managing your “wastes” as 
recyclable materials.  There are a number of distinct regulatory advantages contained in 
CFR 40, Parts 261.2, 261.3, 261.6 and notably 266.20b concerning products produced for 
the general public’s use.     
 

Landfill disposal of oil field wastes is the most common of all remedial methods.  
In most cases its cheap, fast and easy.  The problem is “fixed”.  Or is it?  Currently in 
Texas the State is cleaning up a number of disposal sites that contained third generation 
wastes.   They were wastes generated in the oil field, disposed of in a landfill that went 
bankrupt.  Those disposal sites were cleaned up, the wastes hauled to another disposal 
site that met the same fate and now these sites are being cleaned up.  Some of the wastes 
are 50 years old, but they are still wastes.  Who’s paying for this?   The producers who 
disposed of the materials as wastes.  These producers were traced by the disposal 
manifests and they have been named as Responsible Parties.  It was the Producers waste 
to start with and legally still is.  A short-term gain by a cheap easy fix, but a long term 
and very costly liability for the affected Responsible Party Producers.  Not all landfills 
pose this problem.  The point being, the Producers materials were managed as a waste.  
As such there is inherent long-term liability. 
 

As previously stated, oil production and environmental concerns are a quandary.  
Waste minimization and pollution prevention programs are the best things to ever happen 
to oil field environments.  But, when a release occurs they still have to be dealt with.  
This presentation attempts to provoke creativity from the environmental industry as well 
as the producers.  A fact, not often voiced, but a fact all the same, is that the 
environmental concerns of in the oil fields are not the number one priority.  A true 
concern, yes.  But the concern is tempered by budgetary constraints.  We ask that 
producers and industry alike start thinking “out of the box.”  What worked for Grandpa 
and Dad when they ran the field is not good enough now.  Be creative.  Innovate.  
Consider all the costs of your current environmental practices, and then develop ways to 
reduce your net costs.  Convert your wastes to resources. 
 

  



The following technical dissertation is intended as a starting point; call it 
“Resource Recovery 101”.  It discusses the three mandatory aspects of conversion of 
wastes to resources to products, which are Economics, Engineering and Environmental. 
 
Background 
 

The methodology used for this study is termed Asphaltic Incorporation™ (AI™).  
AI™ is a proven environmental remediation method that utilizes environmentally 
affected soils as a fine aggregate component in the production of cold processed asphalt 
paving materials.  All specified grades of asphalt paving materials, whether hot mixed or 
cold mixed, have three major components:  

• Coarse Aggregate (retained on a 2.36 mm (No. 8 sieve). 
• Fine Aggregate (passing through a 2.36 mm (No. 8 sieve). 
• Asphalt (a dark brown to black cementious material in which the predominating 

constituents are bitumens, which may occur in nature, or from petroleum 
processing). 

 
Each project using AI™ is approached as site specific, unless it is known that end 

product usage, soil types and constituents of concern for a number of projects in a certain 
area are the same or quite similar, such as the Tall Grass Prairie.  The first factor to be 
considered when using AI™ is the end use of the produced asphalt product.  These 
products can range from non-load bearing, low permeability tank containment dike 
materials to all weather high traffic, heavy load bearing road pavements.  Mix design 
formulation using, Asphalt Institute, State and Federal methods, is the process utilized to 
determine the ratio of various ingredients necessary to produce a product meeting end use 
requirements. 
 

Determination of end use requirements may involve an engineering study to 
determine pavement thickness design.  There are a number of pavement thickness design 
procedures one of the more adaptable procedures are those recommended by the Asphalt 
Institute in their publication No. MS-4 “The Asphalt Handbook”.  These design 
procedures are used to determine pavement thickness over asphaltic concrete base, 
emulsified asphalt base or untreated aggregate base or sub-base.  The common steps in 
each design procedure involve selection of the type of input data which include sub-grade 
resilient modulus, expected traffic, surface and base material types and climatic 
conditions.  Having determined design criteria, the next step is determination of design 
thickness, preparation of a “staged construction plan” (i.e., staging road construction in 
phases as budget permits for example preparation of road bed and drainage one year, then 
application of base the following year and finish pavement the year after), perform an 
economic analyses of the design and staging, then select the final design cross section.  
These are some of the steps required for “industry standard” pavement projects such as 
Interstate Highways, City Streets, etc.  There are a number of differences between 
Interstates and Oilfield Lease Roads.  However, adequate and economical design for 
pavements of all types are just as important as proper design of any engineering structure.  
An under-designed pavement will result in premature failure and cost more money for 
repairs and increase life cycle costs.  Conversely a wasteful over-designed pavement or 
selection of materials that are not the most economical and adaptable for use is contrary 
to sound engineering practices and will unnecessarily deplete the project’s budget. 
 

  



As this relates to the oilfield, pavement design for these conditions present a number 
of challenges.  The heavy axle loads of oil field transportation vehicles, the terrain in 
which the fields are located, climatic conditions, irregular maintenance intervals and cost.  
What a state highway department has to spend on design and product development is 
vastly different from independent oil production company.  On one hand we state that 
thorough design is critical, on the other hand we recognize that the cost of design for each 
project may not be economically feasible. 
 

By using a local engineering company’s experience, local knowledge of other oil 
companies, state and county road crews and determining what the road will be required to 
withstand, may provide enough information to determine basic requirements.  In other 
words, we encourage complete design procedures where possible.  If not feasible, at least 
determine a “working estimate” for paving requirements based on local knowledge 
before proceeding with pavement mix designs for oil field roads. 
 

Once it has been determined that a use exists for AI™ paving materials, the subject 
soil’s environmental analyses are reviewed.  The pre-incorporated constituent levels will 
be compared to the post-incorporated product samples to determine the degree of 
fixation, stabilization and encapsulation that has occurred by Asphaltic Incorporation™. 
 

Engineering characteristics of the subject soils are determined by a series of tests 
including, but not limited to, moisture as received, density, gradation, and others.  The 
characteristics of the affected soils provides an indication of the type of aggregate and 
other ingredients that may be required to enhance the soils physical properties. 
 

The next step is preparation of laboratory mix designs.  Various mix designs, 
incorporating different ingredient ratios are used to produce benchscale product samples.  
These samples are subjected to a number of engineering tests to determine their 
compliance with end use requirements.  A number of States have developed 
specifications and test requirements for cold mixed asphalt paving materials.  One of the 
more stringent and most often used procedural specification is the Texas Department of 
Transportation (TxDOT) specification No. 3157 “Cold Processed-Recycled Paving 
Materials”.  For States that do not have specific requirements for these types of materials, 
methods set forth in the Asphalt Institute’s publication No. MS-14 “Asphalt Cold Mix 
Manual” are considered to be “Industry Standard.”  The engineering tests typically 
include: 

• Compressive Strength – vertical load strength in an unconfined condition; 
• Hveem Stability, or – resistance to deformation under vertical load; 
• Marshall Stability – indication of lateral loading capabilities; 
• Marshall Flow – measurement of materials “elastic” properties under load; and 
• Density – (weight per cubic foot) – density of materials under compacted effort 

(indication of air void space). 
 
The same samples that underwent engineering testing are then forwarded to a 

certified environmental laboratory.  Samples are laboratory milled to a minus 10 micron 
size and subjected to Toxicity Characteristic Leaching Procedure (TCLP) testing in 
accordance with United States Environmental Protection Agency (USEPA) publication 
No. SW-846 protocol.  TCLP testing is used to determine the leaching potential of the 
constituents of concern detected above regulatory agency action levels in the pre-
incorporated soil samples. 

  



 
Mix designs are then adjusted to produce the most cost effective blend of ingredients 

that will meet both engineering and environmental criteria.  These designs are then 
utilized for field production. 

 
During field production, samples are obtained from the cold mix asphalt plant 

discharge conveyor at 150-ton intervals, composited at a 10.1 ratio, and submitted to 
certified engineering and environmental laboratories to determine conformance to project 
criteria.  Each 1,500 tons product lot is stockpiled and numbered and includes affected 
soil source, pre-incorporated soil analytical data, mix design formulation, aggregate 
source, asphalt emulsion source, batch number and suppliers laboratory data, both 
physical and environmental, dates produced and post-incorporation analytical data.  No 
product is used on-site or transported off-site until lot number engineering and 
environmental data is received and determined to be in compliance with project 
requirements. 

 
The AI™ process is considered complete when the product is applied for its intended 

use.  Application documentation includes date(s) of lot number application, physical 
location of product placement and completed bill of lading. 

 
As AI™ applies to the oilfield sector, there is a demonstrated need for all weather 

access roads, more efficient tank containment berms and dikes, paved loading and 
unloading areas and other structures that will not only provide for more cost effective 
operations, but are more environmentally correct. 

 
This study approaches the subject of Oilfield Remediation from a different 

perspective.  Instead of perpetuating the existing “spend and buy” cycle of most oilfield 
operations, this study attempts to provide a means to reduce remediation operation and 
maintenance net costs. 

 
Often, the Environmental Department is “spending” to dispose of environmentally 

affected soils or other materials.  Meanwhile down the hall, the Construction and 
Maintenance Department is busy “buying” commercial construction materials.  In both 
cases it is money out the door.  What if the Environmental Department met with 
Construction and Maintenance and determined their needs for asphalt paving materials.  
Using AI™, the Environmental Department would produce the required products and 
“sell” them to Construction and maintenance for a cost below commercial prices.  The 
internal revenue gained by the “in house sale” of the product reduces the Environmental 
Department’s net cost.  The Construction and Maintenance Department reduces their 
project costs by paying less for the product.  When applied, the product becomes a 
Capitol Improvement that is a depreciable asset.  Depreciation provides for tax offsets, 
thereby improving corporate bottom line.  Ending the “spend and buy” cycle produces a 
win-win-win situation. 
 
Purpose and Scope of Work 
 

The purpose of this study on the Tall Grass Prairie COAS was to determine 
whether the subject soils could be used as an ingredient in the production of specified 
grades of non-hazardous regulatory exempt, commercially viable asphalt paving 
materials.  COAS for this study originated from an area known as the Redwood Tank 

  



Site.  A scope of work was developed to accomplish the purpose of this study.  The scope 
of work is summarized by tasks as: 

• 1.0 Pre-Incorporation Environmental Analyses of the COAS; 
• 2.0 Pre-Incorporation Engineering Testing of the COAS; 
• 3.0 Mix Design Formulation 
• 4.0 Benchscale Product Sample Testing 

4.1 Engineering Tests 
4.2 Environmental Analyses 

• 5.0  Cost Benefit Analyses 
 

Following are discussions of the methods employed to complete the individual 
tasks and their results. 
 
Task No. 1.0 – Pre-Incorporation Environmental Analyses of the COAS:   
 

In order for AI™ to be considered a successful method for environmental soils 
remediation, it must be demonstrated that the constituents of concern have been fixated, 
stabilized and/or encapsulated in accordance with regulations contained in the Code of 
Federal Regulations Title 40, Part 266.20(b) (CFR 40 266.20(b)).  The pre-incorporation 
analytical program determines the presence of constituents of concern (CoCs) and their 
concentration in the existing soils, which will be compared to analyses of the post-
incorporated product samples. 
 

Typically, projects similar to the Redwood Tank Site will have had site 
assessment and site characterization activities performed to determine the type and extent 
of suspected contamination.  The analytical data generated by these activities could be 
utilized as pre-incorporation analyses as the data may be considered representative of site 
conditions by the regulatory agencies.  For purposes of this study, the soil samples, as 
received, were analyzed by USEPA methods by a State-Certified environmental 
laboratory (San Antonio Testing Laboratory, San Antonio Texas) to determine the 
presence of CoCs and their concentrations in order to provide correlated data of pre- vs. 
post-incorporation constituent concentrations from specific soil samples. 
 

Four 5-gallon plastic buckets of COAS, consisting to two from the most visually 
contaminated area of the Redwood Tank Site and two from the least visually 
contaminated area of the site.  An effort was made to obtain samples that would be 
representative of site conditions as they may exist during remediation.   
 

Upon receipt of the samples, RK’s San Antonio, Texas laboratory personnel 
prepared composite aliquots from the most and least affected areas identified as “Sample 
No.1, 25% composite of bucket Nos. 1,2,3 and 4” to approximate site average constituent 
concentrations and another composited aliquot from the most affected area identified as 
“Sample No. 2 Composite of bucket Nos. 3 and 4 (worst case).  These two composited 
aliquots were analyzed by the following EPA Methods in accordance with USEPA 
publication SW 846 requirements. 

• RCRA Metals – Total Concentrations by EPA Methods 6010B, 7471 as 
applicable. 

• RCRA Metals – Toxicity Characteristic Leaching Procedure (TCLP) 
• Total Petroleum Hydrocarbon (TPH) – by EPA Method 418.1 

  



• Reactivity – Cyanide and sulfide concentrations by EPA Method 7.3.3.2 and 
7.3.4.2, respectively. 

• Corrosivity – pH by EPA Method 150.1 
• Ignitability – by EPA Method 1010 
• Salts – by H2O Leaching by EPA Method 6010B for Calcium, Potassium, 

Magnesium and Sodium, Method 353.3 for Nitrates and Method 4500 SM 
for Chlorides. 

• TPH – by Texas 1006 Method for extended hydrocarbon chain range of 
Aliphatic and Aromatic constituents. 

• Volatile Organic Compounds (VOCs) by EPA Method 8260B 
• Semi-Volatile Organic Compounds (SVOCs) by EPA Method 8270C 
• Pesticide Target Compounds by EPA Method 8081A 
• Herbicide Target Compounds by EPA Method 8151A and 
• Polychlorinated Biphenyls (PCBs) by EPA Method 8082. 

 
These results indicate the pre-incorporated soils contained the following constituents 

in Sample #1 (site average) and Sample #2 (worst case), respectively, in the ranges 
shown below.  All concentrations in mg/kg unless otherwise noted.  CFR 40 Part 268 
Subpart D, MCL’s are shown in brackets where applicable 

• Total Barium   142 to 148   (Not Applicable 
N/A) 

• Total Cadmium  1.72 to 1.82   N/A  
• Total Chromium  21.6 to 19.2   N/A  
• Total Lead   20.8 to 19.2   N/A  
• TCLP Barium   2.06 mg/l to 1.87 mg/l  (21 mg/l) 
• TPH by 418.1   6,222 to 3,611   N/A 
• Corrosivity (pH)  8.33 units to 8.42 units (<2.0 or >12.5) 
• Calcium   645 to 1050   N/A 
• Potassium   55.3 to 187   N/A  
• Magnesium   21.1 to 62.4   N/A 
• Sodium   2,790 to 4,750   N/A 
• Nitrates   <10 to <10   N/A 
• Chlorides   10,870 to 11,810  N/A 
• TPH by TX 1006 (Aliphatics) 

C12 to C16   145 to 59   N/A 
C16 to C21   570 to 232   N/A 
C21 to C35   1,694 to 646   N/A 

• VOCs     Non Detect @ standard Method Detection Levels 
(MDL) 

• SVOCs   Non Detect (MDL) 
• Pesticides   Non Detect (MDL) 
• Herbicides   Non Detect (MDL) 
• PCBs    Non Detect (MDL) 

 
Based on the foregoing pre-incorporation analytical data, the subject COAS may be 

considered a “working average” of what may be expected on other sites in the Tall Grass 
Prairie area, i.e., heavy chain hydrocarbon indicating crude oil and salts associated with 
oil production brine. 
 

  



Task No. 2.0 – Pre-Incorporation Engineering Testing of Affected Soils:   
 

This series of tests is used to determine the engineering attributes or deficiencies 
of the subject soils.  Data from this task is of primary importance to actual mix design 
formulation. 
 
The pre-incorporation engineering test results “as received” follows: 

• Moisture as received:   Estimated 10.2% 
• Density (wt. Per cubic foot)   Estimated 97 lbs per cubic foot 
• Plasticity Index   Estimated 47 
• Gradation (sieve size analyses) Soil appeared to be silty/clay with some 

Coarser gravel with 94.4 passing 1-1.4”, 
76% passing ½”, 54% passing #4 and 
17% passing #40. 

 
Engineering test data indicated that while the COAS would not meet 

Specifications for total aggregate in their existing state, they could be amended to meet 
the gradation requirements by the addition of crushed limestone, caliche or other locally 
available aggregate.  As the COAS at this site contained a relatively high clay content a 
pozzolonic reagent such as Fly Ash, Lime or Portland cement could be utilized to 
condition the soils in order to more adequately absorb asphalt emulsion.  Based on 
previous project experience, the addition of pozzolons also tend to have a “neutralizing” 
or “buffering” effect on the brine salts. 
 

Based on the engineering data, the subject COAS was deemed suitable for use as 
a fines component in the production of cold mixed asphalt paving materials. 
 
Task No. 3.0 – Mix Design Formulation: 
 

Mix design formulation was performed in accordance with Asphalt Institute 
Publication No. MS-14, TxDOT Specification 3157 for Cold Processed-Recycled Paving 
Materials, and other relevant requirements.  It is noted that while the Oklahoma Dept. of 
Transportation (ODOT) does not yet have a specification for use of recyclable paving 
materials, there are specifications for asphalt stabilized base, and other similar paving 
products, that the end products of this study may be compared to, i.e., engineering 
properties will be the same, but the ingredients may differ.  For the purpose of this study, 
Asphalt Institute standards were used. 
 

A number of mix designs were formulated, each with varying percentages of 
ingredients.  The two mixes that meet the majority of engineering requirements (i.e., 
TxDOT No. 3157, ASTM 4215 and Asphalt Institute) were selected to produce the 
benchscale product samples. 
 

Trial Mix No. 1 was comprised of 40% soil, 45% crushed limestone, 10% Fly 
Ash, 2% Lime and 3% CSS-1h asphalt emulsion. 
 

Trial Mix No. 4 was comprised of 35% soil, 46% crushed limestone, 12% Fly 
Ash, 4% Lime and 3% CSS-1h asphalt emulsion. 
 

  



Task No. 4.0 – Benchscale Product Sample Testing:  
 
Engineering Testing:  

 
The designated Trial Mixes were compacted and formed into cylinders as required by 

the applicable strength and stability test procedures, in this case Compressive Strength, 
Density and Marshall Stability criteria. 

 
The importance of this task cannot be understated.  AI™ is a “Product First” 

technology.  Unless the affected materials can be utilized as an ingredient in the 
production of non-hazardous specified grades of asphalt paving products, then the 
process is not cost effective.  The value of the end product offsets remediation costs.  If 
the product does not meet end use requirements, it has no value and cannot be managed 
as regulatory exempt recycled materials. 

 
The main difference between specifications for commercial hot mix asphalts and cold 

mix asphalt, perhaps best explained in the Asphalt Institute publication MS-14, is that 
cold mix asphalt is designed to be a performance based product, in that the materials are 
designed to meet end use requirements.  Hot mix, on the other hand, is produced from a 
standard “recipe”.  In layman’s terms, hot mix is more of a “one size fits all” product.  
When one orders hot mix for a bicycle path, what is produced and delivered may be the 
same asphalt used for an interstate highway.  Cold mix is designed to meet the demands 
of a specific project.  Therefore, the ingredients may, and will likely vary from project to 
project.  The project engineer determines the strength and stability required for the end 
use and the product is designed accordingly. 

 
Cold mix specifically allows for the use of “roadbed” and “locally sourced materials” 

meaning that lower cost aggregate and other ingredients, not necessarily meeting the 
requirements for hot mix, may be used. 

 
Marshall Stability and Marshall Flow are industry standard test methods often used to 

estimate a comparison between hot mix asphalt and cold mix asphalt in cases where the 
potential end user may be more conversant with a commercial hot mix than field 
produced cold mix asphalt. 

 
The Marshall Stability test is designed to determine load bearing stability and 

resistance to torsional shear and is a test used in many areas in place of Hveem Stability 
testing. 

 
Marshall Flow is an integral part of Marshall Stability testing and is used to 

determine the lateral deflection of a material at the point of cracking or deformation.  
Asphalt paving materials must have a certain amount of flow designed into the product to 
withstand deflection caused by traffic and climatic conditions. 

 
The Asphalt Institute publication No. MS-22 “Construction of Hot Mix Asphalt 

Pavements” lists the following Marshall Stability and Flow criteria: 
• Light traffic surface and base – minimum 750 lbs with a Flow between 8 to 

18; 
• Medium traffic surface and base – 1200 lbs with a Flow between 8 to 16; and 
• Heavy traffic surface and base – 1800 lbs with a Flow between 8 to 14. 

  



Benchscale test results for Marshall Stability for Trial Mix No. 1 was an average of 
2358 lbs., and a Flow of 10.  For Trial Mix No. 4 the average Marshall Stability was 2358 
and a Flow of 7. 
 

Comparing these cold mixed asphalt results to the Marshall stability and Flow 
requirements of hot mixed asphalt, indications are that both Trial Mix No. 1 and No. 4 
exceed the requirements for Heavy traffic, which incidentally are the requirements for 
Interstate Highways and Airport Runways.  The Flow for Trial Mix No.1 is within the 
tolerances of 8 to 14, being 10.  Trail Mix No. 4 Flow was 1 point less than the low 
tolerance indicating a slightly “harder” product than required. 
 

These above average results indicated that the mix designs could be adjusted to 
incorporate more soil and less commercial ingredients which will reduce production 
costs. 
 

The two selected trial mixes were also tested for compressive strength.  Compressive 
strength is a test designed to determine a material’s ability to withstand the pressures of 
compression brought about by repeated traffic.  The Asphalt Institute does not provide a 
standard for compressive strength, however TxDOT Specification 3157 requires a 
compressive strength of 35psi for secondary roads and 50psi for primary roads (major 
arterial roads and highways). 
 

Benchscale product sample engineering tests indicate an average compressive 
strength for Trail Mix No. 1 of 135psi and for Trail Mix No.4 of 139 psi.  These results 
are also well over those required for standard heavy traffic usage and also indicate a 
revision of ingredient ratios could be accomplished.   

 
Density testing is an important indicator of the environmental viability of AI™ 

paving materials from an engineering perspective.  The weight per cubic foot of AI™ 
paving materials is an indicator of a dense material equating to minimal void space.  
Minimal void space translates to low permeability.  Low permeability materials retard 
leachability and moisture infiltration.  Moisture infiltration is an important design criteria 
as the less moisture infiltration the less internal damage to the product matrix caused by 
climatic freeze thaw cycles. 
 

The average density of Trial Mix No.1 was 129 pounds per cubic foot (pcf) and for 
Trial Mix No. 4 was 131.8 pcf.  This compares very favorably with the Asphalt Institutes 
average of 135 pcf for most densely graded (heavy) hot mix asphalt. 

 
While all the engineering tests may exceed their various industrial standard 

requirements, re-design of ingredient ratios is not normally performed until receipt and 
review of benchscale product sample environmental analyses. 

 
Environmental Analyses:   
 

Environmental analyses were conducted in accordance with CFR 40 266.20(b) 
referencing the MCLs of CFR 40 Part 268 Sub-Part D.  The analyses were performed on 
the same samples that had undergone engineering testing per Task No. 4.0 A.  The 
objective of these analyses was to determine the presence of any of the regulated 
constituents at levels exceeding the above referenced MCLs. 

  



Results indicated non-detectable TCLP concentrations at laboratory standard 
method detection levels for Volatile Organic Target Compound, Semi-Volatile Organic 
Target Compounds and the 8 RCRA Metals with the exception of barium which was 
reported in concentrations of 1.42 mg/l in Trial Mix No. 1 and 2.85 mg/l in Trial Mix No. 
4.  These reported concentrations are well below the level for barium established by 
CFR40 Part 268 Subpart D, which is 21 mg/l. 
 

Indications are that the benchscale product samples comply with Federal 
regulations regarding the use of recyclable materials applied to the land and are therefore 
regulatory exempt in accordance with CFR 40 Part 266.20(b). 
 
Task No. 5.0 – Cost Benefit Analysis:   
 

Having determined the mix design percentages of ingredients and achieved the 
engineering and environmental standards for the benchscale samples, production costs 
can then be estimated. 
 

The following benefit analysis (CBA) compares AI™ production costs to a load, 
haul and dispose scenario.  The value of the AI™ product, based on comparable locally 
purchased products is factored in to arrive at a net project cost.   
 
Cost Benefit Analysis 
 

Asphaltic Incorporation™ of Crude Oil Affected Soils vs Load, Transport, 
Dispose and Purchase of Commercial Paving Materials 
 
Disposal and Materials Purchase   Asphaltic Incorporation™ 
 
 Disposal     Resource Recovery 
 
Transportation  Avg. $9.00/ton  Transportation   Avg. $4.00/ton 
Disposal Fee  Avg. $24.00/ton  Acceptance Fee Avg.$12.00/ton 
 
 
Materials Purchase     AI™ Production 
 
Hot Mix Cold Laid     Production Cost  
Asphalt Base  Avg.$32.00/ton  (Net less acceptance fee) $15.00/ton 
Transportation  Avg. $ 5.00/ton  Transportation  Avg.$4.00/ton 
 
Total Combined Disposal and Materials  Total Combined AI™ Costs 
Purchase Cost   $70.00      $35.00 
 

These costs can vary considerably as discussed in Table 1.  However for the 
scenario of operating a producer owned facility(s) in close proximity of the COAS 
generating sites, these costs are reliable enough to provide an accurate cost comparison 
for not only disposal, but other remedial methods as well. 
 

  



Conclusions 
 

In the oilfield, there is an ever present need for all weather, heavy load roads.  
However, to construct a road network using the same specifications for sub grade 
preparation and compaction, a flex base layer, with an asphalt base and wear surface 
required for standard highways may be cost prohibitive.   
 

The current alternative is to spread gravel or other aggregate and hope for the 
best.  This results in weather related down time and high maintenance costs.  These 
maintenance costs are somewhat elusive and need to be accounted for on an all-inclusive 
basis to arrive at a true cost.  A truckload of rock and a couple of hours of road grader 
time do not appear to be that great of expenditure.  But, add up all these incidental costs, 
rig down time for mud or washouts, repairs on the pumper or vacuum truck, tractor time 
winching rigs in and out; it all adds up to be a considerable expense.   
 

Field produced cold mixed asphalt can provide strength and stabilities designed 
to be the same as hot mix, for less than off site purchase of commercial asphalt paving 
materials.  The affected soils, which would otherwise cost money to dispose of, can 
become the required fines component in the production of specified grades of asphalt 
paving products.  When applied, these products can become capital improvements.  
Capital improvements may be depreciable assets that may provide tax offset.  Other long-
term benefits include reduced maintenance cost and related down time as the producer 
may have all weather roads.  Maintenance costs may be reduced by up to 75%, 
environmental issues of spreading oil on the roads, erosion, dust and a host of others may 
be resolved, accident rates can decrease due to better roads, the list of benefits goes on 
and on. 
 

Another scenario for the use of recycled paving materials is rural counties that 
may be under funded.  It has been estimated that in Oklahoma, as well as Texas and other 
parts of the southwest, up to 60% of a Counties annual budget is spent on road 
maintenance.  The maintenance interval to pull up the road shoulders, re-crown the road, 
level and reshape borrow ditches is normally once a year.  What if this maintenance 
interval was decreased from once a year to once every four years by using low cost 
asphalt paving materials?  The positive impact on an already strapped county budget 
becomes very apparent. 
 

There is an opportunity for public/private sector partnering (i.e., counties and the 
oil producers).  Most counties have the equipment necessary for Mixed-in-Place AI™ 
production.  The oil producers have the affected soil.  A barter agreement, which is being 
done in Texas now, is entered into whereby the Producer pays for the asphalt emulsion 
and reagent (if needed).  The county supplies the equipment to produce and apply the 
product.  The end product is split 50/50.  The county applies the producer’s share and 
they get half of the product for their own use.  AI™ can truly be a win-win situation. 
 

  



  

Table 1 Cost Benefit Analysis Asphaltic Incorporation™ of Crude Oil Affected Soils vs 
Load, Transport, Dispose and Purchase of Commercial Paving Materials 
 
Disposal and Materials Purchase   Asphaltic Incorporation™ 
 
 Disposal     Resource Recovery 
 
Transportation (a) Avg. $9.00/ton  Transportation(c)  Avg. $4.00/ton 
Disposal Fee(b)  Avg. $24.00/ton  Acceptance Fee(d) Avg.$12.00/ton 
 
 
Materials Purchase     AI™ Production 
 
Hot Mix Cold Laid     Production Cost (g) 

Asphalt Base(e)  Avg.$32.00/ton (Net less acceptance fee) $15.00/ton 
Transportation(f)  Avg. $ 5.00/ton Transportation (h) Avg.$4.00/ton 
 
Total Combined Disposal and Materials  Total Combined AI™ Costs $35.00 
Purchase Cost   $70.00  Net Estimated Cost Benefit $35.00 
 

(a) Transportation estimates varied up to $4.50 per mile for longer hauls, to $50.00 per truckload for 
short hauls of ten miles or less.  The average was approximately $4.00 per mile and a 50-mile haul.  
$50.00 x $4.00 = $200.00 per load ÷ 20 tons = $10.00, revised down to $9.00 to be conservative. 

(b) Information obtained during the course of this study indicated a very wide disparity in disposal 
costs and more importantly, acceptance criteria.  Costs ranged from $40.00 per ton to a fully 
permitted nationwide corporation facility, to $6.00 per ton for a privately owned solid waste 
landfill, who proposed to use the soils as “daily cover” with no acceptance criteria. 

(c) Transportation is theorized as being to an oil producing area facility or if quantities warranted, on-
site production.  The $4.00 average was conservatively high. 

(d) The acceptance fee is designed to offset operation costs of a Producer owned and operated facility. 
(e) This is an average of 4 hot mix asphalt plants within viable transportation radius. 
(f) This is an average quoted by the Hot Mix Asphalt Plants. 
(g) Cost estimated from Trial Mix Design Nos. 1 and 4 ingredient cost, production equipment cost, 

engineering and environmental analyses less the Acceptance Fee. 
(h) Estimated to be the same as (e) above. 
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INTRODUCTION INTRODUCTION 

Results are presented obtained during the execution of the project “Environmental Monitoring of 

the Shoreline between the Construction and the Petrozuata Jettys – Jose Industrial Complex 

(JIC), Venezuela”. The coastline associated to JIC has a length of 4888 m; the data collected for 

the period February 1999 – December 2000 for this portion of the coast were analyzed. The 

same was done for the coastline section that extends to the west to the jetty operated by 

Petrozuata, with data collected from January to May 2001. The variables analyzed include both 

oceanographic and environmental parameters (tides, wave action, currents, wind, shoreline 

transport, depositional dynamics), developed in order to define strategies and to identify actions 

for the purpose of the stabilization of the shoreline. 

Results are presented obtained during the execution of the project “Environmental Monitoring of 

the Shoreline between the Construction and the Petrozuata Jettys – Jose Industrial Complex 

(JIC), Venezuela”. The coastline associated to JIC has a length of 4888 m; the data collected for 

the period February 1999 – December 2000 for this portion of the coast were analyzed. The 

same was done for the coastline section that extends to the west to the jetty operated by 

Petrozuata, with data collected from January to May 2001. The variables analyzed include both 

oceanographic and environmental parameters (tides, wave action, currents, wind, shoreline 

transport, depositional dynamics), developed in order to define strategies and to identify actions 

for the purpose of the stabilization of the shoreline. 

OBJECTIVE OBJECTIVE 

Study of the behavior and evolution of shore morphodynamics between the Construction and 

Petrozuata jettys, based on the analyses of oceanographic and shoreline dynamics data, wtith a 

view to determining coastline formation and/or degradation mechanisms.  

Study of the behavior and evolution of shore morphodynamics between the Construction and 

Petrozuata jettys, based on the analyses of oceanographic and shoreline dynamics data, wtith a 

view to determining coastline formation and/or degradation mechanisms.  

GEOGRPHIC LOCATION GEOGRPHIC LOCATION 
The coastline segment subject to environmental monitoring and supervision is located between 

the Construction and Petrozuata jettys, both integral part of the port facilities which define JIC, in 

northeastern Venezuela (Fig. 1). 

The coastline segment subject to environmental monitoring and supervision is located between 

the Construction and Petrozuata jettys, both integral part of the port facilities which define JIC, in 

northeastern Venezuela (Fig. 1). 
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Figure 1.- Study 
Area Relative 
Location.  
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Area Relative 
Location.  

  
    

  ÁÁrreeaa  ddee  EEssttuuddiioo  

  
  
  
  

  
  

  
PPDDVVSSAA                                                                                                                                                                                                                                                                                                                                                                      



 
SHORELINE ENVIRONMENTAL MONITORING  JOSE INDUSTRIAL COMPLEX - JIC 

 

 

 
 
The study area can be defined  as a sandy sedimentary environment, mainly a consequence of 

the solids contributed by the rivers Neveri and Aragua, both located to the south, and in part also 

formed with the particles carried by other minor streams which discharge directly into the sea. It 

is estimated that a volume of solids of 525,000 m3/year is transported by these fluvial system to 

sea, of which 15% eventually ends up deposited along the JIC shoreline (110.000 m3/year). This 

volume of solid materials is sedimented along the coast of it remains in circulation in the Estran 

between the Construction and Petrozuata jettys. The accreation and erosion processes are 

conditioned by the Trade Winds and influenced by the seasonal tropical and extra tropical 

storms, which have the North Atlantic and the Caribbean as origin. 

METODOLOGY 

The methodology adopted had as main objective to compare oceanographic (wave action, tides, 

currents and coastal transport) and shoreline morphodynamical variables (sediment dynamics 

and topobathimetric profiles). 

 PROFILE MEASUREMENT: TOPOBATHYMETRY & SHORELINE MORFODYNAMICS 
A topographic series of measurements was completed along-side the shore, between the 

Contruction and Petrozuata jettys, based upon the selection and demarcation of 31 points of 

reference located on land. Topobathymetric profiles along transects were obtained, related to 

the dry and submerged beaches, up to the isobath of one meter depth. The profiling to 

determine the morphological evolution of the coastaline was performed monthly, and executed 

from a preestablished  referencial point at the shore slope and up to its edge (slope extension), 

all the way to the inter-tidal zone (sandy secton amplitude), down to the depth of one (1) meter 

(submerged beach). 

 

 

 

 

 

 

 
                                                                                                    

Foto 1.- Topobathimetric measurements Foto 2.- Shoreline original condition between jettys 

Construction and Pequiven 
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 WAVE ACTION AND CURRENTS 

Wave height, wave period at breaker, the extension of the breaking zone and the incidence 

angle of the wave system relative to the shoreline was quantified weekly, with the objective of 

determining the littoral circulation pattern. In order to establish the longitudinal current direction 

and velocity the LaGrangean method was applied (through the use of buoys) taking as reference 

the coastline progressive defined points 0-600; 0+300; 0+600; 0+900 and 0+400, both at ground 

level and three meter depth. 

RESULTS 

The displacement of coarse grain material in the submerged beach and intertidal zone can be 

explained based upon the following criteria: Transversal and longitudinal movement. The 

transversal movement is responsible for the transfer of suspended sand perpendicularly to 

shore, between the dry and submerged beaches. The longitudinal movement is the resultant 

linked to the longitudinal translation of sand and is responsible for the coarse grain material 

deposition, as a function of particle size and transport velocity. These two movements are 

intimately related to the oceanographic and littoral drif variables predominant in the zone. 

In Table 1 data representing wave dynamics, current velocity and coastal transport are shown, 

at progressive level. These data pertain to the area between the Construction and Petrozuata 

jetties . The random distribution nature of these values was established, with the exception of 

the current velocity and littoral transport parameters which determined sites of greater 

dysfunction, specifically at progressive points 0-800 and 0-900 (west of study area). Here 

velocity values of 64,83 m/s and 56,25 mls respectively, were obtained. At progressive point 

0+500, centrally located in the study area, a velocity value of 42,28 m/s was registered. In the 

western part of the JIC shoreline the velocity measured was inferior with a registered value of 

37,lO m/s at progressive point 1+400 and 33,18 m/s at progressive point 1+600, due to the 

predominant wave energy distribution mechanisms in the Estran, conditioned by bottom 

topographic conformation and linked to transport values which are greater to the west of the 

area. 

At progressive points 0-900 and 0-800 the littoral transport values fluctuated between 71,85 
m3/d and 26,29 m3/d, respectively. Toward the center of the study area at progressive points 

0+500 and 0+600 the values were 45,86 m3/d y 28,82 m3/d, respectively. These oceanographic 

variables are responsible for defining JIC shoreline evolution. 
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Table 1.- Wave height, current velocity and coastal transport values between the Construction 
& Petrozuata jettys 
 

PROGRESIVE Hb (m) Ho (m)  Ab (°) Ab 
(radianes) db (m) V (m/s)*10-2 QI (m3/día) 

0-900 1,00 2,00 12,50 0,22 0,40 64,83 71,85 
0-800 0,65 2,50 13,50 0,24 0,50 56,15 26,29 
0-700 0,40 0,90 10,00 0,17 0,40 33,18 5,88 
0-600 0,60 1,00 8,00 0,14 0,40 32,75 13,07 
0-500 0,55 1,20 10,50 0,18 0,60 40,77 13,67 
0-400 0,40 1,10 5,00 0,09 0,50 16,85 2,99 
0-300 0,40 1,20 4,00 0,07 0,40 13,50 2,39 
0-200 0,60 1,00 8,00 0,14 0,60 32,75 13,07 
0-100 0,40 1,10 6,00 0,10 0,80 20,17 3,58 
0+000 0,20 1,00 3,00 0,05 0,60 7,17 0,32 
0+100 0,10 1,00 2,00 0,03 0,40 3,38 0,04 
0+200 0,40 1,00 4,00 0,07 0,50 13,50 2,39 
0+300 0,50 1,20 5,00 0,09 0,40 18,83 5,22 
0+400 0,40 1,10 5,00 0,09 0,60 16,85 2,99 
0+500 1,00 1,30 8,00 0,14 0,70 42,28 46,86 
0+600 0,80 1,20 8,00 0,14 0,60 37,82 26,82 
0+700 0,70 1,20 5,00 0,09 0,60 22,29 12,10 
0+800 0,50 1,10 8,00 0,14 0,50 29,90 8,28 
0+900 1,00 1,30 4,00 0,07 0,60 21,35 23,66 
1+000 0,50 0,80 3,00 0,05 0,40 11,34 3,14 
1+100 0,80 1,30 8,00 0,14 0,50 37,82 26,82 
1+200 0,60 1,00 4,00 0,07 0,40 16,54 6,60 
1+300 0,70 1,00 1,20 0,02 0,40 5,37 2,92 
1+400 0,50 1,40 10,00 0,17 0,60 37,10 10,28 
1+500 0,60 1,30 0,80 0,01 0,50 3,32 1,32 
1+600 0,40 1,20 10,00 0,17 0,40 33,18 5,88 
1+700 0,80 1,60 0,80 0,01 0,60 3,83 2,72 
1+800 0,90 1,60 0,90 0,02 0,80 4,57 4,10 
1+900 0,40 1,00 0,80 0,01 0,60 2,71 0,48 
2+000 0,40 1,00 0,70 0,01 0,40 2,37 0,42 
2+100 0,30 0,80 0,70 0,01 0,50 2,05 0,21 

 
Hb: Wave height at breaker; Ho: Estimated wave height at deep water; Ab: Wave action angle 
of incidence; db: Wave breaking depth; V:Current velocity; QI: Coastal transport 
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CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

6. 

Between the months of February 1999 and September 2000 there was an average net 

beach extension gain of 43,64 m between the Construction and Pequiven jetties. From 

October 2000 to May 2001 there was an average net beach extension loss of 19,43 m to the 

west of progressive 0+600. 

The existence of seaward rip-current formation was identified, perpendicular to the shore; its 

location being related to the topographical, geomorphologic and oceanographic conditions 

which prevail along the northern part of Anzoategui state in Venezuela. 

The stabilization of the coastline along the sea front at JIC, between the Construction and 

Petrozuata jetties, will depend on the geometrization of both these singularities, and the 

distribution of solids contributed by the river system. 

The coastal morphodynarnical state encountered between the Construction and Petrozuata 

jetties presents a fluctuating reflective o dissipative component which varies through 

intermediate phases. The reflective component is the predominant one. 

No evidence was found of sediment accumulation / deposition along the shoreline section 

between the Construction and Petrozuata jetties. 

The removal of the positive geometric singularity localized at the base of the jetty of 

Pequiven has made possible the profile deterioration of both the dry and submerged 

beaches, due to the disequilibrium promoted by the E-W sand transport and the surgence of 

induced rip-current phenomenon. 
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ABSTRACT 

Phenolic compounds are important constituents of petrochemical wastewaters arising 
from transformation processes. Phenolic compounds may account for 2-50 g/L in 
effluents like the spent caustic liquors. Phenol together with substituted alkylphenols are 
the main constituents. Information about anaerobic treatment of a mixture of these 
compounds is scarce. In this work, the objective was to evaluate the effect of o-cresol, m-
cresol on phenol and p-cresol biodegradation in a continuos system under methanogenic 
conditions. A continuos experiments were conducted in two160 ml up-ward anaerobic 
sludge bead reactors at organic load of 3 kg chemical oxygen demand (COD)/m3-d of a 
phenolic compounds mixture (R1: phenol/p-cresol/o-cresol and R2: phenol/p-cresol/m-
cresol). The inoculum was anaerobic granular sludge adapted to phenol and p-cresol 
degradation. R1 and R2 were operated for more than 300 days. In R1, 80% of o-cresol 
was mineralized after 40 days of adaptation period, whereas in R2 m-cresol was degraded 
at 60% but with an undesired effect on the phenol biodegradation. At a phenol/m-cresol 
ratio 1:1, the m-cresol removal increased to 100%. At the end of the operation in R2 the 
o-cresol was introduced to the mixture. Any negative effect was observed when this 
compound was present, the removal efficiencies for phenol/p-cresol and m-cresol reached 
were 100%. Only 60% of  o-cresol was removed during this period. Relevant result was 
the fact that a mixture of three components was successfully treated in a UASB reactor 
under methanogenic conditions. 

 



INTRODUCTION 
 
 

Oil industry is one of the most important industries around the world with the 
production of 52.71 MBPD of oil last year (17). The oil transformation to different 
products demands the use of natural resources like water. The use of water in this 
industry reached 252 million m3 per year with the consumption of 0.7 and 10.95 m3 of 
water per Ton of product (17).  

 
 
Nowadays, the refineries and petrochemical plants are facing stricter controls on 

liquid effluents discharge that can cause water pollution. The effluents coming from these 
industries are a complex mixture of organic and inorganic compounds, as the spent 
caustic liquors. These effluent contain up to 13%-w of sodium hydroxide (pH 12-14), 
neutralized acids as formic, acetate and benzoic, sulfur compounds, carbonates and 
phenolic compounds. The phenolic compounds in the spent caustic liquors are in the 
range of 2-50 g/L, where 75% is phenol and 10% are alkyl-substituted compounds like 
cresols, xylenols and ethylphenols (13; 2). The conventional treatment systems are 
chemical regeneration (oxidation, neutralization), disposition or they can be sold as 
treating agents in paper plants, mining industry or intermediate chemicals recovering 
plants. The use of biological treatments either aerobic or anaerobic has been considered. 
Anaerobic treatment compared with the aerobic treatment presents diverse advantages 
like: low sludge production, low energy consumption and methane generation. The 
phenol an p-cresol biodegradation has been widely studied since the 80' s under anaerobic 
conditions (5, 4, 10, 15). However, the majority of the studies applying anaerobic 
technology have been carried out using single compounds as a model substances present 
in the industrial wastewaters. But the information about the biodegradability of phenolics 
in mixtures is scarce. 
 
 
In this work, continuous experiments with adapted anaerobic granular sludge were 
conducted in order to determine the effect of specific alkyl-phenols (m- and o-cresol) 
towards the phenol and p-cresol degradation. Phenol and cresylic isomers were used as 
the only carbon and energy source. 
 
 

MATERIALS AND METHODS 
 
 
Inoculum and basal medium 
 

The methanogenic granular sludges used in this study were obtained from 
laboratory UASB reactors treating phenol and p-cresol during more than 100 days. The 
specific biodegradation rate for phenol and p-cresol were 156.29 and 75.07 mg COD/g 
volatile suspended solids (VSS)-d, respectively. The basal medium was prepared 
according to Donlon et al., (7) with the modification of bicarbonate content of 2.5 g/L 
and 10 mg/L of yeast extract. 
 
 



UASB reactors  
 

The continuous experiments were performed in two separate glass UASB reactors 
(0.145 m of length and 0.039 m of internal diameter) with liquid volumes of 160 mL 
placed in a temperature controlled room at 30oC. Both reactors were inoculated with 12.8 
g VSS/L of granular sludge. The reactors were started-up with a mixture of phenol and p-
cresol. The inlet phenolics concentration for UASB 1 (R1) and UASB (2) it is shown in 
Table 1. The reactors received a sub-toxic concentration of mixed phenols at the influent 
and were the only carbon and energy source used. The reactors were operated at a 
hydraulic retention time (HRT) of 12 h along the experiments. The methane production 
was measured by liquid displacement using a 4% (w/v) NaOH solution to scrub out the 
carbon dioxide from the biogas. The performance of the reactors was monitored by 
measuring the pH, COD, and the concentration of the phenolic compounds in the effluent. 
 
 
Analytical methods 
 

Phenolic compounds were analyzed by Gas chromatography (Hewlett Packard ) 
using an AT-1000 column (50 m x 0.25 mm x 0.40 µm) with a split flow of 0.8 mL/min 
(50:1), the oven and detector temperature were 180-200°C (2°C/min) and 275°C, 
respectively. The pH was determined immediately after sampling with an Accumet 915 
pH-meter (Fisher Scientific) and a Corning electrode. All other analytical determinations 
were performed as described in APHA (1). Phenol, p-cresol (J.T. Baker) o-cresol and m-
cresol (Merck) and all the other chemicals were of the highest purity available.  

 
 

RESULTS  
 
 
Presence of o-cresol in the mixture 
 

The reactor R1 was started up with a mixture of phenol and p-cresol at a ratio of 
2:1 at organic loading rate (OLR) of 3 kg COD/m3-d (data not showed). Both phenolic 
compounds were completely eliminated from the effluent until day 134. The COD 
removal during this period was almost 100%. On day 135, o-cresol was introduce to the 
mixture at a OLR of 0.45 kg COD/m3-d (132 mg/L), in order to study the effect of this 
compound of difficult biodegradation towards the phenol and p-cresol degradation 
(Figure 1A). The phenol and p-cresol concentrations were 550 mg/L (2 kg COD/m3-d) 
and 132 mg/L (0.45 kg COD/m3-d), respectively. The results obtained during the first 40 
days demonstrated any negative effect to the biodegradation of the phenolic compounds. 
The phenol and p-cresol were completely eliminated due to the absence of these 
compounds in the effluent. At the same time it was observed (Figure 1B) that o-cresol 
was not completely eliminated from the effluent. During the firsts 40 days, the removal 
efficiency obtained was not favorable, only 60% of this compound was mineralized. 
However, on day 175 the removal efficiency increased up to 85% for this compound. The 
RI was maintained in steady state during more than 100 days when the removal 
efficiencies for the phenolics did not present any change. During this period the COD 
removal was between 80-85%. On day 275, the concentration of the three phenolic 
compounds was increased at an OLR of 5 kg COD/ m3-d. During this phase the removal 
of phenolics fall down until removal levels of 20%. This results showed that OLR near 5 



kg COD/m3-d at a phenolic ratio 1:1 was toxic to the system but not inhibitory because 
when the previous conditions were reestablished, the reactor recovered its capability to 
mineralize the phenol and cresols at the same level. 
 
 
Presence of m-cresol in the mixture 
 
 

The strategy followed for reactor R1 was similar for reactor R2. R2 was started 
up with a mixture of phenol and p-cresol at a ratio 2:1 at OLR of 3 kg COD/m3-d (data 
not shown). Both phenolic compounds were completely eliminated from the effluent until 
day 119. The COD removal during this period was almost 100%. On day 120, m-cresol 
was introduced to the mixture at a OLR of 0.45 kg COD/m3-d (132 mg/L), in order to 
study the effect of this cresylic isomer towards the phenol and p-cresol degradation 
(Figure 2A). The phenol and p-cresol concentration were 550 mg/L (2 kg COD/m3-d) and 
132 mg/L (0.45 kg COD/m3-d), respectively. The p-cresol degradation was not affected at 
all, since the m-cresol was present in the mixture the removal efficiency for this isomer 
was higher than 85%. The results obtained for the phenol degradation presented a 
different behavior. The phenol removal obtained during a period of 40 days was above 
80%. On day 180, the phenol degradation reached removal efficiencies of 90%. The 
phenol and p-cresol were completely eliminated due the absence of this compounds in the 
effluent after 60 days of adaptation period. At the same time, it was observed (Figure 2B) 
that m-cresol was not completely eliminated from the effluent, after 120 days, as was not 
possible to remove more than 40%. However, when the phenol concentration was 
reduced 50% in the influent, on day 260, the removal efficiency increased up to 95% for 
this compound. R2 was maintained in steady state during 40 days when the removal 
efficiencies for the phenolics did not present any change. During this period the COD 
removal was 95%. On day 300, o-cresol was added to the mixture. The concentration of 
each cresylic isomer was 88 mg/L (0.3 kg COD/m3-d). The biodegradation of phenol, p- 
and m-cresol was not affected as the mineralization of these phenolics remained stable. In 
the other hand, it was possible to remove only 60% of the o-cresol present in the mixture.  
 
 

DISCUSSION 
 
 
The biodegradability of phenolic compounds has been studied by many years, mainly the 
phenol and p-cresol since these compounds are metabolites of the aromatic compounds 
biodegradation. In a same way, these compounds are present in effluents of different 
industries mainly in the coal and oil industry. These studies have concluded that phenol 
and p-cresol are easily degraded and the consortium adaptation to this type of compounds 
favored decarboxylation and dehydroxylation reactions necessary for the elimination of 
the isomers and other aromatic compounds under anaerobic conditions (11). In continuos 
experiments there are some reports that demonstrated a 100% of phenol removal, at OLR 
of 7 kg COD/m3 -d in an expanded bed reactor (20). Other system tested was the granular 
activated carbon packed reactor treating satisfactorily synthetic effluents which contained 
phenol at OLR between 1.03 and 2.58 kg COD/m3-d (14). Subsequent studies carried out 
in UASB reactors reported maximum OLR of 6 kg COD/m3-d and 7.2 kg COD/m3-d for 
phenol and p-cresol, respectively (8; 12). Fang et al. (9) using UASB reactors eliminated 
the 98% of a mixture of phenol and p-cresol at OLR of 2.6 kg COD/m3-d (1200/400 



mg/L, respectively). The performance of these reactors was not the same when the OLR 
was increased to 4.2 kg COD/m3-d, in this stage only 75% of the total COD was removed 
from the effluent (9). The capability to eliminate cresilyc isomers from the complex 
phenolic mixture under methanogenic conditions was first tested by Blum et al. (4). Their 
results showed that o-cresol, xylenols and 3-ethylphenol were the most recalcitrant 
compounds among 12 aromatic compounds present in a complex mixture at 
concentrations around 100 mg/L. During many years the o-cresol has been considered as 
a recalcitrant compound. In previous batch studies the o-cresol was only transformed to 
toluic acid (3). Recent results published by Charest et al. (6) demonstrated that phenol 
and o-cresol were mineralized (148 and 27 mg/L) in a fixed film anaerobic reactor, 
inoculated with an adapted consortium. But, p-cresol and m-cresol were not degraded. 
Tawfiki et al. (19) in a UASB reactor inoculated with granular sludge at a HRT of 3 days, 
reached 85% phenol (450 mg/L) removal, 90% p-cresol removal (135 mg/L ) and 56% o-
cresol removal from a mixture after more than 100 days, 60 days and 276 days of 
operation, respectively. According to the previous results, the mineralization of 112 mg/L 
of o-cresol after 50 days of adaptation period at HRT of 0.5 days obtained in this study 
has a great relevance. In the case of the results obtained for m-cresol it is clear that the 
ratio phenol/m-cresol determined their degradation in the mixture. This result suggests a 
possible interference or common pathway among these compounds. Some data showed 
that m-cresol degradation was inhibited by the presence of 4-hydroxybenzoate, the main 
intermediate of the phenol degradation (15). Same results were reported by Zhou and 
Fang (21) when they could eliminate only 20% of m-cresol from a mixture with phenol at 
a ratio 3:1 (900/320 mg/L). In general, these results suggests the variable capability of the 
microorganisms to degraded isomers and the difference in pathways that can be followed 
in the degradation under anaerobic conditions.  
 
 

CONCLUSIONS 
 
 
The anaerobic digestion represents a good alternative for the removal of aromatic 
compounds from industrial wastewaters or complex mixtures. Mixture of phenolics can 
be converted to methane at maximum OLR of 3 kg COD/m3-d. The phenol and p-cresol 
biodegradation was not affected by the presence of other isomers , but it is important to 
consider the phenol/cresols ratio to avoid toxic effects and, in the other hand to degrade 
the m-cresol. The most important result from this study was the high o-cresol removal 
efficiency (85%) obtained under methanogenic conditions, even when the mixture 
included m-, p-cresol and phenol.  
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Table 1. Organic loading rate of phenolics for RI and R2 at different periods. 

 

 Period I Period II Period III Period IV 
 R1 R2 R1 R2 R1 R2 R1 R2 
 
Operation days 
 

 
0-134 

 
0-119 

 
135-275 

 
120-259 

 
275-314 

 
260-299 

 
315-340 

 
300-380 

phenol 
(kg COD/m3-d) 

2.12 2.42 2 2 2.6 1 2 1 

p-cresol 
(kg COD/m3-d) 

1.085 1.1 0.45 0.45 1.2 0.45 0.45 0.3 

m-cresol 
(kg COD/m3-d) 

- - - 0.45 - 0.45 - 0.3 

o-cresol 
(kg COD/m3-d) 

- - 0.45 - 1.2 - 0.45 0.3 
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Figure 1. Organic load (A) and phenols removal (B) in the UASB reactor 1. 
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Figure 2. Organic load (A) and phenols removal (B) in the UASB reactor 2. 
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ECOLOGICAL RISK ASSESSMENT 
REQUIREMENTS OF THE TEXAS RISK 

REDUCTION PROGRAM (TRRP) 
 
 

The TRRP rule establishes requirements for corrective actions at Texas sites 
where a release of a chemical of concern (COC) has impacted the environment. The rule 
defines a three-tiered approach for evaluating risks to ecological receptors.  Tier 1 sets 
forth criteria under which properties may be excluded from further assessment, based on 
the absence of any complete/ significant exposure pathways.  If these exclusion criteria 
are not met, further evaluation under Tier 2 and/or Tier 3 is required.  A Tier 2 screening-
level ERA should scientifically eliminate COCs that do not pose an ecological risk, and 
define protective concentration levels (PCLs) for COCs that do.  The ecological PCL is a 
media concentration that is protective of wider-ranging ecological receptors and benthic 
invertebrates within waters in the state, where appropriate. Persons may conduct an 
optional Tier 3 site-specific ERA to modify the Tier 2 PCLs and conclusions.  Where a 
response action is required, persons may conduct an ecological services analysis (ESA) 
under Remedy Standard B to determine the appropriateness of leaving COCs in place 
above ecological PCLs and, where appropriate, to provide compensatory ecological 
restoration for managing residual ecological risk. 
 



INTRODUCTION 
 
Background and Overall Rule Requirements 
 
In September 1999, the Texas Natural Resource Conservation Commission (TNRCC) 
adopted new rules to establish requirements for response actions at sites where a release 
of a chemical of concern (COC) has impacted the environment.  The adopted rule, 
commonly referred to as the Texas Risk Reduction Program (TRRP) rule and codified in 
30 TAC §350, outlines a comprehensive program that addresses the investigation of 
contaminated sites, establishes reasonable standards for notice, provides flexibility in 
calculating site-specific cleanup levels, and sets forth appropriate response actions to 
address the environmental contamination.  The rule uses a tiered approach incorporating 
risk assessment techniques to help focus investigations, to determine appropriate 
protective concentration levels, and to set reasonable response objectives that will protect 
human health and the environment.  The programs affected by the TRRP rule are, for the 
most part, regulated by the agency’s Office of Permitting, Remediation, and Registration.  
These programs include State Superfund, Corrective Action Program, Voluntary Cleanup 
Program (VCP), Petroleum Storage Tank (PST), Industrial & Hazardous Waste, and 
Underground Injection Control (UIC).  The TRRP rule (§350.2) does not obviate the 
need to meet any more stringent or additional requirements found in other rules for the 
covered program areas, or applicable federal requirements. 
 
The TRRP process requires persons to implement a response action as needed to prevent 
human or ecological exposure to potentially harmful levels of COCs.  Following 
discovery and notification of a COC release that is subject to these response action 
requirements, the first step of the TRRP process is to conduct an affected property 
assessment (§350.51) to define the nature and extent of affected environmental media 
(i.e., soil, sediment, surface water, groundwater).  Initially, the person is required to 
complete the Tier 1 Exclusion Criteria Checklist to determine whether additional 
ecological evaluation is necessary (unless the person desires to enter the ecological risk 
assessment process at a higher tier).  If further evaluation is necessary, the person may 
need to conduct a Tier 2 screening level ecological risk assessment (SLERA) and/or a 
Tier 3 site-specific ecological risk assessment (SSERA) in order to determine the 
applicable protective concentration levels (PCLs) for each affected media (see §350.77).  
Within the context of the overall TRRP process, the ecological risk assessment (ERA) is 
conducted to develop PCLs that are protective of potential ecological exposures.  As 
defined in the TRRP rule (§350.4 (a)(27)), the ecological PCL is a concentration of a 
COC within an exposure medium (e.g., soil, sediment, surface water) that is protective of: 
1) wider-ranging ecological receptors that may frequent the affected property and use less 
mobile receptors (e.g., plants, soil invertebrates, small rodents) as a food source, and 2) 
benthic invertebrates within waters in the state, where appropriate.  More details 
regarding the ecological PCL are provided in text that follows (see discussion in 
Required Element 2).  The ERA should be conducted in a manner that results in the 
protection of ecological receptors. 
 

To evaluate the need for undertaking a response action, measured COC 
concentrations are compared to the lower of the human health PCL or ecological PCL for 
each COC (the lower of the two is called the critical PCL).  If measured COC 
concentrations exceed the critical PCL for any COC, the person may either refine the 
PCLs by going to the next tier in the risk analysis (assuming the person is at Tier 1 or 2 



for human health or Tier 2 for ecological) or implement a remedy pursuant to the TRRP 
requirements.  Response actions must conform to one of two options for performance 
standards, termed Remedy Standard A or Remedy Standard B (§350.31).  Under Remedy 
Standard A, affected media must be removed or decontaminated to permanently reduce 
COC concentrations below critical PCLs (§350.32).  Under Remedy Standard B, 
removal, decontamination, or control measures may be applied to prevent exposure 
media exceeding critical PCLs (§350.33).  In the case of a Standard B response action 
targeted toward ecological concerns, the person may conduct an Ecological Services 
Analysis to evaluate the net benefit of the response action to ecological resources 
(§350.77(f)(2)).  Ecological risk management under Remedy Standards A and B is 
discussed in more detail in text that follows (see Ecological Risk Management Options). 
 
Guidance Development 
 

Through a multi-stakeholder ecological work group, TNRCC has developed the 
August 2000 Guidance for Conducting Ecological Risk Assessments at Remediation Sites 
in Texas, Draft Final (TNRCC, 2000) which is currently available on the TNRCC web 
site (http://www.tnrcc.state.tx.us/permitting/trrp.htm).  This draft final guidance provides 
a detailed description of how to conduct ERAs using TNRCC's three-tiered approach, 
discusses the interface of the ERA program with the TRRP rule, and presents ecological 
risk management options. Case studies, appendices, and attachments are also included for 
illustrative purposes. The draft final guidance applies to sites within TNRCC's 
Remediation Division consistent with applicable program rules. The draft final guidance 
will remain in effect and should be used until it is replaced by final guidance, which 
should be available in late 2001 (check web site above for status).  The guidance also 
discusses the interactions of the ERA process with the ecological services analysis 
process and the role that the Natural Resource Trustee agencies play in both under 30 
TAC §7.124.  The guidance itself is not a rule.  The purpose of the guidance is to 
promote the development of consistent and technically defensible ERAs that are 
submitted under TNRCC’s remediation programs.  The guidance may also be used to 
gain technical advice and insight as to how the commission may evaluate an issue when 
considering particular facts and circumstances.  This paper was largely developed using 
excerpts from the draft guidance.  
 
Definition of an Ecological Risk Assessment and Overview of the 
Tiered Process  
 

Ecological risk assessment is defined as a process that evaluates the likelihood 
that adverse ecological effects are occurring or may occur as a result of exposure to one 
or more stressors (U.S. EPA, 1992).  Although a stressor may be any physical, chemical, 
or biological entity that can induce an adverse ecological response (U.S. EPA, 1992), 
only chemical stressors are subject to risk management decisions at response action sites.  
The primary functions of an ERA are to:  
 

• determine whether actual or potential ecological risk exists at a remediation site; 
• screen the COCs present to identify those that might pose an ecological risk, 

thereby focusing further efforts; and  
• if necessary, generate ecologically-protective concentration levels to be used in 

evaluating response actions. 
 

http://www.tnrcc.state.tx.us/permitting/trrp.htm


As outlined in the TRRP rule and illustrated in Figure 1, the TNRCC has developed a 
three-tiered approach to conducting ERAs.  Persons may elect to commence the ERA 
process at any of the following tiers: 
 

Tier 1 -  Exclusion Criteria Checklist: The Tier 1 Checklist sets forth conditions 
under which an affected property1 may be excluded from further ecological 
assessment, based on the absence of any complete or significant ecological 
exposure pathways.  Affected properties that do not meet these exclusion criteria 
will require further evaluation under Tier 2 and/or Tier 3 of the ERA process, 
unless a reasoned justification and/or an expedited stream evaluation are 
appropriately used to conclude the ERA. 
 
Tier 2 - Screening-Level Ecological Risk Assessment (SLERA):  Uunder Tier 2, 
non-bioaccumulative COCs may be screened from further evaluation based on 
comparison to ecological benchmarks.  If all COCs are not excluded on this 
basis, a conceptual exposure model is developed to characterize complete 
exposure pathways and representative receptors.  Exposures are compared to 
literature-based effects levels using conservative exposure assumptions that may 
be later refined with available site-specific information.  Tier 2 ecological PCLs 
are derived for any COCs that are retained. 
 
Tier 3 - Site-Specific Ecological Risk Assessment (SSERA): Under optional Tier 
3, ecological risk indicated from earlier tiers may be compared to site-specific 
“weight-of-evidence” information regarding the presence or absence of 
ecological effects.  Such site-specific assessments may include analysis of tissue 
samples, toxicological testing of affected media, comparison of species diversity 
to reference areas, and/or other appropriate analyses.  If effects are confirmed, 
these site-specific data may be employed to derive Tier 3 ecological PCLs for the 
relevant receptors and exposure media. 

 
These three tiers are described in more detail in the text that follows. 

 
 

TIER 1 EXCLUSION CRITERIA CHECKLIST 
 

The purposes of the Tier 1 checklist (Figure 30 TAC §350.77 (b) in the rule) are 
to characterize the ecological setting of the affected property, and to determine the 
existence of complete and potentially significant ecological exposure pathways through 
the use of exclusion criteria.  Exclusion criteria refer to those conditions at an affected 
property that preclude the need for a formal ERA because there are incomplete or 
insignificant ecological exposure pathways due to the nature of the affected property 
setting and/or the condition of the affected property media.  The checklist is a 
standardized form consisting of mostly non-technical questions, which could be 
completed by nearly anyone who is familiar with the affected property.  It must be 

                                                 
1According to the TRRP rule, affected property is defined as the entire area (i.e., on-site 
and off-site; including all environmental media) which contains releases of COCs at 
concentrations equal to or greater than the assessment level applicable for residential land 
use and groundwater classification. 
 



completed for all affected properties subject to TRRP (30 TAC §350.77(b)), unless a 
decision is made to begin the ecological evaluation at a higher Tier.   
 

Completion of the Tier 1 checklist should result in the identification of any 
significant and complete or reasonably anticipated to be completed ecological exposure 
pathways.  If the affected property meets the exclusion criteria, then the person has 
fulfilled the ERA obligation and is not required to conduct a Tier 2 or Tier 3 ERA unless 
changing circumstances result in the affected property not meeting the exclusion criteria 
(see §350.35 of the rule).  If at any time after Tier 1 it becomes apparent that response 
actions to protect human health will also protect ecological receptors or if human health 
protective concentration levels are more conservative than ecological protective 
concentrations, then the ecological risk assessment may be terminated.  If the exclusion 
criteria cannot be met, then the person may submit a reasoned justification for ending the 
ERA (as described at §350.77(a)), conduct an expedited stream evaluation (see Expedited 
Stream Evaluation…), or perform a Tier 2 SLERA or a Tier 3 SSERA.  It should be 
noted that the intended purpose of the “reasoned justification” clause is primarily to take 
into consideration a planned response action that is designed to address human health 
exposure, but which coincidentally addresses ecological exposure as well.   
 
Exclusion Criteria - Surface Water/Sediment Exposure 
 

Subpart A of the checklist asks, “have COCs migrated and resulted in a release or 
imminent threat of release to either surface waters or to their associated sediments via 
surface water runoff, air deposition, groundwater seepage, etc.?”  As they are not surface 
water in the state according to the Texas Surface Water Quality Standards (TSWQS, 
§307.3), wastewater treatment facilities and storm water conveyances/ impoundments 
authorized by permit are excluded from consideration.  Although conveyances, 
decorative ponds, and portions of unpermitted process facilities may be surface waters in 
the State by definition, as long as these are not ultimately in contact with other surface 
waters in the State and are not utilized as valuable habitat for wildlife, these waters may 
also be excluded from consideration.  For purposes of the checklist, “valuable habitat” 
refers to these types of waters (conveyances, decorative ponds, etc.) that are used 
consistently or routinely as a feeding area or sanctuary for wildlife (e.g., migratory 
waterfowl).  If the affected property has had a release to surface water/sediment, it fails 
the checklist and will have to undergo additional ecological evaluation.  However, this 
does not necessarily mean that a Tier 2 assessment must be conducted.  As discussed in 
text that follows (see Expedited Stream Evaluation…), an expedited stream evaluation 
may be appropriate for the surface water/sediment release, depending on the type of 
water body. In any case, the person should complete the remainder of the checklist to 
determine if there is a complete and significant soil exposure pathway.  If the soil 
pathway is incomplete or insignificant, further evaluations need only focus on the surface 
water/sediment exposure pathway.  
 
Exclusion Criteria - Affected Property Setting 
 

Subpart B of the checklist asks if, “the affected property is wholly contained 
within contiguous land characterized by: pavement, buildings, landscaped area, 
functioning cap, roadways, equipment storage area, manufacturing or process area, other 
surface cover or structure, or otherwise disturbed ground?”  The affected property must 
be able to meet the qualifying condition regarding its attractiveness to ecological 



receptors before the affected property setting question can be affirmatively answered.  
Field observations and discussions with others who are also familiar with the affected 
property, should be used to help determine the attractiveness of the affected property to 
ecological receptors.  If the affected property is considered to be attractive to ecological 
receptors (including protected threatened/endangered species), the person should bypass 
the affected property setting question and proceed to the Soil Exposure exclusion 
criterion. 
 

Obviously, if the affected property is not attractive to any wildlife due to a lack 
of habitat, there would be no reason to ascertain the presence of protected species.  
“Disturbed ground” primarily refers to a location that is predominantly urban or 
commercial/industrial in nature (and thus characterized by human presence and activities) 
where any ecological habitat that may have once existed has been altered, impacted, or 
reduced to a degree such that it is no longer conducive to utilization by ecological 
receptors.  Closed “waste control units” with engineered covers are considered disturbed 
ground, provided they are meeting their design specifications.  On the other hand, 
agricultural crops and, more often, pastureland are not usually considered disturbed 
ground because of their characteristics as both ecological receptors, and as potential 
habitat for other ecological receptors.   
 
Exclusion Criteria - Soil Exposure  
 

Subpart C of the checklist asks if, “COCs which are in the soil of the affected 
property solely below the first five feet beneath ground surface or does the affected 
property have a physical barrier present to prevent exposure of receptors to COCs in 
surface soil?”  The rationale is that the first five feet beneath ground surface are 
considered to be the primary zone of active root growth for most plants in the state and 
therefore the depth to which most burrowing animals will dig.  The physical barrier 
mentioned in this exclusion criterion may be either natural (e.g., geological formation) or 
man-made (e.g., asphalt or cement parking lot). 
 
Exclusion Criteria - De Minimus Land Area   
 

Regarding this exclusion criterion in Subpart D, the checklist states that in answering 
“Yes” to the question below, it is understood that all of the following conditions apply: 
 

• The affected property is not known to serve as habitat, foraging area, or refuge to 
threatened/endangered or otherwise protected species. (Will likely require 
consultation with wildlife management agencies.) 

• Similar but unimpacted habitat exists within a half-mile radius. 
• The affected property is not known to be located within one-quarter mile of 

sensitive environmental areas (e.g., rookeries, wildlife management areas, 
preserves). (Will likely require consultation with wildlife management agencies.) 

• There is no reason to suspect that the COCs associated with the affected property 
will migrate such that the affected property will become larger than one acre. 

 
The checklist asks if, “the affected property consist of one acre or less and does it meet 
all of the conditions above (using human health protective concentration levels as a basis 
to determine the extent of the COCs)?”  When evaluating the qualifying conditions, the 
TNRCC suggests that the person contact the appropriate wildlife management agencies 



and/or consult other sources for information on threatened/ endangered or otherwise 
protected species.  A sensitive environmental area is habitat that may require protection 
or special consideration because of the presence of particular ecological receptors and 
natural resources, or because legislatively-conferred protection (e.g., a national 
monument) has been established.  Examples of sensitive environmental areas are 
provided in TNRCC (2000).  Migration of soil COCs is primarily dependent upon the 
COC’s fate and transport characteristics.  Also, if the topography of the affected property 
is such that there is no surface water runoff (due to percolation and/or evaporation) or if 
the runoff is captured and treated and the area of the affected property up to the point of 
capture does not exceed one acre, it is likely that the areal extent of the affected property 
will not increase.   
 
Expedited Stream Evaluation for Surface Water and Sediment 
Releases to Intermittent Streams Without Perennial Pools 
 

Although a COC release to surface water or associated sediment is a complete 
pathway, an “expedited stream evaluation” may be used to show that this may not be a 
significant pathway when the water body and its surroundings meet certain conditions.  
More specifically, the release must be into an intermittent stream without perennial pools 
that does not support a benthic community needing to be protected.  In addition, there 
should be no immediately apparent downstream impacts.  If not meeting the surface 
water/sediment pathway criterion is the only reason the checklist was failed (i.e., the soil 
exposure pathway proved to be incomplete or insignificant), this expedited stream 
evaluation process may be used to conclude the ERA.   
 

To ascertain whether or not an expedited stream evaluation is appropriate, the 
following conditions must all be met: 
 

• The stream is intermittent (dries up completely at least one week a year) without 
perennial pools.  [Intermittent streams with perennial pools are defined at §307.3 
(a) of the TSWQS, as amended.]  

• The stream is located in a disturbed area (generally, such situations occur in 
predominantly urban or commercial/industrial settings). 

• The stream meets the acute water quality criteria specified in Table 1 of 30 TAC 
§307.6 (the TSWQS) or appropriate surrogate values if there is no criteria 
specified.  

• There is a lack of appreciable instream, edge, or riparian habitat, forage, or 
shelter in or along the watercourse. 

• The watercourse or surrounding vicinity is not known to serve as habitat, 
foraging area, or refuge to threatened/endangered or otherwise protected species.  

• The area is not consistently or routinely used as valuable habitat for natural 
communities including birds, mammals, reptiles, etc. 

• There are no impacts immediately evident in downstream areas where habitat is 
more likely to support wildlife.  

 
If all of these conditions are met, the stream does not need any further evaluation 

unless more thorough downstream analyses reveal impacts.  Details regarding the 
downstream impact determination are provided in TNRCC (2000).  In this case, the 
stream may need to be evaluated as a potential secondary source of COCs.  If any one of 
these conditions is not met, then the person will need to conduct a Tier 2 SLERA that 



includes the water body in question, as well as any downstream resources that may be 
impacted.   
 
 

Tier 2 Screening Level ERA (SLERA) 
 

The purposes of the Tier 2 SLERA are to scientifically eliminate COCs that do 
not pose an ecological risk and to develop PCLs for those COCs that do pose an 
unacceptable risk to selected ecological receptors.  The Tier 2 SLERA serves to identify 
COCs, exposure pathways, and ecological receptors of concern based on application of 
default exposure assumptions and literature-based effects levels.  The TRRP rule at 
§350.77 (c) establishes ten minimum requirements to be satisfied when completing a Tier 
2 SLERA.  However, not all ten of these measures will always be necessary, as there are 
four points from which the person may show that there is no ecological risk and thus 
terminate the evaluation (they meet the conditions of required elements 1, 6, 7, or 8).  
Each required element is stated in the text that follows (in italics).  The text following 
each element briefly explains the required element. 
 
Required Element 1 
 

The person shall “use affected property concentrations of non-bioaccumulative 
COCs to compare to established ecological benchmarks and/or use approved 
methodologies to develop benchmarks to determine potential effects and to eliminate 
COCs that do not pose unacceptable ecological risk (if all COCs are eliminated at this 
point, the ecological risk assessment process ends and the items listed in paragraphs (2) - 
(9) of this subsection are not required)”. 
 

The TNRCC has developed a set of ecological screening benchmarks for water, 
sediment, and soil (see TNRCC, 2000).  Benchmarks provide a simple approach to 
compare COC concentrations in media at the affected property to values that represent 
media concentrations that are presumed to be safe to biota with the likelihood of being 
the most exposed (i.e., aquatic life, benthic invertebrates, and plants and soil 
invertebrates).  If a COC is present below background levels, or is present below 
benchmark levels and the COC is not a bioaccumulator for the media in question, further 
evaluation of that COC is not required.  Where a COC can not be screened out by 
comparison with background or detection levels, and no benchmark exists or can be 
readily derived for a COC in a particular medium, then the person would be required to 
further evaluate that particular COC in the ERA.   
 

Persons must determine if bioaccumulative COCs are present at the affected 
property in order to properly compare affected property concentrations to ecological 
screening benchmarks.  Bioaccumulative COCs tend to increase in concentration within 
some organisms relative to their concentration in environmental media and dietary 
sources due to sequestration in certain body tissues.  Biomagnification (i.e., 
bioaccumulation in successive trophic levels of a food chain) can result in concentrations 
of COCs that are many times greater than that found in environmental media.  
Bioaccumulation is an important aspect of ecological risk assessment because it can 
result in increased exposure to multiple trophic levels in comparison to COCs that do not 
bioaccumulate.  Also, bioaccumulative COCs can be present at a concentration in 
environmental media that is protective for direct exposure, but that can pose indirect risk 



to higher trophic levels.  The ecological benchmarks evaluate direct exposure to specific 
media for selected receptors and are not expected to evaluate bioaccumulation concerns.  
Based on a consensus work group effort, the TNRCC has developed a list of 
bioaccumulative COCs for various media (see TNRCC, 2000).  Where a bioaccumulative 
COC is present at an affected property above background, it must be carried forward into 
the ERA regardless of the benchmark comparison.   
 
Required Element 2 
 

The person shall “identify communities (e.g., soil invertebrates, benthic 
invertebrates) and major feeding guilds (e.g., omnivorous mammals, piscivorous birds) 
and their representative species which are supported by habitats on the affected property 
for each complete or reasonably anticipated to be completed exposure pathway”. 
 

This required element addresses the question of what is being protected.  By 
definition (§350.4 (a)(27)), ecological PCLs are primarily intended to be protective of 
more mobile or wide-ranging ecological receptors and, where appropriate, benthic 
invertebrate communities within waters in the state and are not intended to be directly 
protective of receptors with limited mobility or range (e.g., plants, soil invertebrates, and 
small rodents), particularly those residing within active areas of a facility, unless these 
receptors are threatened/ endangered species or unless impacts to these receptors result in 
disruption of the ecosystem or other unacceptable consequences for the more mobile or 
wide-ranging receptors (e.g., impacts to an off-site grassland habitat eliminate rodents 
which causes a desirable owl population to leave the area).  Ecological communities are a 
collection of plant and animal populations occupying the same habitat in which the 
various species interact with one another.  These communities consist of soil 
invertebrates, terrestrial vegetation, benthic invertebrates, water column invertebrates, 
algae, and rooted aquatic vegetation.  COCs that exceed ecological (community-level) 
benchmarks but that do not subsequently prove to be a risk to higher trophic level 
receptors may still impact these community-level receptors.  TNRCC (2000) provides 
details as to where the commission believes it to be unnecessary to determine an 
ecological PCL for sediment that is protective of the benthic invertebrate community.   
 

“Feeding guilds” is the term used to refer to broad groups of related ecological 
receptors (e.g., piscivorous birds) that represent the variety of species potentially exposed 
to COCs at the affected property.  Feeding guilds are based on a shared function within 
an ecosystem (i.e., same feeding strategy), similar potential for exposure, and 
physiological and/or taxonomic similarity.  Identification of these ecological receptors is 
used to define food webs specific to potentially impacted habitats to be evaluated in the 
risk assessment.  Habitat-specific food webs are developed for use in the ecological risk 
assessment to: 
 

• Define direct and indirect exposure pathways 
• Formulate assessment endpoints 
• Develop mathematical relationships among guilds for estimating exposure 
• Perform quantitative exposure analysis for ecological receptors 

 
The TRRP rule defines “selected ecological receptors” as species that are to be 

carried through the ERA as representatives of the different feeding guilds and 
communities that are being evaluated.  These representative species, often called 



“measurement receptors”, may not actually occur at the affected property, but may be 
used to represent those within the feeding guild or community that may feed on the 
affected property.  Representative ecological receptors should be chosen to ensure that 
the potentially complete exposure pathways to the associated ecological feeding guilds 
are included in the conceptual model.  
 

In a Tier 2 SLERA, the potential for chemical toxicity is evaluated by estimating the 
total direct and indirect exposure of each measurement receptor to the COC and deriving 
a hazard quotient (see required elements 5 and 6). The goal for this analysis is to 
determine if the ecological risk requires further evaluation (i.e., a hazard quotient 
exceeding 1) and to develop ecological PCLs for the affected medium that will protect 
against chemical toxicity.  The evaluation of the measure of effect to the assessment 
endpoint requires identification of a measurement receptor representative of the 
assessment endpoint.  Hence a measurement receptor, specific to each feeding guild, may 
be selected as a species, population, community, or assemblage of communities. 
 
Required Element 3 
 

The person shall “develop a conceptual model which graphically depicts the 
movement of COCs through media to communities and the feeding guilds”. 
 

The purpose of the conceptual model is to illustrate the complete or reasonably 
anticipated to be completed ecological exposure pathways that will be evaluated in the 
ERA.  The conceptual model graphically depicts the movement of COCs from the 
source(s) through media to the feeding guilds or to the selected ecological receptors of 
those guilds (i.e., measurement receptors).   
 
Required Element 4 
 

The person shall “discuss COC fate and transport and toxicological profiles”. 
 

A determination should be made as to whether the COCs at the affected property 
are likely to persist, be degraded, or move beyond the extent of contamination determined 
in the affected property assessment.  During the assessment, the person characterizes the 
nature, extent, and potential fate and transport of COCs.  This characterization includes 
physical, chemical and biological processes and the influence of these processes on the 
movement, persistence, form, toxicity, and availability of COCs to the degree necessary 
to understand and characterize risk.  
 

Toxicological profiles can be found in the literature (e.g. Medline, AQUIRE, 
ECOTOX), and are used to quantify toxicity (e.g., dose-response) and to evaluate the 
likelihood of toxic effects in different groups of organisms.  The toxicity profile should 
describe the toxic mechanisms of action, to the degree known or available, for the 
exposure routes being evaluated and the dose or environmental concentration that causes 
a specified adverse effect. 
 
Required Element 5 
 

The person shall “prepare a list of input data which includes values from the 
literature (e.g., exposure factors, intake equations that account for total exposure, no 



observed adverse effect level (NOAEL) and lowest observed adverse effect level (LOAEL) 
values, references), any available site-specific data, and reasonably conservative 
exposure assumptions, and then calculate the total exposure to selected ecological 
receptors from each COC not eliminated according to paragraph (1) of this subsection 
and present these calculations in tables or spreadsheets”. 
 

This required element provides for an initial exposure assessment incorporating 
reasonably conservative assumptions to minimize the potential for overlooking ecological 
risks.  Conservative exposure variables related to bioavailability, home range, diet, body 
weight, and ingestion rates are selected that will be used in the calculation of the dose for 
the measurement receptors.  The following general equation can be used to estimate oral 
exposure for wildlife receptors: 
 

( ) ( ) ( )
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where: 
 
Doseoral  =  estimated dose from ingestion (mg COC/kg body weight/day) 
IRf   = ingestion rate of food (prey) (kg/day) 
Cf   = COC concentration in food (mg/kg) 
EMFf  =  exposure modifying factor for food (unitless) 
IRw   = ingestion rate of water (L/day) 
Cw   = COC concentration in water (mg/L)  
EMFw  =  exposure modifying factor for water (unitless) 
IRso   = ingestion rate of soil (kg/day) 
Cso  =  COC concentration in soil (mg/kg) 
EMFso  =  exposure modifying factor for soil (unitless) 
IRsed   = ingestion rate of sediment (kg/day) 
Csed  =  COC concentration in sediment (mg/kg) 
EMFsed  =  exposure modifying factor for sediment (unitless) 
BW   = body weight of receptor (kg) 
 

Literature sources used for intake and exposure variables should be clearly 
indicated and justified in the ERA.  For each COC with a complete exposure pathway 
that is not excluded by either a comparison with background concentrations2 or 
ecological benchmarks, a toxicity reference value (TRV) should be developed from 
published studies and/or developed for potential receptor species.  The TRV is used in the 
ecological hazard quotient methodology described in required elements 6 through 9 of the 
TRRP rule at §350.77(c).  Two quotients are described in the rule, one based on “no 
unacceptable risk” derived from using NOAEL endpoints (required element 6), and a 
second based on “less conservative assumptions” derived from LOAEL endpoints 
(required element 7).  Ecological effects of concern are those that can impact populations, 
such as development, reproduction, and survivorship.  “NOAEL” endpoints reflect the 
highest exposure level that causes no statistically significant difference in effect 
compared with the controls.  “LOAEL” endpoints reflect the lowest exposure level 
shown to produce similar adverse effects in a potential receptor species.  The TRVNOAEL 

                                                 
2 Persons are not required to develop PCLs that are less than background (§350.78 (c)). 



is derived for the measurement receptor from a review of NOAEL endpoints or estimates 
of such endpoints.  The TRVLOAEL is derived for the measurement receptor from a review 
of LOAEL endpoints or estimates of such endpoints. 
 
Required Element 6 
 

The person shall “utilize an ecological hazard quotient methodology to compare 
exposures to the NOAELs in order to eliminate COCs that pose no unacceptable risk 
(i.e., NOAEL hazard quotient #1); however, when multiple members of a class of COCs 
are present which exert additive effects, it is also appropriate to utilize an ecological 
hazard index methodology (if all COCs are eliminated at this point, the ecological risk 
assessment process ends and the items listed in paragraphs (7) - (9) of this subsection are 
not required)”. 
 

Here hazard quotients (and hazard indices, as appropriate) must be calculated for 
each COC paired with each selected ecological receptor.  A hazard quotient (HQ) states 
the ratio of the predicted exposure to an acceptable exposure, for a specific COC and a 
specific representative measurement receptor.  An HQ (unitless) is calculated as follows: 
 

HQ = Exposure or Dose / TRV 
 
where: 
 
Exposure = measured or estimated exposure point concentration (e.g., mg/L, mg/kg, etc.) 
or dose (e.g., mg/kg body weight/day); 
 
TRV = Toxicity Reference Value (e.g., based on a NOAEL or LOAEL) in units matching 
the exposure point concentration or dose (from element 5). 

 
Here the HQ is based on reasonably conservative exposure assumptions and a 

representative NOAEL-based TRV (TRVNOAEL). COCs with a hazard quotient (and any 
associated hazard index) # 1 are dropped from further evaluation for that particular 
measurement receptor for that medium.  If all COCs associated with a receptor are 
eliminated from the Tier 2 SLERA, no further evaluation of that receptor is required.  
Because HQs focus only on individual COCs, they do not represent the potential for 
effects to ecological receptors from COCs acting in concert as toxic agents.  To address 
such concerns, a Hazard Index is calculated as sum of two or more hazard quotients for 
different COCs: 

HI = 3 HQi 
 
where: 

3 HQi = The sum of all hazard quotients for COCs with a common toxic 
mechanism. 

 
These hazard indices are calculated as a measure of the potential for impacts due 

to multiple COCs, but must be based on the assumption that the effects are additive.  
Therefore, this computation is limited to COCs with the same toxic mechanism (i.e., 
same mode and site of action).  For example, HIs may be appropriate for PCBs, 
chlorinated benzenes, dioxins and furans, low molecular weight PAHs (generally, two or 
three rings), and high molecular weight PAHs (generally, four or more rings ).  For COCs 



with the same toxic mechanism, the corresponding HI must also be # 1 for any of those 
COCs to be eliminated from further consideration in the Tier 2 SLERA. 
 
Required Element 7 
 

The person shall “justify the use of less conservative assumptions to adjust the 
exposure and repeat the hazard quotient exercise in paragraph (6) of this subsection, 
once again eliminating COCs that pose no unacceptable risk and adding comparisons to 
the LOAELs for those COCs indicating a potential risk (i.e., NOAEL hazard quotient > 
1); however, when multiple members of a class of COCs are present which exert additive 
effects, it is also appropriate to utilize an ecological hazard index methodology (if all 
COCs are eliminated at this point, the ecological risk assessment process ends and the 
items listed in paragraphs (8) - (9) of this subsection are not required)”. 
 

Required element 7 provides for the calculation of hazard quotients using TRVs 
based on both NOAEL and LOAEL toxicity data, but less conservative exposure 
assumptions are used at this step.  Exposure variables that may be adjusted generally 
consist of bioavailability, area use factors and/or exposure frequency, and diet.  These 
variables should be less conservative in their totality, and the person must justify the use 
of such data on the basis of site-specific information and/or a clear rationale showing that 
the assumptions are appropriate.  If comparison of a less conservative exposure estimate 
with a NOAEL-based TRV results in an HQ (and any HI) # 1, the COC may be dropped 
from further evaluation in the Tier 2 SLERA.  Dropping COCs with HQ or HIs derived 
from technically defensible, LOAEL-based TRVs that are less than 1 may be proposed, 
and supporting information included as part of the discussion of uncertainty (required 
element 8).  HQs greater than 1 based on less conservative exposure assumptions and 
LOAEL-based TRVs provide a reasonable basis to begin remedial planning, as ecological 
impacts may be expected.   
 
Required Element 8 
 

The person shall “develop an “uncertainty analysis” which discusses the major 
areas of uncertainty associated with the screening-level ecological risk assessment, 
including a justification for not developing PCLs for particular COCs/pathways, if 
appropriate (e.g., NOAEL hazard quotient > 1 > LOAEL hazard quotient, an evaluation 
of the likelihood of ecological risk, a discussion of the half-life of the COCs, etc.); 
however, when multiple members of a class of COCs are present which exert additive 
effects, it is also appropriate to utilize an ecological hazard index methodology (if all 
COCs are eliminated at this point, the ecological risk assessment process ends and the 
item listed in paragraph (9) of this subsection is not required)”. 
 

After calculating the HQs in required element 7 and analyzing the results of the 
risk assessment, the person will need to evaluate the uncertainty associated with the ERA 
in required element 8.  A description of the nature of the uncertainties encountered should 
be clearly summarized.  The uncertainty analysis can be used to justify the need for 
calculating or not calculating a PCL for a given COC (required element 9).  This may be 
accomplished by considering indications of potential ecological risk in context with the 
likelihood of that risk.  Factors that should be evaluated include the location and areal 
extent of the COCs, the degree to which the TRV is exceeded, and the expected half-life 
of the COCs in the particular environment.  If, after completing the HQ exercises in the 



preceding section it is determined that for a particular COC, the NOAEL HQ/HI > 1 but 
that the LOAEL HQ/HI < 1, the person may state in the uncertainty analysis that no PCL 
is necessary for that COC.  This is justified because, ideally, any potential media 
remediation would be to a PCL that is bounded by these two effects levels.  However, the 
person will need to provide justification when the LOAEL HQ/HI approaches unity and 
there are indications that risk may have been underestimated in other areas.  PCL 
calculations for a given COC can be justified qualitatively or quantitatively based on 
strengths and weaknesses in the data.  In most cases, the uncertainty analysis will be 
qualitative in nature. 
 
Required Element 9 
 

The person shall “calculate medium-specific PCLs bounded by the NOAEL and 
the LOAEL for those COCs which are not eliminated as a result of the hazard quotient 
exercises or the uncertainty analysis”. 
 

Ecological PCLs must be calculated for each COC that has not been eliminated 
from consideration under required elements 1, 6, 7, or 8 of the Tier 2 SLERA 
(§350.77(c)).  Here a medium-specific PCL bounded by the NOAEL and LOAEL is 
calculated for each relevant measurement receptor.  Since exposure for community-level 
receptors such as fish and benthic macroinvertebrates is generally expressed in terms of 
media concentration, any PCLs related to such receptors are based on a simple 
comparison of representative media concentrations to applicable TRVs.  For wildlife 
receptors (where exposure may be due to ingestion of impacted food and/or media), there 
are a variety of techniques for deriving media-specific PCLs.  These techniques are 
discussed in more detail in TNRCC (2000).  When realistic exposure assumptions are 
incorporated into the analysis, the TNRCC can be reasonably assured that any COC 
having a LOAEL HQ ∃ 1 resulting from the exercise in required element 7 has the 
potential to pose unacceptable ecological risk.  This also means that remediation to a 
LOAEL-based PCL derived from realistic exposure assumptions may result in 
unacceptable ecological risk still remaining within that specific medium.  The foundation 
for selecting a comparative PCL that is skewed toward either the NOAEL-based or 
LOAEL-based PCL should be made in the uncertainty analysis (required element 8).   
 
Required Element 10 
 

The person shall “make a recommendation for managing ecological risk at the 
affected property based on the final ecological PCLs, unless proceeding under Tier 3 
(may be included as part of the affected property assessment report, self-implementation 
notice, or the response action plan)”. 
 

The Tier 2 SLERA concludes with required element 10 where the person must make 
a recommendation as to how to manage the ecological risk at the affected property.  If all 
COCs and/or pathways have been eliminated by this point, the person simply needs to 
state that the ERA guidance has been followed and there is no apparent unacceptable 
ecological risk at the affected property.  However, if ecological PCLs were calculated in 
Tier 2, the person must do one or more of the following:  
 



• Proceed to an optional Tier 3 site-specific ERA to develop final ecological PCLs 
or to determine that there is no apparent unacceptable ecological risk at the 
affected property; or, 

• Compare the PCL values generated in Tier 2 to relevant human health protective 
levels (e.g., TRRP human health/groundwater PCLs generated at any tier) in 
order to determine the critical PCL and remediate to those levels; or, 

• Evaluate and state whether the human health remedy would eliminate all 
ecological exposure pathways; or,  

• Request to conduct an ecological services analysis (see Risk Management 
Options).  

 
 

TIER 3 SITE-SPECIFIC ECOLOGICAL RISK 
ASSESSMENT (SSERA) 

 
In accordance with 30 TAC §350.77 (d) of the TRRP rule, the purpose of the optional 

SSERA is to incorporate additional information obtained through the performance of site-
specific studies designed to provide a more empirical evaluation of ecological risk at the 
affected property.  A SSERA can be conducted when any of the Tier 2 PCLs are 
considered by the person to be inappropriate or not reflective of existing conditions at the 
affected property, or when otherwise elected.  The Tier 3 SSERA can consist of any site-
specific study approved by the TNRCC and can include, but is not limited to: 
 

• development of site-specific bioaccumulation factors through the collection and 
analysis of tissue samples from appropriate ecological receptors; 

• performance of toxicological testing of the impacted media via exposure to an 
appropriate test species; 

• comparison of site data (e.g., macroinvertebrate diversity surveys) to like data 
from a reference area; and/or 

• other studies designed to obtain a preponderance or “weight-of-evidence” to 
draw conclusions about ecological risk. 

 
Because Tier 3 involves the collection of site-specific information, it can be costly 

and time-consuming; therefore, persons are strongly encouraged to communicate with the 
TNRCC ecological risk assessment staff regarding the study objectives, conceptual 
model, study methodology, and additional sampling and site investigations before 
proceeding.  The result of the SSERA will be the development of site-specific Tier 3 
PCLs, a determination that there is no ecological risk, or a conclusion that ecological risk 
is not apparent based on site-specific information.   
 
 

ECOLOGICAL RISK MANAGEMENT 
OPTIONS 

 
As a component of required element 10 of the Tier 2 SLERA, the person must 

provide risk management recommendations for the affected property if the affected 
media contains COCs in excess of applicable PCLs.  Such risk management 
recommendations are confined to the response options available under Remedy Standard 



A or Standard B of the TRRP rule. The remedy must address both human health and 
ecological exposure concerns.  For this purpose, human health-based and ecological 
PCLs are compared to identify critical PCLs (i.e., the lowest concentration level) for each 
COC and affected medium, and the remedy is directed toward addressing media 
concentrations in excess of the PCLs.  The remedy is complete when either Standard A or 
Standard B response objectives have been achieved, and all requisite reports have been 
approved by the TNRCC, and any necessary post-response action care has been 
performed and financial assurance has been maintained (see 30 TAC §350.34 and 
§§350.91-.96).  It is the responsibility of the person to select the appropriate remedy, but 
if Remedy Standard B is selected, the person must submit a Response Action Plan for 
review and approval by the TNRCC.  For each COC where the ecological PCLs are 
determined to be the critical PCL and the corresponding media concentration of that COC 
exceeds the critical PCL, the person must consider the need to undertake further 
assessment (e.g., Tier 3 ERA) or select one or a combination of the available remedy 
options provided for under the TRRP rule.  The remedy options are as follows:  
 

• Remove (Remedy Standards A or B) – a removal remedy is the direct removal of 
concentrations of COCs that exceed the critical PCLs. 

• Decontaminate (Remedy Standards A or B) – a decontamination remedy means a 
permanent and irreversible treatment process that results in the elimination of 
concentrations of COCs that exceed their respective critical PCLs. 

• Control (Remedy Standard B only) – a control remedy contemplates physical 
and/or institutional controls that prevent the exposure of ecological receptors to 
concentrations of COCs that exceed their respective ecological PCLs.   

• Ecological Services Analysis (Remedy Standard B only) – this remedy involves 
the completion of an ecological services analysis and, where appropriate, the 
completion of an on-site or off-site compensatory ecological restoration project.  
See discussion that follows. 

 
Ecological Services Analysis 
 

Where it has been determined that the ecological PCL is the critical PCL (i.e., the 
risk driver), or is the only PCL, the person may take action to remove, decontaminate, 
and/or control the impacted media and COCs.  However, to provide additional flexibility 
to address ecological risk at those affected properties where concentrations of COCs do 
not exceed human health-based levels (either before or after a response action) but do 
exceed ecological PCLs, the commission is allowing the use of an ecological services 
analysis (ESA), as described below and at §350.33(a)(3)(B).  The performance of the 
ESA and any required compensatory ecological restoration must be done in cooperation 
with and with approval from the Natural Resource Trustees for the State of Texas, 
including the TNRCC, the Texas Parks and Wildlife Department (TPWD), the Texas 
General Land Office (TGLO), the National Oceanic and Atmospheric Administration 
(NOAA), and the U.S.  Department of the Interior (DOI), hereinafter collectively referred 
to as the “Trustees”.  The use of this option allows the person to consider the potential 
impacts of the remediation activity as well as risks associated with exposure to COCs that 
exceed their respective PCLs.  Thus the ESA considers the present and predicted 
ecological services of the affected property, as well as the beneficial and/or detrimental 
effects on services associated with potential response actions to address residual 
ecological risks.  Furthermore, where appropriate and based upon the results of the ESA, 
a plan to provide compensatory ecological restoration, may also be combined with some 



type of response action (e.g., hot spot removal, monitored natural attenuation) for the 
affected property.  Compensatory ecological restoration addresses ecological concerns by 
providing or restoring alternative services when a response action at the affected property 
may cause additional unwarranted risks to ecological receptors.   
 

If the ESA process is pursued, the person is required to consult with and obtain 
approval from the TNRCC and/or Trustees at two points in the process.  First, when the 
person requests to perform an ESA remedy, the person must obtain the approval of the 
TNRCC, after the TNRCC has consulted with the Trustees.  The TRRP rule requires that 
the TNRCC consult with the Trustees prior to approval of a person's request to conduct 
the ESA [§§350.33(a)(3)(B) and 350.77(f)(2)].  Second, if compensatory ecological 
restoration is proposed by the person or required by the Trustees as part of the remedy 
under the ESA option, the person must obtain approval from both the TNRCC and the 
Trustees [see §350.33(a)(3)(B)].  The culmination of the ESA is the preparation of an 
ESA report recommending a final remedy for the affected property.  That remedy might 
be removal, decontamination, control, natural recovery, and/or compensatory ecological 
restoration.  If the ESA demonstrates that compensatory ecological restoration is required 
or the person proposes to perform restoration, the person must provide a restoration 
project that produces ecological services greater than the ecological service decreases 
potentially associated with the continued exposure to COCs and/or any selected response 
action at the affected property [see §350.33(a)(3)(B)].   
 
Memorandum of Understanding 

 
A Memorandum of Understanding (MOU) between TNRCC and the Trustees has 

been developed to ensure the timely and efficient coordination of the consultation with 
the Trustees on a person’s request to perform an ESA.  This MOU was adopted by 
TNRCC as a rule (30 TAC §7.124) on April 4, 2001.  The entire MOU can be reviewed 
at: http://www.tnrcc.state.tx.us/oprd/index.html.  The user will then need to click on 
“View Rules”, then “Chapter 7", then “§7.124".  The MOU describes procedures for the 
distribution of relevant documents and coordination of meetings, provides deadlines for 
the submission of Trustee comments, and outlines a process for the resolution of 
conflicting comments.  Upon TNRCC approval of the person’s request to perform an 
ESA, the person must then coordinate the development of the ESA directly with the 
Trustees. 
 

To facilitate the cooperative natural resource damage assessment process 
currently practiced in Texas, the Trustees will be provided notification from the TNRCC 
of those sites that reach required element 7 within a Tier 2 SLERA, as specified in the 
MOU.  The Trustees at their discretion may or may not become involved at all referred 
affected properties.  Trustees may choose to participate in the ERA process to ensure that 
natural resources under their jurisdiction are adequately protected and to obtain 
information that may be utilized in the natural resource damage assessment process.  By 
participating in the ERA process, trustee staff may provide comments on the ERA being 
reviewed by the TNRCC ecological risk assessment staff.  Persons may benefit from 
timely Trustee involvement in the ERA process through decreased costs associated with 
the coordination of risk assessment and injury determination, reduction of residual natural 
resources injury, and timely resolution of natural resource damages liability.  
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Evaluate affected property to identify  presence/ absence of potentially 
complete and significant ecological exposures.

Tier 3 Site-Specific ERA (§350.77(d))

Conduct site-specific measurement of exposure and effects levels for COCs, 
media, and receptors of concern, utilizing reference area comparisons, 

toxicological testing of exposure media, or other “weight-of-evidence” analyses. 
If effects confirmed, derive Tier 3 PCLs for relevant exposure media. 
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exceed Tier 3 
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Response Action Plan (§350.77(f))
Develop and implement response action to eliminate ecological exposure of concern 
based on either Remedy Standard A or B, as follows:
Remedy Standard A: Remove and/or decontaminate affected media in PCLE zone.
Remedy Standard B: Remove, decontaminate or control affected media in PCLE zone. 
Or conduct Ecological Services Analysis to support alternate management approach. 
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Affected Property Assessment (§350.51-.55)

To degree needed to support Tier 1, 2, or 3 ERA, delineate affected 
media (soil, groundwater, surface water/sediments) to applicable
ecological and health-based assessment levels. 

Tier 2 Screening-Level ERA (§350.77(c))

Screen COCs based on laboratory criteria (§350.71(k)) and eco benchmarks. 
For retained COCs, derive screening-level PCLs using literature-based 

effects levels for representative receptors and both conservative and more 
reasonable exposure assumptions. 

Or

Or

NOTES:

COC = Chemical of Concern
PCL = Protective Concentration Level
ERA = Ecological Risk Assessment
PCLE = PCL Exceedance Zone

Yes

No No

No

No

No

No

Yes

Yes

Yes Yes

Yes

Tier 1

Tier 3

Tier 2

Figure 1. Overview of Tiered Ecological Risk Assessment Process



 



 
Data Management   •   GIS   •   Graphics   •   Internet 

6535 S. Dayton Street, Suite 2100 
Englewood, CO 80111 USA 

Phone: (303)740-1999 
FAX: (303)740-1990 

www.geotech.com 
 

 
 
 

Relational Management and Display 
Of Site Environmental Data 

 
 

Dr. David W. Rich 
President, Geotech Computer Systems, Inc. 

 
 

Industrial facilities are undergoing increasing environmental scrutiny at a time when 
budgets available for cleanup are becoming increasingly tight. A thorough 
understanding of conditions at the site can assist in making decisions which have the 
maximum positive impact for the minimum cost. A powerful tool in increasing this 
understanding is a data management and display system. This presentation covers the 
general concepts in building a site environmental data system, along with the issues in 
designing and implementing the system. It discusses the use of relational database 
management technology for site investigation and remediation, including an example of 
the data normalization process for laboratory data. The talk covers field data collection 
and working with laboratories, as well as quality control and data review status tracking. 
It concludes with some success stories of the use of relational data management 
techniques for site environmental data.  
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Conclusion 
 
Most site environmental data management systems (EDMS), if implemented carefully, 
are judged a success by those using them, once they are up and running. This success 
is usually judged based on benefits in several areas. 
 
Financial benefits - Often the justification for implementing a data management system 
is primarily financial. Financial savings that can be documented by implementing a data 
management system fall into several areas.  
 
The most obvious area of financial benefit is in increased efficiency. One EDMS user 
reported that their time to process electronic deliverables from their laboratories 
decreased from 30 minutes to 5 minutes per file after they implemented and enforced a 
data transfer standard and a closed-loop reference file system so that the laboratories 
delivered clean data. Since the data administrator was handling about 300 files a year, 
this translates to 125 hours per year saved, for cost savings of almost $3,000 per year 
just for that one task. Additional savings were realized in increased efficiency in 
selecting and reporting data. 
 
A second area of cost savings occurs when the data management work can be 
transferred to a less expensive employee after implementation of an easy-to-use data 
management system. For example, one company was able to transfer much of the data 
management activities for a complex project from a high priced project manager to more 
economic tech and clerical staff members. This resulted in average savings of $25 per 
hour on about 40 hours per month, resulting in savings of $12,000 per year. 
 
A third area, and one that can provide the greatest value, is in using the database to 
justify cost savings on the project beyond the database system. One database client 
routinely uses the EDMS to review their groundwater monitoring wells to identify ones 
where concentrations are consistently below regulatory limits. With a database of 
several hundred wells, they are able to identify about two wells per quarter that can 
safely be monitored less often. Each well that can be sampled annually instead of 
quarterly saves them about $3,000, and the database provides the documentation to 
take their case to the regulators. If they are successful on half of their requests, they 
can save $12,000 per year for the four wells, and these savings are cumulative from 
year to year.  
 
Taking the financial savings from the three examples above and adding them up, the 
total is $27,000 per year. This means that every month that the implementation of a 
data management system is delayed, $2,250 is lost. Another way of looking at it is that 
if implementing the system takes $75,000 for software, training, data conversion, etc., 
then the time to pay out the investment is 33 months, for a return on investment 
(annualized IRR) of 23% over five years. This would be considered a good use of funds 
in most organizations. To this can be added the technical and intangible benefits. 
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Technical benefits - While the dollars usually drive the purchase decision, the 
technical benefits are often the greatest contributors to the project. Building a 
comprehensive, centralized, open database can generate improved technical results in 
a variety of ways. The biggest technical benefit is the improved quality that results from 
removal of database fragmentation. People are always using the best data available, 
not an outdated piece of data, or one that was thrown together to answer one question, 
that could be different from data used later to answer a different question, or the same 
question again. Related to this is improved communication on the project, because 
everyone is looking at the same data. This results in increased confidence in the data 
and in the decision making process for the project.  
 
Another technical benefit is the ability to analyze the project better. Having a 
comprehensive database opens the door for better visualization and analysis tools, 
which can lead to a better understanding of the project, and a better ability to anticipate 
and remove problems before they become critical. This results in a process where 
projects are managed by the team, rather than the project managing the team with a 
series of crises and fire drills. 
 
The impact of these technical benefits on those outside the project, such as upper 
management and especially regulators, can be significant. If others develop confidence 
that the project team is staying on top of issues at the site, the result can be less 
scrutiny, and consequently less aggravation, for the project team. If they are finding and 
reliably dealing with issues as they come up, the project goes more smoothly for 
everyone. 
 
Subjective benefits - Some benefits derived from improved data management are 
intangible, but still contribute significantly to the overall success of the project. Data 
management can be the most tedious component of a project. Implementing an efficient 
system such as  Enviro Data® for processing site environmental data can significantly 
improve morale, which results in improved quality of output, less staff dissatisfaction 
and turnover, and in general a happier and more productive project team.  
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ABSTRACT 
 

Dry cleaners are the largest user of perchloroethene solvents in the United States.  
Their solvent releases to soil and ground water are not regulated under any federal 
statute.  Because dry cleaners are typically located in light commercial areas surrounded 
by residential areas, potential for exposure, thus adverse human health effects, may be 
high.  A database of 137 dry cleaner sites participating in the Texas Voluntary Cleanup 
Program was designed and populated for analyses including the scope of contamination, 
potential for natural attenuation, and correlations of field conditions.  This study found 
significant releases to the soil and ground water by dry cleaners; natural attenuation is 
occurring at many of the dry cleaner sites.  Perchloroethene and degradation products’ 
plume lengths are well correlated.  No correlations of field conditions with 
perchloroethene plume length were found. 

  
 



 

INTRODUCTION 
 
Dry Cleaning Regulations 
 

The United States Environmental Protection Agency (EPA) regulates dry 
cleaners through several statutes including the Clean Air Act, the Clean Water Act, the 
Safe Drinking Water Act, the Resource Conservation and Recovery Act (RCRA), and the 
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA).  
The Occupational Safety and Health Administration (OSHA) regulates worker exposure 
to PCE at dry cleaners.  States and local municipalities may impose further regulations in 
addition to the Federal regulations discussed below (1).  

 
One result of the Clean Air Act was the promulgation of a rule, in the form of a 

national emission standard for hazardous air pollutants (NESHAP) for PCE dry cleaning 
facilities, which regulates air emissions of PCE from dry cleaners.  Requirements of this 
rule include mandatory weekly or biweekly inspection of all equipment for leaks, timely 
leak repair, good housekeeping practices, equipment operation compliant with 
manufacturer’s instructions, record keeping and reporting, and emission controls.  The 
requirements for emission controls are dependent upon the type of dry cleaning machines 
in use (i.e., transfer or dry-to-dry), the amount of PCE purchased annually, and the 
installation date of the dry cleaning machines.  This rule also requires that all new dry 
cleaning machines be dry-to-dry with minimum standards for vapor recovery. 

 
Together the Clean Water Act and the Safe Drinking Water Act have resulted in 

regulations that address the treatment of process water from industrial operations prior to 
its release to a sanitary sewer and ultimately to a municipal wastewater treatment plant.  
Additionally, release of PCE or PCE-contaminated wastewater into a septic system is 
restricted when such a release could endanger sources of drinking water.  While the EPA 
has instituted specific regulations and guidelines for some industries, the dry cleaning 
industry is only required to follow general guidelines applicable to all industries.  
However, the treatment plant authority may require at least initial wastewater sampling in 
order to be sure that the water release to the treatment plant is acceptable. 
  

Regulations for the generation, transportation, and management of hazardous 
waste stem from RCRA, and vary according to how much waste the facility is generating 
on a monthly basis.  Waste commonly produced in dry cleaning includes:  still residues 
from solvent distillation, spent filter cartridges contaminated with PCE, process water 
that is stored before filtration and sewering, and cooked powder residue.  In most cases, 
regulations require that all hazardous waste from a dry cleaner process be sent to a RCRA 
permitted facility for disposal.  Personnel training, storage, reporting, and transportation 
requirements vary according to the amounts of waste generated.   

 
 Additional regulations stem from OSHA and from the EPA rules resulting from 
CERCLA.  OSHA enforces requirements for communication to and training of personnel 
concerning any hazardous materials with which workers may be in contact, as well as 
establishing worker exposure thresholds for PCE at the dry cleaner site.  Regulations 
related to CERCLA include assignment to the dry cleaning establishment of liability for 
waste transportation and disposal for the life of the waste. 

  
 



 

 There are no federal statutes or regulations that concern the release of dry 
cleaning solvent to the soil or ground water.  Dry cleaners are not subject to regulations 
of the sort that govern releases from underground storage tanks.  To date, 11 states 
including Alabama, Florida, Illinois, Kansas, Minnesota, Missouri, North Carolina, 
Oregon, South Carolina, Tennessee, and Wisconsin have joined with industry 
organizations and the EPA to form the States Coalition for the Remediation of 
Drycleaners.  Each of these states has a specific drycleaner remediation program that 
includes funding alternatives.  Associate members of the Coalition are expected to 
develop programs in the near future and include Louisiana and New Mexico (2).  In most 
states without a formal program for dry cleaners, any dry cleaner that releases solvent to 
the soil or ground water can enter into a voluntary cleanup program to approach 
management of that release.  Entry into a voluntary cleanup program is typically 
triggered by a pending real estate transfer.  Withdrawal from a voluntary cleanup 
program is possible at any time without further requirements for characterization or 
remediation of solvents affecting soil or ground water. 
 
Scope of Dry Cleaner Contamination and Cleanup 
 
 Of approximately 22,300 active drycleaning plants nationwide, 75% are expected 
to have some level of contamination.  Of the almost 17,000 sites across the nation that are 
expected to have some degree of contamination, over 5,000 sites are located in one of the 
11 Coalition states.  There is at present $14.5 million in funding to investigate and 
remediate these sites.  Funding is received by the state through fees collected from 
drycleaners and, in some states, solvent suppliers.  The distribution of funds differs from 
state to state with respect to the party performing the investigation and remediation, time 
limits on cleanup efforts, and other aspects of the state programs.  To date, coalition 
states have performed at least 236 assessments, 100 remedial actions, and 16 closures (2).  
 
 In the state of Texas, there are 2,352 active dry cleaning plants (3).  Assuming 
that 75% of these plants have some level of contamination, there are at least 1,764 active 
dry cleaning plants that have released solvent to the soil or ground water. To date, there 
are 229 sites involved in the Texas Voluntary Cleanup Program (4). 
 
 

OBJECTIVES OF THE STUDY 
 

The primary objective of this study is to determine whether natural attenuation is 
a potential remedial alternative at dry cleaner sites.  Dry cleaner sites evaluated in this 
study were all located in Texas and were all participating in the Texas Voluntary Cleanup 
Program (VCP).  As there do not exist stringent standards for reporting data to the 
TNRCC within the VCP framework, each dry cleaner site involved in the study did not 
necessarily present all desired data.  Rather, available data from each site were utilized to 
the fullest extent possible for individual analyses.  

 
Further objectives of this study include evaluation of the extent of soil and 

ground water contamination at VCP sites, determination of representative concentrations 
of chlorinated solvents and plume geometry, determination of correlations between site 
parameters, and determination of the extent to which dry cleaners are appropriately 
regulated. 

  
 



 

  
 

DATA ANALYSIS 
 
Approach to Analysis 
 

Data from 137 dry cleaner sites participating in the Texas Voluntary Cleanup 
Program were gathered from central records and project files at the Texas Natural 
Resource Conservation Commission (TNRCC) in Austin, Texas.   

 
The first step in the analysis of the data was to design and populate a relational 

database.  Microsoft Access 2000 was chosen for the database due to its wide availability 
and compatibility with other software packages.  The database design consisted of nine 
relational tables:  Geology, Hydrogeology, Location, Monitoring Network, Plume Data 
Release and Source Data, Remediation Data, Risk Assessment Data, and Analytical and 
Geochemical Data. 

 
Overview of Sites 
 

In general, the dry cleaner sites were privately owned, neighborhood based dry 
cleaners.  They were most often located in light commercial areas surrounded by 
residential areas.  Exceptions include two sites that were located in the basements of large 
hotels, and two sites that were large, centralized cleaners for multiple drop-off locations.  
The sites included in this study are in various stages of investigation, remediation, 
closure, and post-closure.  The sites are located throughout the state of Texas, centered 
around the major urban areas of Houston, Dallas/Fort Worth, Austin, and San Antonio.  
A map showing the locations of all sites is shown in Figure 1.  Twenty percent of the 
sites have only soil contamination.  Fifty-eight percent of the sites have ground water 
contamination.  Twenty-two percent of the sites have perched water contamination.  Only 
sites where the consultants’ reports identified shallow ground water as “perched water” 
are considered to be perched water sites.  It is very likely that many of the remaining sites 
with shallow ground water could be considered perched water sites. 
 
Hydrogeology 
 
 Table 1 presents a summary of the hydrogeology at the sites.  Seepage velocity 
was measured or calculated for 39 of the 137 sites.  In cases where reports included 
information on measured seepage velocity, that data were included in the database.  At 
sites that did not report a measured seepage velocity, the seepage velocity was calculated 
using Darcy’s equation. In cases where the effective porosity was not given in the reports, 
it was estimated at 30 percent.  In cases where the hydraulic conductivity was not 
measured either in the laboratory or by a slug test, it was estimated based on 
representative values for the soil type of the aquifer.  Many sites did not provide enough 
information in the project file to calculate seepage velocity.  These typically were sites 
still early in characterization or without significant ground or perched water 
contamination.    Depth to ground water was reported for 75 of the 137 sites (see Table 
1).  Sites with soil contamination only typically did not report a depth to ground water.  

  
 



 

In cases where more than one ground water unit is contaminated, the depth to ground 
water reported is the depth to the first saturated unit.  
 
Other Site Data 
 
 Further information evaluated for all sites included receptor wells and duration of 
operation.  Table 2 presents a summary of the receptor well data.  The data in Table 2 
represent the total number of wells, both up gradient and down gradient, and may be 
publicly or privately owned.  They include both drinking water wells and wells used 
primarily for irrigation.  Seventy-three sites reported an inventory of receptor wells 
within a 0.5 mile radius of the site.  Thirty-nine sites reported the number of wells within 
a 1.0 mile radius.  Sites which had only soil contamination did not typically perform a 
well survey.  The duration of operation at a given site reflects the time from the first 
known dry cleaning activities to date or until the dry cleaners were closed.  The minimum 
duration of operation for the sites included in this study was two years.  Twenty five 
percent of the sites have been in operation 11 years or more, half of the sites have been in 
operation 16 year or more, 75 percent of the sites have been in operation 20 years or 
more.  The average duration of operation for the sites in this study is 17.3 years.  The 
maximum duration of operation is 70 years, but it should be noted that this particular site 
began operation as a laundry facility, and it is not known when it began dry cleaning 
operations.  The duration of operation does not necessarily correlate to the duration of 
solvent release, but does provide a framework which bounds the duration of solvent 
release.  The solvent releases at the individual sites are typically not well defined, and 
vary considerably site to site. 
 
Carbon Sources 
 
 It has been established that the presence of a carbon source provides the required 
electron donor necessary to achieve reductive dechlorination.  Carbon sources found or 
suspected at the sites in this study include petroleum solvents, releases from nearby 
service stations, sewer lines, and spot cleaners.  Nineteen percent of the sites in this study 
have identified carbon sources.  The remaining sites may indeed have carbon sources, but 
they were not identified in any of the reports in the project files.  Of the sites that had 
identified carbon sources, ten of the sites exhibit commingling plumes from nearby retail 
service stations, ten sites have a probable carbon source from the combined use of PCE 
and petroleum solvents, and six sites have suspected carbon sources from nearby service 
stations or sewer lines.   
  

All of the ten sites that exhibited commingling plumes from nearby retail service 
stations had detectable levels of cis-1,2-DCE in both soil and ground water.  Nine of 
these sites had detectable levels of vinyl chloride in ground water, and four of these sites 
had detectable levels of vinyl chloride in soil.  Similarly, all of the ten sites that have a 
probable carbon source from the combined use of PCE and petroleum solvents had 
detectable levels of cis-1,2-DCE in both soil and ground water.  Nine of these sites had 
detectable levels of vinyl chloride in ground water, and three of these sites had detectable 
levels of vinyl chloride in soil.  Of the six sites the had suspected sources of carbon from 
nearby service stations or sewer lines, five sites had detectable levels of cis-1,2-DCE in 
soil and three sites had detectable levels of cis-1,2-DCE in ground water.  Two of these 
sites had detectable levels of vinyl chloride in ground water, and one of these sites had 
detectable levels of vinyl chloride in soil. 

  
 



 

 
Contamination in Soil 
 
 Soil contamination data were available for 127 of the 137 sites in the study.  
Table 3 provides an overview of soil contamination of PCE and its degradation products, 
as well as a comparison of the soil results to Texas Risk Reduction Protocol (TRRP) 
Protective  Concentration Levels (PCLs).  PCLs are specific to medium and pathway.  
For example, the GWSoil PCL represents the soil (medium) concentration that would be 
protective of ground water (pathway) exposure.   The results presented in Table 3 reflect 
the highest value of a contaminant reported at individual sites.  The results presented as  
“DCE” indicate the highest of any of the DCE isomers and the total of 1,2-DCE. The 
presentation of values for the DCE isomers in the project files varied widely, so the 
highest DCE values were used without regard to the particular isomer.  The expectation is 
that most of the DCE is cis-1,2-DCE.  The maximum value reported for PCE was 
262,000 ppm.  It should be noted that while this was not an outlier at that particular site, 
it is an outlier for this study as a whole.  The site with the next highest soil concentration 
had a maximum PCE concentration in soil of 16,000 ppm.  The TRRP PCLs shown in 
Table 3 are based on a 0.5-acre source and residential use.  The lowest TRRP PCL for all 
chemicals presented is GWSoil, the soil value that is protective of ground water.  That 
value is 0.050 ppm for PCE, 0.034 ppm for TCE, 0.25 for cis-1,2-DCE, and 0.022 for 
vinyl chloride.  The next lowest TRRP PCL is GWSoilClass 3 for PCE, TCE, and cis-1,2-
DCE and TOTSoilCOMB for vinyl chloride.  The TRRP  PCL GWSoilClass 3 is the soil level 
protective of a Class 3 (non-potable) ground water aquifer, and the TRRP PCL 
TOTSoilCOMB is the total soil level for the combination of all exposure pathways.  The 
values of the next lowest TRRP PCL are 5 ppm for PCE, 3.4 ppm for TCE, 25 ppm for 
cis-1,2-DCE, and 1.6 ppm for vinyl chloride. 
 

As can be seen in Table 3, a significant percentage of the sites (87% and 61%) 
exceeded the lowest PCLs for PCE and TCE. Less frequent exceedences were found for 
DCE and VC (40% and 17%). 
 
Contamination in Ground Water 
 
 Ground water contamination was found in 80 of the 137 sites.  Table 4 provides 
an overview of ground water contamination of PCE and its degradation products, as well 
as a comparison of the ground water results to TRRP PCLs.   The results presented on the 
table reflect the highest value of a contaminant reported at individual sites.  The results 
presented as “DCE” reflect the same circumstance as the DCE results for soil 
contamination.  The maximum value reported for PCE was 1,070 ppm.  The five highest 
values reported for PCE were above the solubility of PCE (150 ppm).  It is not known 
whether these values are due to laboratory error or the presence of free-phase PCE in the 
ground water.  The adjusted PCE values presented in Table 4 represent only those sites 
with ground water results below the solubility of PCE.     The TRRP PCLs represented in 
the table are based on a 0.5-acre source and residential use.  The lowest TRRP PCL for 
all chemicals presented is GWGWING, the ground water value that is protective of ingestion 
pathways.  This is the same as the federal Maximum Contaminant Level.  That value is 
0.005 ppm for PCE, 0.005 ppm for TCE, 0.070 for cis-1,2-DCE, and 0.002 for vinyl 
chloride.  The next lowest TRRP PCL for all chemicals presented is GWGWClass 3, the 
ground water level protective of a Class 3 (non-potable) ground water aquifer.  The 

  
 



 

values of the next lowest TRRP PCL are 0.5 ppm for PCE, 0.5 ppm for TCE, 7 ppm for 
cis-1,2-DCE, and 0.2 ppm for vinyl chloride.  More than 50% of the sites, as can be seen 
in Table 4, exceeded the lowest TRRP PCL for all compounds. 
 
Contamination in Perched Water 
 

Perched water contamination was found in 30 of the 137 sites.  Table 5 provides 
an overview of perched water contamination of PCE and its degradation products, as well 
as a comparison of the perched water results to TRRP PCLs.   The results presented on 
the table reflect the highest value of a contaminant reported at individual sites.  The 
results presented as “DCE” reflect the same circumstances as the DCE results for soil and 
ground water contamination.  The TRRP PCLs represented in the table are the same as 
those represented for ground water.  However, it should be noted that in almost every 
case perched water would be considered a Class 3 ground water. 
 
Presence of DNAPL 
 

The possible presence of a dense, non-aqueous phase liquid (DNAPL) is 
indicated when results exceed 1percent of the solubility of a solvent.  The solubilities of 
PCE and TCE in their pure form are, respectively, 150 ppm and 1100 ppm.  Forty-five 
percent of the sites that have ground water or perched water contamination have PCE 
concentrations above 1.5 ppm (1 percent of the solubility).  Four percent of the sites that 
have ground water or perched water contamination have TCE concentrations above 11 
ppm (1 percent of the solubility).  Since the ratio of PCE and TCE released at a site 
cannot be determined, no adjustments have been made to the solubilities.  Therefore, the 
number of sites with the possible presence of DNAPL is conservative and may be 
somewhat higher than the results would indicate if the ratio of PCE and TCE were 
known.  These results compare favorably with those presented in both the Lawrence 
Livermore National laboratories and the BIOCHLOR studies.  Using 1 percent of the 
solubility as a basis, the former study found evidence of DNAPL at 40 percent of sites, 
and the latter study found evidence of DNAPL at 50 percent of sites. 
 
Presence of Degradation Products 
 
 Because it is possible that both PCE and TCE were released at the dry cleaner 
sites, only cis-1,2-DCE and vinyl chloride are considered when evaluating the presence 
of degradation products.  As shown in Table 6, the majority of sites have detectable 
amounts of degradation products.  At sites where only soil contamination is detected, 
69% have detected either vinyl chloride or DCE.  At sites with contaminated ground 
water, 75% have detected either vinyl chloride or DCE. At sites with contaminated 
perched water, 73% have detected either vinyl chloride or DCE .  The presence of vinyl 
chloride is of particular concern when considering degradation products because it is the 
only degradation product of PCE that is more toxic to humans than PCE itself. 
 
Correlation Analyses 
 

Two different types of correlation analyses were performed.  The first was a 
correlation analysis of degradation product plume length and PCE plume length.  The 

  
 



 

graph of that analysis is shown in Figures 2 and 3.  The second was a correlation analysis 
of PCE plume length with various site conditions.  Figures 4 through 8 show PCE plume 
length vs. various site conditions. 

 
The number of data points for the correlation of PCE plume length and 

degradation product plume length is small, but the correlation analysis was performed 
nonetheless.  As Figure 2 shows, the plume length data are well correlated, with R-
squared values exceeding 0.9 in each of the three degradation product correlations.  In an 
attempt to account for the release of PCE and TCE, the total of the PCE and TCE plume 
lengths was correlated with cis-1,2-DCE and vinyl chloride, respectively.  This 
correlation is shown in Figure 3, and yields similar R-squared values than those found 
with PCE plume length alone.  

 
In the second type of correlation analyses, site conditions considered included 

seepage velocity, depth to ground water, duration of operation, maximum soil 
concentration, and source strength.  As the figures show, there are no obvious linear 
correlations or transforms that would physically link site conditions with plume length.  
The sample size varies with site condition, but in all cases is considered large enough to 
have a significant population to perform the correlation analyses.  It is possible that 
interactions with or without transformations between various site conditions may show 
site conditions to be well correlated, but those analyses are outside the scope of this 
study. 
 
Attenuation at Wells 
 

Ten of the sites with the longest histories of groundwater monitoring were 
selected for point attenuation analysis.  Of the total of 156 wells at these sites, 94 wells 
showed declining trends in PCE contamination.  These wells include those in source 
areas as well as those in the plume and at the edges of the plume.  The results of the wells 
showing declining trends were analyzed using a linear fit.  The slope of the linear fit line 
is the point attenuation rate.  Table 7 provides information on the values determined for 
the point attenuation rates at these 94 wells.  

  
Sixty-two of the wells reported analyses for PCE below the detection limit in the 

last available round of sampling.  TCE was reported at 66 percent of the wells sampled 
for TCE, DCE was reported at 60 percent of the wells sampled for DCE, and vinyl 
chloride was reported at 31 percent of the wells sampled for vinyl chloride. 

 
 

DISCUSSION 
 
Limitations 
 
 There are two major limitations in this study:  lack of information concerning the 
timing of the release and lack of information concerning the volume of solvent released.  
Both of these limitations are inherent to the nature of the study, particularly the nature of 
the release itself.  In almost every case, the mechanisms by which the solvent is released 
to the environment are assumed to be combinations of spillage from improper handling 

  
 



 

and minor leaks from equipment connections.  Three of the sites report dumping of 
condensate directly to the soil outside the back of their facilities or storage of solvent 
laden filters on the ground outside of the facilities.  At least two sites report releases 
associated with accidental spills due to valve failures or similar mechanical problems.  
Because the majority of releases are expected to have been so slight as to go unnoticed by 
equipment operators, no estimation of the timing or quantity of the release can be made.  
The only method available to quantify the timing of the release is to acknowledge that it 
must be bounded by the duration of operation of the dry cleaners at the site.  To limit the 
timing further than the duration of operation would require assumptions of site specific 
waste management, machinery defects, and sewer line breaches.  These assumptions are 
outside the scope of this project.  Unfortunately, without an understanding of the timing 
and duration of the release, dating the PCE plume is problematic.    
 

With respect to the volume of solvent released, very few of the dry cleaner sites 
report solvent consumption.  None of the dry cleaner sites have reported quantities of 
spent solvent generated.  Since most dry cleaners are too small to be required to go 
through the RCRA permitting process, information on the quantities of waste generated is 
not available.  In order to provide a meaningful mass balance and to determine the 
quantity of solvent released to the soil and ground water at a specific site, information 
concerning the annual purchase of solvent and the annual generation of solvent waste is 
required.  Without this information, the mass of solvent released remains an unknown 
quantity.  The quantity of solvent released is of interest because it is logical to expect that 
larger quantities would be released at larger plants, and larger quantities would be 
released when good waste management and housekeeping practices were not followed.  
This expectation is confirmed by the fact that in this study, the largest dry cleaner plant 
exhibited the second largest maximum soil PCE concentration.  By default, all sites in the 
study were considered without regard to the size of the dry cleaning plant itself and 
without regard to the specific waste management and housekeeping conditions at each 
plant.    
 
Presence of Degradation Products 
 
 The presence of degradation products is the strongest evidence of natural 
attenuation available in this study.  In all of the sites considered, 69 percent detected 
degradation products in soil, 75 percent detected degradation products in ground water, 
and 73 percent detected degradation products in perched water.  However, in the subset 
of sites that have identified carbon sources, 96 percent of sites detected degradation 
products in soil, and 88 percent of sites detected degradation products in ground water or 
perched water.  This confirms the expectation that reductive dechlorination occurs in the 
presence of PCE and suitable electron donors, and could serve to further considerations 
of methods to enhance intrinsic reductive dechlorination.  These findings support the 
claim that reductive dechlorination is a significant attenuation mechanism and is 
especially significant in the presence of known carbon donors. 
 
Contaminated Media 
 
 Elevated levels of PCE and its degradation products were found in soil, ground 
water, and perched water.  In soil, ground water, and perched water, 87 percent, 89 
percent, and 57 percent, respectively, of all sites detected levels of PCE in excess of the 

  
 



 

lowest applicable TRRP PCL.  Higher alternative TRRP PCLs could be adopted given 
site specific data and consideration for complete routes of exposure.  However, if 
alternative TRRP PCLs are considered to establish cleanup criteria, the future use of the 
site becomes limited and the liability and concern for potential exposures does not 
diminish. 
 
Correlation Analyses 
 
 Degradation product plume length and PCE plume length were strongly 
correlated, as was expected.  This confirms that the degradation products of PCE do not 
typically extend farther than the original PCE plume, which is particularly positive in the 
case of vinyl chloride due to the higher risks associated with vinyl chloride exposure.  
This also allows site characterization to focus on the delineation of PCE plume length as 
the first priority to understanding the scope of the contamination at a site.  These results 
are expected, as they are similar to previous plume studies. 
  

No correlation could be determined between PCE plume length and any of the 
site-specific parameters considered.  Though theoretically problematic, this is not 
unexpected at the field scale.   

 
 

CONCLUSIONS 
 

The primary objective of this study was to determine whether natural attenuation 
is a potential remedial alternative at dry cleaner sites.  Many aspects of the analyzed sites 
lead to the conclusion that natural attenuation should definitely be considered in the 
evaluation of potential remedial alternatives.  Using the presence of degradation products 
as the primary indicator of natural attenuation, natural attenuation appears to be a viable 
remedial alternative in at least 69 percent of sites with soil contamination and 75 percent 
of sites with ground water contamination.  In this study, natural attenuation is even more 
viable when there is a known carbon source, with degradation products observed at 96 
percent of sites with soil contamination and 88 percent of sites with ground water or 
perched water contamination.  Natural attenuation has been selected as the remedial 
alternative for at least three sites.  Unfortunately, complete analysis of the potential for 
natural attenuation at each site is not possible due to a deficiency in reported data: many 
of the sites began investigation years before the protocols for natural attenuation 
screening were in place, and those sites do not have the data necessary to determine if 
geochemical and other parameters support natural attenuation.  However, for the sites 
most recently joining the Voluntary Cleanup Program, natural attenuation is a frequently 
selected remedy.  

 
The extent of soil and ground water contamination at VCP sites is presented in 

the Data Analysis section.  To determine whether this contamination is significant, the 
number of sites with results higher than the TRPP PCLs is evaluated. Judged by this 
criterion, over 87 percent of soil contamination, over 89 percent of ground water 
contamination, and over 57 percent of perched water contamination is significant.  
Assuming that there are the estimated 1,764 active sites with some level of 
contamination, over 1,500 would be expected to have significant contamination in at least 

  
 



 

soil.  If the percentage of ground water at sites is the same as reflected in this study, then 
almost 1,000 sites throughout Texas would be expected to have significant ground water 
contamination.  These numbers do not reflect sites that include former dry cleaner plants, 
so that the total of sites with significant contamination would be even higher. 

 
Given the significance of the releases to the soil and ground water, it appears that 

dry cleaners are under-regulated in Texas in terms of releases of solvents to the soil and 
ground water.  There currently are no incentives for investigation or remediation at dry 
cleaning sites unless there is the potential for real estate transfer.  There also is no 
uniform methodology for site characterization at dry cleaner plants.  Many of the dry 
cleaner sites in the Texas VCP entered the program before natural attenuation protocols 
for organics were finalized, and have performed site characterization in a manner that can 
appear haphazard.  Because of the current voluntary nature of participation by dry 
cleaners in site characterization and remediation, many sites have not achieved full 
vertical or horizontal delineation, and characterization issues specific to DNAPLs have 
not been addressed.  In addition to the lack of characterization, dry cleaners are not 
required to submit uniform information concerning operational history that would further 
assist in determining fate and transport of PCE and degradation products at a given site.
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Table 1. Summary of Hydrogeology 
 

 Seepage Velocity 
(feet/year) 

Depth to Ground Water  
(feet) 

Minimum 0.0007 2 

25% 2.12 9.5 

Median 25.2 12 

Mean 135 16.7 

75% 77.6 19 

Maximum 2759 100 

n 39 75 
 

 
Table 2. Number of Receptor Wells 

 
 0.5 Mile Radius 1.0 Mile Radius 

Minimum 0 0 
25% 0 2 
Median 1 4 
Mean 2 10 
75% 3 13 
Maximum 17 42 
n 73 39 

 
 

Table 3.  Soil Contamination 
 

 PCE TCE DCE VC 
Minimum BDL BDL BDL BDL 
25% 0.3225 BDL BDL BDL 
Median 3.465 0.1035 0.1 BDL 
Mean 2456 11.89 2.346 0.163 
75% 55.338 0.76 0.986 BDL 
Maximum 262,000 529 71 6.5 
Lowest TRRP PCL 0.050 0.034 0.25 0.022 
Next lowest TRRP PCL 5 3.4 25 1.6 
Exceeding lowest TRRP PCL 87% 61% 40% 17% 
Exceeding next lowest TRRP PCL 71% 9% 0.8% 3% 
Notes:  n=127 

All results reported in ppm 
BDL = Below detection limits 
TRRP = Texas Risk Reduction Protocol 
PCL = Protective Concentration Level 

 

  
 



 

Table 4. Ground Water Contamination 
 

 PCE TCE DCE VC 
Minimum BDL BDL BDL BDL 
25% 0.055 BDL 0.006 BDL 
Median 1.72 0.27 0.41 0.007 
Mean 44.92 2.92 11.76 1.19 
75% 25.0 2.053 3.3 0.24 
Maximum 1,070 27.3 186 34 
Lowest TRRP PCL 0.005 0.005 0.070 0.002 
Next lowest TRRP PCL 0.5 0.5 7 0.2 
Exceeding lowest TRRP PCL 89% 74% 69% 54% 
Exceeding next lowest TRRP PCL 67% 46% 20% 28% 
n 80 80 80 80 

Notes:  All results reported in ppm 
BDL = Below detection limits 
TRRP = Texas Risk Reduction Protocol 
PCL = Protective Concentration Level 

 
 

Table 5.  Perched Water Contamination 
 

 PCE TCE DCE VC 
Minimum BDL BDL BDL BDL 
25% 0.0125 BDL BDL BDL 
Median 0.62 0.084 0.033 BDL 
Mean 11.16 0.299 0.8092 0.0839 
75% 9.45 0.26 0.7925 BDL 
Maximum 120 3 11.04 1.4 
Lowest TRRP PCL 0.005 0.005 0.070 0.002 
Next lowest TRRP PCL 0.5 0.5 7 0.2 
Exceeding lowest TRRP PCL 87% 67% 40% 23% 
Exceeding next lowest TRRP PCL 57% 27% 10% 13% 
Notes:  n = 30 

All results reported in ppm 
BDL = Below detection limits 
TRRP = Texas Risk Reduction Protocol 
PCL = Protective Concentration Level 

 

  
 



 

Table 6.  Degradation Products 
 

 n Sites 
detecting 

degradation 
products 

Sites detecting 
Vinyl Chloride  

Sites detecting 
cis-1,2-DCE 

but not Vinyl 
Chloride 

Soil 127 69% 21% 48% 
Ground Water 80 75% 23% 53% 
Perched Water 30 73% 23% 50% 

 
 
 
 

Table 7.  Point Attenuation Rates 
 

 kpoint  (day-1) t1/2 (year) 
Minimum 1.67 x 10-8 114,000 
25% 6.67 x 10-7 2,850 
Median 1.00 x 10-5 190 
Mean 4.58 x 10-4 4.15 
75% 8.67 x 10-5 21.9 
Maximum 1.42 x 10-2 0.13  
n = 94 

 
 

 

  
 



 

Figure Captions 
 
Figure 1. Site locations   
 
Figure 2. Degradation Product Plume Length vs. PCE Plume Length  
 
Figure 3. Degradation Product Plume Length vs. PCE and TCE Plume Length  
 
Figure 4. PCE Plume Length vs. Seepage Velocity  
 
Figure 5. PCE Plume Length vs. Depth to Ground Water  
 
Figure 6. PCE Plume Length vs. Duration of Operation  
 
Figure 7. PCE Plume Length vs. Maximum Soil Concentration  
 
Figure 8. PCE Plume Length vs. Source Strength  
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Figure 2. Degradation Product Plume Length vs. PCE Plume Length 
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Figure 3.  Degradation Product Plume Length vs. PCE and TCE Plume Length 
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Figure 4.  PCE Plume Length vs. Seepage Velocity 

 

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35 40
Depth to Groundwater (feet)

PC
E

 P
lu

m
e 

L
en

gt
h 

(f
ee

t)

Figure 5. PCE Plume Length vs. Depth to Ground Water
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Figure 6.  PCE Plume Length vs. Duration of Operation 
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Figure 7.  PCE Plume Length vs. Maximum Soil Concentration
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ABSTRACT 

México began extracting petroleum and building refineries since the early 1920s. One of 
the oldest refineries is located in the northeast state of Tamaulipas. Which is also one of 
the largest refineries in the country. The poor control of leaks from storage tanks and 
piping systems in the past, as well as land disposal of untreated hydrocarbon sediments 
from the cleaning of storage tanks, has produced soil and groundwater contamination. 
 
The objective of this study is to evaluate the natural attenuation by comparing two soil 
samples taken in two different years, 1999 and 2000. The soil measurements were carried 
out at a depth of 1.2 m and TPH,  BTEX, PAH, Pb, Fe and V were determined. 
 
The conceptual site model established a hypothesis about possible contamination sources, 
contaminant fate and transport and possible pathways of exposure to the population 
potentially at risk. 
 
The conceptual site model incorporates the following basic elements (1): 
 
• Identification of probable sources of contamination 
• Soil and groundwater characterization 
• Human health risk assessment 
• Site specific cleanup criteria 
• Natural attenuation possibilities 
• Remediation possibilities 
 
On the second series of sampling effectuated on 2000 the  most contaminated samples 
sites according to results from 1999 studies, indicate 50 % of removal by natural 
attenuation on TPH and more than 80 % PAH removal. 
 
 

PROBABLE SOURCES OF CONTAMINATION 
 

The refinery has transformed crude and processed products since 1920, therefore 
it is possible to find a great variety of hydrocarbon compounds in soil and groundwater. 
The site’s soil contains old fuels, diesel products and newer compounds like MTBE. 
Metals like lead (from leaded gasoline) vanadium, zinc, and iron are also present in soil 
and groundwater. 
 
 



The refinery has an extension of more than 5 x 10 6  m, which are divided in the 
following areas: 

 
 Refining area 
 North yard, where storage tanks are located and distribution activities take place 
 Recreative areas (golf course, ecological park and lake) 
 Distribution to area for service stations 
 Maritime ports, that serve the storage ships  

 
 

    A neighborhood with approximately 1,850 inhabitants is located downgradient of 
the refinery, just 100 m way from the site. Most soil and groundwater contamination area 
result of more than  70 years of spills and poor practices on land disposal of storage tank 
sediments and scrap iron parts of the equipment used at the refinery, especially in the first 
two areas described above. 

 
 

SOIL AND GROUNDWATER 
CHARACTERIZATION 

 
The statigraphic cross-section at refinery, from top to bottom, is as follows: 

clayey silt (0-0.30 m), silty sand (0.3-2.8 m), and fine sand (2.8-22.8 m). The next layer is 
formed by a clayey soil with low permeability (6 m thick were detected). 

Water table varies from 0.80 m to 3.0 m depending on the season of the year.  
Groundwater flow comes from west to southeast, the hydraulic conductivity in the sandy 
layer is K = 4.5x10-5 m/s, the hydraulic gradient is 0.00094, the porosity is 0.37 and the 
bulk density is 1.82 g/cm3  (2). 

After studying the physical composition of refinery, 362 soil sampling points 
were located across the area, 51 of the 362 points were selected to install piezometers for  
groundwater sampling. Table 1 presents the parameters analyzed for soil and 
groundwater. 

 
 

HUMAN HEALTH RISK EVALUATION 
 

Human health risk assessment is defined as the characterization of the potential 
adverse health effects associated with human exposures to environmental hazards (3). 
The basic components and tasks involved in a comprehensive human health assessment 
are: 

 
 Data evaluation 
 Exposure assessment 
 Toxicity assessment 
  Risk Characterization 

 
 

Risk characterization consists of estimating the probable incidence of adverse 
impacts to potential receptors under various exposure conditions that are associated 



with a hazard situation. It involves an integration of the toxicity and exposure 
assessments, resulting in a quantitative estimation of the actual and potential risks and 
hazards due to exposure to mixtures of the chemicals. The risks to exposed populations 
resulting from exposure to the site contaminants are characterized through a calculation 
of non-carcinogenic hazard quotients and indexes or carcinogenic risks. 

 
 

In this study, RBCA (Risk-Based Corrective Action) was the framework used 
for health risk characterization. RBCA is a tool kit developed by ASTM (American 
Society of Testing Materials) for the calculation of site specific risk-based soil and 
groundwater cleanup goals, which facilitate the development of site remediation plans 
(4). 

 
 
 In order to apply RBCA, it was necessary to divide the site in sixteen potential 

risk zones (PRZs). The division was made following the distribution of maximum TPH 
concentrations found after soil and groundwater characterization. It was remarkable to 
find points where TPH concentrations were high enough to reach 120,000 mg/kg, but 
some surrounding points were very low or non detected. It was considered that high 
TPH concentrations corresponded to a singe spill that could be addressed as an 
individual run of RBCA program. 
 
 

Practically all contamination is condensed on refining area and the north yard, 
therefore all PRZs are located within these two zones. Designated PRZs are shown on 
Fig 1; zone numbers 1 to 12 correspond to refining area and letters A to D correspond to 
North yard area. Exposure assessment indicates that exposure pathways for the site are 
wind erosion, volatilization from affected groundwater and atmospheric dispersion for 
outdoors from affected surface soil. Exposure media are: soil dermal contact and 
ingestion, air inhalation of vapor and particulates, and groundwater ingestion. 
Groundwater ingestion was indicated only for residents downgradient of refinery. 
Workers of FIMR do not consume water from the aquifer located in the site. 

 
 
On-site receptors (workers of refinery) were classified as 

commercial/construction workers, and Off-site receptors (residents) were classified as 
residential. Exposure parameters (skin surface area, body weight, water and soil ingestion 
rate) are the default parameters indicated by RBCA; this is due to the fact that in Mexico 
there are no statistics to fit these items.  

 
 
Individual target health risk limits considered for the assessment were 1 x 10-6 

(class A/B carcinogens) and 1 x 10 –5 (class C carcinogens). Cumulative target health risk  
for class A/B carcinogen was 1 x 10-5 . Individual hazard quotient (HQ) and cumulative 
target hazard index (HI) for non carcinogen compounds were 1.0. 

 
 
Input representative concentrations were the average concentrations of each 

compound detected in the different PRZs. 
 
 



NATURAL ATTENUATION 
 

 Different physical, chemical and biological methodologies have been proposed in 
order to decrease contamination levels in polluted sites. Biological remediation 
techniques have received great attention because they are in general environment- 
friendly and highly cost effective. Besides this wide range of options (biopiles, land 
farming, bioventing slurry bioreactors, bioestimulation, phytoremediation, etc) new 
emergent technologies are being considered by environmental researchers and 
organizations, like natural attenuation. 
 
 
 The term natural attenuation refers to the reliance on natural attenuation process 
to achieve site-specific remediation objectives within a time frame that is reasonable 
compared to that offered by other more active methods (5). Remediation by natural 
attenuation (NA) reduces concentration over time and distance as a result of naturally 
occurring physical, chemical and biological process such as biodegradation, dispersion, 
dilution and volatilization (6). 
 
 
 This works deals with 1999-2000 characterization of the refinery soil in terms of 
(TPH) mainly. The first year of the natural attenuation for the site remediation is 
described in terms of TPH and PAH, regarding the required cleaning up levels 
determined through a health risk assessment program. 
 
 

RESULTS 
 
 

The main sources of contaminated soil in the North yard are pipelines, valves and  
old storage tanks. The chromatograms show the presence of old oils and diesel products. 
New products from recent gasolines are not present in the sampled soil. In the Refining 
area the highest levels of TPH and PAH are present in the areas of primary and combined 
distillation plants, where the primary separation of crude oil is made. Furthermore the 
corresponding area to fluid catalytic cracking and gas concentration plant presents high 
levels of TPHs and PAHs. The products of this plant are high octane gasoline, propane, 
propylene, butane, buthylene, fuel gas, heavy naphta, light cyclic oil and residue. 

 
Health Risk Assessment 

 
Table 2 shows risk, hazard indexes and cleanup standards for the designated 

PRZs for all pathways. PRZs A, D and 1 to 4 do not manifest a risk for the On-site and 
Off-site receptors and therefore they are not considered in the table. For groundwater 
pathway, the HIs are out of cumulative target HI established for the assessment for On-
site receptors (except for PRZ 9 and B). Off-site receptors satisfy the target limit. Only 
PRZs 6, 7, 8, 10, and C present a carcinogenic risk for On-site receptors and PRZs 7 and 
8 present a carcinogenic risk for the Off-site receptors. Groundwater affection is due to 
leaching from soil to groundwater. There are no HIs out of the target limit for the soil 
pathway and only PRZ 10 has a carcinogenic risk for On-site receptors. There is not 



carcinogenic risk for Off-site receptors. For outdoor pathways all the HIs and 
carcinogenic risks satisfy the cumulative target limits. The compounds out of the site’s 
specific cleaning standards are benzene, vanadium, benzo(a)pyrene and MTBE.  The 
site’s specific cleaning standards are shown on table 2. According to regulations in 
Mexico, the cleaning levels for industrial soils contaminated by hydrocarbons are: TPHs: 
2,000 mg/kg, benzene: 50 mg/kg, xylenes and toluene: 100 mg/kg (7). According to these 
criteria and with table 2 it is necessary to reduce benzene levels at PRZs 5 to 10 . It is 
recommended to reduce TPHs in all PRZs.  

 
 
Natural attenuation is the recommended technique to reduce TPHs. Vapor 

extraction is the recommended technique to reduce VOCs concentrations (benzene) due 
to the high permeability of vadose zone. 

 
Natural Attenuation 
 

Figure 2 shows the refinery area and the contamination levels regarding the TPH 
concentrations. As shown, they fluctuated between non detected (ND) and 130,000 
mg/kg. Besides, TPH as diesel, xylenes, toluene, gasoline, ethylbenzene, and specific 
carbonaceous fractions i.e., <C5, >C5<C8, >C8<C10, >C10<C13 were found in much 
lower concentrations. 
 
 
 In order to fix the TPH remediation goal, the value suggested by Procuraduría 
Federal de Protección al Ambiente (7) was employed. The Internal Criteria for Soil 
Remediation (ICSR) are no legislation material, but suggested goals for remediation 
process. For TPH (USEPA 418.1 method) a value of 2,000 mg/kg is suggested for 
industrial soils. 
 
 From the 362 sampling points evaluated in 1999, 31 were selected in order to 
follow the natural attenuation course. The selection of this points was based on two 
general criteria. First, the sampling points which showed high TPH concentrations 
(>5,000 mg/kg). Second, sampling points unaffected by changes in the refinery 
arrangement, since some areas were subjected to changes like demolition of some areas 
and construction of new plants .  
 

Table 3 shows the refinery soil characterization in terms of TPH concentrations 
for those sampling points evaluated in 1999 and 2000 periods. As shown, in 1999 TPH 
concentrations fluctuated between 1,286 and 119,668 mg/kg (for this set of 31 sample 
points) with an average concentration of about 31,069 mg/kg. In 2000, the TPH range 
was from ND to 94,815 (average of 14,894 mg/kg). In the same table, the percent 
variation is showed. Note that there are a few points where TPH seem to increase. These 
points were located near of pipes or the oily sewage, where some leakages were detected. 
Even though the program developed to correct leakages in: tanks and pipes is in progress, 
there would still be some uncorrected failures. 

 
  
 The TPH changes represent a global diminution of about 52%. The last two 

columns of table 2 show the number of times that TPH concentrations are higher than the 
cleaning level (2,000 mg/kg). As observed, in 1999 the TPH concentrations were very 



variable, but in average they were as much as 15.5 times the goal concentration. For year 
2000, the TPH concentrations were only 7.4 fold the value proposed . 

 
Figure 3, shows TPH concentrations arranged in an ascendant way regarding to 

the TPH values on 1999. As shown, in 1999 TPH concentrations were from 1,286 mg/kg 
to 119,668 mg/kg and that huge amount of carbonaceous material is not present in 2000, 
but there is not a clear trend between initial TPH percent biodegraded. There are sampling 
points with TPH concentration low values where biodegradation was not very much 
significant. In other points, with higher amount of TPH, biodegradation reached quite 
high values . 

 
In order to analyze PAH changes during the 1999-2000 period PAH 

concentrations were evaluated only in the sampling points where TPH >15,000 mg/kg or 
those with TPH/ gasoline >3 or TPH/diesel >5 ratios. Results are shown on table 4.. 
During 1999, different PAHs were identified, i.e. anthracene, benzo(a)fluoranthene, 
benzo(a)pyrene, phenanthrene, fluorene and naphthalene in a few sample points. 
Concentration values fluctuated between ND to 94.3 mg/kg (average: 9 mg/kg). For 2000, 
anthracene, benzo(a)fluoranthene and benzo(a)pyrene did not appeared. Concentrations 
were between ND and 13.5 mg/kg (average: 1.61 mg/kg). This means a global reduction 
of 82 %. 
 

Even though data are scarce, it is possible to say that PAHs with 2, 3, 4 and 5 
aromatic rings were biodegraded in one year. Some authors (8) have reported problems 
with the biodegradation of PAHs with more than 3 aromatic rings. The biological 
degradation of different PAH on soil under certain experimental conditions was studied 
(9). In this work, the more biodegraded PAH were naphthalene (2 rings), anthracene (3 
rings), acenaphthene (3 rings) fluorene (3 rings), benzo(k)fluoranthene (5 rings) and 
benzo(a)pyrene (5 rings). Besides the number of aromatic rings in the PAH, it is 
important to consider its hydrophobicity. Of the PAH reported, the more water soluble 
seems to be naphthalene (31 mg/l @ 25 0C), acenaphthene (4.3 mg/l @ 25 0C), fluorene 
(1.9 mg/l @ 25 0C) and phenanthrene (1.1 mg/l @ 25 0C). The more hydrophobic 
compounds are benzo(k)fluoranthene, benzo(a)pyrene, anthracene, benzo(a)anthracene 
and chrysene. The relationship between PAH water solubility and PAH biodegradation is 
not very clear.  

 
 

DISCUSSION 
 
 

The study of natural attenuation in the refinery will be carried out in conjunction 
with active remediation techniques and will be used as a follow-up technique. In the two 
past years, besides the work described herein, research is conducted in order to study 
other remediation techniques for cleaning the highly contaminated areas. Studies 
regarding in situ flushing of soil in the refinery have shown very good results with more 
than 90 % of removal efficiency. Biopile is also proved as a pilot test with results 
showing about 78 % of removal efficiency. 
 
 



Natural attenuation results are very promising. It would be quite interesting  to 
develop new additional assessments in order to understand better how natural attenuation 
is going on. Experiments with soil refinery are beginning in order to determine if changes 
in toxicity are taking place.      
 
 
 Besides, microcosm studies with refinery contaminated soil are on progress in 
order to demonstrate microbial activity to degrade the contaminants of concern.  
 
  

CONCLUSIONS 
 
 

The subsoil of the refinery is contaminated by hydrocarbons with 
concentrations up to 130,000 mg/kg as TPH. The main sources of contaminated soil 
have been: pipeline valves, leakage from old storage tanks and land disposal of 
untreated hydrocarbon sediments derived from the cleaning of storage tanks. 
 
 

Groundwater is not contaminated. Some piezometers showed lead and iron 
above the water limits of the Mexican legislation. 
 
 

The health risk assessment suggests the following actions: benzene must be 
reduced in 8 of 16 studied refinery zones until 0.0074 mg/kg. In one of the studied 
zones benzo(a)pyrene must be reduced until 0.1 mg/kg. TPH must be reduced until 
2,000 mg/kg. 
 
 

After one year of natural attenuation, TPH showed a global diminution of about 
52%. In 1999, TPH concentrations were very variable, but in average they were as 
much as 15.5 times the cleaning levels. For year 2000, TPH concentrations were only 
7.4 fold the value proposed.  
 
 
 PAH concentration decreased 82% for the 1999-2000 period . PAH with 2, 3, 4 
and 5 aromatic rings were biodegraded up to 100 % values.  Biodegradation did not 
correlate with water solubility values. 
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Table 1. Parameters Analyzed in Soil 
 
 

Parameter   Method 
 

TPH    EPA 418.1 
Hydrocarbons:   EPA 8240 
BTEX 
MTBE 
Diesel 
Gasoline 
PAH    EPA 8100 
Iron    EPA 6010 
Lead    EPA 6010 
Vanadium   EPA 6010 
Zinc    EPA 6010 

 
 



 
 

Table 2. Comparative TPH concentrations for the FIMR soil on the 1999 and 2000 
characterizations. 

 
 

TPH concentration 
(mg/kg) 

Number of times 
the target valuea 

(2,000 mg/kg) 

Sampling 
point 

1999 2000 

Variation 
(%) 

1999 2000 
13 34,155 55 -99.83 17.07 0.0275 
17 31,687 28,184 -11.05 15.84 14.09 
20 35,979 24,841 -30.95 17.98 12.42 
32 14,775 71 -99.51 7.38 0.0355 
36 20,935 30,265 44.56 10.46 15.13 
50 25,474 168 -99.34 12.73 0.084 
57 51,798 94,815 83.04 25.89 47.40 
60 85,872 63,254 -26.33 42.93 31.62 
68 16,404 2,818 -82.82 8.20 1.409 
73 39,094 692 -98.22 19.54 0.3460 
83 6,496 41 -99.36 3.248 0.0205 

109 119,668 742 -99.37 59.83 0.371 
117 15,696 499 -96.82 7.84 0.2495 
161 68,890 85 -99.87 34.44 0.0425 
163 57,505 0 -100.00 28.75 0.00 
172 31,966 812 -97.45 15.98 0.4060 
178 32,914 22,313 -32.20 16.45 11.15 
181 15,783 51,873 228.66 7.89 25.93 
184 34,932 28,235 -19.17 17.46 14.11 
195 45,907 20,177 -56.04 22.95 10.08 
227 19,644 0 -100.00 9.82 0.00 
235 62,338 16,940 -72.82 31.16 8.47 
236 27,506 422 -98.46 13.75 0.2110 
240 13,222 13,146 -0.5747 6.61 6.57 
249 1,286 1,205 -6.29 0.6430 0.6025 
257 15,488 18,634 20.31 7.74 9.31 
258 5,990 14,389 140.21 2.99 7.19 
263 10,137 45 -99.56 5.06 0.022 
265 6,761 17,259 155.27 3.38 8.62 
268 9,456 1,770 -81.28 4.72 0.8850 
273 5,382 7,973 48.14 2.69 3.98 

Average 31,069.03 14,894.29 -52.06 15.53 7.44 
 

a PROFEPA (2000 
 
 
 
 
 
 
 



 
 

Table 3.  Risk Hazard Indexes and Cleanup Standards by PRZ for all Pathways 
 
 

Cleanup standards 
Groundwater Soil Groundwater 

(mg/l) 
Soil 

(mg/l) 

 
 

Zone 
HI 

Risk 
On-site Off-site On site   

  Commer 
cial 

Residen 
tial 

Commer 
cial 

Construction 
Worker 

  

5 HI 
Risk 

2.1 E+0 
6.8 E-6 

8.4 E-2 
3.3 E-7 

1.3 E-2 
1.5 E-8 

1.8 E-2 
4.5 E-10 

Benzene             9.9 E-3 
Vanadium          7.2 E-1 

Benzene         7.4E-3 
Vanadium       1.0E+2 

6 HI 
Risk 

2.0 E+0 
1.0 E-5 

4.9 E-2 
3.0 E-7 

1.3 E-2 
2.3 E-8 

1.7 E-2 
6.8 E-10 

Benzene             9.9 E-3 
Vanadium          7.2 E-1 

Benzene          7.4E-3 
Vanadium       1.0E+2 

7 HI 
Risk 

8.3 E+0 
2.4 E-4 

8.1 E-1 
2.8 E-5 

2.3 E-2 
5.5 E-7 

1.9 E-2 
1.6 E-8 

Benzene             9.9 E-3 
 

Benzene         7.4 E-3 
 

8 HI 
Risk 

6.6 E+0 
1.9 E-4 

6.6 E-1 
2.3 E-5 

1.8 E-2 
4.4 E-7 

1.4 E-2 
1.3 E-8 

Benzene             9.9 E-3 
 

Benzene         7.4 E-3 
 

9 HI 
Risk 

8.2 E –1 
1.1 E-6 

3.4 E-2 
5.4 E-8 

2.8 E-3 
2.5 E-9 

3.3 E-3 
7.2 E-11 

Benzene             9.9 E-3 
 

Benzene         7.4 E-3 
 

10 HI 
Risk 

1.7 E+0 
1.3 E-5 

5.6 E-1 
5.2 E-6 

1.7 E-2 
1.6 E-5 

1.4 E-2 
5.2 E-7 

Benzene             9.9 E-3 
Benzo(a)pyrene 3.9 E-5 

Benzene          7.4E-3 
B(a) pyrene    1.0 E-1 

11 HI 
Risk 

1.9 E+0 
NA 

6.2 E-1 
NA 

2.1 E-3 
NA 

2.1 E-3 
NA 

MTBE               1.0 E+0 MTBE            1.9 E-1 

B HI 
Risk 

1.6 E-1 
1.2 E-6 

5.9 E-3 
5.3 E-8 

9.5 E-4 
2.8 E-9 

1.3 E-3 
8.1 E-11 

Benzene            9.9  E-3 
 

Benzene         7.6 E-3 
 

C HI 
Risk 

2.5 E+0 
5.7 E-5 

1.3 E-1 
3.7 E-6 

8.8 E-3 
1.4 E-7 

7.4 E-3 
4.0 E-9 

Benzene             9.9 E-3 Benzene         7.6 E-3 

 
 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
Table 4. Comparative PAH concentrations for the Mexican Refinery soil on the 1999 and 

2000 characterizations. 
 

 
Concentration 

(mg/kg) 
Times the target 

value 
Compound Sample 

point 
1999 2000 

 
Variation 

(%) 

Target 
valuea 

(mg/kg) 1999 2000 
Anthracene 273 15.9 ND -100.00 19 0.8368 - 

184 ND 0.65 - 360 - 0.0018 Acenaphthene 
273 30.4 ND -100.00 360 0.0844 - 

Benzo(a) 
anthracene 

181 ND 1.9 - 2.6 - 0.7307 

Benzo(k) 
fluoranthene 

273 0.94 ND -100.00 26 0.0361 - 

Benzo(a)pyrene 273 1.65 ND -100.00 0.26 6.3461 - 
Chrysene 181 ND 0.64 - 24 - 0.0266 

181 3.5 7.47 113.42 NR - - 
184 2.22 2.63 18.46 NR - - 
265 1.02 1.3 27.45 NR - - 
268 2.68 0.75 -72.01 NR - - 

Phenanthrene 

273 94.3 ND -100.00 NR - - 
Fluoranthene 181 ND 0.91 - 27,000 - 3.37E-05 

181 2.98 3.62 21.47 300 0.0099 0.0120 
184 0.47 0.90 91.48 300 0.0015 0.0030 
265 6.22 0.78 -87.45 300 0.0207 0.0026 

Fluorene 

273 20.2 ND -100.00 300 0.0673 - 
181 6.28 13.55 115.76 800 0.0078 0.0169 
265 4.76 ND 100.00 800 0.0059 - 
268 ND 0.59 - 800 - 0.0007 

Naphthalene 

273 13.6 ND -100.00 800 0.0170 - 
181 ND 1.03 0 20,000 - 5.115E-05 Pyrene 
184 ND 0.4 - 20,000 - 2.00E-05 

Average - 9.00 1.61 -82.07 - - - 
 

a In accord to the USEPA IX region, Bournicore (1996) 
NR, not reported ND, not detected 
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ABSTRACT 
 

Traditionally, plugging an abandoned well has involved bringing in a workover 
rig to remove tubing, rods, and pumps from the well, and then bringing in a cementing 
unit to run a balanced plug job, or a series of balanced plug cement jobs. Many 
nonproducing wells in the United States have not been permanently plugged because 
state or federal guidelines for abandonment are stringent and difficult to meet 
economically with traditional plugging methods. An economical and environmentally 
sound plugging method has been developed that combines off-the-shelf technologies and 
engineering design calculations in a new plugging application that meets regulatory 
requirements and satisfies the environmental aspects that drive those requirements. This 
paper presents the methods that are used to create economical and environmentally sound 
plugs for well abandonment. 



 

THE PROBLEM 
 

  In the United States alone, an estimated 620,000 stripper oil and gas wells (wells 
at the end of their producing life with production rates of less than 10 bbl/day) are ready 
to be plugged, along with 350,000 idle wells. These estimates are growing yearly as 
previously unregistered wells are discovered and uneconomical wells are shut in at a 
greater rate than wells are plugged.   
 

Abandoned wells pose a variety of environmental hazards. One of the biggest 
hazards is the potential for fluids produced from hydrocarbon- or saltwater-bearing 
formations in the well to migrate into a potable water zone, contaminating water supplies. 
Although the abandoned well may have been capped off at the surface with a mechanical 
cap, the temporary cap can be corroded or otherwise breached over the years, and can 
allow toxic gases to escape into the atmosphere. Or, the cap can be blown off by the 
pressure of gases accumulating in the wellbore, causing surface damage and 
contamination. The longer these unused wells stand idle before proper abandonment 
procedures are carried out, the bigger hazard they pose to the environment. 
 

While the responsibility for enforcing EPA-approved abandonment procedures 
lies with individual states, the states enforce these regulations with varying degrees of 
rigor. All states have rules governing the mandatory placement of plugs, the type of 
material to be used for plugging, the volume of material to be used, and the method of 
placement. Hiring and training people to enforce abandonment regulations is expensive, 
however, and traditional oilfield service abandonment procedures can be very costly to 
the individual well owner. Proper plugging of abandoned wells is further complicated by 
the fact that many of these wells have been idle so long that their owners may have died, 
and determining who is actually responsible for carrying out these procedures is 
extremely difficult—and even more costly for the regulatory agencies involved. One 
estimate places the number of these “orphan wells” at more than 57,000 (1). 
 

All the wells to be plugged for abandonment are in similar condition. The 
abandoned well would have had casing, a wellhead, tubing, rods, and possibly a pump 
installed. At some point years earlier, most of this equipment may have been removed, 
leaving only the casing in the wellbore. Additionally, if the producing string was not 
originally cemented adequately to cover sensitive formations, or if ground shifts impaired 
the integrity of the cemented annulus, an additional perforating and cementing crew may 
have to be called in to seal the annulus before the plugging operation can begin.  
 

CURRENT PLUGGING METHOD 
 

The traditional plugging-to-abandon practice involves employing a workover rig 
to set up over the well and run tubing into the hole. A cementing service company unit is 
connected to the tubing. A cement slurry, containing dry cement and additives supplied 
from a bulk delivery truck, is mixed onsite with portable mixing equipment and pumped 
down the tubing and back up the annular space to create a balanced plug (2). The cement 
plug is allowed to set, usually at least 1 day.  Additional cement plugs are installed up-
hole in the same manner as required by regulatory rules, and a cement plug is placed at 



the surface.  Thus, abandonment of a well can require several visits to the location by the 
service company personnel and equipment. 
 

The balanced plug is inherently unstable because of density differences between 
well fluids and cement. Proper cement placement depends on well fluid to support the 
heavier cement plug. Numerous studies (3) have indicated that cement slurry placed in 
this manner can settle through the well fluid, stringing cement up and down the wellbore 
without forming a contiguous plug or seal. With a traditional plugging method, the 
workover rig runs a balanced cement plug or series of plugs, according to the dictates of 
the regulatory agency. However, if the fluid fails to properly support the plug, the cement 
can congregate at the bottom, or be strung up and down the hole, without forming a solid 
plug. Regulatory agencies rarely return to location to check the integrity of the plug 
because they lack the personnel to do so. Also, if more than one plug is set at a time, only 
the top plug can be checked. 
 

This current method employs traditional cement service practices involving 
mobile mixing and high-pressure pumping equipment. The cements used are traditional 
slurries formulated with oilfield additives to meet minimum requirements for mixing and 
pumping with traditional equipment. The performance of these cements, which are 
usually highly diluted with water and subject to severe settling and segregation, is 
minimal, at best.  

 

NEW PLUGGING METHOD 
 

A new plugging method employs technical and operational components from 
several industries, along with a candidate selection and engineering design package to 
create a process applicable to most wells in need of abandonment in the U.S. today. The 
components described in this paper include cement mixing and delivery, slurry placement 
and plug stabilization, and cement composition. 
 
Candidate Selection 
 

This well-plugging process has been designed with the following conditions:  
(1) The well must be less than 6,500 ft deep (deeper wells can be plugged with 

this technique but may require intensive design);  
(2) The well fluid level must be some distance below the surface (to ensure that 

pore pressure of exposed formations is less than a water gradient); and  
(3) The well must have sufficient injectivity into the exposed formation to accept 

an injection of well fluid at a rate sufficient to place the plug in an acceptable time period.    
 
 Well Preparation/Design  
 

Well preparation is one of the most important aspects of the successful plugging 
of candidate wells. The following are the important considerations in preparation and 
design. First, the fluid level in the well must be determined.  Next, an injectivity test must 
be performed.  Design of the cement density must be sufficient to drive placement via 
hydrostatic pressure without breaking down formations. Plug heights must be designed to 
meet regulatory requirements. Plugs must be spaced with appropriate well fluids designed 
for corrosion prevention, proper density, etc. Compressible fluids must be accounted for 



in the well, and the formation breakdown pressure must be avoided. In addition, the loss 
of fluid to the formations—both the fluid in the casing before the cement plugs are 
pumped, and the fluid from the cement slurry as it is exposed to the formation—must be 
accounted for. 
 
Mixing and Delivery 
 

The cement slurry is mixed and delivered to the well with a ready-mix truck. 
This method, which allows the slurry to be mixed in a self-contained batch mixer and 
provides a simple, economical way to get the slurry to location, provides a low-cost 
alternative to the traditional plugging method, with no dedicated equipment investment 
required. Volumes of the fluids pumped are controlled and measured with calibrated 
tanks to ensure accurate plug location and size. The equipment used in the new system 
consists solely of a modified, off-the-shelf concrete pump that can be towed to the 
wellsite by one worker in a pickup truck. Figure 1 is a schematic of the cementing unit 
and a typical hook-up to the wellhead in preparation for the plugging operation. The same 
worker can carry out the entire plugging operation alone, eliminating the need to pay 
additional workers. The only other equipment needed on the scene is the ready-mix truck 
and a water tanker. 
 
Placement 
 

Fluids are introduced to the wellhead by a transfer pump capable of pumping 
viscous fluid carrying large-diameter solids. This pumping unit is designed specifically 
for placement of cement slurries with low-pressure applications. The pump rate of a 
typical unit can be up to 3 bbl/min, but operators have very good control down to 0.5 
bbl/min. Because of the low-pressure technique used in this method, the pump does not 
need high pressure during a typical plugging operation. However, a typical pumping unit 
can create pressure up to 1,200 psi. Wiper plugs are used to separate the cement slurry 
from other well fluids during cement placement, and to provide continued separation 
after placement to ensure isolation of the cement slurry from the well fluids to prevent 
intermixing and dilution of the plugs. 
 
Cement Composition 

 
A material commonly used in traditional plugging operations is a 2 to 12% 

bentonite cement slurry mixed at the wellsite with a jet mixer. This system requires 
mixing equipment, large amounts of water, and several more workers on the scene to 
accomplish the task. Frequently, this slurry fails to provide an adequate cement plug. 

 
 The cement used with the new technique is ASTM Type I (API Class A) cement 

that is readily available from construction concrete yards, even in remote locations. The 
plugging crew provides a “recipe” to the concrete company, and the concrete company 
delivers the slurry, ready-mixed, to the jobsite, eliminating the need for on-site mixing 
equipment and workers. Water and up to 200% binder are mixed into the cement to 
obtain a slurry density of 14 to 18 lb/gal. The concrete company also adds easily obtained 
retarding materials to make the cement manageable for a longer period of time. For a 
typical job, the cement slurry in the ready-mix batch tank can have fluid time of 8 to 10 
hours to ensure delivery to the location and placement in one or more wells. This stable 



cement composition allows all plugs to be placed accurately—and simultaneously. As a 
result, all the machinery used in the plugging operation can be removed at the same time, 
saving money and freeing equipment and personnel for use on other jobs. 
 
Placing the Plugs 
 
 After it has been determined that a candidate well meets the criteria for the new 
plugging method, calculations must be made to determine the amount of ready-mix 
cement required and the number of wiper plugs needed to separate the cement plugs from 
the rest of the fluids. 
 
 With the new technique, the wiper plugs form a stable platform on which the 
cement can be set. A wiper plug is placed in the wellbore, and then a predetermined 
volume of cement slurry is pumped on top of it. Because of its weight, the slurry becomes 
a driving force. The slurry falls to the bottom of the hole, pushing the wiper plug ahead of 
it and forcing existing air and produced fluids back into the formation. Another plug and 
perhaps a bit more cement finish the job.  
 

In many wells, one plug and one volume of cement are all that is needed. In other 
wells, more wiper plugs, more cement slurry, and perhaps spacers of water or drilling 
fluid are used in turn until all of the air and fluid is forced out into the formation, there is 
zero pressure on the pipe, and it is evident from the returns that the entire wellbore is 
properly sealed. The amount and type of spacer fluid that can be used depends on 
individual state regulations. 
 

As with the conventional plugging method, the remaining casing at the top of the 
well is cut off 3 ft below ground level, and a dated abandonment cap is welded in place. 
The hole is then filled with dirt and leveled off at ground level. After that, nature takes its 
course and re-covers the area with native vegetation, or sometimes the well owner will 
request that the area be seeded to speed the process. Although the plugging crew does not 
normally do the cutting and filling, on request, the plugging company can arrange for 
subcontractors to carry out the final tasks. 

 
Once a well is properly plugged and sealed, no trace of the operation is left on 

the surface of the ground except perhaps the faint traces of the road that was built to carry 
the drilling equipment to the site originally.  

 

CASE HISTORIES 
 

In the initial trials, the new plugging system has been used successfully on three 
wells on Osage Indian land in Oklahoma.  
 

Why Indian land? Many of the nation’s abandoned wells are on tribal land, and 
the tribes have little money to spend in plugging them. The pressing need for a cost-
effective system, coupled with the EPA’s desire to speed the plugging process, provided 
the impetus for developing a new plugging system. Research already under way to 
improve cement slurries and techniques, and access to a state-of-the-art cementing 
laboratory provided important resources for developing an improved plugging system 
that is cost-effective, requires little equipment, and is environmentally sound. 



 
The three wells plugged (Wells 32, 42, and 46) had similar configurations. They 

had an 8 5/8-in. surface casing to a depth of 605 to 608 ft. They also had a 5 1/2-in. 
production casing with a total depth ranging from 2,464 to 2,531 ft. Each well, however, 
was slightly different. A summary of each of the wells and how they were cemented is 
provided in Tables 1 and 2. A common slurry that was used contained Class A cement, 
200% binder, 0.07 gal/sk of cement retarder, and water. Fluid and set properties of this 
slurry are presented in Table 3.  Figures 2 and 3 illustrate an example well before and 
after placement. 

 

CONCLUSIONS 
 

 A technically sound, low-cost method of setting cement plugs to abandon wells 
has been developed. This method combines technology and equipment from various 
industries to deliver and install high-performance plugs at reduced costs. The technique 
was successfully applied on three wells. 
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Condition Well 32 Well 42 Well 46
Total Depth (ft) 2,531 2,464 2,465
Depth/Size of Suface Casing 8 5/8 in. at 608 ft 8 5/8 in. at 605 ft 8 5/8 in. at 606 ft
Casing Size (in.) 5 ½ 5 ½ 5 ½
Estimated TOC Behind 5 ½-in. Casing (ft) Unknown 1,650 1,350
Bridge Plug Location (ft) 1,800 1,220 —
Other Issues — Cement found at

515 ft
—

Table 1—Well Conditions and Plug Placement



 
 

 
 
 

 
 

 
 

 
 
 
 
 

Condition Well 32 Well 42 Well 46
Bottom Plug NA NA 300 ft
Tag of Bottom Plug NA NA 1,844 ft
Cement on Bridge Plug 500 ft on top 

of bridge plug
NA. A squeeze job
had been performed
at some earlier time.

NA

Highest Perforations for Circulation 200 ft 500 ft 650 ft
Cement Across from Perforations Not
Circulating

700 to 500 ft 650 to 550 ft NA

Cement to Surface No Yes Yes
Depth of Cement in Pipe and Annulus 4 ft  in casing, 

19 ft in annulus
3.5 ft in casing,
23 ft in annulus

3 ft in casing, 
GL in annulus

Top Out Required Yes Yes No

Table 2—Results

 
 
 

 
 
 

 
(hr:min) (psi)

24:00b 265
48:00c 4,680
72:00c 6,548

Table 3—Results of Slurry Tests

aTest was run at atmospheric pressure using 
an atmospheric consistometer.
bCube compressive strength at 80°F.
cUltrasonic compressive strength at 76°F.

Compressive StrengthsBHCT 120°F
Time to 70 Bca

(hr:min)

6:00
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Figure 1. Schematic of cementing unit 
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Figure 2. Typical configuration of well before plugging 
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Figure 3. Typical configuration of well after plugging 
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Figure 1. Schematic of cementing unit 

 
Figure 2. Typical configuration of well before plugging 
 
Figure 3. Typical configuration of well after plugging 
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ABSTRACT 
 
 

 The U. S. petroleum industry annually produces large quantities of storage tank 
sludges.  These wastes consist of sediments, water, and oil emulsions, which are 
periodically pumped or drained from the bottom of storage tanks containing crude oil, 
intermediate product, or refined product.  The purpose of this paper is to discuss 
beneficial uses for this material.  Results of an IPEC-funded research project will be 
summarized, along with other waste minimization techniques and alternatives for reuse:  
dust palliative on unimproved roads, fuel for cement kilns, crude distiller feedstock, and 
coking feedstock.   



 

INTRODUCTION 
 

The U.S petroleum industry annually produces about 1.5 million barrels of 
storage tank bottom sludges that settle out in production operation vessels. These wastes 
consist of sediments, water, oil emulsions, and heavy hydrocarbons such as asphaltenes.  
Typical crude oil tank bottoms contain more than 50% by weight oil, 30–45% water and 
5 – 20% solids  (http://www.scaltech.com/technica.htm). The composition of the sludge 
vary from facility to facility and from tank to tank within the same facility, and is 
dependent upon the composition of the stored product, the storage conditions, the length 
of the storage time, and the condition of the sludge tank. These tank bottoms are not 
taken to the refineries primarily because of the detrimental effect of fine sediments on 
pumps and pipelines at the refineries. Some state agencies (including the Oklahoma 
Corporation Commission) allow controlled application to lease or county roads, but 
sludges are usually considered waste and are removed for treatment or disposal. 

 
Conventional physical and chemical methods of treatment for tank bottom 

sludges focus on the recovery and reuse of the organic content of the sludge. Sludge 
treatment at large facilities includes centrifugation to remove the heavy metals from the 
liquid, then separation of water from the hydrocarbons. The hydrocarbons are reused as 
process feed.  The water is treated in the wastewater treatment plant, and the non-
petroleum solids are landfilled. Alternate processing includes land farming, composting, 
and solidification and landfilling. However, the owners of small storage facilities may not 
find the limited options available to recycle the organic content of the sludge 
economically viable. 

 
This paper reviews the results of an Oklahoma State University research project 

on reuse of tank bottom sludges as road base material for secondary roads.   It also 
outlines the current state of the practice on other pollution prevention and reuse 
alternatives for tank bottom sludges.  The U.S. Environmental Protection Agency (EPA) 
lists the waste management hierarchy as:  Reduce, Reuse, Recycle.  We use the EPA 
hierarchy in this paper.  

 

SUMMARY OF ROAD BASE RESEARCH 
PROJECT 

 
 Crude oil tank bottom sludges appear to compare most closely with cutback 
asphalts or emulsified asphalts with regard to general properties. Therefore, the tank 
bottom sludges were characterized using standard emulsified asphalt testing methods.  
 

Currently, tank bottom sludges from primary field operations are specifically 
excluded from the definition of hazardous waste [40 CFR Part 261.4 (b) (5)]. Despite 
being exempt from RCRA, sludges can contain potentially hazardous materials, so this 
study examined the environmental impact of using tank bottom sludges as roadbase 
material.  Ten sludges from varied geographical locations and geological formations 
within Oklahoma were sampled for this project. 
 
 
  

http://www.scaltech.com/technica.htm


 
Sampling Methods 
 

 A weighted metal sampler was tied to a 30ft nylon line and dropped through the 
storage tank thief hatch while holding to the other end of the line. As the sampler hit the 
bottom, it was allowed to fill for about 30 seconds before it was pulled out. To ensure a 
representative sample, the sampler was dropped at various points distributed uniformly 
over the bottom of the tank. The material retained in the sampler was then collected in a 
30 cm dia x 36 cm height plastic bucket and shut air tight with a screw-type lid.  

 
          The samples collected from various tanks were then transported back to the OSU 
School of Civil and Environmental Engineering Laboratories, where they were stored at 
room temperature for future testing purposes.  
 
 
Testing for Environmental Properties 
 
The tests selected for environmental analysis included: 
 
Waste characterization: 

1. EPA SW 846 Method 3031 – Acid digestion of oils for metals analysis by atomic 
absorption or ICP spectrometry. 

2. EPA SW 846 Method 9071B – n-Hexane extractable material (HEM) for sludge, 
sediment, and solid samples. 

3. TNRCC Method 1006 – Characterization of C6 to C35  petroleum hydrocarbons in 
environmental samples. 

4. Fractionation of oils into saturates, aromatics, and asphaltenes – This is a non 
standard method outlined in a thesis study by Terry Smith titled “Geochemical 
Biomarker Study of the Woodford Shale in the Witcher Field, Oklahoma County, 
Oklahoma.” 

 
Waste toxicity (Performed by EPA-certified private contract laboratory): 

1. Toxic characteristics leaching procedure (TCLP) – 40 CFR 136, 261 Method for 
Chemical Analysis of Water and Waste EPA-600/4-79-020, March 1983. Test 
Method for Evaluating Solid Waste, SW-846, Final Update III, 1986. Standard 
Methods (18th Edition) for the Examination of Water and Wastewater. Performed 
by Accurate Labs & Training Center, Stillwater, OK. 

2. Toxicity screening procedure – Methods for Measuring the Acute Toxicity of 
Effluents to Freshwater and Marine Organisms; EPA/600/4-90/027; 48-Hr. 
definitive acute toxicity test with Ceriodaphnia dubia. Performed by Stover 
Environmental Consulting Operations Management Analytical/Toxicology 
Laboratories, Stillwater, OK. 

 
 
Testing for Engineering Properties 
 
The tests selected to evaluate materials engineering properties were: 
 
1. AASHTO  - T166-83 Bulk Specific Gravity of Compacted Bituminous Mixtures 
2. AASHTO  - T209-82 Maximum Specific Gravity of Bituminous Paving Mixtures 



3. AASHTO  - T246-82 Resistance to Deformation and Cohesion of Bituminous 
Mixtures by Means of Hveem Apparatus 

4. Freeze-Thaw test – A variation of ASTM Standard Test Method D 4842 – 90 for 
Determining the Resistance of Solid Wastes to Freezing and Thawing 

 
 
Analysis of Petroleum Hydrocarbons 
 
 The Total Petroleum Hydrocarbon (TPH) of each sample was measured to 
estimate the ability to form a stable road base material. Since conventional asphalt is high 
in asphaltenes, a high percentage of aphaltenes in the sample, in relation to its TPH, was 
assumed to be a fair indicator of its ability to substitute asphalt. The TPH measured then 
served as the total when calculating the percentages of its major constituents of 
asphaltenes, paraffins, aliphatic and aromatic hydrocarbons. It was also used at the 
beginning of the study to give an estimate of its aggregate-coating capacity, as a less oily 
sample may not easily compact into a stable mold. Performing this step is crucial to 
deciding if the material could be used at all as a road base.  
  The results of this study indicated that the sampled sludges had low asphaltene 
content, which may not be enough to integrate the aggregates used in the sample. 
Aromatics and non-saturates did not indicate either a positive or a negative effect in this 
study. Saturated hydrocarbon content was slightly correlated with positive material 
properties.   . 
 
 
Analysis of Material Properties 
 
 The sludges did not prove suitable as a binder for roadbase materials.  Four of the 
sludges were formed into molds using two different aggregates, as discussed in the 
previous section.  Completed molds were analyzed for material properties according to 
the AASHTO tests cited above.  The minimum HVEEM stability for roadbase material is 
35 (Texas Department of Transportation standard).  None of the roadbase molds met this 
criterion.  
 
   
Analysis of Environmental Impacts 
 
 Roadbase molds were leached according to EPA Toxic Characteristics Leaching 
Potential protocols (EPA  SW 846).  Leachate was analyzed for toxic metals by EPA 
Method 6010.  None of the metal extractions met the RCRA definition of hazardous. 
 
 Molds were also analyzed for RCRA toxic organics (except pesticides, which 
were not expected to be present) by EPA methods 8260 and 8270.  All samples were 
below the practical quantitation level (BPQL). 
 
 Toxicity tests were performed on leachate from the molds, using Ceriodaphnia 
dubia, according to EPA protocols under the Clean Water Act.  All the samples met the 
definition of toxic.  This finding indicates that leachate should not be allowed to enter 
surface waters.  State and federal regulations already prohibit this.   
 
 



 
Conclusion 
  

The results of this research indicate that the sludges tested do not make 
acceptable roadbase materials.  However, the sludges do not contain hazardous materials 
in hazardous amount.  Thus, beneficial reuse of the sludges should not pose an  
environmental hazard.   

 
 

OTHER POLLUTION PREVENTION AND 
REUSE ALTERNATIVES 

 
 Several alternatives exist for the handling of tank bottom sludges; the best 
alternative varies with local economics and the properties of the sludge.  Some of the 
candidate alternatives are conventional waste minimization techniques, materials reuse, 
recycling, and disposal.  The alternatives discussed below adhere to EPA’s goals for 
pollution prevention: 
 

• pollution should be prevented or reduced at the source whenever    
feasible; 

• pollution that cannot be prevented should be recycled in an 
environmentally safe manner whenever feasible; 

• pollution that cannot be prevented or recycled should be treated in an 
environmentally safe manner whenever feasible; and 

• disposal or other release into the environment should be employed only as 
a last resort and should be conducted in an environmentally safe manner.  

EPA’s fact sheet on pollution prevention for refineries lists several techniques that are 
also useful for crude tank bottom sludges; these are discussed below.  Of primary 
importance is waste segregation (http://es.epa.gov/techinfo/facts/chmi/strtgy7.html). 
 
The Industrial Pollution Prevention Handbook  (McGraw-Hill, 1995)  devotes a chapter 
to pollution prevention in the petroleum refining industry.  Many of the techniques cited 
in the handbook are applicable to tank bottom sludges from production sites.  The 
handbook lists solvent extraction, coking, thermal processing and thermal oxidation as 
potential management alternatives for petroleum sludges.  The section below discusses 
the more commonly available of these options, along with waste minimization 
opportunities. 
 
Waste Minimization Opportunities   

 
Waste minimization is the preferred waste management alternative of the U.S. 

Environmental Protection Agency.  It is usually, also, the least expensive alternative.  
The technique is not a single solution to tank bottom sludges, since crude oils contain 
substances that will settle out as sludges in production and storage tanks.  However, 
waste management problems are lessened by good housekeeping.  Of critical importance 

http://es.epa.gov/techinfo/facts/chmi/strtgy7.html


is the strict segregation of production wastes (nonhazardous by law) and hazardous 
wastes.  If any hazardous waste is commingled with crude oil tank bottom sludges, the 
entire batch of waste is considered hazardous waste.  Good housekeeping is listed by 
EPA as a critical part of any waste minimization program.   

 
Another item listed by EPA is the addition of tank agitators, where economically 

feasible.  Tank agitation can also be achieved with addition of air or steam.  The 
Industrial Pollution Prevention Handbook cited above also lists in-tank mixers as a good 
waste minimization technique for storage tanks.  Other techniques cited in the handbook 
are: 

 
• Minimize intermediate tankage. 
• Minimize contact between crude oil and air by using inert 

blanketing or floating roofs. 
• Separate oil and water phases of tank bottoms using filters or 

centrifuges. 
• Add emulsifiers. 
• Use warm oil circulation with dispersant for tank bottom sludge 

cleanout to recover entrapped oil. 
 
 
Material Reuse Opportunities   

 
The research project discussed earlier in this paper was an attempt to find 

beneficial materials reuse opportunities for crude oil tank bottom sludges. As with waste 
minimization, this is usually a low-cost alternative.  

 
The simplest reuse alternative for crude tank bottom sludges at production sites is 

application to lease or low-volume public roads as a dust palliative.  The State of 
Oklahoma permits such application, as long as permit requirements are followed.  The 
permits are issued by the Oklahoma Corporation Commission, the state regulatory agency 
for petroleum production.  Two separate permit types are issued:  one to the lease holder 
for lease roads, and one to County Commissioners for county roads.  Landowner 
permission is required for application to lease roads, and any application to roads requires 
measures to ensure that surface waters are not contaminated.  Some other states probably 
have similar permits. 

 
Sludge reuse as feedstock for coking operations is an option frequently 

mentioned by EPA and other sources.   Not all refineries have coking processes, but an 
increasing number do.  Newer coking technologies are able to use a wider array of 
feedstocks, including tank bottoms.  One patented process actually generates a “clean” 
fluid and low-BTU gas, rather than conventional coke 
(www.exxonmobil.com/refiningtechnologies/fuels/mn_fluid.html). 

 
Crude sludges can also be used as fuel at cement or aggregate kiln operations.  

For sludges that contain hazardous materials and therefore cannot be managed as non-
hazardous waste, kiln operations are ideal.  In a rotary kiln operation, temperatures are 
carefully regulated so that organic contaminants are completely oxidized prior to release 
of gases to the atmosphere.  Any metals contained in the fuels are chemically bound into 
the cement or aggregate and cannot be released to the environment (Gossman, D. 1992. 

http://www.exxonmobil.com/refiningtechnologies/fuels/mn_fluid.html


“Petroleum and Petrochemical Waste Reuse in Cement Kilns.”  Environmental Progress, 
11, 1). 

 
 Another point to remember is that any heavy petroleum stock can be “cut” with a 
lighter petroleum stock.   A “cut,” or less viscous, sludge is potentially applicable 
in a wider range of reuse opportunities than those listed above. 

 
SUMMARY 

 
 Recovery of the sludge and processing to make a usable feedstock can be 
expensive.  However, the value of the recovered product can make the entire process 
cost-effective (even generating a small profit, in some cases).  It is critical to analyze the 
quality and quantity of sludge in the tank.  If the sludges have a high percentage of 
recoverable hydrocarbons and no hazardous components in hazardous amounts, the 
sludges can be recovered as feedstock.  Economics will dictate if this option is feasibile.  
A local tank cleaning/sludge recycling company must be contacted to get the cost data.    
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ABSTRACT 
Gasoline distribution in the Metropolitan Area of Mexico City represents an area 

of opportunity for the abatement of volatile organic compound emissions. The gasoline 
distribution in this huge urban center, encompasses several operations, namely: (1) 
Storage in bulk and distribution plants, (2) transportation to gasoline service stations, (3) 
unload at service stations’ underground tanks and (4) gasoline dispensing. In this study, 
hydrocarbon emissions resulting from breathing losses in closed reservoirs, leakage and 
spillage from the above operations were calculated using both field measurements and 
reported emission factors. The results show that the contribution of volatile hydrocarbon 
emissions due to storage, distribution and sales of gasoline is 6,651 t/yr, about 13 times 
higher than previously reported values. 53.9 % of the gasoline emissions arise from the 
tank trucks transportation and 31.5 % emissions are generated when loading the tank 
trucks. In addition, the contribution to hydrocarbons evaporative and exhaust emissions in 
the vehicles of the MAMC was also evaluated.  

 

  



 
 

INTRODUCTION 
 

The Metropolitan Area of Mexico City (MAMC) is one of the largest urban 
concentrations in the world with a population of over 20 million inhabitants and with a 
vehicle population of over 3 million. The metropolitan zone is located in a valley 
surrounded by mountains at 2240 m above sea level. The high altitude (approximately 
50% higher than Denver, CO) gives MAMC a higher incidence of ultraviolet radiation 
which, when combined with hydrocarbon and NOx emissions, accentuates the formation 
of ozone. Measurements performed in the atmosphere have shown that concentration of 
volatile organic compounds (VOC) is greater than those of NOx. Accordingly, VOC/NOx 
ratio ranges from 19:1 to 34:1 ppbC / ppb (1). This ratio is greater than those found in 
most of the U.S. cities (1). Environmental chamber experiments and photochemical 
models indicate that for mixtures with high VOC/NOx ratios, ozone production is limited 
by NOx (2). Consequently, it is important to evaluate the different sources of VOC 
emissions to guide control strategy formulation and/or to understand ozone-precursor 
relationships.  

The contribution of transport to pollutants is considerable in the emissions 
inventory of the MAMC. For instance in 1994, it was estimated that 26.8 % of the total 
emissions of SO2, 99.5 % of CO emissions, 71.3 % of NOx, 54.1 % of volatile 
hydrocarbons emissions and 4.2 % of particulate matter were generated by transport (3). 
These conditions add to the overall ambient air quality problem and worsen the urban 
street-level environment, affecting virtually all the inhabitants within the MAMC. The 
gasoline powered vehicle population has increased from 1,955,243 in 1985, to 2,992,272 
units by the end of 1999. In 1999, 2,183,256 were light duty vehicles (LDV), 369,122 
were pick-ups, 245,400 were vans or wagons, 153,503 were class 3 vehicles (of 10-
14,000 lbs. Gross Vehicle Weight), and 40,990 were class 7 (of 16-26,000 lbs. Gross 
Vehicle Weight) gasoline powered vehicles (4). Of the total motor vehicle population in 
1999, 64 % were of model year (MY) 1991-99, with approximately 30.4 % vehicles 
being of MY 1996 or more recent. In the last 10 years the number of collective taxis 
increased and the traditional pattern of large cars carrying a maximum of six passengers 
along a few set routes was overtaken by a widespread use of vans carrying 10 to 11 
people. More recently, larger microbuses (with 40 % less capacity than the typical urban 
buses) have appeared on many important routes (5). Emissions inventories based on 
experimental measurements are still scarce in Mexico. For this reason, emission factors 
from the literature are commonly used but not necessarily reflect real situation.  

The distribution of fuel within the MAMC, particularly of gasoline, is considered 
an area of emissions reduction potential. The major gasoline retail outlets are franchised 
gasoline stations, selling two types of gasoline produced by the state owned oil company: 
Regular and Premium gasoline. Regular gasoline represents about 90% of total sales. 
While about 25 % of the total gasoline sales occur in the MAMC, only 10 % of the total 
gasoline stations in the country are located within the MAMC. The gasoline distribution 
system in the MAMC (Figure1) comprise the storage and transfer of gasoline as it is 
transferred from refineries by pipeline to one bulk plant with a storage capacity of 1.51 

  



million barrels (MB) and three marketing terminals with a total storage capacity of 415 
MB. Phase I vapor recovery of gasoline in the bulk plant and terminals has been installed 
in order to return vapors to the tank truck from which product is being delivered. Phase II 
vapor recovery systems (VRS), designed to capture gasoline vapors displaced from the 
vehicle fuel tank upon refueling is now at the final stage of implementation. The Phase II 
program in the MAMC was patterned after similar highly cost effective hydrocarbon 
emission control programs in the U. S., but obstacles unique to the MAMC had to be 
overcome. The most significant problems include (1) development, testing and 
certification of VRS for service stations capable of meeting high efficiency, (2) the 
financing of the purchase and (3) installation of the systems, among others. In order to 
overcome the financial issues, the federal government authorized a one cent surcharge per 
liter of gasoline sold in the MAMC. The funds collected were deposited into an 
environmental trust fund, which then made available no interest loans for the purchase 
and installation of VRS at service stations under technical supervision. At present, nearly 
all gasoline stations in the MAMC have installed VRS. Whilst it is clear that the ambient 
air quality has improved considerably since 1991(6), as the yearly emissions figures 
emerge, more precise information is required to determine the future guidelines to follow. 
It is considered important to carry out a field survey of the contribution of mobile sources 
to the ambient emissions inventory to be determined with a considerably greater precision 
allowing more enlightened strategic decisions to be made in the future. 

 In this work an inventory of total hydrocarbon emissions for the cycle of 
gasoline storage, distribution and dispensing in motor vehicles was performed. The 
results obtained with the aid of published emissions factors were compared with 
experimental measurements. The results show that the contribution of emissions due to 
sales and distribution of gasoline is much greater than expected as a consequence of 
malpractice operations and lack of maintenance programs. In addition, the contribution to 
hydrocarbons emissions generated by fuel combustion in the vehicles of the MAMC was 
also evaluated. 

 

 

EXPERIMENTAL METHODS 
Relevant physical properties of the fuels used for calculations during this study 

are shown in Table 1.  

Average Emission Factor 

An average emission factor method similar to the one reported by the U.S. 
Environmental Protection Agency (EPA) was used to estimate hydrocarbon emissions in 
the bulk plant and the marketing terminals (7). For that case, emission factors are 
combined with equipment counts to estimate emissions. Components were separated into 
types, then further separated into service types and the number of components in each 
group is multiplied by the corresponding average emission factor to obtain the sub-total 
of emissions from the group. An inventory was performed at the bulk plant and terminals 
of tank dimensions, seal types, conditions, construction, etc. as required, as well as 

  



throughputs. Data on loading facilities, including method of loading, carrier type and 
throughput, was also recorded including those on delivery trucks and characteristics of 
the vapor recovery systems (VRS). Fugitive emissions at bulk plant and terminals 
occurring during storage were calculated according to the methods reported in (8), those 
due to tank breathing and emptying were estimated using the TANKS program described 
in (9). The emissions due to loading of tank trucks were calculated with the aid of the 
database reported in (10), and those occurring during transport to and unloading at the 
service stations were obtained following the procedure reported elsewhere (11). 

Experimental Work  

Fugitive emissions in valves, pump and compressor seals, pressure relief valves, 
connectors and flanges, etc.; were measured according to the protocol and procedures 
described in (12). For that purpose, a portable-monitoring instrument, which measures 
hydrocarbon concentration by the principle of catalytic combustion, were employed. 
Hydrocarbon concentration was recorded in parts per million and later reported as 
emissions in kg/hr according to (8).  

Emissions resulting from the storage at and transfer operations to underground 
gasoline dispensing tanks were monitored continuously for 15 d with the aid of non 
dispersive infrared analyzers, as prescribed in (13). The instrument's calibration is based 
on propane certified by the vendor to ± 1 % accuracy and the sample is analyzed as total 
hydrocarbons. Concentrations are later compiled in kg/h using the procedure described in 
(8). VRS efficiency at each terminal was calculated measuring first the hydrocarbon 
concentrations at the inlet and outlet of the unit with a continuous non-dispersive infrared 
analyzer according to the method prescribed in (13). Measured hydrocarbons data were 
collected every 4-min for 24 h, but calculations were performed with those obtained 
during the loading of cargo trucks (5 AM to 8 PM). Previously, inlet and exhaust 
temperature, pressure and volume measurements were recorded.  

Cargo tanks returning to bulk terminals contain gasoline vapors that are displaced 
during loading and sent to the VRS. The emissions generated during transport at the 
service stations were calculated according to the daily sales and the difference between 
the theoretical and actual liquid recovered at the VRS and later expressed in terms of 
kg/d. Leak-tightness of tank trucks was evaluated using nitrogen to pressurize the tank to 
12.5 cm of water column, the tank must be able to hold this pressure for 5 min. Residual 
emissions generated during car refueling were measured by the absorption of vapors on 
activated carbon, followed by weighing (14). Hydrocarbon speciation was performed on 
collected samples in Tedlar bags, taken from the storage tanks as well as at the inlet and 
outlet of the vapor recovery units, using a gas chromatograph (Varian Start 3400) as 
described in (15).  

The evaluation at a service station with and without VRS was performed on an 
experimental service station located within our facilities. The equipment-adjusted flow 
was measured with the dispenser tip in its largest vertical position for al least one minute. 
The refueling was carried out using the fastest refueling speed and stopped when 80% of 
the tank capacity was reached. Vapor recovery efficiency was obtained with the 5 
commercial VRS employed in the MAMC, using each time 60-vehicles representatives of 
the fleet. Spillage losses during refueling were collected during the certification of 
performance of VRS that we performed in approximately 85% of service stations in the 

  



MAMC in the last two years, and the contribution to emissions was calculated according 
to (16). From our experience, 80 mg / l of gasoline served are spilled upon gasoline 
dispensing. For vehicle refueling and spillage losses, the annual activity is practically 
uniform throughout the year.  

Exhaust emission data were collected in our facilities over 170 in-use gasoline-
fueled with varied odometer readings. The vehicles covered a range of model years from 
1980 to 1999. The selection represents more than 97% of the total fleet found in the 
MAMC. The evaluation of emissions was performed according to the U. S. Federal Test 
Procedure, FTP-75, to obtain mass emission rates for HC as described elsewhere (17,18). 
To provide a more accurate portrayal of the in-use emissions, no preconditioning was 
conducted prior to FTP-75 testing. Diurnal and hot soaks emissions from vehicles were 
measured using a Sealed Housing Evaporative Determination (SHED) Test, as prescribed 
in (15). The test is performed by placing a vehicle in an airtight enclosure to capture the 
evaporating gases. The temperature inside the SHED was varied to simulate changes in 
ambient temperature. 

  

 

RESULTS AND DISCUSSION 
 The gasoline distribution network for gasoline-powered vehicles in the MAMC is 
a complex system of retail and wholesales outlets. Gasoline sales have climbed steadily 
over the years and approximately 81 % of the cars are registered as being private 
vehicles; and taxis account for 5.1 % of the total MAMC’s car population. Gasoline sales 
per service station in the MAMC are much higher when compared to those of the U.S., in 
this sense components of the transport system and service stations deteriorate faster. The 
results of VOC emissions to the atmosphere during the storage and distribution of 
gasoline cycle, using emission factors, are shown in Table 2. Most of the tanks are of the 
membrane floating roof and only two of fixed roof. Fugitive emissions as well as those 
occurring in the storage tanks (working and breathing) are low, specially those of 
breathing which are generated during loading of tank trucks is not operating. Due to the 
intense work of loading (5 AM to 9 PM), breathing occurs at night when temperature 
decreases. Loading of tank trucks accounts 58% of the total emissions with an average 
value for the four terminals of 103 mg VOC/l of gasoline handled, comparable to those 
reported assuming Phase 0 operating properly.  

Gasoline unloading from tank trucks at service stations is the second most 
important contributor to emissions (28%), assuming Phase I operation in all stations. 
Emissions estimations from field measurements due to fugitive, working and breathing 
losses, which suggest an adequate program of inspection and maintenance of the 
installations, are shown in Table 3. Emissions data from trucks loading are collected for 
the four terminals and are shown in Table 4. The data were calculated based on the VRS 
efficiencies (in terminal 1, VRS remove hydrocarbons emitted from trucks loading by 
liquid loading absorption, the other terminals by cooling/condensation process), which 
are below the nominal value of the manufacturer. The VRS factor, expressed as mg of 
hydrocarbons emitted per liter of gasoline handled, accepted by the EPA is 35 mg/l.  

  



The emissions results obtained during gasoline distribution to the service stations 
are shown in Table 5. Calculations are based on the amount of liquid to recover at the 
VRS assuming that the tank trucks are leakproof. The liquid to recover was in all cases 
lower than expected, and was confirmed by the leakproof tests performed on 75% of the 
entire fleet, that fugitive emissions ranging from 12 to 69% of the tank trucks. The high 
intensity of the gasoline-dispensing operations is not followed by more frequent 
maintenance and inspection programs of these units. Additionally, from our inspection of 
VRS installation at service stations,  it is often observed that in the course of gasoline 
unloading, Phase I operation, the protocol is not adequately followed, due to lack of 
experience and/or training of the employees, most of the time hired without being trained 
for that specific task. Concerning the composition of vapors emitted to the environment, 
average values of those measured at Terminal 2 at the storage tanks, as well as at the inlet 
and outlet of the VRS, are shown in Table 6. At the storage tanks, isoparaffins and 
paraffins are the major contributors followed by olefin compounds but at the VRS 
aromatic hydrocarbons emissions ranges from 18 to 21% of emissions. 

Experimental estimation values of VOC during gasoline dispensing, measured 
with VRS installed in the service stations of the MAMC, but tested in our facilities, are 
shown in Table 7. The contribution to emissions of each system was estimated based on 
the number of units operating in 563 service stations and the total gasoline dispensed 
daily. As an average, 73.7 mg of vapors/ l of gasoline are emitted.  

The contribution of VOC emissions due to spillage upon gasoline dispensing 
represents a significant problem in the gasoline stations of the MAMC for a number of 
unique conditions. (a) The average gasoline sales per month per gasoline station in the 
MAMC are 1,600 m3, while the average in the country is 700 m3 (the average in the U.S. 
is 300 m3); (b) The average number of motor vehicles attended per gasoline station per 
month is 7,500 in the MAMC, while the average in the country is 3,300; (c) Due to the 
unfavorable economic situation, it is not common practice to fill up the tank (i.e. more 
frequent visits to the gasoline station). In other words, excessive usage of gasoline pump 
dispensing accessories may wear out they internal parts and contribute to higher spillage-
derived emissions. Values of emissions of VOC due to spillage during refueling of 
vehicles are shown in Table 8.  

The percentage contribution of each operation in the distribution of gasoline is 
shown in Figure 2. 53.9 % of the gasoline emissions arise from the tank trucks 
transportation and 31.5 % emissions are generated when loading the tank trucks. The high 
concentration of emissions in the gasoline transportation and loading operations by tank 
trucks may be ascribed to: (a) Too many trips from distribution plant to gasoline stations, 
and viceversa, to cope with large gasoline sales per gasoline station, (2) low 
leakproofness of tank trucks and (3) poor training of employees. 

The distribution of gasoline vehicles by type and MY, according to the most 
recent survey (4), is shown in Table 9. The percentage share of each type of vehicle in the 
MAMC population over a 15 year period has been basically constant with the exception 
of vans and wagons whose share increased from 5.2 % in 1985 to 8.2 % in 1999, with a 
corresponding decrease in class 3 and class 7 vehicles. Class 7 vehicles represented 4.8 % 
of the total population in 1985, and by 1999 it was 1.4 %. As a result, the average age of 
the car population in the MAMC increased over this 15-year period from 7.3 years to 8.6 
years. At present in the MAMC, the HC environmental standard for new cars is 0.25 

  



g/km, which is only satisfied by MY 1999 vehicles (see Table 9). This result indicates 
that HC emissions deteriorate rapidly and at present there is no legislation in the MAMC 
to oblige motor-vehicle makers to guarantee the durability of their emissions factors. 

In order to present a complete inventory of motor vehicles-derived VOC 
emissions the contribution of gasoline vehicles to hydrocarbon emissions, both 
evaporative and exhaust, in the MAMC is shown in Table 10. Diurnal emissions occur 
while the vehicle is not operating and result from the daily variation in ambient 
temperature, while hot soak emissions have historically originated primarily from the 
vehicle’s carburetor; they occur immediately after the vehicle engine is turned off when 
gasoline in the carburetor bowl vaporizes due to the temperature increase of the 
carburetor. Running emissions were not evaluated in this work but estimated according to 
data provided in (19). The results indicate that before MY1991 private cars contribute to 
34.5% of the total evaporative emissions while taxis, combis and minibuses emit 16.7%. 
Moreover, before MY1991 private cars (motor-vehicles equipped with catalytic 
converters were introduced into the MAMC from the MY1991) contribute to 33% of the 
total exhaust hydrocarbons emissions and taxis, which represents approximately the 5% 
of the entire fleet, generates 21.4% of that total. 

Finally, a comparison of the results obtained in this work with those reported by 
the MAMC environmental authority (20) is shown in Table 11. It is clear from the data 
that gasoline sales and distribution sources generates 13 times more hydrocarbons than 
the value known at present.  

 

 

CONCLUSIONS 
Gasoline distribution operations in the MAMC contribute to 3.5 % of the total 

gasoline-related VOC emissions. More than 85 % of gasoline distribution emissions 
comes from transportation and loading of gasoline to tank trucks. This share, however, 
could be reduced if: (a) Loading and unloading protocols of tank trucks were revised and 
upgraded and (b) leakproofness of tank truck increase. Additionally, it is of utmost 
importance to encourage a frequent and rigorous audit focused to verify gasoline-
handling protocols in gasoline stations. Gasoline stations all over Mexico are franchised 
enterprises and should be audited by local environmental authorities. The small number 
of gasoline stations and the increasing amount of motor vehicles within the MAMC make 
gasoline sales volume per gasoline station so huge that gasoline pumps and nozzles' 
internal parts may be wearing out too fast, i.e. generating more VOC emissions. 
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Table 1. Physical properties of the gasoline used in this study. 

      

Gasoline   
type  

Liquid      
density at 
60°F(lb/gal) 

Liquid      
molecular wt. 
(lb/ lbmol) 

Vapor  
molecular wt.      
(lb/ lbmol) 

Reid vapor  
pressure 

(psi) 

ASTM-          
Distillation 

(°F/%) 

Regular 6 110.5 70.91 7.5 2.8 

Premium 6 110.5 70.91 7.15 2.7 

 

 

Table 2. Estimation of VOC in the distribution cycle of gasoline using reported emissions 
factors 

 

Emission 
source 

Gasoline 
throughput 

Daily 
trucks  

Fugitive  Storage 
tanks* 

Trucks 
loading 

Transport   
to stations 

Loading of 
stations 

Total 

 (l/d) in transit (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) 

Bulk plant 4,574,614 228 9.9 20.7 146.3 22.6 69.4 269 

Terminal 1 3,960,000 198 2.7 12.2 126.6 29.8 91.6 263 

Terminal 2 6,100,000 305 2.4 7.9 195.0 23.3 71.8 301 

Terminal 3 5,163,462 259 2.5 5.7 165.1 22.2 68.2 264 

Totals 19,798,076 990 17.5 46.6 633.0 97.8 300.9 1096 

Reference -- -- 8 9 10 11 11 -- 

*working + breathing losses        

 

  



Table 3. Experimental estimation of VOC  from gasoline storage. 

 

Emission Gasoline sales Fugitives Working losses Breathing losses 

Source (l/d) (t/yr) (t/yr) (t/yr) 

Bulk plant 4,574,614 0.001 18.306 0.213 

Terminal 1 3,960,000 2.015 1.045 0.028 

Terminal 2 6,100,000 0.001 0.280 0.019 

Terminal 3 5,163,462 1.139 1.699 0.060 

Totals  19,798,076 3.156 21.330 0.320 

     

 

 

Table 4. Experimental estimation of VOC during loading of tank trucks. 

 

Emission Number of VRS mass efficiency Emissions at VRS factor 

Source deliveries /d (%) the VRS (t/yr) (mg/l) 

Bulk plant 228 75 552 388 

Terminal 1 198 53 650 528 

Terminal 2 305 89 370 19.5 

Terminal 3 259 62 524 33 

Totals 990 -- 2096 -- 

     

 

  



 

Table 5. Experimental estimation of VOC during gasoline transportation. 

    

Emission Number of Leakproofness in  Emissions in distribution 

Source deliveries /d tank trucks (%) (t/yr) 

Bulk plant 228 19 718 

Terminal 1 198 69 702 

Terminal 2 305 37 874 

Terminal 3 259 12 1291 

Totals 990 -- 3585 

    

 

Table 6. Average composition of vapors 

 

Compound  Storage  tanks Vapor Recovery System 

families (wt %)  Inlet Outlet 

Aromatics 3.03 18.49 21.46 

Isoparafines 49.35 39.42 37.46 

Naphtenes 4.73 8.58 5.57 

Olefines 18.00 16.34 11.62 

Parafines 24.90 21.61 22.97 

 

  



 

Table 7. VOC emissions during gasoline dispensing. 

      

  Vapor Recovery Systems 

 Healy  

Minijet 

Tokeihm Gilbarco  OPW Hirt VCS 

Amount installed in the MAMC (%) 9 12 6 66 7 

Vapor return ratio (%) 114 157 107 112 150 

Basic emissions (g VOC/ l gasoline)  0.851 0.775 0.613 0.689 1.111 

Residual emissions( gVOC/ l gasoline) 0.032 0.062 0.036 0.037 0.038 

Recovery efficiency (%) 95.3 91.8 92.8 88.5 92.3 

Emissions (t/yr) 40.9 54.5 27.2 299.7 31.8 

 

 

Table 8. Estimation of VOC emissions due to spillage during gasoline dispensing. 

   

No. of service stations in the MAMC 563 

Daily average sales per service station (l) 35524 

Daily average vehicles per service station 1776 

Daily average volume refueled per vehicle (l) 20 

Average spillage loss (mg VOC/l dispensed) 80 

Emissions (t/yr)  491.4 

 

  



 

Table 9. Distribution of gasoline vehicles in the MAMC by model year. 

 

Model year 61-65 66-70 71-75 76-80 81-85 86-90 91-95 96-99 

Cars 8,226 25,333 74,385 131,841 215,577 325,978 734,466 662,871 

Vans/Wagons 15 98 5,412 13,214 23,775 32,209 81,519 89,159 

Pickups 2,095 5,174 12,885 29,345 51,624 69,379 112,235 84,831 

Class 3 447 1,484 4,151 9,342 14,734 31,959 62,966 27,924 

Class 7 963 1,538 4,912 9,783 11,203 700 6,587 5,277 

          

 

  



 

Table 10. Hydrocarbon emissions of gasoline vehicles of the MAMC. 

Distance Hydrocarbon emission Totals
   traveled  (g/km)   

Type Model Amount km/yr Exhaust Evaporatives Exhaust Evptive
 Year  (x106)  HS + DI RL (t/yr) (t/yr) 

 1999 162435 2601 0.25 0.06 0.18 650 738 
1993-98 676434 10514 0.62 0.09 0.30 6519 4492

Private LDV 1991-92 93578 1445 1.80 0.11 0.50 2601 948
1989-90 87084 1269 2.63 0.17 0.75 3338 1218
1986-88 238894 3305 3.42 0.32 0.76 11304 3720
1981-85 215577 2795 4.36 0.50 0.78 12186 3701

Before 80 244363 3561 4.68 0.72 0.81 16665 5609
Private Van 1994-99 92808 1436 1.40 0.11 0.28 2011 617

Before 93 68420 997 3.40 0.24 0.75 3390 1032
Private Pickup 1994-99 82498 1277 1.40 0.11 0.28 1788 548

Before 93 101322 1477 3.40 0.25 0.75 5020 1538
Taxis 100429 8747 1.26 0.04 0.50 11022 5082
Combis 1991-98 5398 579 4.70 0.10 0.81 2720 550
Minibus 28398 1808 8.90 0.17 0.75 16087 1728
Commercial 1993-99 327137 8986 0.62 0.06 0.30 5572 3601

LDV 1991-92 37561 1032 1.80 0.10 0.75 1857 917
Commercial 1994-99 38936 900 1.40 0.09 0.30 1260 384

Van Before 93 39928 923 3.40 0.13 0.75 3138 850
Commercial 1994-99 61770 1428 1.40 0.09 0.34 1999 666

Pickup Before 93 123532 2855 3.40 0.19 0.81 9709 2975
Class 3 1994-99 32620 606 1.60 0.11 0.34 970 296

Before 93 92485 1720 6.36 0.24 0.81 10936 1872
Class 7 1996-99 4635 93 10.60 0.13 0.38 981 51

Before 95 36355 726 10.60 0.22 0.90 7694 844
Totals -- 2992597 -- -- -- -- 139416 43977
HS= Hot Soak, DI = Diurnal,  RL= Running 
Losses (estimated) 

     

 

  



Table 11. Total VOC contributions by source 

 

Emission source Reference (20 ) (t/yr) This work (t/yr) 

Storage of gasoline 102      25 

Sales and distribution 516 6,626 

Gasoline motor vehicles *         177,565       183,393 

Totals         178,183       190,044 

*Evaporative +exhaust+ running emissions  

 

 

 

 

 

 

 

 

  



 

Figure 1. Gasoline distribution cycle in the MAMC. 

 

 

 

 

  



Figure 2 Percentage share of the VOC emissions from different operations in the 
distribution of gasoline in the MAMC. 
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Objectives

• To verify that the use of fly ash instead of 
cement in the plugging of abandoned oil, gas, 
and water wells

• To develop the optimum grout formulation for 
plugging material in order to provide a cheaper,  
environmentally friendly, and more economical 
method of plugging wells



Introduction
• An average of 6,370 oil, gas, and dry holes were drilled in 

Oklahoma each year with an average depth of 5,051 ft 
(1980-1991)

• Water well construction in Oklahoma has averaged 3,042 
per year (since 1985)

• Plugging and abandonment may include several cement 
plugs

• Fly ash is known to have properties very similar to cement 
and can be produced with strength similar to cement

• Fly ash does not have any harmful material among its 
components



Why is Plugging Important?

• Unused and improperly abandoned wells can become a 
significant threat to groundwater quality - directly 
channel contaminated surface or soil water into 
freshwater aquifers

• It can become a source of pollution, contamination, 
and loss of groundwater
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Research Methodology

Fly Ash Characterization

Fly Ash Grout Formulation

Physical Property Tests

Coiled Tubing Pumpability Test

Optimum Plug Material



Fly Ash Sources

Oklaunion
Hugo

Muskogee

Oologah
Red Rock

Oklahoma City

These five major power plants using the same Wyoming coal as fuel 
and produce over 90% of fly ash in Oklahoma



Particle Size Distribution

! Criteria: ASTM C 136 – Sieve Analysis of Fine and
Coarse Aggregates

! Assumption: grains are spherical

! Surface area
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Particle Size Distribution

274.34261.99267.11261.40270.72
Surface area 
(ft2/lbm)

2.632.712.742.682.65
Desnity
(gm/cm3)
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Chemical Analysis Results
Items ASTM C-

618 Class C 
Requirement

Oolo-
gah

Musk-
ogee Hugo Okla-

Union
Red 
Rock

Silicon dioxide 
(SiO2)

- 33.04 33.48 33.60 36.70 34.87

Aluminum 
oxide (Al2O3)

- 22.97 22.34 19.52 18.57 22.96

Iron oxide (Fe2O3) - 5.41 5.28 6.09 6.00 5.29

Sum of SiO2, 
Al2O3, and FeO3

50.0 min 61.43 61.09 59.21 61.07 63.12

Sulfur trioxide 
(SO3)

5.0 max 1.41 2.04 3.53 1.70 1.43

Calcium oxide 
(CaO)

- 26.58 26.72 27.32 25.83 25.04

Magnesium 
oxide* (MgO)

- 6.02 5.75 6.08 5.97 5.75

Available 
alkalies* as Na2O

1.5 max 1.44 1.42 - 1.03 1.32



Physical Analysis Results

Items
ASTM C-618 

Class C 
Requirements

Oologah Musko
-gee Hugo Okla

Union
Red 

Rock

Finess
(+325 mesh)

34.0 max 15.14 14.69 19.90 13.90 15.57

Finess variable 5.0 max - 0.45 1.10 - 0.53

Moisture content 3.0 max 0.08 0.10 0.14 0.07 0.06

Specific gravity - 2.65 2.68 2.74 2.71 2.63

Specific gravity 
variable

5.0 max - 0.32 1.87 - 0.38

Loss on ignition 6.0 max 0.18 0.25 0.28 0.20 0.27

Autoclave 
expansion

0.8 max 0.03 0.03 0.05 0.02 0.01

Water require 
% control

105.0 max 93.53 93.50 96.63 90.90 93.53

SAI 28 days 75.0 min 97.78 97.59 94.43 106.43 98.60



0

100

200

300

400

500

600

700

800

Oologah Muskogee Oklaunion Hugo Red Rock

Fly ash sources

C
om

pr
es

si
ve

 s
tr

en
gt

h,
 [p

si
]

0.5% D + 0.5% R
0.5% R
0.5% D

Compressive strength test with 24 hours water curing at 120 oF



0

200

400

600

800

1000

1200

0 20 40 60 80 100 120 140 160 180

Water curing time, [hrs]

C
om

pr
es

si
ve

 s
tr

en
gt

h,
 [p

si
]

Oologah 120F
Oologah 100F
Oologah 80F
Muskogee 120F
Muskogee 100F
Muskogee 80F

M - 80F

O - 80F

O - 120F

M - 120F

M - 100F O - 100F

Effects of 0.5 % dispersant on compressive strength



0

100

200

300

400

500

600

700

800

900

1000

0 20 40 60 80 100 120 140 160 180

Water curing time, [hrs]

co
m

pr
es

si
ve

 s
tr

en
gt

h,
 [p

si
]

Oologah 120F
Oologah 100F
Ologah 80F
Muskogee 120F
Muskogee 100F
Muskogee 80F

M - 120F

O - 120F

M - 100F
O - 100F

M - 80F

O - 80F

Effects of 0.5 % retarder on compressive strength



Thickening Time

(Unit: hrs)

Fly Ash 
Source

0.5 % D 0.5 % R 0.5% D + 
0.5 % R

Oologah
Muskogee

0:15
0:15

1:50
2:02

4:00+
4:00+

Note: D and R represent dispersant and retarder, respectively

To determine the duration a given fly ash slurry remains as a 
pumpable fluid (atmospheric consistometer: the time of 
consistency reaches 100 Bc)



Product Durability Test
• To verify that the mean saturation coefficient of fly ash 

sources is insignificantly different from that of Portland 
cement

• Fluids: API brine and acidified water (pH≅ 5.5)

• Test Procedure:
one week water curing→ one week drying→ immersing 
samples→ measuring weight increase

• Data analysis: ANOVA, Tukey tests

• Saturation coefficient

100*






 −
=

d

dw
c W

WWS
Ww: wet sample weight
Wd: dry sample weight



Saturation Coefficient of Test Samples

(Unit: %)

Samples Brine water Acidified water

Oologah
Muskogee
Red Rock
H cement

9.62,     11.98,     9.56
10.17,     10.21,     11.13

8.81,     8.94,     9.05
8.46,     9.48,     8.75

8.76,     9.65,     11.54
10.21,     9.33,     9.52
8.76,     7.76,     7.91
8.76,     8.78,     9.31



Results of Multiple Tukey Tests
(Unit: %)

B
B
B
B

9.983
9.687
8.143
8.950

A
A
A
A

10.387
10.503
8.800
8.897

Oologah
Muskogee
Red Rock
H Cement

Tukey GroupMeanTukey GroupMean

Acidified waterAPI brineSamples

Significant level: 0.05



Compressive Strength Test After 
Durability Tests

• To verify that the strengths of fly ash samples were 
over 500 psi under the extreme conditions (API 
brine and acidified water)

• Test Standard: API Spec 10

• Samples: the same samples used for durability tests
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Fluid Loss Test

112130.41089567.630 min.*

5665.25447.533.87.5 min.

5048.839.23625 min.

2924.21818.514.82 min.

17.514.510.310.5101 min.

10.88.567.06.530 sec.

653.55.34.515 sec.

Red 
Rock

HugoOklaunionMuskogeeOologahTime

* Assumed twice the filtrate volume at 7.5 min.



Conclusion
• An optimum fly ash slurry formulation developed in 

this study meets the industry requirements even under 
the most severe cases

• All fly ash sources selected in this study show that the 
compressive strengths of fly ash plugs in excess of 500 
psi after one week of curing time regardless of the 
curing temperature

• Fluid losses of each fly ash source are within a 
recommended value of fluid loss without adding any 
special filter loss control additives



Future Work

• A practical process to place fly ash slurry needs to be 
developed under bottomhole conditions 

• The fly ash grout plugging quality also needs to be 
verified by using both laboratory and the actual well 
tests

• It is required to develop the technology to place a fly 
ash slurry through coiled tubing without employing 
conventional rig
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ABSTRACT 
 

The finite limits of fossil fuels have not been fully realized by the public.  Inspite 
of the fact that dependency on imported oil has become a hard reality than a simple 
economics of supply and demand, there is a false sense of optimism that somehow the 
perceived policy changes will alleviate the supply problems and high cost of energy. 

 
The inexpensive and abundant supply of energy has indeed been the foundation 

of our civilization, as we know today.  But this very growth in energy production and 
consumption is threatening our existing ecological balance.  The problems of climatic 
variations, ozone depletion, acid rain and radioactive fall out, are all of global magnitude 
and all are related to the production and consumption of energy. 

 
It is therefore imperative that we review the alternative sources of energy, 

particularly in the light of increasing cost of fossil fuels and try to get out of this 
paradigm and look beyond the carbon-based energy sources.  This will require 
appropriate incentives for R & D and a need to optimize the energy policies to help open 
new horizons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



About eighty-five (85) percent of our current energy comes from fossil fuels, i.e. 
oil, natural gas, and coal1.  These fossil fuels have played and are still playing a 
significant role in providing energy supply to this country.  Among fossil fuels, oil and 
natural gas provides about sixty-three (63) percent of all energy used by the United 
States.  Coal’s share of the energy market, which was about eighteen (18) percent 15 
years ago, has made a marginal growth to twenty-four (24) percent.  Thus, in spite of an 
abundance of coal in this country, it has not made a significant in-road into the energy 
market because of its inability to penetrate the transportation sector of the industry.  As 
oil is used primarily by motor vehicles, coal – due to its physical nature – has not been 
able to replace oil in that energy sector, and all attempts at coal liquification and coal 
gasification still remain in the research and experimental stage2. 
 

Oil, thus continues to play a very important role in our energy supply.  But due to 
dwindling domestic reserves, more than half of our domestic requirements are imported 
from other countries.  The incentives given by the government during the last two 
decades to increase domestic oil production have resulted in temporary surges in 
production, but it soon became apparent to economists and planners that fossil fuels are 
indeed finite and petroleum reserves are limited.  Therefore, a policy that uses general 
principles of supply and demand for fossil fuels would be myopic, and that dependence 
on foreign oil is more a matter of hard reality rather than simple economics of supply and 
demand.  Indeed, the U.S. has been importing oil for more than twenty-five years; but it 
is only since the oil crisis in the seventies that people in other parts of the world have 
become aware of the United States vulnerability to imported oil.  Hence, the oil exporting 
countries, particularly those in the Middle East, will make every effort to exploit that 
situation.  The price, therefore, that we will pay in the future, for imported oil will be 
much higher in terms of human life and resources. 

 
This was not realized until the oil crisis hit the door for the first time in early 

seventies, on a major scale in the U.S.  The price hike plus the curtailment of production 
by the Middle East countries took everybody by surprise, but the oil companies and their 
respective governments were unable to do anything about it.  Therefore, as early as 1973, 
the need to develop alternative sources of energy was made as one of the main policy 
issues of the U.S. Government and the other major oil importing countries.  The need to 
become independent in terms of energy resources caught fire both in the private and 
public circles and in 1973, President Nixon launched the Project Independence2.  The 
hysteria to develop alternative sources of energy extended far and wide.  Everything was 
being talked about, from oil shale in Colorado and tar sands to solar energy, energy from 
the sea and trapping of the heat flow from underneath the surface.  But in the fervor, the 
question alternative to what and for what purpose remained vague and unclear not only in 
the minds of the public but also the policymakers. 
 
Oil Shale 
 

One of the first attempts was to look in to the feasibility of producing oil from the 
oil shale in Colorado where huge deposits of the same were known for quite some time.  
Oil shale is an immature bitumen, i.e., the organic material that has not been “cooked” 
sufficiently by the nature to produce oil and/or gas.  Cooking of the organic materials 
derived from aquatic microorganisms takes place under the surface when these are buried 
sufficiently deep in the ocean, by slowly accumulating sediments on top of them when 
the natural flow of the heat from the interior of the earth cooks them. 



Many a times, as in the case of Colorado and in several other parts of the world, these 
organic rich sediments were never buried deep enough to be cooked properly to be able 
to generate oil and gas.  In due course, due to tectonic movements, these sediments rise 
above the water and occur as black to greenish-black sediments rich in uncooked organic 
material, which we call oil shale.  To derive oil and/or gas (depending upon the 
composition of the organic material) from these oil shales we must literally cook them in 
large retorts or ovens at high temperatures.  The amount of oil that eventually squeezes 
out is small, i.e., usually less than one barrel of oil for every cubic yard of solid rock.  
The exact amount varies because the concentration of organic material in the rock varies 
from place to place but as a general rule of thumb, the above figure is a good estimate. 
 

The U.S. now consumes about 18-19 million barrels of oil per day.  The figure 
varies year to year, but it is obvious that even if we wish to substitute 10% of the present 
consumption by oil shale then we will have to mine and bake about 1.5 million cubic 
yards of rock everyday and then after the oil is removed we will have to dump the “dry 
rock waste” somewhere nearby.  The mining and cooking operations would be several 
times larger than the largest mine in the world.  Large retorts (cooking vessels) would 
have to be built for the purpose.  The size of mining operations and the consequences of 
releasing the solid “waste” as well as the gases in the environment, even for a 10% 
replacement of conventional oil was considered impractical.  Nonetheless, a pilot plant 
was started in the early seventies by an oil company but neither the government nor the 
oil company ventured to move ahead in the direction and the project eventually atrophied. 

 
The other alternative of “in-situ” recovery of oil from oil shales buried deep was 

also attempted.  In this process the oil shale was never supposed to be mined, but instead 
heat was injected in the rock at appropriate intervals.  It was perceived that oil would 
flow out of the rocks and drip on empty spaces underlying the rocks.  Attempts made 
using this technique were also not successful.  The heat dissipation was not as predicted 
and it appeared that the energy efficiency of such a process would be negative, i.e., more 
energy (in calorific value) will have to be used than the energy actually derived in the 
process.  In addition to the above, the oil crisis, which had caused the oil prices to 
skyrocket to $34, a barrel seemed to be easing out.  There was a feeling that finally the 
economics of supply and demand was working and that the prices cannot go on rising 
indefinitely without affecting the prices of other commodities.  Two factors became 
obvious.  First, that just about every sector of U.S. economy was highly dependent upon 
the consumption of energy resources.  On the average, in the U.S. we spend in about five 
calories of energy to produce one calorie of food3.  Good examples of high energy food 
items are frozen and canned foods.  In other words, if the price of oil went up to $100 a 
barrel then it is quite likely that price of bread will go up to $10 a loaf from about $1 a 
loaf.  The dependence on energy in our day-to-day life in our industrialized world is 
profound. 
 

The second factor was the dwindling hard currency reserves in many oil 
exporting countries.  Many of these countries are heavily dependent on the export of oil 
for practically all of their revenues generated.  These two factors started cutting the oil 
prices from both the producer and the consumer sides.  The high price forced people to 
conserve resulting in about 10% reduction in total oil consumption.  This resulted in the 
apparent global oil glut, which put many OPEC and non-OPEC countries into a situation 
where they no longer could sell their oil.  This had tremendous impact on their revenues 
and soon a number of them started cutting their prices.  Suddenly the seller’s market 
became a buyers market. 



The chain reaction was fast.  Prices started dropping fast.  Several economist in 
1980 predicted that the price of oil could go down to $10/barrel within two years.  
Another panic swept over the oil industry.  In addition to the above, the cost projects for 
the shale oil project kept going up.  The cost estimates for Colony project, the largest of 
all the oil shale projects rose to $6 - $8 billion for 50,000 barrels a day.  Exxon had 
already spent over a billion dollars on the project and was in a very difficult binding 
situation, but there was no guarantee that the total construction cost would hold to $6 or 
even $8 billion.  Clifton Garvin, Chairman of Exxon, was worried and finally on May 2, 
1982, Exxon announced that the Colony shale oil project was being shelved.  Other two 
major companies, Occidental and Unocal, also slowly pulled their additional investments 
on the project.  Even though the three companies, including Exxon, were involved in the 
research of shale oil development for more than 30 years, it was clear that the era of shale 
oil had come to an end. 
 

The boom of western Colorado came to a sudden halt and towns like Rifle, 
Battlement, Mesa, and Parachute became ghost towns like many mining towns in 
Canada.  Exxon’s decision was not without precedence.  ARCO (Atlantic Richfield), one 
of the four partners for the Syncrude’s tarsands project in Alberta, Canada, had also 
pulled out of the project in 1975 primarily due to rising cost4.  Tarsands was another 
alternative source of energy that oil companies were working on for decades.  In fact, of 
all companies, Sun Oil (Sunoco) was the pioneer producer when it started producing over 
60,000 barrels/day of oil from tarsands in mid-sixties.  All other major oil companies also 
had leases around Sun Oil plant in Alberta and in seventies were seriously looking into 
the feasibility of producing oil from the tarsands. 
 
Tarsands 
 

Tarsands is a loose term given by people in Canada and the U.S. to heavy oil 
sands that occur close to the surface in several parts of Alberta, Utah, and Colorado, 
Venezuela and many other parts of the world.  Tarsands differ from the conventional oil 
in the sense that they are “heavy,” i.e., their viscosity is higher (closer to 10-12 API) 
compared to 30-40 API of the conventional levels and therefore they cannot flow or be 
pumped.  The higher viscosity or “heaviness” comes from the relatively higher number of 
carbon atoms attached to the molecule.  In 1973, Exxon, Atlantic Richfield, Gulf Oil and 
Cities Service formed a consortium named Syncrude to produce oil from the tar sands in 
Alberta.  After a capital expenditure of $1.9 billions production finally started in 1977, 
reaching anywhere between 60,000 bbls to 70,000 bbls per day.  The cost of production, 
which was estimated to be around $30/bbl was considered quite high.  ARCO pulled out 
of the consortium even before the production had started.  Its share was, subsequently, 
picked up by the Canadian federal and state governments, because of Syncrude’s impact 
on the local economy.  But all other oil companies, including Shell, Amoco and Gulf 
pulled out or decided not to start on the project.  The two plants, Sunoco (Sun Oil) and 
Syncrude still produce oil from the tar sands in the range of about 150,000 bbls/day but 
because of the economic and environmental reasons, no other plant has been built in the 
last 25 years. 
 

The same fate was also for the Coal Gas and Coal Liquification projects.  After 
spending about $10 billion on each one of the projects, the federal government decided to 
pull out of those experimental projects. 



Two small plants produce coal gas, but there has been no program to expand them. 
 

The important thing to note is that even though everybody was talking about 
alternative sources of energy, we were still within the paradigm of fossil fuels.  To a 
commoner, the objective was to move away from the fossil fuels, but since development 
and production of energy resources were always in the hands of the oil companies, it was 
difficult for them to get out of the paradigm of fossil fuels.  Thus, in reality, none of the 
above were alternative sources of energy. 
 
Nuclear Energy 
 

While thinking of alternatives in the 60’s and 70’s, a thrust was also made 
towards the development of nuclear energy for peaceful purposes.  The importance of end 
utilization, however, whether the energy produced would be for mass transit or for motor 
vehicles, was lost somewhere in the euphoria of the availability of clean and abundant 
energy. 

 
Nuclear energy, for the time, was considered to be the salvation.  The 

nuclear industry put large scale advertisements in major newspapers and journals, stating, 
“nuclear energy will stop imports of oil from Kuwait and Iraq” (Figure 1).  Ironically, 
just about the same time it came out in the newspapers that the Shoreham’s nuclear plant 
has been raised to the ground after spending five (5) billion dollars to build it. The public 
was completely dismayed and lost.  It was difficult to understand the reality.  But the 
image of clean, safe, and abundant slogan of the nuclear industry was quickly smeared by 
the inevitable problems faced by the nuclear industry.  All the claims made by the nuclear 
industry slowly and slowly started cracking up.  The safety factor dwindled after the 
Chernobyl accident, and the construction costs soared to meet the new safety 
requirements.  It also resulted in raising the Shoreham plant to the ground after it was 
built at the cost of $5 billion5.  The fact that nuclear energy could not replace our 
dependence on imported oil in the most important transportation sector led eventually to 
the Gulf War.  The news media made everybody aware that the main reason for the 
liberation of Kuwait was not for moral or geopolitical issues, but for our national security 
tied to the assured supply of oil.  But the biggest problem faced by the nuclear industry 
has been, and still is, the disposal of nuclear waste. The dumping of nuclear waste in 
oceans is now banned by the U.S. Government and “not in my backyard” has become a 
national slogan6. 
 

All of these factors had a cumulative effect on slowly changing public opinion 
from optimism to skepticism to an outright negative attitude about nuclear energy. The 
impact has been so profound that building of additional nuclear reactors have been frozen 
in this country, in Canada, and in most Western European countries except France.  No 
new plant has been built in the U.S. since 19787. The result has been that utility 
companies are now going back to coal, which constitutes about 80 percent of our natural 
resources.  Coal resources in this as well as in other countries, though finite, are 
significant.  But projected coal production and consumption by India and China alone 
could have a profound effect on the carbon dioxide concentration in the atmosphere, 
resulting in drastic climatic variations with consequences of global magnitude.  That 
global warming by anthropogenic causes is a reality was recently concluded by the Sub- 
Committee on Global Change Research, U.S. Global Change Research Program 



 (USGCRP); a committee established by the National Science Foundation.  That carbon 
dioxide plays the most important role in global warming is a reality8.  The consequences 
of global warming in terms of a rise in sea level alone, along with the climatic variations 
worldwide, can be profound. 

 
The administration, it appears has no alternative but to toot the old horn once 

again.  That is because simple inertia makes most oil companies difficult to change away 
from the existing paradigm.  One reason is the current availability of oil globally, at least 
for the present, even at the substantial increase in the indirect cost of assuming the supply 
of oil by means of force.  But this is also coming to an end soon.  The second is the 
relative importance of finding an oil reserve.  For example, a discovery of a field with 
production capacity of 100,000 bbls/day and at $20/bbls would yield a revenue of at least 
one (1) billion dollars per year, which would be quite significant for even the largest of 
the oil companies.  But for a country consuming 19 million barrels per day, this discovery 
would amount to about 0.5% of the national requirement and therefore insignificant.  
Therefore, importance of any oil field discovery depends upon the viewpoint of a 
company or the nation. 
 
Future of Fossil Fuels 
 
 In 1995, The World Bank made an estimate of the global oil and gas reserves.  
(Figure 2).  Their estimate was that the global oil reserves will last for about 40 years and 
the natural gas for about 60 years.  Of course, this is always vehemently disputed by the 
oil explorationist whose whole future is dependent upon the belief that we are going to 
discover more oil and that there is no end to fossil fuels in the foreseeable future.  One is 
not surprised by the denial of the World Bank estimates by many in the oil companies.  It 
is indeed true that we are going to find more oil in other parts of the world and some of 
the fields discovered may be significant for the companies involved but two things are 
important.  First, when we look at the increases in the rate of consumption of oil and gas 
in the developing countries, like China, India and Brazil, then it is obvious that any future 
discovery of oil and gas will be more than off set by the increase in consumption of the 
same in the developing world. 
 
 A second factor is that regardless of the global oil reserve, all estimates indicate 
that the domestic reserves have declined from 4% of the global reserve ten years ago to 
about 3.5%9  and almost all future discoveries are going to be outside the United States.  
Thus, we have no choice but to be dependent upon imports for running our huge smooth 
running chariots like SUV’s.  In that respect, we need to consider (i) as to how long can 
we afford to send our sons and daughters to other parts of the world to safeguard our 
assured  supply of oil.  It would be myopic to assume that the “desert storm” was the last 
war for the resources or that there will be no more resistance from despots and (ii) the 
direct and indirect costs, e.g. taxes, getting involved into wars like “desert storm”.  In 
addition the environmental impact of burning 18-19 million barrels of oil per day also 
cannot be ignored.  Since the rejection of the Kyoto protocol, the world opinion is 
overwhelmingly against the U.S. and how long the U.S. can live with this anachronistic 
attitude is difficult to say.  About 89% of the world’s cars are in MCDs and therefore, the 
decision that we make is going to have a profound effect on global environment.  It is not 
the population surge of the third world countries, but the resource consumption and 
depletion is going to have a lasting and adverse effect on the global environment 
including our own. 



Future of Coal 
 
 According to the estimates made by Federal agencies, the United States has 
enough coal to last for more than two hundred years and for a time during the seventies it 
was considered that coal will solve all our energy problems.  But inspite of the rhetorics, 
coal’s share of the energy market, which was about 18 percent, 15 years ago (in 1978) 
has made only a marginal growth to 24 percent.  Coal has not been able to make a 
significant inroad into the energy market because of its inability to penetrate the main 
transportation sector of the industry, which is the automobile.  Coal, due to its physical 
nature, has not been able to replace oil in that energy sector and all attempts at coal 
liquification and coal gasification have atrophied.  The only way coal can increase its 
share in the energy market, is if we decide to change our lifestyles by changing our mode 
of transportation from automobiles to mass transit.  This of course, would mean a drastic 
change in our lifestyle.  To conclude, coal has a place in the total energy market, but it 
has not been able to either replace oil or increase their share in the energy market to any 
significant extent, because of the limitations noted above.  To conclude, after reviewing 
the problems of the fossil fuels there is a need to seriously look at the alternatives is now. 
 
The Era of Alternative Energy 
 
 The need to develop alternative sources of energy to meet our domestic 
requirements, was known to us for more than fifty years, but we never got out of the 
paradigm of fossil fuels.  All the major efforts made were still within the paradigm of 
fossil fuels. The efforts of the government and industry towards the development of non-
carbon based, alternative sources of energy, at best, to date can be described as luke 
warm (Figure 3).  The impetus that is needed to move it from the research to pilot and 
production stages is lacking for most of them.  The reality is that most of them are in a 
stage where a little impetus will move them on a production stage.  This is not happening, 
because neither the oil producing countries, most of which are ruled by despots nor the 
consuming countries want to disturb the current balance that exists.  But, nobody sees the 
dark cloud, that’s hanging on the horizon.  And, when the clouds finally come over the 
head, it may be too late and the price that we will have to pay in terms of man power and 
taxes to run our SUV’s will be much higher. 
 
 We, therefore need to review these resources individually to see where they are 
now and what it needed.  It appears that in the future, not one source will be adequate, 
rather the country will be dependent upon a basket of energy sources, each coming from a 
different system and each, providing different needs within our society. 
 
Fuel Cells 
 
 This revolutionary, new technology takes hydrogen and air and converts them 
into electricity and pure water.  It’s green friendly – the only end product besides electric 
power is pure water.  And unlike batteries, it does not require hours for recharging.  It 
refuels in seconds. 



 Experimental fleets of fuel cell buses are already on the streets of Chicago, 
Vancouver, and Washington D.C. – and they’re proving wildly popular.  They meet the 
toughest environmental standards ever devised. 
 
 While most auto companies are looking into fuel cell technology, the cost is still 
high.  Vigorous research is needed to bring the cost down, so that it becomes possible to 
manufacture “zero-emission” vehicles on a mass scale. 
 
Solar Energy 
 
 Solar cells directly convert the sun’s energy into electricity.  Solar cells are thin 
wafers of specially processed silicone that generate electric current from the sun.  One 
four-inch diameter solar cell produce about one watt of electricity when bright sun is 
shinning straight down on it.  If you live in a climate that is cloudy, most of the time or if 
your home is shaded by trees, solar energy wouldn’t work for you. 
   
 High performance solar cell cost too much to produce because they are made out 
of many silicon wafers, individually sliced from crystalline ingots, treated, and then 
soldered together into a module.  “It’s true that solar technology seems to be in a good 
state right now.  Technical advances seem to be rolling in a faster rate, and industry is 
adopting them as they come along.  “But the future health of the industry is dangling”.  
Though the producers are selling their products in niche markets, few companies make 
money, and some long-term financial backers such as the oil companies decided to get 
out of this business.  There is still reason for hope, because new factors have entered the 
solar equation.  The Chernobyl nuclear power plant disaster has caused European 
countries such as West Germany and Italy to sink money into solar research.  The 
Japanese government is in support of solar power in the hopes of developing energy self-
sufficiency and export profits, and a few years ago, Amoco went to India to set up a solar 
power plant in Rajasthan desert. 
 
 Solar cells are within the reach of commercialization.  A little incentive from the 
government can make a big difference in our availability of solar. 
 
Wind Power 
 
 Wind power is an age-old form of power that brings to mind sailing ships being 
blown by the wind and beautiful picturesque Dutch windmills.  The Persians built the 
first known windmills as early as 250 B.C.  Several are still in use today. 
 

Wind power is a clean renewable energy source.  Wind turbines hundreds of feet 
tall, can be seen for several miles along Highway 10, East of San Bernadino and along 
Hwy. 15, south of San Francisco.  It uses both old fashion design and modern technology 
to harness the wind’s energy.  Wind is a promising, nonpolluting source of electricity. 
 
 Wind power is an age-old form of power that brings to mind sailing ships being 
blown by the wind and beautiful picturesque Dutch windmills.  The Persians built the 
first known windmills as early as 250 B.C.  Several are still in use today. 



 When OPEC (Organization of Petroleum Exporting Countries) tripled the price 
of oil, petroleum importing countries took a closer look at alternative energy source.  In 
the case of wind energy, spurts of research activity led to some rapid improvements in a 
centuries-old technology.  The interest was short-lived, because the price of oil went 
down, the government and the companies lost interest in it. 
 
 Nevertheless, wind power is far from dead.  California now produces more than 
one percent of the state’s electricity with wind power.  In Hawaii and Quebec, wind 
turbines of record size came on-line in 1988.  The United Kingdom has announced plans 
to build three wind-farms covering over 750 to 1,000 acres a piece, in southwestern 
England and Western Wales.  India has embarked on harnessing wind on a large scale. 
 
 Wind power can be made, competitive with minor incentives from the 
government.  True, it cannot replace oil in the transportation sector, but it can provide 
power for cooling, heating and for the industrial use. 
 
Biomass Power 
 
 Biomass is a substantial renewable resource that can be used as a fuel for 
producing electric power and other energy products.  Biomass used in today’s power 
plants include wood residues, agricultural residues, and food processing residues such as 
nut shells.  In future, farms cultivating high yield energy crops, such as trees and grasses, 
will significantly expand our supply of biomass. 
 

Biomass is a proven option for electricity generation.  Currently, there is over 
7000 megawatts of biomass power capacity installed at more than 350 plants in the U.S., 
from a diverse range of producers including the pulp and paper industry, electric utilities, 
and independent power producers. 
 

In the face of intensified competition in the utility sector and low fossil fuel 
prices, further growth of the U.S. biomass power industry is currently not taking place. 
 

To help expand biomass power production, the U.S. Department of Energy 
(DOE) is sponsoring efforts to double biomass conversion efficiencies and reduce 
biomass power costs. At this stage, little incentive from the government can really help 
boost the industry.  When successfully implemented, these efforts will promote industrial 
and agricultural growth, improve the environment, create jobs, increase U.S. energy 
security, and provide new export markets. 
 
The Role of the Government in Biomass Power Development 
 

In 1991, DOE formed the National Biomass Power Program to help establish a 
sustainable option for meeting the expected 600 gigawatts of new electric generating 
capacity needed world wide over the next 10 years.10 
 

The Biomass Power Program includes such core activities as:  working with the 
biomass power industry to overcome problems in using some forms of biomass in 
existing boilers; evaluating and developing advanced technologies such as gasification 
and pyrolysis; assessing the characteristics of biogas produced from various gasification 



 technologies; developing clean-up technology for high temperature biogas; supporting 
small system demonstrations; analyzing biomass power systems; and sponsoring cost-
shared feasibility studies with industry.  The Biomass Power Program is also supporting 
integrated efforts such as the “Energy Partnerships for a Strong Economy” initiative, 
which includes jointly funded commercial application projects such as the Hawaii 
Biomass Gasifier Project at the HC&S sugar processing plain in Maui, and the Vermont 
Biomass Gasifier Project at Burlington Electric’s 50 megawatt wood-fired McNeil 
Station. 
 

As part of the Energy Partnerships initiative, DOE’s Biomass Power Program is 
currently working in collaboration with the United States Department of Agriculture 
(USDA) and private industry to demonstrate and deploy cost-competitive renewable 
biomass power systems that spur rural economic development.  In order to leverage its 
efforts and increase its effectiveness, the Biomass Power Program is working 
cooperatively with a number of DOE programs. 

 
The Biomass Power Program, in collaboration with the Electric Power Research 

Institute (EPRI) and the DOE Biofuels Systems Program, sponsored feasibility projects, 
which are cost-shared 50/50 with private industry.  Under these projects, industry teams 
are conducting feasibility studies and developing business plans focusing on the 
integrated use of energy crops for power production. 

 
In many regions of Asia, India, Africa, Latin America and other developing 

areas, power demands are frequently in smaller increments and biomass resources are 
abundant, particularly biomass residues such as bagass (from processing sugar cane), rice 
hulls, etc.  As a result, biomass fuels have become excellent choice for electricity 
generation in the developing world, and their potential use creates significant export 
opportunities for U.S. technologies and component manufacturers. 

 
Environmental Benefits 
 

• Biomass fuels produce virtually no sulfur emissions, helping to mitigate 
acid rain. 

 
• While carbon dioxide is emitted during biomass combustion, an equal 

amount of carbon dioxide is absorbed from the atmosphere during the 
biomass growth phase, thus biomass fuels “recycle” atmospheric carbon, 
minimizing global warming impacts. 

 
• The use of waste biomass reduces the volume of material sent to 

landfills, extending the life of existing landfills. 
 

• Biomass combustion results in less ash than coal, reducing ash disposal 
costs and landfill space requirements.  The biomass ash can also be used 
as a soil amendment on farm land. 



• Perennial energy crops (grasses and trees) have distinctly lower 
environmental impacts than conventional farm crops that are replanted 
annually.  Energy crops require less fertilization and herbicides and 
provide much more vegetative cover throughout the year, providing 
protection against soil erosion and watershed quality deterioration, as 
well as improved wildlife cover. 

 
• Biomass energy crops can be a profitable alternative for farmers, which 

will complement, not compete with, existing crops and thus provide an 
additional source of income for the agricultural industry.  It is envisioned 
that biomass energy crops will be grown on currently underutilized 
agricultural land. In addition to rural jobs, expanded biomass power 
deployment will create high skill, high value job opportunities for utility 
and power equipment vendors, power plant owners and operations, as 
well as agricultural equipment vendors. 

 
Geothermal Energy 
 
 Geothermal energy comes from the heat in the interior of the earth, 
which creates geysers and volcanoes.  This clean energy source can be 
tapped to provide heat and electricity, equivalent to billions of barrels of oil.  
The planet’s geothermal potential sources (small-scale) are so great it could 
provide needed energy for a millennia. 
 
 These small sources are hidden below the surface of the earth; their heat 
energy breaks through the surface at times.  It explodes from volcanic craters 
and steam vents.  It bubbles in molten lava.  It glows in dark nights.  It 
simmers in high-temperature aquifers and occasionally leaks out in boiling 
springs.  It can even be found in the soil and rocks under your feet. 
 
 Geothermal energy is harnessed by sinking exploratory holes, boreholes, 
and monitoring the temperature range, chemical composition, and flow rate 
of water.  If the findings are promising, engineers and technicians tap the 
source with drilled wells, then position the pumps, and pump steam to run the 
generators in a small on-site power plant.  In Boise, Idaho, the Moore House, 
which includes four hundred homes has been using geothermal energy since 
1883.  Also, nearby was the Mott Mansion built in 1902.  The fuel bill for 
this twenty-eight room house was forty dollars.  There is so much geothermal 
energy, and so many places in the world where it can be harnessed. 
 

CONCLUSION 
 
 In addition to these known sources, vigorous research must be pursued to 
look beyond the horizon for currently unknown alternative sources of energy.  
That is where we hope to find the real substitute for oil, the source of energy 
to drive our chariots.  It has been man’s dream to have his own chariot ever 
since the invention of the wheel more than 5,000 years ago. 



And it would be prudent to hold on to our smooth-running chariots by 
finding alternative sources of energy to run them.  The time is right.  Let’s 
move ahead to open up new horizons.  Horizons that will empower us in our 
search for new, clean sources of energy will never end. 
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Figure 1.  Nuclear-generated electricity saves more oil each day than we used to import 
from Iraq and Kuwait. 
 
 
 

 
 

   
 

 
 
 
 
     
 



 
 

FIGURE 2. World Oil and Gas Balance, Production – Reserve Ratio 
  
 
 
 
 



 
 

Figure 3.  U. S. Government R&D Spending on Renewable Energy and Conservation, 
1978-2002, (World Watch). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 



PHILLIPS ALASKA, INC. NORTH-SLOPE KUPARUK  
FIELD - TARGET ZERO SPILLS PROGRAM 

Jeffrey A. Smith – Senior Field Environmental Coordinator, Kuparuk 
Certified Professional Geologist, Registered Environmental Manager 

 
With the recent political debate surrounding potentially expanding exploration activities in 
Alaska, North Slope oil & gas operations have been a popular topic for the local and national 
media (Figure 1). The purpose of this discussion is to introduce the Kuparuk Target Zero Spills 
Program as well other programs that Phillips Alaska (PAI) utilizes on the North Slope to 
minimize the environmental foot print of our operations.  Until I was transferred from 
Bartlesville, OK to Anchorage, AK (Figure 2) in October 2000, I had no idea of the level of 
effort and expense that PAI employs to keep hydrocarbons and other fluids off of the ground on 
the North Slope (Figure 3). 
 
Unique and Remote Location 
The Kuparuk Oilfield (Figure 4) is located on the Alaska North Slope.  This is an extremely 
remote part of the world, approximately 800 miles north of Anchorage, 40 miles west of Prudhoe 
Bay, inside the Arctic Circle, and is bordered to the north by the Beaufort Sea.  The 800-mile 
long Alyeska Pipeline (Figure 5) transports approximately 1 million barrels of oil per day to 
Valdez, Alaska where polar tankers take the crude to refineries in the lower 48.   The average 
low temperature in February is –25 degrees F, and the average temperature in July is 45 degrees 
F (Figure 6).  The average low temperature varies from the average high temperature on any 
given day by less than 10 degrees F.  The mean annual temperature on the North Slope is 9 
degrees F.  When the sun comes up over the horizon on the morning of May 15th, it does not go 
down until July 27th.  When the sun goes down below the horizon in the afternoon of November 
26th, it does not come back up until January 18th.  The average annual rainfall is 6-inches while 
the average snowfall is 12-inches, which means that the North Slope may be described as a 
desert.  
 
PAI and BP North Slope workers are flown from Anchorage to the Slope on a 737 jet (Figure 7) 
which makes as many as 5 round trips a day.  The Kuparuk Base Camp houses a maximum of 
1200 people with an average on any given night of over 900 (Figure 8).  The Camp has a movie 
theatre, weight room, cardiovascular room, steam room, and an abundance of good food.  Most 
Slope employees work 12 hours a day on a rotational basis (7 days on and 7 days off, 14 on and 
14 off, ect.). 
 
Tundra Protection 
Our goal at PAI is to develop and operate oil & gas fields on the North Slope without having an 
adverse environmental impact.  A large part of this effort is tundra protection.  All of our 
exploration work is done in the winter in order to use utilize ice roads and ice pads for these 
activities (Figure 9).  PAI spends over $5 million each year on building ice roads and ice pads 
that melt each summer.  The use of ice roads (Figure 10) and ice pads allows PAI to drill a well 
in remote areas without impacting the tundra.  If an exploration area warrants development, 
gravel roads and drill site pads are constructed (Figure 11).  The gravel is mined from pits that 
are located on the Slope.  Using directional drilling techniques (Figure 12), several dozen wells 
may be drilled on a single drill pad to minimize the number of drill site pads.  In addition, multi-



lateral wells are drilled that allow for production of multiple zones from a single well (Figure 
13).  Well houses are placed over each well head to protect against the weather and to contain 
drips and dribbles from the well head (Figure 14). 
 
Tundra travel is strictly regulated on the Slope.  Winter tundra travel (Figure 15) opens when the 
snow cover is at least 6 inches and the frost thickness is at least 12 inches and has historically 
been as early as November and as late as January.  Winter tundra travel has closed as early as 
April and as late as June (Figure 16).  After this date, no tundra travel is allowed at all until July 
15th.  During summer tundra travel is limited to a select number of approved vehicles like 
Tuckers which have tracks (Figure 17) and Rolligons which have smooth tires with extremely 
low air pressure (Figures 18 and 19).  Tuckers and Rolligons do not leave ruts in the tundra. 
 
Wildlife Protection 
The Alaska North Slope is home to caribou, arctic foxes, brown bears, black bears, polar bears, 
and a large variety of migratory birds (Figure 20).  Consequently, predator management is a 
priority for PAI with an ultimate goal of minimizing impacts to predator/prey populations and 
preventing encounters between humans and wildlife.  A key element of predator management is 
proper food waste handling (Figure 21). Workers are not allowed to feed wildlife, and all food 
waste must be placed into closed-top, bear-proof dumpsters.  Absolutely no harassment of 
animals is tolerated.   
 
PAI is also sensitive to the native subsistence life style and many initiatives are implemented to 
minimize the impacts to Slope caribou populations.  Pipelines placed on vertical support 
members (VSMs) are raised 5 feet off of the ground to allow caribou to walk beneath them 
Figure 22). In areas with lower VSMs, caribou crossings are built (Figure 23).  Those who will 
say that we must choose between oil & gas production and wildlife have obviously never been to 
the Alaska North Slope where caribou populations have actually increased since oil & gas 
operations began in the early 1970s (Figure 24).  Additionally, according to US Fish & Wildlife 
Service, polar bears populations are also thriving on the North Slope (Figure 25).     
 
Pipeline Corrosion Program 
Without question, the over 500 miles of pipelines at Kuparuk are among the sources with the 
highest potential for a significant release (Figure 26). The field is almost 20 years old, and the 
weather on the Slope is brutal at times. Kuparuk has an extensive internal and external corrosion 
inspection program, which includes adding chemical corrosion inhibitors to pipeline fluids and 
using radiography and ultrasonics. 
 
Kuparuk spends over $8 million per year on corrosion inhibitor chemicals and inspected 
approximately 1000 pipelines, well lines, flow lines, and gathering lines in year 2000 (Figure 
27).  From 1997 to 2000, Kuparuk has had only 4 pipeline releases due to external corrosion as 
compared to 61 saves.  A save is achieved when an inspection determines that a pipeline has a 
high potential for a release, and the pipeline is repaired before it fails.  
 
Target Zero Spills Program 
From 1995 to 1999, Kuparuk Operations successfully reduced the number of reportable spills, 
but the trend went the other direction in 2000 (Figure 28).  In Alaska, the definition of a 



reportable spill is over 1-gallon spilled onto a gravel road or pad and 1-drop spilled onto tundra 
or into water.  Just to illustrate this point, the 42 spills in year 2000 resulted in a total of less than 
80-barrells of hydrocarbons being released, almost all of it to pad.  These small spills to pad are 
quickly cleaned up and have no adverse environmental impact.   PAI realizes that our plans to 
expand into other parts of Alaska will depend largely on our ability to reduce spills. 
 
In 2001, Kuparuk initiated a proactive anti-spill program known as the Target Zero Spill 
Program (Figure 29).  A team was formed comprised of representatives from each of our major 
operational groups.  The team evaluated each spill that their Group had in year 2000 and tried to 
identify high risk activities, tap root investigation data, causal factors, root causes and developed 
spill prevention tools to address these issues.   These spill prevention tools were meant to be 
measurable, quantifiable, and meaningful.  
 
For example at Central Processing Facility 2, 4 of their 14 spills in 2000 were related to bleed 
trailer incidents  (Figure 30).  CPF2 then developed some tools to address bleed trailer activities.  
The other operational Groups did likewise for their spills.  The three central processing facilities 
(CPF1, CPF2, and CPF3) collectively developed tools to be used for all three Groups since they 
are involved in almost identical operations (Figure 31).  You will notice that the tools for the 
CPFs #8 and #9 address bleed trailers.  Another example is that Camps (Figure 32) had a couple 
of rather large gray water spills relating to the use of floats and switches.  Camps tool # 2 
addresses floats and switches.  The list of includes both mechanical (engineering) and behavioral 
(raise awareness) tools.     
 
The next step was for each Group to implement their tools.  A schedule was developed with each 
tool having a completion date.  Most of the tools were implemented in the first quarter of 2001 
with the remainder being implemented by the end of the second quarter.  The Program is also 
dynamic with new tools being developed when necessary.   
 
Has the Program been successful (Figure 33)?  Kuparuk Operations is on pace for our best year 
ever with respect to number of spills.  From 1995 to 2000, the 5-year average for Kuparuk 
Operations was 59 spills with 42 spills for year 2000.  In 2001, we are on pace for 32 spills 
(Figure 34).   
 
This statistic is even more impressive when you consider the fact that the level of drilling activity 
and production increased in 2001 as compared to other recent years.  This reduction is further 
evidenced by the fact that the spill rate (spill per 200,000 man-hours) has decreased from over 4 
in 2000 to around 3 in 2001.  Based on these data, PAI efforts are making a difference with 
respect to spill prevention. 
 
Conclusion 
So when you read or hear someone saying that increased drilling in Alaska will desecrate the 
environment, please think of programs like PAI’s Target Zero Spills.  And remember that North 
Slope drilling activities have not adversely affected wildlife populations, and PAI has programs 
specifically designed to leave the tundra unmarred. 
 
 



 
 
 
Brief Bio 
 
Jeff Smith is currently the Senior Field Environmental Coordinator for Phillips Alaska’s 
Kuparuk Field, which is located on the Alaska North Slope. In this position, Mr. Smith is 
responsible for all regulatory compliance issues such as air, storm water, tundra protection, waste 
management, and spill prevention/reporting for Kuparuk, which produces over 200,000 barrels 
of oil per day.  After obtaining both his B.S. and M.S. degrees from Stephen F. Austin State 
University in Nacogdoches, TX, Mr. Smith has worked in the environmental industry for over 11 
years.  This experience includes 3 years consulting and the last 8 working for Phillips.  Previous 
positions with Phillips include Environmental Representative for North America Exploration & 
Production in Houston, TX and Environmental Site Manager for Property Risk Management in 
Bartlesville, OK. 
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Alaska Pipeline
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Kuparuk Location Map

Juneau to Prudhoe Bay: 1000 miles



There were no roads or 
pipelines to the north slope 
when the oil field was 
discovered.  The “haul 
road” was constructed as 
well as an 800 mile pipeline 
to transport the oil to 
Valdez for oil tanker 
export.  

Alyeska Pipeline

Photo provided by ADNR
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Phillips/BP 737



Photo provided by Phillips

Kuparuk Base Camp

Buildings are constructed on pilings off the ground to 
protect the permafrost.



Exploration Exploration -- “Doing it Right”“Doing it Right”

Exploration Site - Winter

Exploration Site - Summer



Photo provided by Phillips

Ice Road

Ice roads allow the transport of structures the size of shopping
centers to be easily moved across the tundra with no damage 



Kuparuk Truckable Drillsite







Wellhead Shelter



Winter Tundra



Summer Tundra



Tucker Special Use Vehicles



Rolligon

Rollagon - only smooth tired low ground pressure vehicles 
are allowed on the natural surfaces (even snow).  Rutting 
the surface will cause the permafrost to melt.  



Photo provided by Phillips

Rolligon on Tundra

The rollagon weights tons but only has a few pounds of 
ground pressure.  The tundra is not rutted.  



North Slope Wildlife



Grizzly Cubs

Teamwork



Photo provided by ADNR

Caribou - Raised Pipelines

Pipelines are constructed above ground so they will not melt 
permafrost.  If the pipes were buried, they would melt the 
permafrost.  As a result the pipes would flex and break.



Caribou Crossing



Photo Provided by PhillipsCentral Arctic caribou herd

North Slope Caribou



Photo provided by Phillips

Polar Bear on Drill Site

The USFWS has been studying Polar Bears for decades.  
The population is healthy and steadily increasing.  They 
tend to stay out on the ice (near the seals) and are rarely 
seen.  
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Phillips Alaska Kuparuk 



2000 REPORTABLE SPILLS - CPF2
Comp. Loc. Date Spill # Vol (g) Activity Causal Factor(s) Preventative Measures

(From Tap Root Inv.)
1) PAI 2A 7/23/00 KR-0020502 5 Operator found Unknown

spill on pad
2) PAI 2A 10/23/00 KR-0029701 2 Bleed trailer a) Pre-job mtg held, spills a) Pre-job mtg needs 

overflowed - changindiscussed improvement
out wing valve b) No one assigned to b) SPAC needs

monitor bleed valve improvement
3) PAI 2B 5/22/00 KR-0014302 2 Gauge failure Equipment difficulty Replaced gauge

4) PAI 2B 6/20/00 KR-0017201 3 Suspected bleed Unknown
trailer spill

5) PAI 2B 9/6/00 KR-0025001 3 Bleed valve a) Bleed valves were not flaggea) SPAC needs improvement
left open after b) Walk down of 2B-12 not b) No SPAC
blind swap performed

6) AAI 2C 3/27/00 KR-008701 40 Plugged needle valve Equipment difficulty Replaced transmitter
blew - routine O&M 2C-6 Transmitter failed

7) PAI 2M 5/6/00 KR-0012702 200 Crack in valve/S Inadequate piping support Relieve snow loading
riser flange Inspect other similar locations

Employ Subsidence Team
recommendations - long term fix

8) PAI 2M 7/12/00 KR-0019401 424 Failed multiport a) DSO tightened MPGV a) Possibly overtightened
valve handle with wrench valve plug

9) LRED 2T 3/13/00 KR-007301 7 Valve not completely Third party spill
shut down 

10) PAI 2U 6/3/00 KR-0015501 2 Methanol dripping Equipment difficulty Serviced valve
from WAG valve Valve grease fitting failed

11) PAI 2V 5/1/00 KR-0012201 201 Tree-cap o-ring Pinched O-ring Revise O-ring procedure.
failure Swab valve leakage Service swab valve

12) PAI 2X 7/3/00 KR-0018503 10 Prod. flowline leak Corrosion leak Installed pipe sleeve
13) PAI CPF2 11/15/00 KR-0032001 5 Body bleed valve a) body bleed valve left partialla) Did not follow SOP

partially open open
b) body bleed valve was not b) Did not follow SOP
flagged or tagged as "open"



GROUP SPILL PREVENTION TOOLS

(1-3) CPF 1,2,3 1) Track down hydraulic hoses with same batch number as failed hoses and replace all hoses 
that have the identified batch number with new hoses. (DS Leads)

2) Secure all well house hydraulic oil receptacles.  Use tubing hanger for pilot receptacles 
and bungee manual dump station receptacles to well house walls. (DS Leads) workorder written

3) Alaska Clean Seas will, along with input from Facility Engineer, provide spill volume estimates 
for all spills that Operations feel are > 1 gallon.  (Env. Coord.)

4) More extensive use of secondary containment:
a) oily waste dumpsters; (Facility Lead Operator) workorder written
b) line heater flanges that pose spill risk should be equipped with catch pans. (DS Leads)

5) Tree cap seals will be pressure tested when installed, not simply screwed on. (Wells Supv.)
6) SOP for cycle swab valves will be reviewed to ensure that they are adequate to prevent 

risk from indirect fired heater causing very sudden change. (DS Leads)
7) Place higher maintenance priority on high risk spill areas such as:

a) line heater vacuum breakers and audit to ensure that rupture disk weather boots are installed; (DS Leads)
b) complete installation of restricted orifices of water injection lines by end of year;(DS Leads)

8) Evaluate spill potential of bleed trailers and modify if found to be inadequate. (Fac. Supv.)
9) Place laminated card or placard on bleed trailer with:

a) did you check tank volume?
b) is tank properly grounded?
c) is tank in view?
e) did you verify hose connections? (DS Leads)

10) Increase behavioral spill awareness by:
a) discuss potential for spills @ morning tailgate meetings(DS Leads)
b) discuss spills/near misses at weekly safety meetings (Prod. Supv.)
c) Env. Coord. routinely attend safety & tailgate mtgs (Env. Coord.)
d) Transfer/share information on spills (causal factors, root cause, ect.) from Group to Group. 
(Env. Coord./Spill Team Group Leader)

11) Promote positive reinforcement with same vigor as negative reinforcement by developing 
a rewards program. (Facility Supervisors)

12) List spill goals monthly/quarterly by operating group rather than annually for the entire 
field. (Env Coord./Facility Supervisors)

13) Evaluate well house catalytic heater spill risks and modify if inadequate.  Eliminate tubing 
communication to annulus and other liquid hydrocarbon contamination sources of lift gas 
system (DS Facility Eng.)



GROUP SPILL PREVENTION TOOLS

4) Camps 1) Discuss spills in Wkly Safety Meeting - encourage employee suggestions. (John Fouse)
2) Modify lift station PMs to specifically address floats & float switches (J. Fouse)
3) Submit FWR to inspect all sumps in KOC, KCC, and KIC (J. Fouse)
4) Develop Piping Inspection SOP for piping in KOC kitchen, KOC laundry rooms, soffit areas under 

KOC. (J Fouse)

5) Materials 1) Utilize hose Inspection SOP and checklist.  (Barth/Harp)
2) Discuss potential for spills at daily toolbox mtgs. (Barth/Harp)
3) Include spill information to Daily Awareness Log that must be signed by each shift. (Barth/Harp)
4) Fluid transfer checklist for line drivers (Barth/Harp)
5) Look for ways to improve training, procedures, inspections, communications, and technology. (B&H)

6) Field Serv. 1) Heavy Equipment Truck Drip Pans (Brand/Regist.)
2) 6-month preventive maintenance schedule for heavy and light duty vehicles. (Brand/Register)
3) All vehicles that come into shop for unrelated reasons are checked for leaks (Brand/Register) 
4) Portable spill dikes will be installed under non-mobile equipment for secondary containment (Brand/Reg.)
5) Walk around inspections of heavy equipment each time it leaves job site or shop. (Brand/Register) 

7) Cen. Main. 1) Spill Buddy System (New Hires) - Focus on environmental, safety, and operational issues. (Nelson/Pittman)
2) Secondary Containment - Look for additional opportunities for secondary containment throughout 

field in wells/drilling support activities. (Wells Foreman)
3) Coworker Awards - Propose a spill incentive effort utilizing existing APC/ECA budget. (Nelson/Pittman)
4) Evaluate the spill potential of sand jet tanks and modify if needed. (Black/Harvill)



KUPARUK SPILL REPORT - 2001

GROUP 1995 1996 1997 1998 1999 2000 5- YR 2001 2001
AVG GOAL SPILLS Projected

CPF -1 33 20 15 14 11 7 20 10 6 8

CPF-2 17 15 18 5 11 14 16 10 6 8

CPF-3/STP 12 8 8 8 5 11 10 9 3 4

FLD. SERV. 10 3 13 6 6 3 8 5 5 7

CAMPS 4 3 1 1 0 5 3 3 1 1

MATERIALS 1 2 0 2 0 1 1 1 0 0

CENT. MAIN 1 1 0 1 3 1 1 2 3 4

TOTAL 78 52 55 37 36 42 59 40 24 32
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PRODUCED WATER POLISHING: FILTRATION 
AND FILTER MONITORING SYSTEM  
PROMOTES COMPLIANCE DURING 

CONVENTIONAL TREATMENT  UPSETS 
  

Jeffrey J. Smith, P.E. CETCO Environmental Offshore Services, New Orleans 
John Occhipinti, P Eng. CETCO Environmental Offshore Services, New Orleans 

Jerald W. Darlington, CETCO, Chicago 
Thomas F. Marcotte, P.E. Chevron U.S.A. Production Company,  New Orleans 

Walt Zeon, Chevron U.S.A. Production Company,  Lafayette, LA 
Michael  Berger, P.E. Aztech Services Inc., New Orleans 

 

ABSTRACT 
 

Conventional solids filtration followed by vessels containing oil-adsorbent media has proven an 
economical and operational viable method of maintaining compliance with Produced Water discharges.  
A patented, proprietary blend of media based on resin, polymer and clay technologies has been developed 
for this purpose.    The adsorbent media  “CrudeSorb” is packaged in radial flow non-ferrous canisters 
which allow for quick media changeouts.  A  “Smart Canister” has also been developed to continually 
monitor media absorption capacity and alert platform operators when the media is nearly spent. A “Smart 
Canister” contains a unique embedded probe that electrically measures the rate of media adsorption and 
sends that information to a nearby alarm panel.  When a predetermined probe signal is analyzed and 
confirmed by the alarm panel, an alarm notifies an operator that media replacement will soon be required.  
Typically, conventional produced water treatment systems installed offshore produce effluent with “free” 
oil and grease within permitted concentrations. However, system upsets caused by surges in production or 
mechanical / process failures can cause incidents of non-compliance.   
 

Whenever this condition occurs, the “Smart Canister” polishing system will become 
operational, via manual or automatic interface, and prevent pollution and incidents of non-compliance.  
 
Water Polishing Technology, a New Concept 

Hydrocyclones, Induced Gas Flotation units, Sparging Columns and Skim Vessels normally 
produce effluent water quality that is within regulatory (oil, grease and toxicity) standards. However, 
surges in production, chemical upsets or equipment failure can create episodes where regulatory 
mandated effluent oil and grease levels will exceed permitted guidelines.  
 

“Produced Water Polishing” is a new concept, applying a secondary treatment process to 
produced waters prior to final discharge overboard.  Offshore operators monitor the effluent quality of 
their platforms primary treatment systems and intervene, either manually or automatically, before an 
incident of non-compliance occurs.  Therefore, water polishing can be an intermittent process employed 
only as needed during upsets to prevent pollution.  
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The following schematic illustrates the process: 
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At Chevron’s Vermillion (VR) 214C structure, a continuous online oil and grease monitor 
determines when the effluent from the structures two sparging columns require polishing. Two 66 inch 
polishing vessels each containing ninety-two CrudeSorb canisters provides capacity to polish 12,000 
bpd of produced water. 
 

On the Genesis Spar, also operated by Chevron, platform operators determine when effluent from 
the Spar’s sparging columns need to be polished. When required valves are manually switched to direct 
fluid into the Spar’s “Smart Canister” polishing system which has the capacity to process 17,000 bpd of 
produced water. 
 

When free oil and grease droplets are not the contaminants, but Water Soluble 
Organics (WSO) are the problem, continuous polishing may be required. Continuous Crudesorb 
polishing removes the soluble organics that conventional treatment systems will not remove.  On one 
offshore platform, a continuous polishing system removed WSO's typically down to the 10 ppm range.  
At this location, two 48 inch Crudesorb vessels connected in series provided the capacity to polish up to 
4300 bpd of produced water. The data in Graph 1, showing the results from four months of monitoring a 
Crudesorb polishing system, clearly illustrates how effective this process can 
be in keeping platforms compliant. 
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Influent / effluent oil and grease data (acidified IR) are illustrated. 
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Graph 1. 
The data shows that the Crudesorb polishing system significantly reduced the concentration of 

oil and grease in the effluent.  The three surges above 40 ppm shown in the polishing system influent 
(platform primary system effluent) were prominently adsorbed by the Crudesorb media, thus keeping 
the platform discharge continually within full compliance   
 

Polishing as treatment during maintenance or the commissioning of “new water treatment 
equipment” is also a very promising endeavor.  This allows the platform to continue production while 
repairs or installations are completed. The highly adsorbent CrudeSorb media, that is canisterized to 
facilitate easy handling, has proven to be very useful as a short-term treatment tool. For weeks or even 
months at a time, the CrudeSorb polishing process was the only water treatment equipment used at 
Chevrons ST 52C, ST 151-Prod, ST 177E, and Shell platforms at EI 158C, URSA, and Tahoe.  
CrudeSorb

 canisters provided the produced water treatment capacity during maintenance or when the 
structures water treatment system was in-operative or being commissioned.  

 
Obviously, CrudeSorb media will become fully adsorbed more quickly when used in this way, 

and will require more frequent changeouts, but few options exist when environmental compliance and 
continuing production is the objective.  
 

The specially designed polishing vessel skids have a minimal footprint, can easily be deployed 
and can accommodate (when required), rapid replacements of the expendable Crudesorb canisters.  
 
Vessel Mechanics 

The adsorption process is optimized through several design features incorporated into polishing 
vessels.  

• Long term exposure to hot produced waters (150°F) generates minimal creep in canisters rated for 
much higher temperatures. In typical carbon canisters, creep has been shown to cause canister bypass. 
This occurrence has been virtually eliminated in the CrudeSorb canisters by utilizing spring loaded 
sealing caps that apply a continuous load to the stack of canisters assembled over centralizing rods.  
Zero leakage of oil and grease has been achieved even at differential pressure values of up to 50 psi.  
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• Gravity separation is encouraged in polishing vessels; coalescence begins as oil droplets grow on 
each canisters exterior filter cloth.  A large accumulation area at the top of each vessel serves to 
collect the coalesced oil droplets.  The accumulated oil is purged from the vessel by a programmed or 
manual cycle. Entrained gases, which separate from the aqueous phase in the polishing vessels, also 
accumulate in this area but will be removed during the purge cycle. 

 
• Radial headers (patent pending), which can be easily removed, serve as the foundation for all canister 

centralizing rods. These headers optimize vessel capacity and streamline vessel maintenance. 
 
Solids Filtration and Chemical Treatment 
 Before produced waters make contact with the canisterized adsorption media, solids filtration 
becomes a key process component.  Each platform varies as to the type and amount of solids mixed with 
produced water.  Solids such as scale, sand, silt, clay and chemical flocculents must be removed by 
conventional mechanical filtration. 
 
 Chemical treatment to prevent paraffin build-up or scale deposits from coating mechanical filtration 
equipment, Crudesorb canisters or polishing vessel internals must be employed. 
 
“Smart Canister” Technology 

A  “Smart Canister” has also been developed to continually monitor media adsorption capacity 
and alert platform operators when the media is nearly spent. A “Smart Canister” contains an embedded 
unique probe that electrically measures the media adsorption and sends that information to a nearby alarm 
panel.  When a predetermined probe signal is analyzed and confirmed by the alarm panel, an alarm 
notifies an operator that a media change-out will soon be required.  The “real time” predictive nature of 
this instrumentation allows an operator enough time to make the necessary decisions.   
 

Typically, conventional produced water treatment systems installed offshore produce effluent 
with “free” oil and grease within permitted concentrations.  System upsets caused by surges in 
production or mechanical / process failures can cause incidents of non-compliance.  Whenever this 
occurs, the polishing system will become operational, either manually or automatically, to prevent 
pollution and incidents of non-compliance.  
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The Need for Instrumentation 

Polished Water Systems (PWS) containing Crudesorb canisters are usually placed on 
manned production platforms. Occasionally, it is necessary to install PWSs on unmanned 
platforms. In either case periodic manual effluent measurement, e.g. infrared or gravimetric 
extraction to determine oil and grease compliance is labor intensive and is  “after the fact” data.  
On stream oil ppm analyzers are a suitable alternative option, especially suited for installations on 
unmanned platforms, but has economical drawbacks. Automation/supervisory control and data  
acquisition systems (SCADA) are now prevalent on many production platforms since these 
systems are very reliable and affordable.  Remote monitoring of equipment operation such as 
status, alarms or data trending is universally accepted as the norm.  
 

All of the aforementioned motivated an approval for a research and development program 
aimed at finding a feasible, economical method to instrument an expendable Crude- sorb 
canister.  The key feature of the program was to target a changing physical parameter, during the 
filtration process, that could be monitored by a transducer.  The information from the transducer 
should be reasonably accurate and be able to interface to a monitor panel. The monitor panel 
would display status and alarm an operator that the media is nearly spent and the effluent oil ppm 
is close to noncompliance (currently at 29 ppm).      
 
Research and Development Testing 

Initial laboratory examination of the physical characteristics of the Crudesorb media when 
exposed to flowing oily salt water resulted in the following:  
• Measurement parameters such as mechanical particle compression or weight change would 

be difficult to implement and the resulting data probably would be very inaccurate. 
• Electrical measurement of media conductance or resistance would be easy to implement, cost 

effective and should be relatively accurate. 
 
 Physical Characteristics 

 The patented Crudesorb media is best described as small granules very similar to “cat 
litter”. The Crudesorb media initially is water binding or hydrophilic. However, when exposed 
to oil molecules, the chemically modified media characteristically changes to a hydrophobic state.   
When oily salt water (the oil may be dispersed or “free” or partially soluble or both) flows 
through the media, the oil molecules become adsorbed on the surfaces of the chemically modified 
media granules.  As the oil molecules begin coating the surfaces of the media granules, the 
surrounding water molecules are displaced. During this process, the hydrophobic characteristic of 
the media is significantly increased. The electrically conductive bound water is literally squeezed 
out of the surface path of the media granules by oil molecules.  Some physical swelling of the 
media also results from the adsorptive process.  Ionic surface bonding and Van Der Waal forces 
hold the oil molecules to the media granules. 
 

Ultimately, if the process continues, there is an adsorptive saturation point where the 
media undergoes a “change of state”. The internal structures of the media granules begin 
collapsing and the collapsed granules bind one another into a nonporous oily saturated powder.  
At this point, the electrical conductivity is extremely low. However, Crudesorb will never get to 
that stage during normal filtering applications because non-compliance oil ppm effluent levels 
would have been detected much earlier during the adsorptive process.  
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If a fixed voltage were applied to two small metal plates at a given distance apart in a 
known volume of Crudesorb media during a hydrocarbon adsorptive process, the results would 
clearly demonstrate an increasing resistance proportional to adsorbed Crudesorb media. 
Hypothetically, there should also be a strong correlation to oil PPM effluent.   

 
Small canisters of Crudesorb were constructed with embedded electrical probes for 

laboratory testing.  Synthetic seas water( 2-3% salinity) and in some cases actual produced water 
was thoroughly mixed with samples of crude oil.  The oily water mixture was allowed to flow 
through the small Crudesorb canisters.  Steady state and bipolar voltages at various frequencies 
were applied to the test probes and monitored. Data analysis indicated a predictive characteristic 
curve of current and voltage versus Crudesorb impedance.  During this test phase no chemical 
oil ppm effluent data was taken.  The hypothetical correlation between impedance, adsorption 
percentage and oil ppm effluent could soon be confirmed by further testing ( see Fig. 1 ).  
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                        Fig. 1 
 

To better understand the oil migration and adsorption density patterns of Crudesorb 
media, after each test the small spent canisters were cut open and exposed to ultraviolet rays to 
observe the fluorescent oil patterns. The oil migration patterns indicated that the “small volume of 
adsorbed media sensed by the test probe” was a reflection of the adsorbed status of the total 
media volume in terms of radial location. This information would be valuable later in determining 
the physical probe location in the Crudesorb canister.  
 

 A watertight, non-corrosive prototype probe was developed that would with stand 
temperatures up to 200°F.  Long watertight-jacketed signal wires were affixed to the test probe.  
A large vessel was designed and fabricated to accommodate two production type 11 X 11-inch 
Crudesorb canisters.  One canister would have a probe and the other would be a dummy 
canister. The signal wires from the probe canister extended from the vessel and connected to 
laboratory test and measurement equipment.  A test signal voltage was applied to the probe and 
then monitored.  Oily water-same type and mixture used in the small laboratory canister tests was 
pumped into the vessel. The effluent would be chemically sampled at given periods for ppm oil.  
This test, which took a few days to complete, had comparable results to the laboratory small 
canister tests. At a point where the probe voltage indicated that the Crudesorb should be 
adequately spent, an oil ppm measurement was extracted and indicated 18 ppm of oil.  A second 
test with similar results was performed. The test results strengthened the correlation between 
media impedance and oil ppm effluent.  
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Each canister was cut open after testing and subjected to a fluorescent investigation.  Oil 

migration patterns around and near the probe area were basically the same as the aforementioned 
small canisters.  Field-testing would be the next validation phase for the “Smart Canister”. 
 
Field Testing  

Field-testing coordinated with Chevron USA.  The Fourchon Chevron PipeLine Base was 
chosen as the test site.  A two-canister vessel was fabricated.  One Crudesorb canister would be 
a dummy the other, a “Smart Canister”.  The probe wires were connected to test equipment for 
signal generation and monitoring.  Produced water was piped into the vessel.  Effluent oil ppm 
measurements were periodically taken.  Testing took several days. The results were as predicted 
for the voltage and media impedance data. Effluent oil ppm data showed a definite relationship to 
measurements of probe voltage (Fig. 2 and 3).  Further field testing is now in progress. 
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                         Fig.3 
 
 Probe and Alarm Panel Design 

The expendable probe has three major parts, the body, probe tips and signal wire. The 
body is made from a durable, high temperature, chemically impervious, injection molded plastic 
compound.  Probe tips are high-grade non-corrosive stainless steel and geometrically configured 
to optimize sensing when embedded in the Crudesorb media.  The flexible signal wires are 
encased in a high temperature, watertight PVC jacket.  The interior probe body and exiting signal 
wire is sealed with a waterproof-potting compound.  The probe body also has a seating adapter 
affixed for secure placement in the bottom of the “Smart Canister”. 
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Probe 

Flow

The Alarm Panel  
The alarm panel is a solid state design that provides the probe signal, signal conditioning, 

and probe signal evaluation and status/alarm indications.  The current design will support two 
“Smart Canisters”.  The alarm panel will normally be mounted on the polishing vessel skid. The 
input power is nominally 12VDC. The panel may be battery operated or adapted for solar power. 
Remote signal capability is available in the form of a dry contact closure or analog output (4-
20ma).  Short haul wireless transmission is another strong possibility.  No electrical connection 
would be necessary if the alarm panel used battery/solar power and wireless transmission. The 
panel is designed to meet electrical intrinsic safety standards, but has not yet been submitted for 
agency approval (e.g., Underwriters Laboratory).  The Alarm Panel will meet the electrical 
requirements of Class I, Division 2, Groups (A-D), since most locations where the panel will be 
operating are considered Class I, Division 2 hazardous locations.  The second generation design 
of the alarm panel is called Guardian II.  
 
Conclusions 

After two years of laboratory and field-testing the “Smart Canister”, the following 
conclusions can be drawn: 
 
• The Crudesorb polishing system is a reliable, efficient method to assure regulator 

compliance. 
• Use of the Crudesorb media allows the platform operator to meet compliance and maintain 

production. 
• There is a predictive relationship between Crudesorb media impedance when adsorbed and 

probe voltage signal levels.  
• That the correlation to probe signal voltage levels and effluent oil ppm exists and probably is 

predictable within a respectable accuracy range.  
• Assuming that the radial flow mixture of oily water (free oil and/or partially soluble) is 

relatively uniform: that the ad sorbed media sensed by the probe, at a given location, will 
reflect the adsorbed status of the total media volume at the same radial location throughout 
the “Smart Canister”.  

• A “Smart Canister” installed in a polishing vessel with other Crudesorb canisters can be 
used to alert an operator that the media is sufficiently adsorbed to a point that the effluent oil 
ppm level is close to non-compliance. 
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• That an alarm/monitor panel can be designed to interface with a “Smart-Canister” to 
replace the laboratory test and measurement equipment. 
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ABSTRACT 
 

The Office of Conservation (Conservation) of the Louisiana Department of 
Natural Resources recently initiated promulgation of rule changes regarding regulation of 
commercial exploration and production (E&P) waste treatment and disposal facilities in 
Louisiana. 
 

The basis for the proposed regulatory changes began with implementation of a 
comprehensive E&P waste sampling and analytical testing program implemented 
statewide as a result of concerns voiced by residents living near a commercial E&P waste 
treatment and disposal facility in Grand Bois, Louisiana. Upon completion of the 
statewide testing program, sample results were then validated and statistically analyzed 
by Louisiana State University to characterized E&P waste received by Louisiana 
commercial facilities. Following the conclusion of E&P waste characterization, a 
comprehensive health risk analysis of existing commercial facility operations in 
Louisiana was finalized by a contract toxicologist and submitted to Conservation with 
health protective recommendations, thus establishing the impetus for promulgating the 
proposed regulatory changes. 
 

Recommendations submitted to Conservation for implementing regulatory 
changes are discussed as relates to proposed revisions to LAC 43:XIX.Subpart 1.Chapter 
5 which will be promulgated by Conservation for the regulation of Louisiana commercial 
E&P waste facilities. 

 



INTRODUCTION 
 

The Louisiana Department of Natural Resources (LDNR), Office of 
Conservation (Conservation) appreciates the opportunity to provide IPEC attendants an 
update on the current status of proposed regulatory revisions for Louisiana Commercial 
Oil and Gas Exploration and Production Waste Facilities. 
 

The abstract provided to the IPEC committee earlier this year indicates the focus 
of this presentation would be on recommendations submitted to the Office of 
Conservation for rule promulgation.  As Conservation is approaching final rule 
publication, it is appropriate to modify the scope of the presentation consistent with the 
present stage of rule development.  

 
 

OBJECTIVE 
 

Accordingly, the primary objective of this presentation is to provide a general 
overview of final revisions to Louisiana regulations specific to Commercial Oil and Gas 
E & P Waste Storage, Treatment and Disposal Facilities. 
 
 

OUTLINE 
 

To meet this objective, the presentation will proceed with discussions on 1) What 
prompted rule promulgation,  2) Which administrative steps are complete,  3) Where  are 
we at now and 4) When will the final rule be published.  The presentation will then 
proceed with identification of specific changes in the final rule with a final note on where 
additional information may be obtained. 

 
 

HISTORICAL PERSPECTIVE 
 

The basis for the proposed regulatory changes began with implementation of a 
comprehensive E&P Waste sampling and analytical testing program implemented 
statewide in May 1998 as a result of concerns voiced by residents living near a 
commercial E&P waste land treatment and disposal facility in Grand Bois, Louisiana.  
Upon completion of the statewide testing program, sample results were then validated 
and statistically analyzed by Louisiana State University to characterize E&P waste 
received by Louisiana commercial facilities.  Following the conclusion of E&P waste 
characterization in March 1999, the results of a comprehensive health risk analysis of 
existing commercial facility operations in Louisiana was finalized by a contract 
toxicologist and a final report dated March 2001 was submitted to Conservation which 
included health protective recommendations, thus establishing the impetus for 
promulgating the proposed regulatory changes. 
 
 



PROPOSED RULE PUBLICATION 
 

On August 20, 2001, the Office of Conservation published a Notice of Intent in 
the Louisiana Register to adopt rules and regulations under the Louisiana Administrative 
Code, Title 43, Part 19, Subpart 1, Chapter 5, for the off-site storage, treatment and 
disposal of E&P Waste generated from the drilling and production of oil and gas wells.  
The proposed rule revisions published in the notice of intent were based on the reports 
and recommendations provided to the Office of Conservation by external professional 
consultants. 
 
 

PUBLIC COMMENTS 
 

The public hearing for the proposed revisions to LAC Title 43, Part 19, Subpart 
1, Chapter 5 was held on September 27, 2001.  The public comment period ended on 
October 11, 2001.  During the comment period, the Office of Conservation received 
comments on the proposed rule from two oil and gas industry associations, two Louisiana 
permitted E&P Waste commercial facility operators and one environmental concern.   
 

The Office of Conservation has completed review of all comments.  The majority 
of the comments received were requests or recommendations for further clarification to 
new or existing rules.  Comments were also provided which recommended revisions or 
additional regulatory provisions to certain sections of the original draft regulation. 
 
 

FINAL RULE PREPARATION 
 

In response to the comments received, the Office of Conservation has 
implemented changes to the proposed rule for those clarifications, recommendations and 
regulatory provisions determined to be consistent with established health risk and 
operational recommendations provided by external professional consultants.  The target 
date for rule completion has been set for Friday, November 9, 2001.  Upon completion, 
the final rule will be reported to the Louisiana Legislature and published in the Louisiana 
Register.  The Office of Conservation anticipates implementation of the final rule on 
November 20, 2001. 
 
 

REVISIONS TO LAC 43:XIX.SUBPART1. 
CHAPTER 5 

 
The final version of Louisiana Commercial E&P Waste Facility regulations is 

near completion.  As of November 6, 2001, the final rule consists, in part, of the 
following provisional changes: 

 
1. Nonhazardous Oilfield Waste (NOW) has been changed to Exploration and 
Production Waste (E&P Waste). 
 



2. Definitions are included for the following terms; Container, Drilling Waste, 
Residual, Sump, and Treatment. 

 
3, E&P Waste descriptions: 
 

A. Waste Type 01, Saltwater, Waste Type 06, Storage Tank Sludge, Waste 
Type 10, Washout Water, Waste Type 11, Washout Pit Water, Waste 
Type 12, Gas Plant Waste and Waste Type 15, Commercial Facility 
Waste, have been revised. 

 
B. Waste Type 13, BS&W has been included in the definition of Waste 

Type 06, Storage Tank Sludge. 
 

C. Waste Type 50, Salvageable hydrocarbons bound for permitted salvage 
oil operators has been included in the waste description table. 

 
4. The rule includes provisions for generators to characterize E&P Waste. 
 
5. Provisions have been included to allow generators the option to ship E&P Waste 

offsite to permitted Louisiana Department of Environmental Quality waste 
facilities which are authorized to receive such waste. 

 
6. Waste Type 12, Gas Plant Waste Solids, will require testing and must meet 

acceptance criteria for benzene prior to shipment to permitted land treatment 
facilities. Placement of Waste Type 06, Storage Tank Sludge, into land treatment 
cells located less than 2000 feet from the nearest resident will be prohibited 
unless the material meets acceptance criteria for benzene. 

 
7. Land treatment cells must be located a minimum distance of 1000 feet from the 

nearest resident. 
 
8. All commercial facilities and transfer stations will be required to submit detailed 

Waste Management and Operations Plans. 
 
9. All commercial facility and transfer station permits will be reviewed every five 

years to determine compliance with applicable permit requirements and 
conditions. 

 
10. Definitions for major and minor permit modifications have been included in the 

final rule. 
 
11. Provisions have been included for the Office of Conservation to refuse to issue, 

reissue or reinstate a commercial facility permit or authorization to any 
individual, partnership or other entity in violation of any provision of LAC 
43:XIX.Subpart 1. 

 
12. More than three Class II SWD injection wells will be allowed at commercial 

facilities. 
 
13. Commercial facilities and transfer stations will no longer be required to submit 

E&P Waste Shipping Control Tickets (manifests) to the Office of Conservation. 



 
14. Criteria has been established for analysis of benzene for facility monitor well 

water, under drain sump water, treated and reuse material for commercial 
facilities utilizing land treatment cells. 

 
 

INTERNET WEB SITE LOCATION 
 

The information presented during the presentation is intended to provide a brief 
overview of the current status of final rule promulgation. For additional information 
regarding existing Commercial E&P Waste Facility requirements, published proposed 
rule revisions, E&P Waste reports, recommendations and future publication of the final 
rule, visit the Louisiana Department of Natural Resources web site at www.dnr.state.la.us 
or contact the Injection and Mining Division at 225-342-5515. 
 

On the web site, go to Web Central and access injection and mining under the Oil 
& Gas section.  On the Injection and Mining Division screen, access the Exploration and 
Production Waste Management Section screen.  Click on Proposed Changes to Statewide 
Order No. 29-B for Commercial E&P Waste Facilities. 

 
 

OTHER DOCUMENTS OF INTEREST 
 
 Other documents of interest available for review include the Louisiana State 
University Air Emissions Report dated December 2000.  Copies of this report may be 
obtained by contacting the Office of Conservation. 
 
 The objectives of the study were to identify and quantify emissions of 
hydrocarbons and hydrogen sulfide from the landfarm process at US Liquids, to identify 
operational activities associated with these emissions and to determine whether or not the 
extent of the emissions pose a threat to human health and the environment.  
Recommendations were to:  1) maintain the loading rates observed during the study 
period (low loading rates did not produce fluxes of concern),  2) further evaluate sulfide 
emissions from the sump system (only source of sulfides reported) and  3) implement a 
scientifically based cell management approach that would maintain benzene levels below 
levels of concern. 
 

On August 14, 2001, the Agency for Toxic Substances and Disease Registry 
(ATSDR), Division of Health Assessment and Consultation completed their health 
consultation for the Grand Bois community.  Copies of this document may be obtained 
by contacting the Office of Conservation or Peter Kowalski with ATSDR at 409-639-
0658. 
 

In this document, ATSDR recommended that the Louisiana Department of 
Environmental Quality (LDEQ) continue monitoring for total hydrocarbons, hydrogen 
sulfide and volatile organic compounds at the US Liquids air monitoring station.  It was 
also recommended that LDEQ continue short-term sampling for volatile organic 
compounds at the Acadian Shipyard and US Liquids air monitoring stations. 
 

http://www.dnr.state.la.us/


ATSDR further recommended that the Office of Conservation and US Liquids 
should:  1) gain a better understanding of E&P waste activities which may result in short-
term peak levels of benzene, toluene, xylene and hydrogen sulfide,  2) implement 
practical exposure reduction measures to prevent short-term volatile organic compound 
exposure to the community if a correlation is established between a specific activity and 
peak levels,  3) evaluate the potential impact of overall volatile organic compound 
emissions on the ambient air in the Grand Bois community prior to increasing waste 
loading at the US Liquids Grand Bois facility,  4) continue to restrict additional waste 
from entering the two cells closest to the Grand Bois community and  5) inform the 
residents of the conclusions and recommendations contained in the ATSDR Health 
Consultation. 

 
Another document published by the USEPA Region 6 titled “US Liquids 

Corrective Action Evaluation” dated August 31, 2001 is also available.  Copies of this 
document may be obtained by contacting Gary Miller at 214-665-8318. 

 
Based on facility inspections and investigations, information from State and EPA 

files and communications with LDEQ, LDNR, Louisiana Office of Public Health and 
ATSDR, “the Hazardous Waste Enforcement Branch recommends that EPA take no 
corrective action under RCRA regarding US Liquids at this time”. 
 
 

CONCLUSION 
 

Following comprehensive scientific evaluation and extensive participation from 
the public, academia, various state and federal agencies and industry, the Office of 
Conservation has completed proposed revisions to LAC 43:XIX.Subpart 1.Chapter 5 
governing Louisiana Commercial Oil and Gas Exploration and Production Waste 
Facilities.  Final rule promulgation is near completion with implementation set for 
November 20, 2001. 
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Abstract 
 
The present study, as part of a comprehensive monitoring of the eco-system, was aimed at 
establishing a relationship between mercury concentration in ambient air and tissues of wild 
animals in the vicinity of the natural gas processing plant - GTP Molve, Croatia. The study 
presents a part of results of mercury concentration measurements in hares present in the wider 
area around GTP Molve. The results indicate that concentrations are within normal levels. Mean 
mercury concentration values found in hares’ muscle, liver, kidney and brain tissues recorded in 
1999 were lower than those recorded during 1995 and 1990. Mercury concentration 
measurements in ambient air and in hare’s tissues demonstrate small but constant decline in 
concentration values. Achieved results point to the need of further research in order to 
investigate correlations between particular values so as to be able to make adequate conclusions. 
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Mercury Control during Natural Gas Processing 
 

The natural gas recovered and produced from deep wells at Podravina gas fields 
(Molve, Kalinovac and Stari Gradac), Croatia, along with a large number of other harmful 
substances - impurities (CO2, H2S, RSH etc.), contains a relatively high level of mercury 1.  
 

The pollution hazards on the Podravina natural gas fields have been brought to a 
minimal level since an efficient, closed mercury removal system (GTP Molve) has been 
constructed (Figure 1).  

 
The mercury control program includes both fully effective technologies for mercury 

removal from natural gas and the original methodology of mercury measurement in the 
processes and environment within and surrounding the plant 2. 

 
Air monitoring is frequently required at natural gas plant sites because of the potential 

for release of airborne contaminants and in response to regulatory compliance and/or 
community issues. An adequate monitoring, similar to the program designed and applied at 
INA-Naftaplin's process plant is essential for evaluation of working environment condition 3. It 
extends to the whole eco-system in order to scan and determine the extent of mercury influence, 
but also helps in organization and preparation activities in the process itself. Namely, results of 
accurate monitoring serve as an early warning, showing possible functional or process damage 
that could have an adverse effect on mercury removal unit performance, resulting finally with 
hazard to working and living environment 4. Therefore, the sampling and metering procedure 
involved, along with the very area of gas treatment plants as the potential source of pollution, 5 
other selected significant locations (control stations), encompassing those plants in an 
approximate distance of 500 to 1500 meters, Figure 2. All metering stations are located out of 
urban locations, with village Molve (2 km) as closest populated area. 

 
Along with measurements of mercury concentration in ambient air at the GTP Molve 

area, monitoring of the eco-system was carried out by the large team of scientists and 
government institutions. Monitoring included investigation of: 

1. Meteorological and climate conditions 
2. Chemical pollution 
3. Radioactivity 
4. Water quality 
5. Agro-ecological testing 
6. Microbiological testing 
7. Forage quality 
8. Quality of forest eco-systems 
9. Monitoring of wild animals 

 
 
 
 
 
 
 
 
 
 



Results and discussion  
 

Mercury concentration measurements in ambient air around the production and process 
plants demonstrated the presence of elevated mercury concentrations 5. As can be seen in Table 
1., mercury was detected at levels well below worker exposure standards and a typical ambient 
air quality toxic standard. However, these anomalies are of a local nature, which may not be 
harmful to humans or to the environment, and their values are usually below the maximum 
allowable levels (in Croatia exposure standards are set at a maximum 50 µg/m3 for working 
area). 

 
The study also presents a part of results of mercury concentration measurements in 

tissues of wild animals present in the wider area around GTP Molve. The results indicate that 
concentrations are within normal levels. 
 

Mean mercury concentration values found in rabbits’ muscle, liver, kidney (Figure 3) 
and brain tissues recorded in 1999 were lower than those recorded during 1995 and 1990. The 
difference is not statistically notable, however it shows continual declining trend in all 
examined tissues. Measurement results are presented in the tables. 

 
Similar measurements in Germany 6 indicated mean mercury concentration in rabbit 

organs (muscle – 0.007, liver – 0.034, kidney – 0.060 µg/g). In different regions of Poland 7 
mean mercury concentrations in rabbit liver ranged from 0.05-0.12 µg/g and in kidneys from 
0.10-0.19 µg/g. The concentration values in rabbit kidneys in Czech Republic (0,1µg/g) 8 are 
similar to those obtained in our research 9.   
 
 
 

Conclusion 
 

Exposure to heavy metals such as mercury is of an immediate environmental concern. 
 
The pollution hazards on the Podravina natural gas fields have been brought to a 

minimal level since an efficient, closed mercury removal system has been constructed and put 
into operation in 1993. 

 
All findings of mercury pollution control procedures carried out for more than a decade 

confirm that the monitoring and control program applied in natural gas production and 
processing area, was designed and implemented properly and that it achieved its ultimate 
objective - to prevent mercury from entering into human and natural environment.  

 
Mercury concentration measurements in ambient air and in rabbit tissues demonstrate 

small but constant decline in concentration values. Achieved results point to the need of further 
research in order to investigate correlations between particular values so as to be able to make 
adequate conclusions. 
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            Table 1. Mercury concentrations in the ambient air at GTP Molve 

 
YEARS 

 1995-97 1999. 

No. of measurements  
 171 48 

MINIMAL concentration  
ng Hg/m3 0,1 1 

MAXIMAL concentration 
ng Hg/m3 56,2 20 

AVERAGE 
ng Hg/m3 10,6 6,6 

 
 
 
 
 
 
 
 
 

 
 

Figure 1.  GTP Molve III – block sheme  
 
 



 
 
 
Figure 2. Additional metering stations located out of urban  
  locations, with village Molve (2 km) as closest populated area. 
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         Figure 3.  Median concentration values found in hares kidney  
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ABSTRACT 
 
   
 The phospholipids (PL’s) extracted from the cell membranes of microorganisms 
in soil can be used to ascertain the effect of environmental contaminants in two different 
ways.  First, the total microbial biomass (TMB) can be determined by converting the 
phosphorus in the PL’s to phosphate ion, which is then quantified 
spectrophotometrically.  Secondly, the distribution of phospholipid fatty acids (PLFA’s), 
determined by gas chromatographic analysis of the corresponding methyl esters, can be 
used to assess the microbial community structure.  In this study, the TMB procedure 
described in the literature was improved in two different ways, both of which provide 
more accurate results.  Using this modified procedure, three different soil samples, two 
brine-impacted soils and one control, were processed and analyzed.  The results from the 
TMB and PLFA analysis were consistent, and support the hypothesis that modest brine 
contamination affects the microbial population indirectly, by preventing plants from 
replenishing the soil’s organic matter, upon which the microbial population feeds. 
 

  



INTRODUCTION 
 
 The "produced water" that accompanies petroleum when it is brought to the 
surface typically exhibits high concentrations of sodium chloride and other salts.  When it 
is spilled on soil, this brine will have a significant adverse effect on vegetation.  The 
resultant high salinity of the soil solution prevents plants from extracting moisture from 
the soil by osmosis.  In addition, sodium ions reduce the hydraulic conductivity of the 
soil, by allowing clays to disperse and plug fine pores.    
 

A variety of remedial treatments for brine-impacted soil have been considered in 
laboratory and field studies (1,2).  These treatments typically depend on rainwater to 
leach the contaminants from the topsoil.  One common treatment involves the tilling of 
organic matter (e.g. hay) into the soil (3-5).  The role of the organic matter in this 
treatment remains obscure.  However, a recent study conducted by the University of 
Tulsa (6) indicates that the hay helps to ameliorate the adverse effect of the brine 
components on the soil’s microbial population. 
 
 To explore the role that microorganisms play in the remediation of brine-
impacted soil, it is necessary to characterize the microbial population in the contaminated 
material.  One general tool that may be useful for this purpose is the analysis of 
phospholipids extracted from the cell membranes of the microorganisms.  This technique, 
developed by D.C. White and his collaborators (7-10), provides a quantitative assessment 
of the microbial biomass and illuminates major features of the microbial community 
structure.  At least one company, Microbial Insights (Rockford, Tennessee), performs this 
analysis and provides a detailed interpretation of the results.  Unfortunately, the relatively 
high cost of the analysis has restricted its use.   
 

The primary objective of this project was to develop the capability to perform 
this analysis “in house”, thus allowing a greater number of samples from remediation 
projects to be analyzed.  In achieving this objective, a more in-depth understanding of the 
analytical methodology was attained, and useful modifications to the procedures that 
appear in the literature have been identified. 
 
 

EXPERIMENTAL METHODOLOGY 
 
Site Remediation, Sample Collection 
 
 Samples were obtained from the site of a field demonstration of oilfield brine-
impacted soil remediation.  This project, which is described in more detail elsewhere in 
this proceedings (11), is being conducted at the Gibbs lease in north-central Osage Co., 
Oklahoma.  The field demonstration involves two areas contaminated with brine and one 
control area.  The spills occurred sometime during the year 2000.  Remediation took 
place on June 21, 2001.  Each area was divided into four subsections receiving four 
different treatment (tilling alone, tilling plus hay, tilling plus fertilizer, and tilling plus 
hay plus fertilizer).  
 
 Samples utilized for PLFA method development were collected before 
remediation.  Sampling involved the collection of four portions of surface material (less 

  



than 10 cm deep) dislodged with a clean shovel from random locations within a given 
subsection.  These portions were placed on a clean sheet of plastic and composited 
thoroughly.  A representative subsample was then transferred to a polyethylene bag with 
Ziploc closure.  The samples were immediately placed in a cooler containing Blue Ice for 
transportation back to the laboratory, where they were stored in a refrigerator. 
 
Sample Preparation and Analysis 

 
As noted above, microbial phospholipid analysis was developed by White and 

collaborators in the late 1970’s and early 1980’s (7-10).  The analysis begins with the 
extraction of the phospholipids (PL’s) present in the cell membranes of the 
microorganisms.  The extract is then separated into at least two portions.  One portion is 
used to determine the total microbial biomass, through spectrophotometric quantitation of 
the phosphate ion obtained by chemically oxidizing the PL’s.  Insight into the 
composition of the microbial community is obtained with the other portion of the soil 
extract, through gas chromatographic analysis of the fatty acids (actually, methyl esters of 
the fatty acids) derived from the PL’s. 

 
All reagents utilized in preparation of the samples were analytical reagent-grade 

unless otherwise noted.  High purity water was produced with a Milli-Q system 
(Millipore).  A 5.00 g portion of soil in the as-received condition (the moisture content of 
the soil was determined independently, by weighing out an amount of the as-received soil 
into a pre-weighed glass jar, drying the soil in an oven at 110°C and then weighing the 
container and soil again) was extracted with 100 mL of a 1:2:0.8 (v/v/v) 
chloroform:methanol:buffer mixture.  The buffer was 0.15 M citric acid, adjusted to pH 
4.0 by the drop-wise addition (with stirring) of a 50 wt.% sodium hydroxide solution. 
The extraction mixture, contained in a Pyrex Erlenmeyer flask closed with a ground glass 
stopper, was agitated for 4 hours on an orbit shaker (Lab Line).  After allowing the 
mixture to settle overnight, the supernatant was poured off and split into four 25-mL 
portions (replicates).   

 
One portion of the sample solution was transferred to a large glass test tube with 

a screw-top closure.  Additional chloroform and buffer (8 mL of each) were added, 
resulting in the formation of two liquid layers.  After vigorous shaking of the closed test 
tube, the chloroform-rich layer was transferred to a large glass vial using a disposable 
glass pipette.  The solvent was evaporated with a stream of nitrogen gas and then the 
residue was re-dissolved in 1 mL of chloroform.  Next, the 1 mL of sample solution was 
transferred to a “chromatography column” prepared by filling a disposable glass pipette 
with 0.5 g of silicic acid and then wetting the adsorbent with 2 mL of chloroform. An 
additional 10 mL of chloroform was then passed through the column, followed by 25 mL 
of acetone and 25 mL of methanol.  The final eluent was collected in a 25 mL volumetric 
flask.   

    
For the quantitation of phospholipid, a 15-mL aliquot of the 25 mL of sample 

solution was pipetted into a large glass vial and evaporated to dryness under flowing 
nitrogen.  The resultant residue was re-dissolved in 2.0 mL of chloroform.  A 0.20-mL 
aliquot of this solution was pipetted into a 10-mL reaction tube (Hach) and evaporated to 
dryness under nitrogen. A 1.0 mL aliquot of a saturated persulfate solution, prepared by 
adding 5 g of potassium persulfate to 100 mL of 0.36 N sulfuric acid, was added to the 
tube.  The tube was then sealed (with a screw-top closure) and heated to 95 °C for 48 

  



hours in a heater block.  The reaction mixture was then quantitatively transferred to a 
10.0-mL volumetric flask.  The flask was filled to the mark with high purity water, and 
then the resultant solution was transferred to beaker containing the contents of a PhosVer 
3 reagent pillow (Hach).  The resultant blue-colored solution was analyzed with a 
Spectronic 20 (Genesys) spectrophotometer set to 890 nm.  The spectrophotometer was 
calibrated with a series of standard solutions ranging from 0-5.00 mg/L phosphate ion, 
prepared from a 100 mg/L reference solution (Hach). 

 
The remaining 10 mL of the methanol eluent from the column chromatography 

was used for determining the distribution of fatty acids in the phospholipids.  The 
solution was poured into a glass vial with screw-top closure.  The solvent was evaporated 
with nitrogen and then 1 mL of toluene and 2 mL of 0.5 N methanolic base solution 
(Supelco) were added to the vial.  The vial was sealed and heated to 80 °C for 20 minutes 
in a heater block.  After allowing the reaction mixture to cool, 1 mL of water and 1 mL of 
hexane were added to the vial.  Mixing resulted in two liquid layers; the upper hexane 
layer was siphoned off for analysis.  A Shimadzu QP-5000 gas chromatograph with mass 
spectrometric detection (GC-MS) was employed for the fatty acid methyl ester analysis.  
A 1.0 µL injection volume was employed.  The injection port was maintained at a 
temperature of 200°C and a split ratio of 10:1.  Separation was achieved with a 30-meter 
XTI-5 column (Restek), with a bonded stationary phase of 5% phenyl dimethyl-
polysiloxane.  The helium carrier gas flow rate was 1.0 mL/minute.  The column oven 
program featured an initial hold at 65°C for 2 minutes, followed by an increase to 150°C 
at a rate of 10°C/minute.  The interface between the column oven and the mass 
spectrometer was heated to 230°C. 
 
 

RESULTS AND DISCUSSION 
 
Total Microbial Biomass (TMB) 
 
 As noted above, determination of the total microbial biomass (TMB) involves 
decomposition of the phospholipids (PL’s) to phosphate ion, which is then quantified 
spectrophotometrically.  The original procedure described by White and coworkers (7) 
was based on formation of the phosphomolybdate complex, which is blue in color after 
chemical reduction.  This procedure employed sulfite ion as the reducing agent, and the 
dye 1-amino-2-naphthol-4-sulfonic acid for enhanced sensitivity.  Subsequent studies 
(9,10) utilized the dye Malachite Green, a modification suggested by the work of Van 
Veldhoven and Mannaerts (12).   

 
This project began with an examination of the phosphate analysis procedure 

utilizing Malachite Green.  Even with standard solutions, this method was found to be 
sensitive to a variety of experimental factors, many of which were difficult to control.  At 
this time another research project being conducted in this laboratory was using a 
commercial reagent kit for the analysis of phosphate ion.  This method was evaluated for 
the present application; the two calibration curves that resulted are presented in Fig. 1.  
One involves standard solutions that were simply diluted with high purity water and then 
mixed with the contents of the reagent kit.  The other curve corresponds to standard 
solutions that were digested with the persulfate solution prior to dilution and addition of 
the reagents.  Both calibration curves are linear.  The difference in the slope of the two 
calibration equations is within the expected variability of the spectrophotometer reading. 

  



 
The commercial reagent kit does not include a dye that amplifies the absorption 

of light by the sample.  However, the results below suggest that this dye, which adds 
complexity to the chemistry upon which the analysis is dependent, is not necessary.  
Phosphate concentrations in the sample solutions were well above the limit of detection, 
even when only a small fraction of the total sample extract was utilized (1/10 of 3/5 of 
the solution resulting from column chromatography, which was 1/4 of the total extract).  
On the other hand, the chemistry corresponding to the reagent kit has been chosen by the 
manufacturer because of its reliability.  
 
 Once a reliable method for the analysis of phosphate ion was adopted, this 
method was used to learn more about the column chromatography step in the sample 
preparation.  A sample of soil from one of the control subsections (GC-2) was extracted 
and subjected to liquid-liquid extraction as described in the experimental methodology 
section.    A quarter portion was then evaporated to dryness and re-dissolved in 2.0 mL of 
chloroform.  Multiple 0.2-mL aliquots of this solution were then evaporated to dryness, 
reacted with the saturated persulfate solution and then prepared for the 
spectrophotometric analysis.  A second quarter portion was subjected to the column 
chromatography.  However, the eluent from each solvent addition (10 mL chloroform, 25 
mL acetone, 25 mL methanol) was collected in a separate 25-mL volumetric flasks.  
Additional chloroform was required to fill the first flask to the mark.  A 15-mL portion of 
each of these solutions was evaporated to dryness and then re-dissolved in 2.0 mL of 
chloroform.  Multiple 0.2 mL aliquots of these solutions were evaporated to dryness, 
reacted with the saturated persulfate solution and then prepared for spectrophotometric 
analysis.  These results are also presented in Fig. 2.   
 

In Fig. 2. it can be seen that a significant fraction of the phosphate concentration 
is in acetone eluent from the chromatography column.  Thus, if the total microbial 
biomass (TMB) value is based only on the methanol eluent collected, a significant 
negative error will result.  On the other hand, the sum of the phosphate concentrations 
determined from all three eluents adds up to the phosphate concentration found in the 
sample solution that was not subjected to column chromatography.  This suggests that the 
column chromatography should be omitted from the TMB determination altogether.   
 
 Total microbial biomass analysis was performed on two additional soil samples, 
one from another control site (GC-1) and the other from a brine-impacted site (G9-1).  
Based on the results above, this analysis utilized the whole sample solution instead of the 
last fraction from the column chromatography. The results for these two samples were 
found to be: 15.7 and 10.7 µg of phosphate, 170 and 110 nanomoles of phospholipid, and 
5.6 and 3.8 billion cells, respectively, per gram of soil.  Portions of these same samples 
were sent to Microbial Insights for analysis; they reported 127 and 90 nanomoles of TMB 
per gram of soil, dry weight.  The slightly higher results obtained in this laboratory are 
consistent with the use of the entire sample solution instead of just the methanol fraction. 
 

The TMB analysis results indicate that oilfield brine contamination reduced the 
microbial population by approximately 30%.  A similar decline in microbial population 
has been observed at other spill sites near the Gibbs lease (6).  The inhibitory effect of 
brine contamination may actually be an indirect effect, resulting from the death of the 
vegetation.  In the absence of brine contamination, growing (and dying) plants provide 
most of the organic matter that sustains the microbial population.  When brine 
contamination kills all of the existing vegetation and prevents the germination of seeds, 

  



the now-finite amount of soil organic matter will diminish with time as it is consumed by 
the soil microorganisms.  The microbial populations will parallel this decrease in 
resources.  
 
Phospholipid Fatty Acids (PLFA’s) 
 
 As noted above, determination of the phospholipid fatty acids (PLFA’s) involves 
transesterification of the PL’s (in the methanol eluent from the column chromatography) 
to yield fatty acid methyl esters (FAME’s).  Three different samples, one control (GC-2) 
and two brine-impacted (G7-2 and G9-2), were processed and analyzed.  The 
corresponding gas chromatograms, all scaled to the same y-axis range, are presented in 
Fig. 3.  It can be noted that the heights of the chromatographic peaks are uniformly 
higher in the case of the control sample.  This result is consistent with the TMB results 
discussed above.  On the other hand, the basic pattern of peaks is not greatly different in 
any of the chromatograms.  This pattern is a composite of the pattern corresponding to 
each microbial species present in this soil.  Based on these results, the brine 
contamination appears to promote a general decline in the microbial population, rather 
than the elimination of specific members of the microbial community that are particularly 
sensitive to the brine components. 
 

The phosphate results in Fig. 2 provide some insight into the PLFA analysis as 
well.  The washing of the chromatography column with chloroform and then acetone is 
designed to separate neutral lipids and glycolipids, respectively, from the phospholipids 
(8).  By tracking the phosphate derived from the phospholipids, it can be seen that the 
acetone wash is conservative; i.e. the conditions are such that even some of the 
phospholipids elute from the column with this intermediate solvent.  This ensures that 
only PL’s are still retained on the column when methanol is added to it, and the eluent 
collected from the column from this point on is relatively free of fatty acids derived from 
non-PL sources (such as neutral lipids and glycolipids). 
 
 

SUMMARY AND CONCLUSIONS 
  
 The phospholipids (PL’s) extracted from the cell membranes of microorganisms 
in soil can be used to ascertain the effect of environmental contamination on the 
microbial community.  The total microbial biomass (TMB) can be determined by 
converting the phosphorus in the PL’s to phosphate ion, which can be quantified 
spectrophotometrically.  The distribution of fatty acids derived from the PL’s, determined 
by gas chromatography (of the corresponding methyl esters), can be used to define the 
microbial community structure. 
 

In this study the total microbial biomass (TMB) procedure described in the 
literature was modified in two different ways.  First, that portion of the sample extract 
solution utilized for TMB analysis is no longer subjected to column chromatography.  
This step in the preparation of the sample is believed to introduce a significant negative 
error in the TMB value.  Second, a commercial reagent kit that is simple to use and more 
reliable was employed for the spectrophotometric determination of the phosphate ion.  
Using this modified procedure, TMB values approximately 30 % higher than those 
reported by Microbial Insights (for the same samples) were obtained.  A similar 
difference between the control and brine-impacted samples was observed in the 

  



phospholipid fatty acid analysis.  However, the relative distribution of fatty acids was not 
significantly affected by the brine contamination.  These results support the hypothesis 
that brine contamination affects the microbial population indirectly, by preventing plants 
from replenishing the soil’s organic matter, upon which the microbial population is 
largely dependent.     
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Figure 1.  Effect of persulfate oxidation on the calibration plot for phosphate analysis 
using the PhosVer 3 reagent kit. 
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Figure 2.  Concentration of phosphate found in a control sample extract following the 
liquid-liquid extraction (Total) or in each of the eluents from the column chromatography 
(1 = chloroform; 2 = acetone; 3 = methanol). 
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ABSTRACT 
 

In many rural areas of the United States crude oil is produced and transported on and 
across land used by domestic cattle for grazing.  Crude oil released to the environment can 
sometimes introduce dissolved petroleum hydrocarbons to surface water and groundwater.  
Known for their solubility, toxicity, and mobility in the environment, benzene, toluene, 
ethylbenzene, and xylene (BTEX) are petroleum constituents that are typically used as 
benchmarks for establishing risk-based cleanup criteria.  While there is some technical literature 
available regarding the exposure of cattle to crude oil, these studies are not appropriate for the 
determination of health-based concentrations (HBCs) of BTEX constituents in cattle’s drinking 
water.  This paper evaluates circumstances through which cattle can become exposed to BTEX.  
An evaluation was performed to estimate acceptable risk-based concentrations of BTEX in 
cattle’s drinking water.  The approach used consists of two basic steps: 1) derivation of 
toxicological benchmarks for BTEX constituents in cattle that represent the acceptable daily 
intakes for each chemical, and 2) use of specific exposure assumptions for cattle to calculate 
acceptable drinking water concentrations.  Weaning age calves were included in the evaluation to 
represent a potentially sensitive subpopulation. 

 



 
 

INTRODUCTION 
 

Crude oil releases can occur on the land surface at production or transportation facilities 
as a result of transfer activities and equipment failure.  Crude oil may also be released directly 
into the subsurface from failures of pipelines and storage tanks.  The crude oil or petroleum 
hydrocarbon constituents partitioned from the crude oil can exist in the subsurface as a separate 
liquid phase, as a vapor, adsorbed to the soil, or dissolved into the water environment.  Examples 
of the more toxic and mobile of these constituents include BTEX which are present in varying 
amounts in crude oils. 
 
 
  In general, the presence of BTEX in the dissolved phase results from contact between 
water and the crude oil.  Due to the relatively high solubility of BTEX, these constituents tend to 
dissolve rather easily and have a higher degree of mobility than many other petroleum 
hydrocarbons present in the crude oil.  Contact between a crude oil release and the water 
environment (i.e., surface and groundwater) can occur in several ways including 1) direct contact 
between the oil and groundwater or surface water (i.e., ponds, streams, etc.); 2) infiltration of 
water through unsaturated soils containing residual oil; and 3) flow of water past residual oil 
present at or below the groundwater table.  The resulting concentration of BTEX constituents in 
the water will be dependent on the concentrations occurring in the oil, contact times, attenuation 
activity, and other factors.  Typically BTEX concentrations dissolved in groundwater will be 
higher near the source oil and will decrease with distance and time as available mass is attenuated 
through natural processes.  BTEX will generally dissipate rapidly in surface water due to aeration. 
 
 

Cattle may be exposed to BTEX by ingestion of surface water or groundwater in areas 
where a crude oil release has occurred.  This study was performed in order to determine 
acceptable risk-based concentrations of BTEX in cattle’s drinking water.  HBCs were calculated 
as safe drinking water concentrations by combining estimates of BTEX toxicity in cattle with 
assumptions regarding drinking water exposure.  The calculated HBCs for BTEX compounds can 
then be compared to groundwater and surface water concentrations at release sites to estimate 
potential health risks to livestock. 

 
 
The approach used to develop the livestock HBCs for BTEX compounds is consistent 

with the U.S. Environmental Protection Agency’s (USEPA’s) Ecological Risk Assessment 
Guidance for Superfund: Process for Designing and Conducting Ecological Risk Assessments 
(USEPA, 1997) and Risk Assessment Guidance for Superfund (USEPA, 1989; 1991).  The HBC 
methodology involves two basic steps; 1) derivation of toxicological benchmarks for BTEX 
compounds in cattle that represent the safe daily intakes for each chemical, and 2) use of specific 
exposure assumptions for cattle to calculate safe drinking water concentrations. 

 
 
Toxicological benchmarks were derived from summary sources of mammalian 

toxicology data, including: Toxicological Benchmarks for Wildlife (Sample et al., 1996), 
toxicological profiles published by the Agency for Toxic Substances and Disease Registry 
(ATSDR, 1997) and data from the USEPA’s Integrated Risk Information System Database (IRIS, 
1999).  The specific exposure assumptions for livestock (e.g., drinking water ingestion rate, body 



weight) for an adult cow and a weaning-age calf were derived from the National Research 
Council’s (NRC’s) Nutrient Requirements of Beef Cattle (NRC, 1996) and personal 
communication with cattle specialists at the Oklahoma State University’s Cooperative Extension 
Service (Lalman, 1998).   The weaning-age calf was included in the evaluation to represent a 
potentially sensitive subpopulation.  

 
 

TOXICOLOGICAL BENCHMARKS 
Literature Review and Data Evaluation 

 
A toxicological benchmark is an estimate of the dose of a constituent at which no adverse 

health effects are anticipated to occur.  A comprehensive literature search was performed and it 
was determined that no toxicity data specific to cattle were available for the individual BTEX 
constituents.  Some information was available for cattle exposed to crude oil (Rowe et al., 1973; 
Alberta Environmental Centre, 1996; Ryer-Powder, et al., 1996; CCME, 2000); however these 
toxicity data were not appropriate for the determination of drinking water HBCs for BTEX 
constituents.  Rowe et al. (1973) performed a study where large volumes (3 to 10 liters) of crude 
oil were administered to young cattle through a stomach tube as either a single dose or daily for 5 
days.  In addition, 1 to 2 liters of crude oil were administered via stomach tube to young cattle for 
14 consecutive days.  The most serious result of crude oil administration was aspiration 
pneumonia caused by vomiting the ingested crude oil.  Rowe et al., (1973) concluded that the 
toxicity of a particular crude oil should be determined primarily by its aspiration hazard and the 
irritant activity in pulmonary tissues.  This study does not contain useful information for 
evaluating risks to cattle exposed to concentrations of BTEX constituents dissolved in drinking 
water.  The study demonstrated that ingestion of large volumes of free crude oil product results in 
vomiting and aspiration into the lung and that subsequent toxicity is related to the physical 
properties of oil and their interaction with pulmonary tissues (i.e., irritation of lung tissue 
followed by infection).  Ingestion of dissolved concentrations of BTEX constituents in water 
would not induce vomiting in cattle and therefore pulmonary toxicity is unlikely to occur. 

 
 
A report from the Alberta Environmental Centre (1996) presents a literature review 

pertaining to the interaction of cattle and petroleum industries.  The authors of this report could 
not determine if there is a risk to cattle from aromatic hydrocarbons, including BTEX 
compounds.  The Canadian Council of Ministers of the Environment also provided a more recent 
review of crude oil studies in cattle (CCME, 2000).  The Canadian reports each propose 
guidelines for weathered crude oil in cattle drinking water, however calculation errors are evident 
in both reports.  Corrected guideline values from these reports range between 370 and 850 
milligrams per liter (mg/L) of total petroleum hydrocarbons (TPH) as weathered crude oil in 
cattle drinking water.  The toxicity endpoints used in the Canadian reports relate to acute effects 
of crude oil ingestion in cattle, and therefore cannot be used to determine safe concentrations of 
BTEX compounds dissolved in water.   

 
 
Ryer-Powder et al. (1996) employed an alternative approach to derive a safe level of TPH 

as crude oil in cattle drinking water.  These authors determined that sufficient toxicity data are not 
available for oral crude oil exposure in cattle.  Therefore, long-term studies in mice were used as 
the basis for calculation of safe TPH levels in cattle drinking water.  A toxicological benchmark 



for cattle was based on organ weight changes observed in a chronic dermal study of crude oil 
administration to mice.  The concentration of TPH as crude oil in water considered to be 
protective of cattle health was 335 mg/L.  This paper provides useful information for evaluating 
the crude oil mixture as TPH in cattle drinking water, but does not provide specific information 
regarding BTEX constituents.  

 
 
Because no toxicity information was available for BTEX constituents in cattle, 

toxicological benchmarks for an adult cow and a weaning-age calf were extrapolated from other 
mammalian species.  Toxicity information presented in summary data sources (ATSDR, 1997; 
IRIS, 1999; Sample et al., 1996) was reviewed to determine the most appropriate no observed 
adverse effect level (NOAEL) in a phylogenetically related species.  Scaling and uncertainty factors 
were then applied to calculate the toxicological benchmarks for cattle.  Table 1 presents a summary 
of the mammalian toxicological data considered in this assessment.  Oral toxicity data are available 
for each of the BTEX constituents for a variety of toxic endpoints.  The health effects of concern 
include hematological effects, neurological effects, and liver and kidney toxicity.  Reproductive and 
developmental effects are also reported, but generally occur at higher doses than those reported for 
other health effects. 

 
Identification of Critical Toxicological Studies 
 

Summary sources of mammalian toxicological data were reviewed in order to choose a 
critical study as the basis of the toxicological benchmark for each BTEX compound (ATSDR, 
1997; IRIS, 1999; Sample et al., 1996).  The choice of a critical study is based on the study 
duration, the dose levels and associated toxicological effects, and the quality of the study (i.e., 
appropriate methodology, number of animals used etc.).  Chronic duration studies are those that 
are carried out for the majority of the test species lifespan, generally longer than 1 year for 
mammals.  Additionally, studies in which the test organism is dosed during a critical life-stage, 
such as gestation or early development, are grouped with chronic duration studies (see Table 1).  
Acute studies typically have exposures of less than two weeks and subchronic studies are studies 
of intermediate exposure duration (i.e., between 2 weeks and 1 year for mammalian toxicology 
studies).  Chronic duration studies are preferred for development of toxicological benchmarks.  
However, in cases where chronic exposure data are unavailable, subchronic data can be used in 
conjunction with a duration specific uncertainty factor (UF) to derive a benchmark value (see UF 
discussion below).  USEPA has previously performed a comprehensive review of the literature 
and picked a critical study for their oral reference dose (RfD) assessments for ethylbenzene, 
toluene, and xylenes (IRIS, 1999).  The critical studies presented in IRIS (1999) as the basis for 
chronic oral RfD values, were also selected as the critical studies in determining toxicological 
benchmarks for cattle. 

 
 
The critical study selected for benzene is a chronic oral gavage study in rats that showed 

decreased numbers of red and white blood cells (RBCs, WBCs) after 84 weeks of benzene 
administration and decreased body weight measurements at 92 weeks (ATSDR, 1997; Maltoni et 
al., 1983).  Hematotoxicity is a well-established clinical effect of benzene toxicity and is therefore 
an appropriate toxicological endpoint for deriving a benchmark value.  This is supported by the 
USEPA’s recent presentation of an inhalation reference concentration (RfC) for benzene that is 
based on hematological effects (i.e., lymphocyte count) (Jinot et al., 2001).  The authors of the 
oral gavage study considered the hematotoxic dose employed in this study to represent a “slightly 
toxic” dose as compared to other data reported in the literature (Maltoni et al., 1983).  Table 1 



illustrates that the reproductive and developmental effects of benzene occur at higher doses than 
that shown to produce hematotoxicity.     

 
 
The critical study for ethylbenzene was identified by USEPA as a 182-day oral gavage 

study that demonstrated liver and kidney toxicity in rats at high doses (IRIS, 1999).  Other criteria 
used in judging toxic effects in study animals were growth, mortality, appearance, behavior, 
hematologic and clinical chemistry findings, organ and body weights, and histopathological 
findings.   

 
 
For toluene, the USEPA presents a subchronic gavage study in rats as the critical study for 

toluene, where changes in liver and kidney weights were considered the toxic endpoint of concern 
(IRIS, 1999).  The toxicological significance of these organ weight changes is supported by 
histopathological changes in both the liver and kidney at higher doses.  Toluene has been shown to 
be embryolethal and teratogenic in mice, however the doses associated with these effects are much 
higher than the NOAEL observed for liver and kidney effects (IRIS, 1999) (see Table 1).   

 
 
USEPA has selected a chronic rat gavage study as the critical study for determiniation of 

the xylene RfD.  Hyperactivity, decreased body weight and increased mortality were considered 
critical effects of xylene toxicity (IRIS, 1999).  USEPA indicates that xylene is fetotoxic and 
teratogenic in mice at high oral doses, but the critical study chosen as the basis of the RfD is 
protective of these effects (IRIS, 1999).  The critical studies for each of the BTEX compounds are 
shaded in gray on Table 1. 

 
Application of Uncertainty Factors (UFs) 

 
Toxicological benchmark values are based on either the NOAEL dose in the critical study 

or the lowest dose shown to produce an adverse effect (LOAEL).  In deriving benchmark values for 
cattle, two types of UFs were applied.  The first UF is used when a LOAEL dose forms the basis of 
the toxicity value (i.e., LOAEL-to-NOAEL UF).  The second UF is used when the critical study is 
of less than chronic exposure duration (i.e., duration specific UF).  An UF of 10 is generally applied 
to extrapolate from a LOAEL dose to derive a test species NOAEL (USEPA, 1989; Sample et al. 
1996).  Duration specific UFs are based on an evaluation of available data on the ratios of acute and 
subchronic NOAELs to chronic NOAELs (McNamara, 1976; USEPA, 1996b; Weil and McAllister, 
1963).  A subchronic-to-chronic UF of 3 and an acute to chronic UF of 8 are considered appropriate 
based on this analysis. 

  
 
The test species NOAEL values presented in Tables 2 and 3 are based on experimental 

studies using laboratory rats.  Because a NOAEL was not available for benzene, a 10-fold UF was 
applied to account for use of a chronic LOAEL value.  In addition, an adjustment was made to 
derive a daily dose from the 5 day/week dosing schedule used in the critical study (dose x 5/7 
days/week).  The subchronic NOAEL values for ethylbenzene and toluene were divided by a UF 
of 3 to derive chronic NOAELs.  No UFs were applied to the experimental value for xylene 
because the data represents a chronic NOAEL value. 

 



Interspecies Scaling 
 

A scaling factor was applied to account for differences in metabolism and toxicity 
experienced by cattle and rats.  The scaling factor accounts for differences in body size between 
the laboratory test species and the receptor species (in this case cattle) (Travis and White, 1988; 
Travis et al., 1990; and USEPA, 1992).  This method of interspecies scaling is common practice 
in both human health and ecological risk assessment (USEPA, 1996c; USEPA, 1997).  In fact, the 
cross-species scaling method used in this analysis was proposed by USEPA, the Food and Drug 
Administration (FDA), and the Consumer Products Safety Commission (CPSC) as a consensus 
approach for risk assessment of carcinogens (USEPA, 1992).  Pharmacokinetic data have 
revealed that larger animals exhibit slower metabolic and clearance rates, which give rise to 
longer biological half-lives for chemicals in the body and higher tissue concentrations per given 
dose.  Metabolism and clearance rates vary in a predictable way from one mammal to another 
obeying an allometric equation with an exponent of 0.25 (Chappell, 1992).  Therefore, species 
differences in metabolism and toxicity among different mammals can be predicted by the 
allometric equation based on differences in body weight.  Chappell (1992) indicates that 
allometric scaling is appropriate for explaining differences in the toxic response of cattle and 
sheep to chemical toxicants. 

 
 
The interspecies scaling factor is based on the body weight differences between rats and 

cattle.  The following allometric equation was used for interspecies scaling: 
 
Scaling Factor = (BWt/BWc)1/4    
 
where: 
  
Bwt = Body weight of test species  
 (0.35 kg rat, Sample, 1996) 
BWc = Body weight of target livestock 
  (408 kg cow, 236 kg calf, NRC, 1996; Lalman, 1998)  
 
The scaling factors calculated for the adult cow and the weaning age calf were 0.17 and 0.2, 
respectively.  Multiplying these scaling factors by the test species NOAEL values yields the 
toxicological benchmarks for BTEX compounds in the adult cow (Table 2) and the weaning age 
calf (Table 3). 
 
 

HBCs FOR CATTLE 
 

HBCs for cattle were calculated to represent BTEX concentrations in drinking water that 
would present no risk.  HBCs were calculated using exposure parameters for cattle and the 
estimated toxicological benchmarks.  The following equation was used to calculate drinking 
water HBCs for cattle: 
 
  
HBCwater  =   TB x BW     

  IRwater 
 

where: 



 
 HBCwater = Health-based concentration for drinking water (mg/L); 
 TB    = Toxicological benchmark (mg/kg/day); 
 BW   = Body weight (kg); and  
 IRwater   = Ingestion rate of water (L/day). 
 
 

The representative body weights and water ingestion rates for an adult lactating cow and 
weaning-age calf were obtained from the document entitled Nutrient Requirements of Beef Cattle 
(NRC, 1996) and from an Extension Beef Cattle Specialist at Oklahoma State University 
(Lalman, 1998).  The average weight of a lactating cow and a weaning age calf in Oklahoma is 
408 kg (900 lbs) and 236 kg (521 lbs), respectively (NRC, 1996; Lalman, 1998).  The average 
water ingestion rate (at 80o F) of a lactating cow and weaning-age calf in Oklahoma is 68 L/day 
(18 gal/day) and 38 L/day (10 gal/day), respectively (NRC, 1996; Lalman, 1998).  It is important 
to note that alternative exposure assumptions may be necessary in some cases; for example, when 
dairy cattle are considered the receptor of greatest concern. 

  
 
The calculated HBCs for an adult cow are presented in Table 4, and range from 33 mg/L 

for ethylbenzene to 183 mg/L for xylenes.  The calculated HBCs for a weaning-age calf are 
presented in Table 5, and range from 40 mg/L for ethylbenzene to 222 mg/L for xylenes.  These 
values can be compared to maximum BTEX concentrations measured in groundwater and surface 
water at a release site.  If site BTEX levels do not exceed calculated HBCs, the BTEX 
concentrations detected in the groundwater and surface water are not expected to pose a risk to 
adult or weaning-age livestock.  It is most appropriate to compare HBCs to long-term average 
concentrations in drinking water.  This would avoid the overly conservative assumption that a 
single animal would be exposed to the maximum possible concentration on a daily basis. 
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Summary Data
Study Duration Endpoint Compound Species Duration Result Source

Acute Neurological Benzene Rat 1 day LOAEL 88 mg/kg/day (neuro);                
LOAEL 1870 mg/kg/day (neuro)

ATSDR, 1997

Chronic Reproductive Benzene Rat gd 6-15 NOAEL 1000 mg/kg/day ATSDR, 1997
Chronic Developmental Benzene Rat gd 6-15 NOAEL 1000 mg/kg/day ATSDR, 1997
Chronic Developmental Benzene Mouse gd 8-12 LOAEL 1300 mg/kg/day (decreased 

fetal weight)
ATSDR, 1997

Chronic Reproductive Benzene Mouse gd 6-12 LOAEL 780 mg/kg/day IRIS, 1999
Chronic Systemic Benzene Rat 92wks; 4-5d/wk LOAEL 500 mg/kg/day (hemato 84 

weeks); (bd wt 92 wks)
ATSDR, 1997

Subchronic Systemic Ethylbenzene Rat 6mo; 5d/wk NOAEL 97.1 mg/kg/day (hepatic/renal) IRIS, 1999

Subchronic Systemic Toluene Rat 13wk; 5d/wk NOAEL 223 mg/kg/day (hepatic/renal) IRIS, 1999

Subchronic Systemic Toluene Rat 6mo; 5d/wk NOAEL 590 mg/kg/day (hemato);       
NOAEL 590 mg/kg/day (hepatic);          
NOAEL 590 mg/kg/day (renal)

ATSDR, 1997

Subchronic Systemic Toluene Mouse 13wk; 5d/wk NOAEL 2500 mg/kg/day (cardio);          
NOAEL 2500 mg/kg/day (hemato);      
LOAEL 312 mg/kg/day (hepatic);         
NOAEL 2500 mg/kg/day (renal)

ATSDR, 1997

Subchronic Neurological Toluene Rat 13wk; 5d/wk NOAEL 625 mg/kg/day ATSDR, 1997
Subchronic Neurological Toluene Mouse 13wk; 5d/wk NOAEL 625 mg/kg/day ATSDR, 1997
Chronic Reproductive Toluene Mouse gd 6-12 LOAEL 780 mg/kg/day IRIS, 1999

Table 1.  Summary of Oral Toxicity Data for Benzene, Ethylbenzene, Toluene and Xylene



Summary Data
Study Duration Endpoint Compound Species Duration Result Source

Table 1.  Summary of Oral Toxicity Data for Benzene, Ethylbenzene, Toluene and Xylene

Chronic Developmental Xylene Mouse gd 6-15 NOAEL 1,030 mg/kg/day ATSDR, 1997
Chronic Systemic Xylene (mix) Rat 103wk; 5d/wk NOAEL 179 mg/kg/day (neuro, bd wt, 

mortality)
IRIS, 1999

Chronic Systemic Xylene (mix) Mouse 103wk; 5d/wk NOAEL 1000 mg/kg/day (cardio, 
gastro, hemato, mus/skel, hepatic, renal, 
dermal, ocular, bd wt)

ATSDR, 1997

Chronic Neurological Xylene (mix) Rat 103wk; 5d/wk NOAEL 500 mg/kg/day ATSDR, 1997
Chronic Reproductive Xylene (mix) Rat 103wk; 5d/wk NOAEL 500 mg/kg/day ATSDR, 1997
Chronic Reproductive Xylene (mix) Mouse 103wk; 5d/wk NOAEL 1000 mg/kg/day ATSDR, 1997

Notes:
gd gestation days
wk(s) week(s)
mo months
d/wk days per week
NOAEL no observed adverse effects level
LOAEL lowest observed adverse effects level
mg/kg/day milligrams per kilograms per day.
cardio cardiovascular effects
gastro gastrointestinal effects
hemato hematological effects
mus/skel musculoskeletal effects
neuro neurological effects
bd wt body weight changes



Toxicological
Experimental Test Species Benchmark 

Test Value NOAEL Toxicological Summary Data Scaling for Cow
Constituent Species (mg/kg/day) (mg/kg/day) Endpoint Source Factor [f] (mg/kg/day) [g]

Benzene Rat 500 [a] 35.7 [d] Hematological ATSDR, 1997 0.17 6.1
Ethylbenzene Rat 97.1 [b] 32.4 [e] Hepatic/Renal IRIS, 1999 0.17 5.5
Toluene Rat 223 [b] 74.3 [e] Hepatic/Renal IRIS, 1999 0.17 12.6
Xylene Rat 179 [c] 179 Neurological IRIS, 1999 0.17 30.4

Notes:
[a] chronic LOAEL
[b] subchronic NOAEL
[c] chronic NOAEL
[d] chronic NOAEL = (chronic LOAEL/LOAEL-to-NOAEL UF of 10) x 5/7 days/wk (see text)
[e] chronic NOAEL = subchronic NOAEL/duration specific UF of 3 (see text)
[f] see text for derivation of scaling factor
[g] toxicological benchmark value = test Species NOAEL x scaling factor (see text)
mg/kg/day milligrams per kilogram per day
LOAEL lowest observed adverse effect level
NOAEL no observed adverse effect level

Table 2.  Toxicological Benchmark Values for an Adult Lactating Cow.



Toxicological
Experimental Test Species Benchmark 

Test Value NOAEL Measurement Summary Data Scaling for Cow
Constituent Species (mg/kg/day) (mg/kg/day) Endpoint Source Factor [f] (mg/kg/day) [g]

Benzene Rat 500 [a] 35.7 [d] Hematological ATSDR, 1997 0.20 7.1
Ethylbenzene Rat 97.1 [b] 32.4 [e] Hepatic/Renal IRIS, 1999 0.20 6.5
Toluene Rat 223 [b] 74.3 [e] Hepatic/Renal IRIS, 1999 0.20 14.9
Xylene Rat 179 [c] 179 Neurological IRIS, 1999 0.20 35.8

Notes:
[a] chronic LOAEL
[b] subchronic NOAEL
[c] chronic NOAEL
[d] chronic NOAEL = (chronic LOAEL/LOAEL-to-NOAEL UF of 10) x 5/7 days/wk (see text)
[e] chronic NOAEL = subchronic NOAEL/duration specific UF of 3 (see text)
[f] see text for derivation of scaling factor
[g] toxicological benchmark value = test Species NOAEL x scaling factor (see text)
mg/kg/day milligrams per kilogram per day
LOAEL lowest observed adverse effect level
NOAEL no observed adverse effect level

Table 3.  Toxicological Benchmark Values for Weaning-Age Calf.



Toxicological Body Water Ingestion
Benchmark[a] Weight[b] Rate[c] HBC[d]

Constituent (mg/kg/day) (kg) (L/day) (mg/L)

Benzene 6.1 408 68 36
Ethylbenzene 5.5 408 68 33
Toluene 12.6 408 68 76
Xylene 30.4 408 68 183

Notes:
[a]
[b] average weight of an adult lactating cow (NRC, 1996)
[c] average ingestion rate of water for a lactating cow at 80 F (NRC, 1996)
[d] HBC (mg/L) = (toxicological benchmark x body weight)/water ingestion rate
mg/kg/day milligrams per kilogram per day
L/day liters per day
kg kilograms
mg/L milligrams per liter

Table 4.  Health-Based Concentrations (HBCs) for Ingestion of Water, Adult Cow.



Toxicological Body Water Ingestion
Benchmark[a] Weight[b] Rate[c] HBC[d]

Constituent (mg/kg/day) (kg) (L/day) (mg/L)

Benzene 7.1 236 38 44
Ethylbenzene 6.5 236 38 40
Toluene 14.9 236 38 92
Xylene 35.8 236 38 222

Notes:
[a] toxicological benchmark for weaning-age calf (from Table E3)
[b] average weight of a weaning-age calf (NRC, 1996)
[c] average ingestion rate of water for a weaning-age calf at 80 F (NRC, 1996)
[d] HBC (mg/L) = (toxicological benchmark x body weight)/water ingestion rate
mg/kg/day milligrams per kilogram per day
L/day liters per day
kg kilograms
mg/L milligrams per liter

Table 5.  Health-Based Concentrations (HBCs) for Ingestion of Water, Weaning-Age Calf.
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ABSTRACT 
  
 The Simultaneous Water, Air, and Non-aqueous Phase Flow (SWANFLOW) 
model was used to determine the effects of density and viscosity variations of BTEX on 
contaminant plume transport in both the saturated and unsaturated zones of an aquifer 
system.  SWANFLOW is a multi-phase, three-dimensional, finite-difference numerical 
model which tracks the percentage of residual non-aqueous phase liquid (NAPL) at speci-
fied times as well as the lateral and vertical position of the contaminant plume in the sub-
surface at specified times.  Input data for SWANFLOW included initial hydrogeologic 
parameters, boundary conditions, and contaminant density and viscosity.  A total of six 
light non-aqueous phase liquids (LNAPLS) components of BTEX were modeled and 
contoured, under the same aquifer input parameters in order to determine possible differ-
ences in contaminant travel caused only by changes in contaminant density and viscosity.  
     

Computer simulations for the six LNAPL chemicals showed that an        increase 
in viscosity generally results in a decrease, over time, of lateral migration and an increase 
of vertical migration.  Also, the effects of a slight increase in    density may be masked by 
a viscosity increase.  Not only do variations in density and viscosity affect how far a con-
taminant will migrate, but it also affects the  timing of when the contaminant will have its 
maximum migration.  For two LNAPL chemicals having similar densities, the higher vis-
cosity chemical exhibits a maximum lateral migration from years five to ten.  This is in 
contrast to similar density, lower viscosity chemicals, which exhibit maximum lateral 
migrations from years three to five.  Density and viscosity variations also affected the 
timing of the contaminant plume migration.  The higher the density, the sooner              
stabilization of the plume core would occur.  The results of these simulations show that 
dense, low viscosity contaminants present the greatest danger in terms of migration po-
tential. 
 
 
 
 
 



Introduction 
 

Contamination due to non-aqueous phase liquids (NAPL), has emerged lately as 
a major environmental problem.  An estimated 1.8 million underground storage tanks are 
in use in the United States.  EPA estimates are that 280,000 tanks are leaking, of which 
more than 20% are discharging their contents directly into the ground water [El-Kadi, 
1992].  In protecting the groundwater aquifer, the first line of defense is the vadose or 
unsaturated zone.  The ability to estimate the time of travel through the vadose zone can 
help ensure that enough time is available to respond to, and hopefully, alleviate the 
NAPL entering the aquifer.  Organic chemicals, once leaked into the subsurface, migrate 
towards the groundwater, contaminating both the saturated and unsaturated zones.  In the 
subsurface, much of the contaminant represents:  1) the immobile phase, which is the 
contaminant portion retained in the pore spaces and, 2) the mobile phase, which is the 
contaminant portion mostly spreading over the water table for LNAPL.  Once in the 
groundwater system, estimates of contaminant plume migration over time is necessary in 
order to design an efficient and effective remediation program.  Groundwater modeling 
serves as a quick and efficient tool in setting up the appropriate remediation program. 
 

The Simultaneous Water, Air, and Non-aqueous Phase Flow (SWANFLOW) 
model was used for this study.  The purpose this study is to study how variations in 
chemical densities and viscosities affect contaminant plume migration and configuration 
in both the saturated and unsaturated zones.   
 
Review of Literature 
 

Over the last few decades, much attention has been given to multiphase flow in 
the subsurface.  Much of the early research was begun by petroleum engineers attempting 
to simulate and recover residual oil remaining in the subsurface.  Initial models were use 
to solve two-phase (oil/gas) flow with interphase mass transfer for a one-dimensional gas 
drive.  Simplified numerical models of one- and two-dimensional flow and transport with 
interphase mass transfer were later developed.  In more recent years, these models were 
adapted for use in modeling subsurface migration of contaminant plumes.  The three-
phase (crude oil/ water/natural gas) movement modeled in the petroleum industry, was 
adapted to the multi-phase (NAPL/ water/air) problems faced by the environmental in-
dustry [van Dam, 1967].   Many three-phase, finite difference, flow models have been 
presented [Faust, 1985 and Faust et al., 1989], and two-phase, finite-element models [Os-
borne and Sykes, 1986 and Kuppusamy et al., 1987].  One of the first, and most compre-
hensive, multiphase flow and transport models was presented by Abriola and Pinder in 
1985.  This one-dimensional, finite difference model included an organic phase com-
posed of one volatile and one nonvolatile organic component.  Forsyth, 1988 presented a 
two-dimensional multiphase flow and transport model similar to that of Abriola and 
Pinder, 1985, with the exception that the organic phase was composed of a single compo-
nent.  Kaluarachi and Parker, 1990, presented a two-dimensional finite element multi-
component flow and transport model that also presented simulations for flow and trans-
port of a two-component oil phase.  Most recently, Sleep and Sykes, 1993 and Adenekan 
et al. 1993, have presented the most comprehensive multi-phase simulation in which in-
terphase partitioning and transport of multiple components can be modeled.  These are 
just some of the mathematical models developed for both the saturated and unsaturated 
zones.  Many more models exist which deal with either the saturated (such as MOC) or 



the unsaturated (such as VIP).  VIP is a model for evaluating the fate of hazardous sub-
stances in the vadose zone. 

 
Multi-Phase Flow 
 

The permeability of a porous medium to either a wetting or a non-wetting fluid is 
a function of saturation.  For a fluid to flow through a porous medium to an appreciable 
degree, the fluid saturation must be above residual.  Therefore, only the amount of fluid 
above residual is mobile to normal forces found in ground-water systems.  As the non-
aqueous phase liquid penetrates the ground surface, it encounters soil above the capillary 
fringe.  Except for the uppermost layer that dries out due to evaporation, this soil usually 
contains water near residual saturation. 
 

In the air/NAPL/water system of the vadose zone, NAPL is the wetting phase 
with respect to air on the surface of the water enveloping the soil grains, and water is the 
wetting fluid with respect to NAPL on the soil grain surfaces.  Because water is present, 
the NAPL pressure must be larger than the entry capillary pressure of the NAPL into wa-
ter before the NAPL will flow.  Entry capillary pressure is defined as the value of capil-
lary pressure at which the water saturation decreases rapidly.  Since water is the wetting 
fluid between the water and NAPL, the NAPL will not displace the water from the sur-
face of the soil grain.  As the amount of NAPL surpasses residual, however, it will perco-
late downward under the influence of gravity displacing air and water in the pores.  The 
slug of NAPL continues downward and air re-enters most of the pores behind it, except 
for the pores that remain filled or partly filled with NAPL that constitutes residual satura-
tion.  Some lateral migration of the mobile NAPL will also occur due to capillary forces.   

 
As the NAPL migrates, the quantity of mobile NAPL decreases due to the resid-

ual oil left behind.  If the amount of NAPL spilled is small, all of the mobile NAPL will 
eventually become exhausted and the NAPL will percolate no further.  The column of 
NAPL is immobile and never reaches the capillary fringe unless it is displaced by water 
from a surface source.  However, if the quantity of NAPL spilled per unit surface area is 
large, mobile NAPL will reach the capillary fringe above the water table.  Depending on 
the nature of the spill and the thickness of the capillary fringe, a mound of NAPL will 
develop and spread laterally.  If the capillary fringe is thick, this mound will form within 
and above the fringe.  If the fringe is thin, the NAPL/water interface around the center of 
the mound will be below the original water-table line.  The NAPL continues to spread out 
until it is at residual saturation at every location.  If there is a ground-water gradient, the 
NAPL mound will be carried downstream until it reaches residual and can travel no fur-
ther [Hochmuth and Sunada, 1985].  Because most NAPLs are slightly soluble in water, 
the NAPL will slowly dissolve and be transported with the ground water.  This study, 
however, does not address this aspect of the contaminant problem.



Model Description 
 

The model used for this simulation is the Simultaneous Water, Air, and Non-
aqueous Phase Flow (SWANFLOW) [Faust, 1985].  This is a three-dimensional finite 
difference model that can be used to simulate the migration of both water and NAPL un-
der both saturated and un-saturated conditions.  The ability to model the saturated zone in 
conjunction with the unsaturated zone enables the modeler to more accurately pinpoint 
contaminant transport in the subsurface. 
 
Inherent in any subsurface modeling algorithms are assumptions and limitations.   
The major assumptions include [Faust, 1991]: 
 
   -   The pressure in the air phase is constant and equal to atmospheric pressure. 
   -   Both water and NAPL viscosities and densities are pressure independent. 
   -   Relative permeability of water is a function of water saturation. 
   -   Relative permeability of NAPL is a function of air and water saturations. 
   -   Capillary pressure is a function of water saturation. 
   -   Air saturation is a function of NAPL pressure. 
   -   Flow is in what is the equivalent of a porous media. 
   -   Darcy's equation for multiphase flow is valid. 
   -   Intrinsic permeability is a function of space. 
   -   There is no inter-phase mass transfer (i.e.; the NAPL is truly immiscible in water). 
 
The major limitations include [Faust, 1991]: 
 
   -   The model cannot treat highly pressurized systems in which the viscosity and          
       density of the three phases are a function of pressure. 
   -   Fractured systems can only be modeled with SWANFLOW if the grid block size is  
       much greater than the individual fractures so that a porous media equivalent can be  
       assumed. 
   -   The movement of the air phase cannot be modeled. 
   -   Transport of dissolved NAPL is not treated. 
 
Model Input Data 
 

These simulations demonstrate the impact of an undetected leak of non-aqueous 
phase liquid on a surficial aquitard.  The hydrogeologic setting for these simulations in-
volves an undetected surface leak of a non-aqueous phase liquid onto an aquitard [Huya-
korn, 1983].  The aquitard is homogeneous and extends a constant depth of 4.75 meter 
below ground surface.  The saturated zone is located at a depth of 1.50 meters below 
ground surface resulting in both saturated and unsaturated condition within the aquitard.  
A capillary zone influence is not included so that a sharp boundary is assumed to exist 
between the saturated and unsaturated zones.  Research conducted by El Kadi (1992) 
concluded that the simplification of using of a sharp interface approach is useful in esti-
mating depth of infiltration.  Although it was found less accurate for shallow water tables, 
an order of magnitude of the travel time can be obtained.  The aquifer, which provides 
drinking water lies directly below the aquitard so that any NAPL penetrating through this 
aquitard will likely contaminant the drinking water supply.   
 



The aquitard porosity is related to interstitial fluid pressure and aquifer com-
pressibility by means of the following expression: 
 

θ = θo [1 + Cr ( p-po )] 
 
where θo is the media porosity at the reference pressure, po, and Cr is the aquifer com-
pressibility.  The reference porosity of the aquitard is 0.3 at the reference pressure of 0.0 
N/m2, which occurs at the water table, and the aquifer compressibility is 1.0E-15 m2/N.  
Intrinsic permeability (k) is 10-12 m2 and is equivalent for the x, y, and z directions, and 
remains constant throughout both the aquifer and aquitard.  The table below shows a 
summary of the hydrogeologic parameters used for these simulations. 
 

Table 1.  Hydrogeologic Parameters 
 
                          Media Properties                                 Values 
                        Aquitard Thickness                            4.75 meters 
                       Aquifer Thickness                               0.25 meters   
                        Water Table Depth                               -1.50 meters 
                        Reference Porosity (θo)                      0.30 (unitless) 
                        Reference Pressure (po)                      0.00 newton/meter2 
                        Intrinsic Permeability (k)                   1.00E-12 meter2 
                        Hydraulic Conductivity (K)                0.84 meter/day 
                        Media Compressibility (Cr)                1.00E-15 meter2/newton 
 
Discretization Data 
 

The two-dimensional finite-difference grid extends 187.60 meters from the 
source in a positive x-direction and 5.00 meters vertically downward (negative) in the z-
direction, discretizing the cross section into 160 blocks.  The x-coordinate is divided into 
eight unequal columns that increase in size by a factor of 1.9 in the positive x-direction.  
Although only the positive x-direction is represented in the finite-difference grid, 
SWANFLOW assumes a symmetrical grid, therefore, negative x values are implied and 
presumed equivalent to the simulated positive x values.  The z-coordinate is equally di-
vided into 20 layers, each being 0.25 meters in thickness (Figures 1 and 2).  The simula-
tions are considered quasi three-dimensional given a y-direction that is defined by a sin-
gle slice having a width of one meter.  Although the third dimension, (y-direction) is not 
fully represented by the finite-difference grid, SWANFLOW calculate fluid movement as 
though the third dimension were included.  Fluids are free to enter and exit the grid.  
NAPL and water mass balances are calculated at each time step as a check for proper 
fluid distributions.  Time steps within SWANFLOW are regulated by the maximum al-
lowable saturation change that can occur during each time step.  These maximum satura-
tion change values range from 7.5-10% and are dependent on the NAPL being simulated 
[Balthazor, 1994]. 
 
Migration of BTEX 
 

Since the goal of this study is to determine what effect density and viscosity 
variations of various light non aqueous phase liquids might have on its transport through 
both the vadose and saturated zones, model simulation results are evaluated for both the  
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minimum and maximum BTEX saturation contours at times one, three, five, and ten years.  Plume migra-
tion distances for all chemicals simulated are plotted in Figures 3 through 14.  As indicated, the 
SWANFLOW code does not consider dissolution or volatilization and, therefore, provides a conservative 
estimate of the extent of NAPL migration.  BTEX contaminants that migrate to a position at or near the 
ground surface will likely vaporize and enter the atmosphere.  This volatilization will effectively reduce 
saturation levels, and therefore, transport distances.  Also, relatively soluble chemicals would sustain a 
loss of mass as the NAPL dissolves and disperses into the surrounding groundwater. 
 

In a three-phase system, as the NAPL migrates down, water (in the saturated zone) and air (in the 
vadose zone) are being displaced by the infiltrating NAPL.  This is implied by a decrease in their satura-
tions with respect to an increase in NAPL saturation over time.  Although water is being added to the sys-
tem as natural recharge, this same amount is exiting through the base of the finite difference grid creating 
a steady-state condition. 
 

The reader is reminded that at the start of the simulation, only water and air are present in the sys-
tem.  At time t=0, NAPL infiltration was simulated as resulting from a slow, continuous leak on the 
ground surface.  The NAPL enters the system at the upper left corner of the diagrams (Figure 2).  For all 
chemicals, simulations representing 1, 3, 5, and 10 years are illustrated in this study.  Six chemicals hav-
ing densities lighter than water for BTEX were simulated (Table 2). 

 
Table 2.  BTEX Density and Viscosity 

 
 NAPL        Specific Gravity          Viscosity 
              (gm/cm3)    (cp) 
 p-Xylene   0.861   0.644 
 Toluene   0.862   0.552 
 m-Xylene   0.864   0.617 
 Ethylbenzene   0.867   0.678 
 Benzene   0.876   0.601 
 o-Xylene   0.880   0.809 
 

For the LNAPL chemicals simulated, densities and viscosities varied little.  The LNAPL chemi-
cals simulated are: benzene, toluene, ethylbenzene, and xylene (including all three isomers) all of which 
are constituents of petroleum products.  Petroleum spills are some of the most common, and undetected, 
causes of groundwater contamination worldwide [Corapcioglu and Baehr, 1987].  These chemicals, 
which have a density range of 0.861 – 0.880 gm/m3 and viscosity range from 0.552 – 0.809 cp (Table 2), 
were modeled not only to examine their subsurface transport behavior over time, but also to determine 
what effect, if any, small density and viscosity variations will have on chemical transport.   
 

In all cases where the simulated chemical is less dense than water, the contaminant plume showed 
a much larger lateral migration as compared to vertical migration.  For all LNAPLs modeled in this study, 
none penetrated the water table until close to year three.  For the following discussions of the graphical 
data, only the zero contour (referred to in these discussions as the maximum lateral migration distance) 
will be discussed since the maximum saturation contours (0.40 contour) do not exhibit drastic spatial 
variations.  Overall maximum saturations refer to the highest saturation percentage of all cells over the 
entire grid area.  Year one overall maximum residual saturation for all LNAPLs (overall maximum resid-
ual saturation tables for each year simulated are included in the simulated chemical discussion) was very 
consistent with a range from 41.48% (for toluene) to 41.92% (for o-Xylene).  Years three and five overall 
maximum residual saturations fluctuated somewhat with a year three fluctuation of 44.54% (for toluene) 
to 47.06% (for p-Xylene) and a year five fluctuation of 46.79% (for toluene) to 49.12% (for  
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ethylbenzene).  Year ten overall maximum saturations only ranged from 50.27% (for Benzene) to 51.35% 
(for m-Xylene).  Figures 3 and 4 show the migration of p-Xylene of 1,3,5 and 10 years.  Similar plots are 
presented in Figures 5 and 6 for Toluene, Figures 7 and 8 for m-Xylene, Figures 9 and 10 for Ethylben-
zene, Figures 11and 12 for Benzene, and Figures 13 and 14 for o-Xylene. 
 
Discussion 
 

The results of this study support the findings of both Faust, 1985 and Balthazor, 1994 that, for an 
LNAPL, as the viscosity increases, the lateral migration of the contaminant decreases while the vertical 
migration increases.  This is not only proven graphically, but also analytically, in that, for the chemicals 
having similar densities and lower viscosities (toluene and m-Xylene), the node containing the maximum 
NAPL residual saturation is located farther out laterally and closer to the surface than other, higher vis-
cosity chemicals.  It appears that an appreciable density increase can also affect this (i.e., benzene has a 
lower viscosity than m-Xylene but has a slightly higher density).  Density values for the chemicals simu-
lated only ranged from 861 - 880 kg/m3, however, a slight increase in vertical migration could be attrib-
uted to increasing densities, given comparable viscosities.  The affect of an increased density could how-
ever, be masked by an increase in viscosity.  Benzene exhibits the fact that viscosity is not the only influ-
ence on contaminant transport.  A smaller horizontal and slightly higher vertical travel distance is shown 
for benzene than for m-xylene and p-xylene, which have higher viscosities but lower densities.  Because 
of the higher density, gravitational forces cause benzene to travel a more vertical path thereby making the 
viscous forces less effective. 
The results also show that even slight variations in density and viscosity (such as with the LNAPLs simu-
lated) can affect contaminant transport in the groundwater.  For LNAPLs with similar densities, vertical 
infiltration depths are similar. 
 

This pattern of increasing viscosity causing smaller lateral migrations, really begins to emerge at 
years five and ten.  It is at these times that even the slightest changes in viscosity are evidenced by a de-
crease in lateral migration and viscosity variations have more prevalent results than slight density varia-
tions.  Years one and three follow the pattern in a more general way.  At these times, it appears that a 
greater viscosity variation is needed in order to effect lateral migration distances.  Also at years one and 
three, vertical migrations seem to be more related to density variations than to viscosity variation.  Not 
only do variations in density and viscosity affect how far a contaminant will migrate, but it also affects 
the timing of when the contaminant will migrate.  For the case of ethylbenzene, and more so in the case of 
o-xylene, years one and three migration distances closely compare for all LNAPL chemicals simulated, 
however, at year five, ethylbenzene and o-xylene both exhibit anomalously small lateral migration dis-
tances.  This may be explained by the fact that ethylbenzene and o-xylene possess the highest viscosity 
values (6.78E-4 and 8.09E-4 kg/m-s respectively) of all LNAPL chemicals simulated.  Ethylbenzene, 
with a viscosity value closer to those of most other LNAPL chemicals simulated showed a less marked 
lateral distance decrease than o-xylene which possesses a relatively much higher viscosity value and 
showed quite an anomalous lateral distance at five years.  Toluene also shows an anomalously high lateral 
migration distance at years five and ten.  The viscosity value for toluene is much lower, relatively, than all 
other chemicals simulated.  This resulted in a lateral migration increase of 6 meters for year five and 4.5 
meters for year ten over the nearest viscosity value of 6.01E-4 kg/m-s for benzene.   
 
Conclusions 
 
1.  For an LNAPL, as the viscosity increases, the lateral migration of the contaminant decreases while the 
vertical migration increases. 
2.  The effects of a slight increase in density may be masked by a viscosity increase. 



3.  The simulation results show that even slight variations in density and viscosity can affect contaminant 
transport in the groundwater. 
4.  Not only do variations in density and viscosity affect how far a contaminant will migrate, but it also 
affects the timing of when the contaminant will migrate.  For two LNAPL chemicals having similar densi-
ties, the higher viscosity chemical exhibits a maximum lateral migration from years five to ten.  This is in 
contrast to similar density, lower viscosity chemicals that exhibit maximum lateral migrations from years 
three to five. 
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ABSTRACT 
 
 In May 2001, Conoco published its first sustainable growth report.  It was the 
first U.S. energy company to produce such a report.  Gathering additional environ-
mental/social data that describes our sustainable growth performance is a step toward 
continued integration of the principles of sustainable development into our business 
strategies, plans and decision-making processes. 

 Additionally, Ernst & Young has substantiated the contents of this report and 
evaluated the underlying data management processes and management systems to help us 
improve our performance. The journey to publishing this report has brought significant 
value.  Independent verification of the report identified opportunities for improvement in 
our processes and assured that the information presented was credible, transparent and 
balanced. 

The steps taken during the two-year process to select an auditing firm, define au-
dit scope and protocol, carry out reviews and audit the consolidated results are outlined 
here.  Highlights of the learnings from each step are discussed, as well as how we might 
apply these to future reports.   



 
BACKGROUND OF CONOCO'S SUSTAINABLE 

GROWTH JOURNEY 
 

Conoco believes that sustainable development is a comprehensive way of ap-
proaching business to ensure that financial excellence is achieved in concert with envi-
ronmental performance and social responsibility. It is not just a fad to be considered to-
day and forgotten tomorrow.  As a multinational energy company, Conoco is committed 
to providing strong financial performance for its stakeholders in a "sustainable" manner.  
The term "sustainable growth" is interpreted within the corporation to mean achieving 
our business objectives in concert with the concepts of sustainable development as de-
fined by the United Nations World Commission on Environment and Development in 
1987.  It calls for "development that meets the needs of the present without compromis-
ing the ability of future generations to meet their own needs." Sustainability is defined as 
the ability to continue into the long term.  At Conoco, a culture based on four “core val-
ues” of environmental stewardship, safety, valuing all people and business ethics has 
provided a strong foundation for our commitment to sustainable development.   
 

Conoco has been involved for a number of years with activities and initiatives 
that support the concept of sustainable development.  Conoco is an active member of the 
World Business Council for Sustainable Development (WBCSD), as well as a founding 
member of the Gulf of Mexico and North Sea regional Business Councils for Sustainable 
Development. In 2001, the company earned the distinction of being a component of the 
Dow Jones Sustainability Index for the second consecutive year.  The index tracks the 
performance of the top 10 percent of sustainable companies in the world.  Also this year, 
Conoco was the only oil and gas company to be included in the FTSE4Good U.S. 100 
index, a stock index representing the 100 largest U.S. companies with high standards of 
corporate social responsibility. In 2000, oekom research AG ranked Conoco No. 1 among 
23 energy companies in corporate responsibility.  The company also ranked in the top 
half of the industry in Innovest's EcoValue 21™ rating. 
 

Our sustainable development efforts have been focused on: (1) improving the 
sustainability of existing operations, (2) expanding beyond traditional hydrocarbon busi-
nesses, (3) integrating sustainable development into core business strategy and engaging 
stakeholders, and (4) fostering innovation and technology to achieve sustainable growth. 
In 1999, senior management appointed our first corporate Sustainable Development 
Manager to establish the business context for sustainable development.  The appointment 
rapidly propelled the company's sustainable development movement. 
 

We are developing tools to measure performance against sustainable develop-
ment criteria and are consulting outside resources to help broaden our perspectives.  Op-
erations around the world are identifying better, more sustainable ways of doing business 
that meet the “triple bottom line” of financial, environmental and social accountability.  
In addition to evolving business approaches, technology development in areas of carbon 
fibers, natural gas refining, power generation and environmentally enhanced motor fuels 
offer exciting prospects to meeting future energy and resource demands. In September 
2000, the gas-to-liquids (GTL) project team was selected by the U.S. Department of En-
ergy as a recipient of an R&D grant under its “ultra-clean fuels” program.   



 
Conoco has made a number of commitments for 2001 to further integrate sustainable 

growth concepts into its business processes.  Specifically, Conoco aims to: 
 

 Develop a sustainable development policy. 
 Formulate our positions concerning climate change and human rights. 
 Better integrate sustainable development concepts into business planning and de-

cision-making processes; refine and implement sustainable development risk as-
sessment tools currently under development. 
 Work with stakeholders to better understand their expectations and concerns; be-

gin the process leading to local sustainability reporting for all locations with sig-
nificant operations. 
 Define appropriate metrics, set targets and incorporate them into performance 

management systems. 
 
Why A Sustainable Growth Report?  
 

A significant step in Conoco's sustainable growth journey has been the develop-
ment of its first sustainable growth report.  Four years ago, it was almost inconceivable 
that our Safety, Health and Environmental (SH&E) report would evolve into a sustain-
able growth report.  However, insightful leadership and consistent management are per-
haps the single most important driver of change within any company, including Conoco.   
 

For example, in 1990, Conoco CEO Mr. Constantine S. Nicandros committed the 
company to nine environmental initiatives, one of which was to build only double-hulled 
tankers to reduce the potential for oil spills.  These initiatives also provided focal points 
for progressive performance improvements, and set the stage for later developments. In 
1994, Mr. Nicandros directed the company to publish its first annual Safety, Health and 
Environment Performance Report.       
  

In 1999, Conoco Chairman and CEO Mr. Archie Dunham directed that all future 
SH&E reports be validated and attested to by an external auditor.  Then in 2000, Mr. 
Dunham directed the company to publish its first non-financial report that encompassed 
all four of Conoco's core values.   
 

Once Ernst & Young was engaged to validate and attest to the 2001 sustainable 
growth report, their managers helped us recognize that public reporting is a core element 
of business assurance and business management processes.  Corporate transparency and 
public demand for good governance are global trends that are quietly revolutionizing the 
ways progressive companies engage their stakeholders.  Public reporting can be a power-
ful tool in leveraging stakeholders' perception of a company's performance and provide a 
vehicle for engaging stakeholders in a more meaningful way to benefit business decision-
making.  More effective communication of SH&E and other sustainability issues, as well 
as providing stakeholder assurance, can act as catalysts for improved business decision-
making and performance.   
 

After conducting a number of interviews of high-ranking Conoco managers, 
Ernst & Young concluded there was a strong consensus across Conoco that public report-
ing on SH&E and broader sustainability issues can be used as a tool for differentiating 



Conoco in the eyes of business stakeholders.  It also was believed that reporting can drive 
improvements in business and SH&E performance. 

 
Ernst & Young concluded that Conoco's reporting should:  

 
 Provide a vehicle for demonstrating organizational personality and strength 
 Leverage stakeholder opinion through the provision of information which meets 

their needs 
 Assist to embed core values with employees and business partners 
 Optimize business value from existing initiatives 
 Provide a clear presentation of core values, commitment and intent.   

 
Therefore, the decision was validated for developing a sustainable growth report, 

rather than continuing to produce the more narrow SH&E reports of the past.   
 

Realizing that report validation and attestation would involve a multi-year proc-
ess, we produced the un-audited “Frog Report” in 2000 as an initial test for this approach. 
This allowed us to learn about sustainability reporting and plan for a more comprehensive 
report in 2001.  The "Frog Report," so named because of the image of two red-eyed tree 
frogs on its cover, was an eight-page brochure that introduced the concepts of sustainabil-
ity.  
 

We quickly moved forward to produce the 2001 sustainable growth report.  In 
the end, more than 50,000 copies of this report were produced for global distribution and 
the report is available online at www.conoco.com.   
 
Achieving Business Results 
 

The report has been used to support Conoco's business activities globally, and it 
is producing results.  Most notably, when Conoco made an offer to acquire the assets of 
Gulf Canada in May of 2001, the report was instrumental in the Canadian government's 
expeditious agreement to the merger.  The sustainable growth report proved very effec-
tive at communicating the very essence of Conoco.   The acquisition increased Conoco's 
oil and gas reserves by almost 40 percent and expanded worldwide production in 2001 by 
more than 30 percent.   
 

Additionally, the increased internal focus on the company's environmental per-
formance has resulted in the identification of opportunities in some of Conoco's busi-
nesses to reduce environmental impact, increase revenue and benefit society.  Shortly 
after the report was published, company managers conducted employee "roll-out" ses-
sions to educate employees about sustainability.  This has furthered the sustainable 
growth mindset within the company, and employees are more energized about seeking 
sustainable solutions in the course of their work.    
 

A Goldman Sachs analyst wrote, "Among the major oils, I believe Conoco has 
done the best job showing how commitment to HSE goes hand-in-hand with leading fi-
nancial performance and shareholder returns."  In addition, the report received acclaim on 
CNN's "Business Unusual" program shortly after its publication.   
 



AUDITOR SELECTION 
 

After receiving the request from Mr. Dunham that future SH&E reports be vali-
dated and attested to by third parties, a small work team in the corporate SH&E group 
began to determine the work and process needed to identify and select a candidate firm 
that could validate and attest future reports.  

Complicating Factors 
Several factors complicated identifying the scope of report validation. It had been 

some time since the last full-length SH&E Report had been published in 1995,  and 
smaller "brochure" type documents had been published in the interim years.  The full 
scope of the proposed report was not yet understood, but it was believed that a more 
comprehensive report was in order.   

The emerging trend in corporate non-financial reporting is to address social re-
sponsibility either in addition to traditional safety, occupational health and environmental 
performance and issues in one report, or to produce an entirely separate Social Report.  
Conoco's previous reports had all focused on SH&E performance and issues, and we 
were uncertain how and if to address social and other non-financial issues.   If the report 
was to cover social performance and issues, we questioned what metrics needed to be 
established and how we would integrate the social issues within SH&E.   

A sustainable development approach seemed appropriate, given the company's 
recent advances in this concept and the way sustainable development effectively includes 
the company's values.  But we questioned whether the concept was adequately developed 
throughout the company for it to be the basis of the report.  

We knew our safety and health performance data was of high quality and would 
stand up to audit scrutiny, having been managed by mature processes for a number of 
years. However, environmental performance metrics had been redefined in 1998 to im-
prove the quality of the data collected and to expand the metrics to reflect Conoco's 
global operations.  We were less certain these data could pass audit scrutiny and unsure if 
they were necessarily the right metrics for external reporting.   

Additionally, there was a need to identify an external firm to provide third-party 
oversight audit and review of our Central SH&E Audit Program.  This need resulted from 
Conoco's split-off from DuPont in 1998.  Previously, DuPont had provided this audit 
oversight.   

Identifying Candidates and Scope of Work 
The team developed a list of about eight potential firms that practice environ-

mental and/or financial auditing.  Criteria for the qualifications needed in a firm began to 
come together.  Firms were considered based on qualities such as auditing experience, 
understanding of sustainable development concepts, flexibility and global reputation.  An 
internal Steering Committee made up of principals from several of Conoco's major busi-
ness segments and functional areas such as financial auditing, human resources, and cor-
porate SH&E was chartered to help steer the auditor selection process and ultimately to 
recommend a candidate.  Conoco's Materials and Services group was enlisted to advise 
and help carry out the selection process. 

We scoped the project into several key areas of data validation, quality assess-
ment of the complete report, and activities in support the Central SH&E Audit Program.  



We came to realize this was probably a two-year effort rather than the single-year review 
and attestation.   

With many questions still in mind, the team set out to engage in discussions with 
the firms to communicate our overall needs and seek ideas about how each firm might 
approach meeting these needs.  These discussions were quite beneficial helping us under-
stand the state and emerging trends of corporate public reporting, and how Conoco would 
need to shape its report and attestation if we wanted to be leading edge.   

The individual approaches varied somewhat, but all suggested that the selected 
firm would need to review our corporate governance structure and SH&E management 
systems.  They would need to understand the level of management commitment to SH&E 
policies in addition to auditing SH&E data and verifying claims made in the report.   

It also became clear the firm auditing the report should also oversee the corporate 
Central SH&E Audit Program because of synergies in the review of SH&E management 
systems and site audits that would support both requirements. 

Following these discussions, we scoped the work into the following four broad 
options that could be undertaken individually or together:   

Option 1.  Annual Report Data Validation – verify the accuracy of the SH&E met-
rics as reported, compare scope and accuracy to industry practices, and 
provide a verification statement for inclusion in the report. 

Option 2.  Quality Assessment of Annual Report – assess the relevancy and accu-
racy of qualitative statements appearing in the report, compare these to 
industry practices, and provide a verification statement. 

Option 3.  SH&E Management Systems – assess the corporate SH&EMS relative to 
industry practice and evaluate the degree of implementation across the 
corporation, especially with regard to executive leadership goal setting 
and governance processes. 

Option 4.  Central SH&E Auditing Program – assess the effectiveness of the corpo-
rate program for providing assurance of SH&E risk management. 

We realized that contracting one firm to undertake all four options was desirable, 
but we wanted to keep the flexibility to only undertake data and report validation (Op-
tions 1 and 2) or management system and auditing assessment (Options 3 and 4) and the 
flexibility to select one firm for Options 1 and 2 and a different firm for Options 3 and 4.   

Once the project scope was identified, we were able to issue a Request for Pro-
posal to the candidate firms, requesting they document their methodology for carrying 
out the work and submit a bid. Because of the upfront discussions with each firm, we had 
a clearer idea of the work we were seeking to have done, and each firm had a good un-
derstanding of Conoco's needs and uncertainties. 



Selection   

Once all of the proposals had been received, the team began the arduous task of 
evaluating the proposals and weighing the merits of each firm's approach.  Because each 
firm had its own approach, it seemed like trying to compare apples and oranges to sort 
out the merits of each.  The initial criteria we used for choosing the candidates was ex-
panded, and each firm's proposal was assessed against these criteria.  Elements consid-
ered include: experience, technical expertise, plan, depth, sampling strategy, understand-
ing of Conoco, ability to carryout each option, cost, reputation and flexibility.     

After reviewing the data with the Steering Committee, Ernst & Young was selected to 
perform all four of the work options in an integrated, phased approach. 

AUDIT SCOPE 
Data validation (Option 1), Quality Assessment (Option 2), and SH&EMS as-

sessment (Option 3) for the sustainable growth report were undertaken in a coordinated 
fashion and involved a two-phased review that spanned two calendar years.  Assessment 
of the Central SH&E Auditing Program built upon knowledge gained in these reviews, 
but was undertaken as a separate activity.   

Phase I Review 
In the first year, Ernst & Young conducted a preliminary assessment of data ac-

curacy, quality, data collection and reporting procedures, and assessed the appropriate-
ness of the metrics relative to industry practice, balance and transparency − or the ability 
of the reading audience to gain insight into the practices and performance of the com-
pany.   

This review also focused on understanding Conoco's corporate governance, 
SH&E management systems and core values implementation.  Ernst & Young found it 
critical to audit the actual implementation of Conoco's core values because this was the 
underpinning of the company's sustainable growth successes.   

The review consisted of corporate interviews and two site visits to establish the 
scope and reliability of existing data processes.  The audit team also evaluated the com-
pleteness and appropriateness of the corporate guidance for reporting SH&E data. For 
Conoco, this phase delivered business value by identifying the business risks and oppor-
tunities inherent in its SH&E reporting capability.  Strengths and weaknesses were identi-
fied, and recommendations for improvement were made.   

Phase II Review 

In the second phase, actual data validation activities were carried out through six 
additional site visits. Locations were selected to provide a cross section of the corpora-
tion’s businesses, as well as the geographical regions where operations are conducted. A 
detailed walk-through of data acquisition and reporting processes at each site provided 
assurance that site data were accurately reported in accordance with corporate guidelines. 
This was the first step in the process to assure that these data were accurately represented 
in the corporate database and, thus, accurately carried through to the sustainable growth 
report.   

The site visits also provided the opportunity to further validate Conoco's corpo-
rate governance, SH&E management systems and core values implementation.  Addi-
tionally, Phase II involved independent verification of every case study presented in the 



sustainable growth report, every assertion made by Conoco, and verification that the in-
formation presented was balanced (i.e., failures were emphasized as well as successes, 
and significant issues of the company were discussed).  

This phase delivered assurance to readers of the report that the content was fac-
tual and that non-financial data had been appropriately collated and reported.  Ernst & 
Young also provided independent commentary on Conoco's progress in the implementa-
tion of the core values.              

SH&E Audit Program Review 
Through involvement with Conoco in the validation and attestation of the sus-

tainable growth report, Ernst & Young gained extensive knowledge of the company's 
SH&E management systems and core values implementation that was leveraged and em-
ployed in its audit program oversight role.  During 2000, Conoco developed a new strat-
egy for its SH&E audit program. While this topic may be of interest to some, it is beyond 
the scope of this paper.  Ernst & Young participated in workshops that defined the new 
audit strategy, providing independent challenge and review of the strategy.     

Beginning in the third quarter of 2001, Ernst & Young is participating in a repre-
sentative sampling of Central SH&E Audits.   

AUDIT PROTOCOL 
There are currently no statutory requirements or generally accepted standards in 

the United States relating to the preparation, publication and attestation of non-financial 
reports such as environmental, social, and sustainable development reports.  Efforts such 
as the Global Reporting Initiative (GRI) and the Public Environmental Reporting Initia-
tive (PERI) have developed frameworks for the content that should be included in such 
reports, however they do not adequately address validation and attestation.   

Therefore, a customized review process was developed that employed a series of 
tailored protocols to ensure consistency in the assessment across the organization.  This 
involved challenging and substantiating the assertions and claims made in Conoco's sus-
tainable growth report, reviewing the process for the collection, collation, and internal 
reporting of non-financial performance data for 1999 and 2000, and reviewing the im-
plementation at the site level of the commitments detailed in Conoco's core values.  

The work program encompassed a series of core tasks.  These were: 

 Customization of audit tools and protocols. 

 Corporate and business segment interviews to understand expectations of core 
value implementation and performance reporting, including tools and processes 
used. 

 Business unit and site interviews to review core value implementation and to 
evaluate SH&E reporting processes. 

 Data walkthroughs to test the processes for collating data reported from business 
units through regional SH&E functions to corporate SH&E. 

 Report substantiation, challenging statements made in the sustainable growth re-
port and obtaining evidence. 

 Review of media sources and internal assurance reports to assess the balance of 
issues reported in the sustainable growth report. 



Core Values Protocol 
 There is no standard benchmark against which to assess management processes 
for policy implementation.  While standards are well established for environment, safety 
and quality, no generally accepted process model is available which addresses the man-
agement of broader issues such as those covered in the core values.  To ensure consis-
tency in the assessment across Conoco, Ernst & Young developed a generic core values 
protocol that built on environmental management systems standards, standard control 
models and quality management systems.  This provided a framework for assessing the 
core values across seven elements: 

 Communication and understanding 

 Relevance and risk assessment 

 Roles and responsibilities 

 Process for embedding the core values 

 Performance management and measurement 

 Assurance 

 Learning 

SH&E Data Processes Assessment Protocol 
 The SH&E data processes protocol was developed during the first phase of work 
and was refined during the second phase.  The protocol is divided into three elements.   

The first element looks at the control environment and provides a framework for 
accessing consistency of site processes with corporate reporting requirements, the control 
environment for data quality including local tools and procedures for generating and 
checking the data reported, and for reviewing the scope of the data reported.   

The second element covers data systems for quantifying emissions to land, air 
and water.  This provides a framework for assessing whether the data sources are com-
prehensive, relevant and significant, whether the estimation and measurement method-
ologies are appropriate and accurately applied, whether the operations data on which 
emissions estimates are generated are transparent, and whether the monitoring and colla-
tion of estimation records are adequate to ensure consistency of methodology from year 
to year.   

The third element deals with data systems covering incidents and accidents.  This 
covers the reporting of incidents, accidents, man-hours calculation processes, and the 
methods used for calculating Lost Workday Case and Total Recordable rates. 

REPORT DEVELOPMENT 
Timing for development of Conoco's sustainable growth report was driven by a 

directive from Conoco's Chairman that the completed report be available for the Annual 
Shareholders Meeting on May 8, 2001.  This seemed reasonable since the company's an-
nual financial report is completed by March each year.  There was, however, one major 
distinction about the sustainable growth report − it had never before been produced.  
Given the challenge to quickly develop the first auditable sustainable growth report, we 
had to take stock of and use resources and information already in place.   



We applied the experience gained over the years in producing external annual 
SH&E reports.  We had established processes for gathering and reporting safety and 
health data and some environmental data.  We also used various external awards and rec-
ognitions, anecdotal successes and media coverage.  We drew upon our company's cul-
tural characteristics, which have been shaped over the decades by our core values.   

The four core values are celebrated each year through the President's Awards 
Program.  Under this program, both individuals and work teams are recognized for excel-
lence in each of the four core values and for technology development.  These annual 
awards provided a wealth of information and examples that directly relate to sustainable 
development.  We also built the report from experiences and knowledge gained through a 
variety of benchmarking efforts.   

In 2000, Conoco published "The Frog Report,” an eight-page brochure; but at 72 
pages, the sustainable growth report was a whole different amphibian.  It required many 
more resources, but was still an ad-hoc approach.   

A core production team was established about seven months prior to the May 
2001 publication deadline.  The core team consisted of a dedicated leader, two writers, a 
SH&E lead and a sustainable development lead, plus two vice-presidents who served as 
project champions.  We established a review board consisting of human resources, busi-
ness strategy, financial auditing and other functional support experts - about ten people in 
all.  The review board reviewed drafts of the report and served as a sounding board for 
the concepts, direction and messages in the report.   

Key to providing current and relevant material for the report was the designation 
of nearly 50 business unit contacts.  These contacts represented their businesses, provid-
ing information and reviewing how that information was used in the report.   

DATA CONSOLIDATION EXPERIENCES 
Simultaneous to these efforts, a group of two corporate SH&E leads, about 15 

business unit SH&E contacts, and a contract data analyst set out to shore up the environ-
mental emissions methodology guidance document and conduct the annual environ-
mental metrics data roll-up process.   In addition, graphics for the metrics section of the 
report were designed in partnership with Conoco's Visual Communications Department.    

At the same time, particular business segments were busy improving their inter-
nal methodologies for estimating emissions.  Some employed environmental engineering 
contractors to inventory all equipment that produce emissions, determine the operating 
time of each piece of equipment and calculate the air emissions over the course of the 
year.   

The more mature consolidation processes for safety and health data and environ-
mental expenditures continued on schedule during this time, providing high quality, au-
ditable data for the report.  Other social metrics were less process dependent and were 
provided by the corporate Human Resources department.  The corporate strategic plan-
ning group provided economic metrics.  These social and economic metrics, including 
external data supplied by the U.S. Bureau of Labor Statistics, were thoroughly audited by 
Ernst & Young and were generally found to be free of defects.     



Environmental Metrics Complications      

There were a number of complications with the environmental metrics.  Timing 
for the environmental metrics data roll-up process was moved up to early in 2001 in order 
to accommodate having data available for the sustainable growth report.  Data for 1999 
was consolidated in August 2000, giving individual business units adequate time to de-
termine the waste, emissions, energy use and spills from the prior year.  This allowed 
corporate staff to quality check the data and produce consolidated results without the 
constraint of hard deadlines.    

Businesses had to submit their 2000 data by January 31, 2001.  Data for 1999 and 
2000 had to be completely audited by mid-March so the report could be sent out for pub-
lication by April 1 to meet the May deadline. Corporate staff had until the end of Febru-
ary to deliver consolidated results and analyses of the data and turn it over to Ernst & 
Young for audit.  For various reasons discussed below, this deadline was not met.   

Environmental metrics for 1999 was considered Conoco's new baseline.  Data 
from prior years had been calculated using various estimation methods, some with con-
siderable uncertainty. We were moving forward with higher quality data resulting from 
work carried out in 1998 to redefine and expand the metrics, thereby improving quality 
and better reflecting Conoco's global operations.  Therefore, a rigorous year-to-year vari-
ance analysis had not previously been conducted on the 1999 data. 

When data for 2000 was submitted from the 67 various business units and sites, it 
was subjected to a broad array of quality control checks by the corporate staff.  These 
included checks for completeness, checks to ensure data were reported in the correct units 
of measure, and checks for reasonableness against data submitted from similar operations 
and for the prior year.   

This year-over-year comparison revealed a number of anomalies in the data.  
Some were due to businesses improving their methodology for 2000, some were due to 
lack of environmental staff training in using the estimation methodology, some were due 
to true business operational differences between the two periods.  All had to be investi-
gated, understood and factored into the overall variance analysis.  Results for some units 
had to be completely recalculated for 1999 and 2000. 

By February 20, 2001, data for 1999 from most units was in shape for Ernst & 
Young to begin their detailed data examination.  Catherine Peddie of Ernst & Young's 
Houston office headed this effort at Conoco's headquarters.  Conoco staff continued to 
work through the problems associated with year 2000 data, all the while maintaining an 
audit trail of the corrections and adjustments to the data.   

On March 16, 2001, data for 2000 was turned over to Ernst & Young for audit.  
Corporate staff turned their focus to conducting a comprehensive variance analysis to 
identify and understand changes that had occurred between the two periods and craft an 
explanation that would be viable for use in the sustainable growth report.  Ernst & Young 
additionally audited the variance analysis.          

As data were being restated and audited, several iterations of database exports 
were occurring to format values for the graphs that are presented in the sustainable 
growth report.  This was necessary for Conoco's Visual Communications department to 
begin the process of finalizing the graphs.   



Once Ernst & Young had signed off on their audit of the variance analysis, text 
for the data section of the report was developed and provided to Visual Communications 
for final layout alongside the graphs.   

The date was now April 5, 2001, which was just a few days past the final dead-
line.  Several proof readings and adjustments remained, but due to the flexibility of eve-
ryone involved in the data consolidation, audit, and presentation of the environmental 
metrics, we were able to overcome the unexpected problems without jeopardizing the 
ultimate deadline for publication.         

Working Relationship Was Key 
The May report publication deadline could not have been met had it not been for 

the flexibility of both Conoco's staff and Ernst & Young's staff to work around issues 
encountered on a daily basis.  The availability of Ernst & Young to consult on the appro-
priateness of ad hoc adjustments, and in some cases debate engineering assumptions with 
Conoco engineers, resulted in an improved product.   

Having these discussions "in-process" eliminated almost certain rework and re-
audit that would have been necessary had the product been finalized before the audit 
process began.   

Conoco is implementing procedural changes and dedicating additional resources 
to improve the data consolidation and audit process so that all finalized data can all be 
handed over to Ernst & Young for auditing at one time.   

However, because of the value brought to the project by Ernst & Young's active 
involvement, we intend to hold some interim review sessions to ensure that any changes 
that are made to the process or estimation methodology are credible and auditable.     

LEARNINGS 
Significant learnings for Conoco from this first-time effort to have our environ-

mental, safety and social metrics audited, verified and attested to in a public report stem 
from business unit and corporate level audits conducted by Ernst & Young and from 
Conoco's observations.  They are:  
 

 While significant progress had been made in establishing a robust data set, we 
recognize that further work in gathering data to assess and report emissions from 
our drilling activities may be useful. 

 SH&E data should be subject to a control environment similar to financial data to 
the extent possible.  

 Many data processes used by business units reside solely in the expertise of the 
staff. This introduces risks to data integrity from staff turnover.  Business units 
will be encouraged to better document these data processes.   

 Under the present technology platform, SH&E data must be manipulated several 
times to deliver it in the graphics format used for report publication, increasing 
the risk to data integrity.  The report preparation team will investigate more direct 
means to transfer data into the report format.  

 While some data are not fully available until year-end, others are collected more 
frequently during the year for business management purposes. Collecting avail-
able data prior to year-end would reduce the workload following year-end.  



 Data validation and variance analysis conducted at the corporate level involved 
requesting further information and clarification from the business units. In the fu-
ture, business units should analyze their data prior to submitting it and also sub-
mit explanations. The business units will benefit from better understanding their 
performance, enabling higher caliber decisions for improving that performance.  

 Submittals of non-numeric information (“stories”) were rarely accompanied by 
objective evidence of the validity of that information. The validation process re-
quired queries back to the submitting organization, sometimes involving several 
iterations before the necessary evidence was acquired. Additional communication 
regarding evidence requirements for adequate validation would speed this proc-
ess. 

 Some of the information presented in the report, while technically correct, could 
be misinterpreted by individuals not well-versed in the nomenclature specific to 
this industry. Additional effort should be expended to assure that the recipient 
understands the information. 

 Ultimately, Conoco would like to be able to include information from all joint 
venture business activities, whether Conoco has operational control or not. How-
ever, at present, the effort involved in collecting this information, and the ques-
tions concerning its quality, preclude its inclusion in the report. This issue will be 
addressed at a future date. 

 Action is being taken to address each of these observations and will result in 
what is hoped to be improved data and a dramatically improved process for developing, 
consolidating and auditing sustainability performance data.   

REMAINING CHALLENGES 
We also are addressing the challenges to make sustainability reporting more 

meaningful, transparent and value adding for the broadest spectrum of stakeholders pos-
sible.  Many of these challenges are the ones addressed in public report guidelines, such 
as the Global Reporting Initiative.  Many of the companies in our industry are wrestling 
with the challenge of declaring performance goals and pollutant reduction targets.   
 

One of the primary challenges is how we move beyond reporting waste and emis-
sions reductions to showing how these reductions result in cleaner air, cleaner water and 
preservation of ecosystems.  Another challenge is to define appropriate social metrics, set 
targets and incorporate them into the company's performance management systems.  The 
process of learning how to report environmental and social impacts may result from 
greater engagement and dialogue with external stakeholders by the industry and compa-
nies.  
 

Key learnings for sustainability reporting documented as a result of developing 
Conoco's inaugural sustainable growth report are: 

 

 Start with a clear vision and purpose for the report.  Link corporate vision to 
policies and to work practices. 

 Get early executive engagement and buy-in. 

 Gather the right resources. For example, make sure all resources understand the 
company culture. 



 Establish business contact network and internal review board. 

 Don't underestimate the time intensity to produce such a report. 
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ABSTRACT 
 
 A Texas based petrochemical complex is participating in Texas Natural Resource 
Conservation Commission’s (TNRCC) Voluntary Emission Reduction Permit (VERP) program 
to permit emissions from nineteen manufacturing processes that are currently exempted from air 
permit. The Owner wanted to estimate Volatile Organic Compound (VOC) emissions from the 
wastewater discharges at the grandfathered plants as a part of the permit application. Potential 
wastewater VOC sources included floor drain networks, rail car washing, and API separators. The 
abundance and variety of emission sources made it difficult to estimate emissions reasonably 
accurately in a relatively short time and limited budget. TOXCHEM, a general fate model (GFM) 
was used to estimate VOC emissions from the wastewater discharged by these facilities. 
Emissions of VOCs calculated using Toxchem were significantly lower than estimated by the 
Owner using empirical methods, i.e. process knowledge and mass balance. Because of modeling, 
the Owner anticipates no additional wastewater emission controls at the plants in the proposed 
permit. 
 
 

INTRODUCTION 
 The Texas Clean Air Act exempts manufacturing facilities from state air permitting 
requirements that were in existence or under construction when the Act was first passed in 1971. 
At that time, it was anticipated that these grandfathered facilities would eventually need 
operational changes that would require obtaining air permits, or be shut down when their useful 
life ended. Many facilities, however, remained grandfathered at the end of 2000. According to a 
1997 survey by the Texas Natural Resource Conservation Commission (TNRCC), the most 
significant of these emit 898,075 tons of emissions per year and represent approximately 35 
percent of the total air emissions in Texas (TNRCC, 2001). The Texas Legislature created the 
Voluntary Emissions Reduction Permit (VERP) program to encourage grandfathered sources to 
obtain a permit and reduce air emissions. The VERP program allows companies to defer 
reductions in emissions of certain air contaminants if the applicant will make substantial 
reductions in other specific air contaminants.  
 
 A Texas petrochemical complex was applying for an air permit under the VERP program 
to lower emissions from 19 manufacturing plants that are currently exempted under the Texas 
Clean Air Act. The owner wanted to estimate VOC emissions from the 19 plants as a part of 
VERP. While emissions from the manufacturing processes can be estimated using mass balance, 

  



calculating emissions from the wastewater generated by the plants was more complex. Most of 
the plants have a network of floor drains, some of which received routine wastewater discharge. 
The remaining drains are used intermittently during maintenance and washing. However, most of 
the interconnected drains were potential emission sources. Calculation of VOC emissions from 
the railcar washing area, with column drains connected to the floor drains by hoses and API 
separators, represented an additional challenge. Field-testing was considered too expensive and 
time consuming for this application, and use of engineering calculations was not possible in most 
cases. Therefore, the owner agreed to use computer modeling to estimate emissions. 
 
 

GENERAL FATE MODEL APPROACH 
Several methods including field testing, published emission factors, engineering 

equations, and general fate modeling (GFM) are available for predicting VOC emissions from 
wastewater collection and treatment facilities. GFMs perform mass balance around each specified 
wastewater unit operation such as manholes and drop structures, splitter tanks, clarifiers, API 
separators, equalization tanks, and other units, as well as an entire wastewater treatment plant, 
including aeration and other biological processes. The major advantage of using GFMs over field-
testing is reduced cost and time to obtain results (Curto, et al., 1995). GFMs estimate wastewater 
contributions (influent and recycle streams) and losses (volatilization, stripping, biodegradation, 
and adsorption onto solids) from the wastewater collection and treatment processes. The models 
make it easy to estimate emissions from treatment configurations with split flows, liquid streams, 
quiescent surfaces, weirs, drops, as well as aerated, biological, and covered processes. These 
models report the mass of each organic compound that is emitted into the atmosphere, the portion 
that is biodegraded, and the portion that passes through to the effluent.  

 
GFMs are designed to be specific to the wastewater treatment facility and the particular 

operation in question.  Knowledge of facility-specific data is critical to setup and running of these 
models.   
 
The facility data can be divided into three groups:  

 
•Influent wastewater characteristics--These characteristics include wastewater flow rate, 
temperature, VOC concentrations, total and volatile suspended solids, ambient temperature, and 
wind speed.  
 
•Physical design characteristics--These characteristics include unit process dimensions (length, 
width, depth, and other measurements), weir characteristics, and other features.  
  
•Operational data--This group includes, airflow rates, ventilation rates of covered processes, 
dissolved oxygen concentration, oxygen transfer efficiency and other factors. 
 

GFMs can be employed as an important planning tool for understanding where within the 
wastewater treatment system the emissions are released, concentration of the emitted compounds, 
how emissions may change due to physical alterations in the treatment units, what alternatives are 
effective in reducing emissions, and the potential emission concerns related to facility planning 
expansion and/or changes of certain wastewater operations. Some GFMs have developed 
sensitivity analyses that allow estimation of air emission impacts when varying any of the input 
data, such as wastewater flow, VOC concentration, physical modifications, and other factors.  
 

  



Several models with varying degrees of sophistication have been developed for 
wastewater treatment facilities. The GFMs specified by the United States Environmental 
Protection Agency (USEPA) in Hazardous Organic National Emission Standards for Hazardous 
Air Pollutants (HON) are TOXCHEM, Bay Area Sewage Toxic Emissions (BASTE 3.0), and 
WATER8 and WATER9. TOXCHEM, developed by Enviromega Ltd., and is widely used for 
estimating VOC emission from wastewater collection systems and treatment plants. TOXCHEM 
and BASTE are proprietary models while WATER8 and WATER9 are available on the USEPA 
Web site.  

 
 Although all three models may be successfully used to estimate air emissions from 
wastewater treatment facilities, some caution should be exercised when choosing a GFM and 
interpreting its results. In general, the algorithms for these three models are the same, but some of 
the assumptions made for each model may vary giving different results. Comparison studies have 
shown that TOXCHEM and BASTE predict statistically similar results when compared to each 
other and to field measurements (Ferro, et al, 1996). Thompson, et al (1996) noted that WATER8 
predicted considerably greater emissions from collection systems than actually observed, whereas 
TOXCHEM predicted emissions close to those observed. TOXCHEM is thus widely used due to 
better agreement of modeled emission rates with field measurements, its ability to simulate 
complex treatment plant configuration, its high number of chemicals stored in the physiochemical 
property database, and its user-friendliness and flexibility. 
 
 

MODEL INPUT DATA  
The following manufacturing processes have wastewater streams with the potential to 

emit VOCs in the collection system. 
 

MANUFACTURING PROCESS Number of Floor Drains 
TXL1 240 
HAr1 115 
HAc1 - 
EO/EG 145 
Materials Handling - 
Polyethylene  10 
Cracking Plants  - 

Note 1: Process name abbreviated to maintain confidentiality 
 

Influent characteristics such as flow, temperature, chemical concentration, etc. provided 
by the owner were entered in a spreadsheet. The project team visited most manufacturing areas 
throughout the 19 plants to understand how wastewater is discharged from pipes into the 
company’s process sewer system. The physical characteristics noted during the site visits were 
used to represent collection system layout for each manufacturing area in the TOXCHEM model. 
A typical wastewater drain arrangement is shown in Figure 1. 
 
 

FIGURE 1.  Typical floor drain detail 
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In the TOXCHEM model, the drains receiving wastewater are represented as “drop 
structures” showing a four-inch pipe discharging water into the drain. The remaining 
interconnected drains were represented as an uncovered equalization basin with surface area 
equal to the total area of drains in a given manufacturing area.  
 

The physical design of the wastewater discharge at HAc is shown in Figure 2. 
Wastewater from stripper column E-500 drains into an underground pipe. The emissions from the 
discharge pipe are diverted back to the wastewater storage tank; however, a four-inch hose is 
connected to the emission discharge pipe to prevent vapor lock. The hose also allows disposal of 
foam from the wastewater, which is caused by addition of a dispersant to prevent the stripper 
column from plugging.  
 

FIGURE 2.  Wastewater discharge detail at HAc 
 
 

E-500 

Wastewater 

Emissions 
to covered 

tank 

To process 
sewer 

4" Hose 
to floor 
drain 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

None of the choices of wastewater reactors and appurtenances available in the 
TOXCHEM menu were directly applicable to the physical arrangement shown in Figure 2. The 
best representation selected was a manhole with a drop and surface area of a four-inch diameter 
pipe. 
 

FIGURE 3.  Detail of rail car wash water discharge 
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Wastewater from railcar washing is discharged into a catch basin as shown in Figure 3. 
This arrangement is represented as a drop structure in the TOXCHEM model. 

  



 
The wastewater discharges to the API separators at the Cracking Plants are represented as 

uncovered equalization basins. Representing the APIs as primary clarifiers with appropriate weir 
length would have been a more accurate physical representation. Because wastewater flow to 
each API separator is only 5 gallons per minute (gpm), which is significantly less than design 
capacity of 100 gpm, water flows over a very small portion of the weir length without splashing 
or causing turbulence due to the low volume. For this reason, representing the API separators as 
uncovered equalization basins was thought to be more appropriate. Chemical composition of API 
influent was not available. To estimate the chemical composition, the amount of oil discharged 
from the cracking plants into the APIs was calculated from the quantity of oil/water disposed to 
the onsite hazardous waste incinerators from the three API separators. Based on the information 
from Cracking Plant operations staff, the API oil is composed of 19% naphthalene, 0.1% 
benzene, 0.1% toluene, and 0.2% xylenes.  
 
 

MODEL RESULTS 
TOXCHEM+ version was used for estimating emissions. The estimated emissions are 

summarized in Table 1. The emissions reported in the table are from wastewater discharges 
entering the floor drains and reaching the sewer system outside the battery limits (OSBL) of each 
plant. No VOC emissions are anticipated from the collection system because of sealed manholes 
and the aboveground sewer system. 
 

The TOXCHEM database contained no physical and chemical properties for several 
chemicals such as TMPD, TXL, and others. We used a conservative emission factor for the 
compounds that were not in the database based on the air emission factor for the similar 
compounds that were in the TOXCHEM database.  For example, an emission factor of 2.5% was 
used for TMPD emitted from HAr. This means that for every 100 lb of TMPD in the wastewater, 
2.5 lb will be emitted in air. At the same plant, the model calculated an emission factor for 
acetone at 1.8%. This means that an emission factor of 2.5% for TMPD, which is less volatile 
than acetone, is conservative, and should not result in underestimation of emissions of 
compounds that are not in the TOXCHEM database. 
 

Isobutyraldehyde contributes emission totaling almost 5.0 tons per year (TPY). Acetone 
is the second largest contributor of VOCs at approximately 0.8 TPY, followed by isobutyric acid 
at 0.36 TPY and ammonia at 0.32 TPY.  
 
 

CONCLUSION 
TOXCHEM provided the best alternative to estimating VOC emissions. This approach is 

scientific, and it has higher regulatory acceptance. The modeled emissions are low enough that 
the company does not anticipate additional control requirements. The modeled VOC emissions 
were significantly less than the company’s best estimate, which would have lead them to provide 
emission controls, which modeling results showed to be unnecessary.  
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ABSTRACT 
 

Facilitating interactions of plants, bacteria and fungi may accelerate oil 
degradation.  These organisms potentially improve each other’s performance and act on 
oil directly.  Their contribution to degradation was examined using one hundred – 75 L 
microcosms in a greenhouse study.  Microcosms (n = 10) consisted of sterilized forest 
soil, re-inoculated with native bacteria, fungi, or bacteria and fungi.  Treatments also 
included 0 or 6 L m-2 of crude oil and plants.  After 32 weeks, interactions appeared to be 
antagonistic as reduction in total petroleum hydrocarbons ranged from 73.6% in 
microcosms with bacteria only (69.8% with fungi only) to 25.6% with plants and bacteria 
(0.18% with plants and fungi).  Bacteria also reduced plant size and reproduction.  
Competition for limiting resources and an altered microbial community may account for 
these negative interactions.  Thus, restoration may require monitoring of soil nutrients, 
repeated applications of fertilizer and consideration of interactions among biological 
components. 



INTRODUCTION 
 
A terrestrial oil spill perturbs both the abiotic and biotic portions of the 

environment.  Soils may become hydrophobic, exhibit altered albedo and possess high 
carbon to nitrogen ratios.  Plant, animal, bacterial and fungal abundance and diversity are 
generally reduced.  Further loss of biodiversity and ecosystem function may also occur as 
a result of disturbance of the complex interactions among the biotic components (1).  
Thus, bioremediation of residual petroleum occurs in an environment with an altered 
physical character and a reduced biological community.  The rate at which the 
hydrocarbons degrade is a function of the interaction between the hydrocarbons, the 
altered soil physical properties, the remaining microbial and plant community, and the 
local climate (2).   

 
The altered soil environment may limit the metabolism of oil by bacteria and 

fungi.  Changed soil texture may limit biologically available oxygen and moisture.  
Sufficient nutrients, relative to the high carbon content, may also not be available (3, 4).  
Extreme ambient and soil temperatures and precipitation will also reduce the rate of oil 
degradation. 

 
The indirect contribution of plants to oil degradation is also reduced by a decline 

in abundance of these species.  Plants normally interact with bacteria by providing 
resources through sloughed cells, root exudates, and diffusion of oxygen through roots.  
Exudates and sloughed cells may comprise 7 to 27% of a plant’s mass (5).  An oxygen 
diffusion rate of 0.5 mol O2 m-2 soil surface day-1 from roots has been recorded (6).  
Additional nitrogen may be provided by biological fixation (7, 8).  Soybean, clover and 
alfalfa in conjunction with Rhizobium, for example, adds 50 to 200 kg of nitrogen per 
hectare to the rhizosphere each year (8).  Greater reduction in residual petroleum in the 
presence of vegetation provides evidence for these positive interactions.  Therefore, the 
indirect contribution of plants to oil degradation is potentially significant.  The 
contaminated soil environment may also reduce plant performance, however.  Reduced 
soil oxygen and moisture availability in addition to direct oil exposure may reduce plant 
survival, growth and reproduction. 
 

Fungal species sensitivity to oil may also diminish fungal contribution to 
hydrocarbon degradation.  In addition to direct degradation of oil, fungi may enhance oil 
degradation indirectly by improving plant performance (9, 10) and the environment for 
bacteria (11, 12).  Mycorrhizal fungi augment plant uptake of water and nutrients 
increasing drought tolerance (13, 14) and plant growth as well.   

 
Thus, rates of oil degradation are expected to be low as a result of perturbation of 

the normal interactions between bacteria, plants and fungi.  Improving restoration via 
accelerated biodegradation may involve a complete understanding of these interactions 
and perhaps manipulating the biotic and abiotic components (and their interactions) of the 
environment.  Unfortunately, most studies have examined only portions of the 
biodegradation process without considering the entire system (with the exception of 
reference 12).   
 

This project has three objectives that address the biodegradation process as a 
whole by examining the importance of plant-bacteria-fungi interactions in oil 
bioremediation: 
1) To quantify the contribution of plants, bacteria and fungi, singly and in combination, 
to reduction in residual petroleum hydrocarbons; 



 
2) To test whether planting a suite of plant species enhances biodegradation of oil; and 

A review of literature and an experiment (15) found that no single plant species 
provided all the limiting resources to soil microbes.  Other researchers have also found 
that individual traits have not successfully predicted a plant’s contribution to 
biodegradation.  Aprill and Sims (16), and Anderson et al. (17) suggest that species such 
as alfalfa with large, dense, fibrous root systems contribute significantly to oil 
degradation.  In contrast, Banks et al. (2) demonstrated that Trifolium repens, a species 
possessing a coarse root system, also contributed significantly to bioremediation.  
Therefore, we hypothesized that planting a suite of plant species possessing an array of 
traits would enhance plant-microbial interaction, accelerating biodegradation of oil. 
 
3) To assess the tolerance to oil of ectomycorrhizal species from oak-hickory-pine soils. 

Ectomycorrhizal species were specifically selected because the lack of these 
species has been shown to limit re-establishment of woody species in highly disturbed 
soils (9, 10).  If exposure to oil significantly reduces the presence of ectomycorrhizae on 
woody plant species and an oil tolerant fungus species can be identified, they may be 
useful as an inoculant on seedlings before outplanting.  Commercial fungal inoculum are 
already available for some species. 
 
 

METHODS 
 
A greenhouse experiment using microcosms was used to assess the contribution 

of plants, bacteria and fungi to bioremediation of crude oil.  One hundred - 75 L 
greenhouse containers were used to form the microcosms.  Soil from an established oak-
hickory-pine community (Louisiana Tech University Arboretum, Ruston, LA) was 
sterilized using a steam trailer by heating until the core temperature reached 84 °C.  Soils 
were steamed twice (separated by at least 24 hours) to control resistant spores.  Soils 
were then mixed with perlite (ca. 4:1) to reduce the soil compaction that typically occurs 
in containerized conditions (WC III, personal observation).  Before soils were placed in 
the containers, 0.038 m3 of Turface (chipped montmorillonite clay) was added to the 
bottom of the container to aid in drainage.  The containers possessed no holes for 
drainage. 

 
A series of treatments were applied to form microcosms with individual or 

combined biotic components of the environment (Table 1).  To apply these treatments, 
the sterilized soil in a microcosm was inoculated by adding 1000 ml of a slurry consisting 
of freshly collected oak-hickory-pine soil (from the Louisiana Tech University 
Arboretum) in a 0.9% salt solution.  The salt solution prevented osmotic shock of bacteria 
and fungi.  For microcosms possessing only bacteria, a slurry was added that had been 
treated with a fungicide (Captan).  Soils possessing fungi only received slurry treated 
with bactericide (a mix of penicillin G and oxytetracycline; 18, 19).  After several days, 
soils were flushed with tap water to reduce salt concentrations before seedlings were 
transplanted into microcosms.   

 
A North Louisiana crude oil (Calumet Lubricants Co., Princeton, LA) was then 

applied to the soil surface as appropriate at the rate of 6 L m-2 (mean TPH, diesel range, + 
SE = 14931 + 756 mg kg-1).  Microcosms were maintained for a week to allow 
volatilization of light oil fractions and to more realistically simulate an actual spill.  An 
array of plant species likely to interact synergistically with oil-degrading bacteria and 
fungi were transplanted into the soils (Table 2).  The particular species possessing C3 or 



C4 photosynthetic pathways, small or large root systems, or biological nitrogen fixation 
or lack Rhizobium nodules were selected based on the results from previous research 
(15).  Five seedlings of each herbaceous species were planted in each microcosm.  In 
addition, seedlings of Pinus taeda (Loblolly pine), P. echinata (Shortleaf pine), Quercus 
nigra (Water oak), Q. shumardii (Shumard oak) were included in microcosms possessing 
mixed plant cultures.  These species are common, dominant woody species of the oak-
hickory-pine system and served as ‘bait’ species to assess ectomycorrhizal fungal 
colonization.  Two seedlings of each woody species were planted with the exception of 
Q. nigra of which only one seedling was placed in each microcosm.  Three weeks after 
transplanting, seedlings were replanted as needed.  To examine whether a mixed culture 
of plant species may enhance microbial degradation of oil and revegetation of oil spill 
sites, microcosms with monocultures were also formed.  These microcosms received 
fungi, bacteria and 25 seedlings of Avena sativa ‘Bob’.    

 
To control inadvertent introduction of microbes, seeds of woody species were 

surface sterilized in 30% H2O2 for 5 – 20 minutes before sowing into sterile soil (Promix 
BX; Premier Brands, Inc.).  Seeds of woody species were sown into SC-10 Super Cells 
(Stuewe and Sons, Inc.; 3.8 cm diameter x 21 cm depth) to allow development of 
taproots.  Herbaceous seeds were sown in Promix in plug flats (TLC Polyform, Inc.; 288 
square flat).  Herbaceous roots were surface sterilized before transplanting by dipping 
roots into a 0.26% sodium hypochlorite solution. 

 
Microcosms were placed in a greenhouse in a randomized complete block design 

and were supplied with tap water as required.  After 36 weeks, residual petroleum was 
quantified as Total Petroleum Hydrocarbons (TPH), diesel range organics (EPA method 
8015B by ANA-Lab Corp., Kilgore, TX).  Soils for TPH analysis were collected with a 
2.064 cm diameter Oakfield soil sampler.  Two samples were collected per microcosm, 
each to a depth of 15.5 cm.  Soils collected from each microcosm were thoroughly mixed 
before analysis.  To positively correlate chemical analysis of oil reduction with biological 
activity, a seed germination test (bioassay) was also performed at the start and finish of 
the experiment.  The bioassay consisted of 15 lettuce seeds (Lactuca sativa) and 15 oat 
(Avena sativa ‘Bob’) seeds sown on ca. 10 g of contaminated or uncontaminated soils in 
each petri dish (n = 10).  Seeds were exposed to 24 hr fluorescent lighting (50.46 + 3.08 
µmol quanta m-2 s-1) and moderate temperatures (25 – 27 °C).   

 
Plant size was used to determine plant performance.  Plant growth and size is 

generally correlated with survival and reproduction (20, 21).  Plant size was estimated 
using height, stem diameter and height x stem diameter of woody species, total leaf area 
(CI-203 portable laser area meter; CID, Inc.), above- and belowground biomass (dry 
weight), root area and root length.  Root size was measured because of the importance of 
the rhizosphere for microbial degradation of oil.  Soil was washed from the roots before 
measuring.  

 
Fungal performance was assessed by the percent of feeder roots of harvested oak 

and pine seedlings that were colonized by ectomycorrhizal fungi (22).  For this 
assessment, a randomly selected sub-set of the Quercus shumardii and Pinus taeda and 
P. echinata seedlings were harvested 24 weeks after planting.  The remainder of woody 
species was harvested at the completion of the experiment.  All roots were washed and 
separated from the soils.  Root systems of individual seedlings were evaluated at 10-40X 
under a dissecting microscope.  Each mycorrhiza was described and assigned to a 
morphotype.  Representative samples were removed for photography and extraction of 
DNA.  DNA was extracted using a modified 2X CTAB/chloroform extraction protocol.  



Samples were amplified using ITS-1f, ITS-4 Primers (23).  Successful PCR amplicons 
were cleaned using Concert PCR Clean spin columns.  Purified PCR amplicons were 
sequenced with ITS-4 as the primer on an ABI 377 automated sequencer at the Davis 
Sequencing, Inc., CA.  DNA from the fungal symbiont was compared via BLAST to the 
genetic library maintained by the National Center for Biotechnology Information 
Nucleotide database (CGBI, GenBank) to identify the fungal partner.   

 
Contribution of bacteria was quantified indirectly by reduction in residual oil.  

No direct measures of bacteria were performed as a large body of research already exists 
concerning the role of bacteria in oil degradation.   

 
Thus, the experimental design allowed for a test of each effect (plants, bacteria or 

fungi) singly on oil degradation as well as all interactions among these biological 
components in an analysis of variance (JMP v4.0.2, SAS Institute, Inc.).  In this analysis, 
microcosms without oil or mixed plant culture were excluded.  Mahalanobis distances 
were used to exclude outliers.  The effect of monoculture relative to mixed plant culture 
on plant performance and residual petroleum was analyzed separately with analyses of 
variance.  The effects of plants and bacteria on fungal colonization were also analyzed 
separately.  Plant performance analyses reported here are preliminary.  Tukey’s HSD was 
used in conjunction with one-way analyses of variance to identify differences between 
levels within a treatment.  The block effect was not significant and is not presented.  
Mortality was examined with a –loglikelihood ratio test. 
 
 

Results 
 

Degradation of petroleum 
 

The concentration of total petroleum hydrocarbons (diesel range) across all 
microcosms was reduced on average by 47.2% with a range from 0.2 to 73.6% reduction 
in 36 weeks under greenhouse conditions. 

 
Plants had a negative effect on reduction in total petroleum hydrocarbons (diesel 

range) when present alone in microcosms and in the presence of fungi and bacteria (Table 
3, Fig. 1).  The greatest reduction occurred in microcosms without plants, but possessing 
bacteria (73.6%), fungi (69.8%) and bacteria with fungi (66.0%).  The smallest reduction 
in TPH occurred in microcosms containing plants and bacteria (25.6%) and plants with 
fungi (0.2%).  Microcosms with plants, bacteria and fungi yielded intermediate 
reductions in TPH (44%).  The greater quantity of residual petroleum in microcosms 
possessing plants was not affected by whether plants were grown in monoculture or 
mixed culture (Fig. 2).  Microcosms possessing plants and no oil exhibited TPH values 
near 0 (mean + SE = 4.5 + 0.9 mg kg-1) indicating that the quantities of TPH observed in 
microcosms with plants were not the result of the chemical analysis detecting plant-
derived organic compounds. 

  
Plant performance 

 
Exposure to oil-contaminated soils affected survival and performance of plants 

and fungi.  After 36 weeks, mortality was greater in microcosms receiving oil relative to 
controls (15.6% and 5.6%, respectively; p < 0.0001).  The presence of an additional 
biotic component in oil-contaminated soils, however, reduced seedling mortality.  



Seedling mortality in the presence of fungi (11%) or bacteria (10.9%) was less than in the 
absence of fungi (19.1%; p < 0.0001) or bacteria (19.4%; p < 0.0001).  While mortality 
varied significantly among species from 2.8% in Panicum to 38.5% in Amaranthus, no 
oil x species interaction occurred (p = 0.72). 

 
Twenty-two weeks after exposure to oil, the presence of fungi and bacteria also 

tended to improve plant performance of woody species as indicated by height x stem 
diameter (p = 0.06; Fig. 3).  Fungi did not contribute equally to performance of 
herbaceous species (p = 0.80).  Bacteria, however, significantly decreased plant growth in 
terms of height (p = 0.03).  In both cases responses to fungi and bacteria tended to be 
species specific (p = 0.09 and 0.07, respectively).  Herbaceous species responded 
differentially to bacteria as well (p = 0.0006: Fig. 4).  
 

Growth in oil-contaminated soils reduced height across all plant species (p < 
0.0001) and reductions in height were species specific (p < 0.0001; Fig. D).  Amaranthus 
was particularly sensitive to the presence of oil while Quercus nigra, Panicum, and 
Aeschynomene appeared to be tolerant to the effects of oil.  Lastly, exposure to oil 
reduced the number of plants to flower or fruit by 50% (p < 0.0001).  The presence of 
bacteria and fungi also reduced the number of plants with inflorescences or fruits (35.4%; 
p < 0.0001). 
 

The negative effect of bacteria on plant performance in oil-contaminated soils 
became more pronounced at the final harvest.  Preliminary analysis indicated that shoot 
weight (p = 0.0004), fruit weight (p < 0.0001) and root area (p = 0.0386) declined in the 
presence of bacteria (Fig. 6).  Shoot area was the lowest for plants grown in the presence 
of bacteria and fungi (p = 0.0298).  Plant performance was also altered as a function of 
culture type.  Analysis of oat performance indicated that oat shoot weight (p < 0.0001), 
shoot area (p < 0.0001), fruit weight (p < 0.0001), root weight (p < 0.0001). root area (p 
< 0.0001) and root length (p = 0.0005) were lower when grown in monoculture relative 
to mixed plant culture (Fig. H). 

 
Fungal performance 

 
Analysis of fungal performance after 20 weeks, indicated that feeder roots of 

woody species in microcosms that contained sterile soil exhibited little colonization by 
ectomycorrhizal fungi relative to plants in soils with all biotic components present (p = 
0.04 for Pinus taeda and 0.27 for P. echinata; Fig. 8).  Most seedlings across all 
treatments were non-mycorrhizal (47 of 80 seedlings).  Relative mycorrhizal abundance 
ranged from 0 to 50% of feed roots.  As a result of large variances in controls, this 
difference disappeared by week 32 (Fig. 8).  Large variances commonly occur in research 
involving ectomycorrhizal fungi (24).  Ectomycorrhizal fungal abundance, however, 
remained low in sterile soils.  Thus, fungal contamination via the environment was 
limited.  Percent of feeder roots colonized tended to be lower initially in oil-contaminated 
soils relative to controls, particularly on P. taeda grown with fungi (p = 0.10), bacteria (p 
= 0.06) and fungi and bacteria (p = 0.08; Fig. 8).  Within 32 weeks, fungal colonization 
was equivalent to controls in these treatments (Fig. 8).  Due to extensive root damage 
(epicormic lesions in tap roots and the appearance of phosphate deficiency), oak data was 
excluded.  The only fungus on the oaks identified by sequencing is closely related to 
Armellaria (Basiomycete, Tricolomataceae), a mild to severe pathogen of woody plants.  
Two mycorrhizal morphotypes predominated on Pinus roots.  Type 1, the most 
frequently encountered, was preliminarily identified as an Alurea or Otedia (Ascomycota, 
Discomyceteales).  These are “cup” fungi expected to form ectendomycorrhizae.  Type 2, 



the other dominant morphotype, possessed 97% sequence homology with Wilcoxina.  
This fungus forms ectendomycorrhizal interaction with many conifers. 

 
Bioassay 

 
Initial oil concentrations tended to reduce germination of Lactuca seeds after 10 

days of exposure (by 45.4%; p = 0.09).  Germination of Avena seeds was not affected.  
The toxicity of oil declined by the end of the experiment when no difference in 
germination of Lactuca seeds between treatments was detected (p = 0.27).   

 
The results of the bioassay at harvest support the chemical analysis of residual 

petroleum (Table 4).  Oil-contaminated soils that had possessed plants, reduced 
germination of Lactuca seeds by 42.4% and was unaffected by bacteria or fungi (p < 
0.05).  Germination was not affected by whether plants had been grown in monoculture 
or mixed culture (p > 0.05).  These bioassay results differed from the initial bioassay 
performed within 2 weeks of the experiment’s start.  At that time, germination of lettuce 
was improved by fungi (293%; p = 0.004), bacteria (210%; p = 0.03), and fungi and 
bacteria (350%; p = 0.002).   

 
 

DISCUSSION 
 
The lack of basic research on bioremediation currently hinders its effective 

application to restoration of oil spill sites.  In particular, research has tended to examine 
the effects that components of the biotic environment have on remediation rather than 
complete systems.  Yet, in order to accelerate and more completely remediate terrestrial 
oil spills, knowledge of interactions between the biological components in the 
environment is required.  This project specifically researches the role of plants, bacteria 
and fungi singly and together in oil bioremediation of an oak-hickory-pine community.  
These biological components are directly or indirectly responsible for degradation of oil 
in soils.   

 
The direct contact between plants, bacteria and fungi in the rhizosphere through 

evolutionary time suggests that positive interactions should occur.  The positive 
interactions may, in turn, enhance bioremediation of a soil contaminant.  Results of 
previous studies support this notion.  Lee and Banks (25), Schwab and Banks (26) and 
Qiu et al. (27) demonstrated that spilled oil degrades more rapidly on vegetated soils than 
on soils lacking vegetation.  Plants may enhance bioremediation of oil by providing 
limiting resources to bacteria and by improving soils.  Fungi also may support plant and 
bacterial performance.  Mycorrhizae of Scots pine, for example, supported a microbial 
biofilm in oil-contaminated soil (11).  Vesicular-arbuscular fungi and Frankia improved 
survivorship and growth of Elaegnus commutata and Shepherdia canadensis growing in 
oil sand tailings (28).   

 
The results of this study suggest, however, that interactions among plants, 

bacteria and fungi in oil-contaminated soils may also be antagonistic.  Although the 
bacteria native to oak-hickory-pine forests were able to reduce total petroleum 
hydrocarbons (diesel range) by 74% in 32 weeks, the addition of plants or plants and 
fungi decreased the quantity of petroleum that was degraded.  Plant performance was also 
reduced in the presence of bacteria.  One explanation for the reduction in degradation and 
performance is that plants, bacteria and fungi competed for limiting resources.  Resources 
taken up by plants or non-oil degrading microbial species could, reduce performance 



(metabolism and population growth) of oil degrading bacteria and fungi.  Hodge et al., 
(29) demonstrated that N capture was related to the competitive ability of plants and soil 
microbes.  Finn (30) suggested that optimum bioremediation on oil occurs at C:N:P ratios 
of 100:20:10.  Therefore, an alteration in these ratios by plant uptake may reduce the 
amount of oil degraded.  In addition, the Sacul soils of the Louisiana Tech University 
Arboretum are low in phosphorus, potassium, calcium and magnesium (31) intensifying 
competition.  Subsampled soils after completion of the experiment indicated that 15 of 
the 26 samples contained no detectable nitrate.  Of the remainder, residual TPH tended to 
be lower in those soils with greater nitrate (mean = 1.2 mg kg-1; P = 0.06; R2 = 0.36).  
The soil analysis also indicated that phosphorus was low (mean = 90.1 mg kg-1), which 
was further supported by symptoms of phosphorus deficiency in the oak seedlings.  
Insufficient concentration of these elements may have a limited degradation of oil.   

 
In addition to, or in combination with, competition as an explanation for reduced 

degradation of oil in the presence of plants, oil may have altered community composition 
and relative abundances of fungi and bacteria.  These changes will disturb normal 
interactions between biotic components in the soil.  Pfender et al. (32) suggested that 
altered species composition of bacteria and fungi reduced Rhizobium performance in 
pentachlorophenol-contaminated soil (detected as fewer large nodules).  The plant and 
vesicular-arbuscular mycorrhizal fungi relationship in that study was also affected.  
Further, the microbial community may exhibit selectivity in substrate use, preferentially 
selecting root exudates as a carbon source rather than hydrocarbons.  A final hypothesis 
to explain the reduction in oil degradation with plants may be that intermediate 
compounds were formed during the biodegradation oil.  Intermediate compounds may 
have formed as a result of degradation in the presence of plant exudates and 
cometabolism.  These intermediate compounds were not toxic as indicated by the 
bioassay, but may have slowed reduction in total petroleum compounds.  Siciliano and 
Germida (33) also observed a reduction in toxicity of 2,3-dichlorobenzoic acid and 3-
CBA following phytoremediation with no reduction in contaminant concentration.  
Analysis of microbial community composition and GC/MS analysis of hydrocarbons will 
be required in future research to eliminate these alternate hypotheses. 

 
Regardless of the underlying mechanism, the altered interactions among the 

biotic components may have consequences for restoration of oil spill sites.  Revegetation 
required in most cases for complete restoration may retard biodegradation of oil 
particularly if resources such as soil nutrients become limiting or microbes selectively 
choose plant exudates.  Lin and Mendelssohn (34) documented enhanced plant 
performance and degradation of residual petroleum with the addition of fertilizer.  
Rrecovery plans must weigh the benefits and costs of beginning revegetation 
immediately or delaying planting until TPH levels have been reduced satisfactorily.  In 
addition, restoration must be a continuing process requiring monitoring of the soil 
environment and plant performance, and perhaps repeated applications of fertilizer.    

 
Using a suite of plant species possessing C3 and C4 photosynthetic pathways, 

large root systems, symbiosis with nitrogen-fixing bacteria, and tolerance to oil did not 
enhance degradation of hydrocarbons relative to the use of monocultures.  Application of 
fertilizer may have yielded a different result.  Plant performance, however, was improved 
by growing plants in mixed culture indicating revegetation of spill sites may benefit by 
planting a mix of species.  The better performance of plants in mixed culture is most 
likely the result of reduced competition.  Intra-specific competition tends to be stronger 
than inter-specific competition because of less niche separation.  Further, greater 



diversity reduces plant community sensitivity to environmental stress (35) and is more 
likely to support ecosystem function. 

 
This project specifically addressed oil contamination of oak-hickory-pine 

communities.  Temperate deciduous forests occupy ca. 30% of the area of Louisiana.  
Oak-hickory-pine communities occupy approximately 57% of the forested area (36).  
These forests are at risk of experiencing an oil spill as oil and gas wells are distributed 
across the state.  Re-establishing woody vegetation in these communities after a spill is 
essential to complete remediation after a spill and may rely on ectomycorrhizal fungi.  
Ectomycorrhizal fungi persisting in oil-contaminated soil were detected and are being 
identified.  Preliminary analysis suggests that these fungi are ectendomycorrhizal; little is 
known about their ecological role in nature.  Their role in degradation of oil and plant 
performance is also not clear under the experimental conditions.  The large quantity of 
residual oil in microcosms with plants and fungi may suggest, however, that plants were 
able to take up greater quantities of nutrients with the assistance of fungi, intensifying 
competition between plants and bacteria.  The lack of mycorrhizal colonization on 
Quercus in addition to the low percent colonization in the first 20 weeks of the 
experiment strongly suggest that inoculation prior to out-planting may be required for 
successful establishment of woody species in the field.  While identification of fungal 
species will apply specifically to oak-hickory-pine forests in northern Louisiana, the 
knowledge of the importance of the role of fungi, and the role of the interaction between 
plants, bacteria and fungi is applicable to all spill sites. 

 
The conclusion from this project is that understanding the interactions among the 

biotic components at a spill site is essential for enhanced restoration, particularly as these 
interactions may be negative.  Additional research is required including: quantifying soil 
fertility and adding fertilizer as a treatment; repeating these treatments in the field; and 
analyzing intermediate compounds with GC mass spectrometry.  Ultimately, monitoring 
and perhaps amending the soil environment may be necessary to ensure effective 
restoration. 
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Table 1.  Treatments used to examine role of biotic community in remediation of oil in 
oak-hickory-pine communities (n=10). 

 
Plant community Soil bacteria Soil fungi Oil 

Mixed culture Yes Yes No 
Mixed culture Yes Yes Yes 
Mixed culture No Yes Yes 
Mixed culture Yes No Yes 
Mixed culture No No Yes 
Monoculture Yes Yes Yes 

No Yes Yes Yes 
No No Yes Yes 
No Yes No Yes 
No No No Yes 

 
Table 2.  Seedlings transplanted into microcosms to test the contribution of plants, 
bacteria, and fungi in bioremediation of crude oil. 
 
Plant species Family Trait 
Avena sativa ‘Bob’ (Oat) Poaceae C3; shallow dense roots 
Lolium perenne (Ryegrass) Poaceae C3; shallow dense roots 
Panicum virgatum (Switchgrass) Poaceae C4; shallow dense roots 
Amaranthus retroflexus (Redroot) Amaranthaceae C4; deep roots 
Aeschynomene Americana (Joint vetch) Fabaceae C4; biological nitrogen 

fixation 
 

Table 3.  Results of analysis of variance examining the effects of the biotic community 
on residual total petroleum hydrocarbons in a greenhouse experiment. 
 

Effect df Sum of Squares F P 
Plants 1 129820447 27.93 <0.0001 
Fungi 1 1268374 0.27 0.6032 
Bacteria 1 1399060 0.30 0.5851 
Plants x fungi 1 2041856 0.44 0.5098 
Plants x bacteria 1 2651230 0.57 0.4528 
Fungi x bacteria 1 230681 0.05 0.8255 
Plants x fungi x bacteria 1 20893846 4.49 0.0378 
Error 66 306808540   

 
Table 4.  Analysis of variance table indicating the effects of biotic components present 
during remediation on oil-contaminated soils on germination of Lactuca seeds. 
 

Effect df Sum of Squares F P 
Plants 1 43.51 7.291 0.0086 
Fungi 1 0.01 0.002 0.9636 
Bacteria 1 12.01 2.013 0.1603 
Plants x fungi 1 2.11 0.354 0.5537 
Plants x bacteria 1 5.51 0.924 0.3397 
Fungi x bacteria 1 0.11 0.019 0.8912 
Plants x fungi x bacteria 1 10.51 1.761 0.1886 
Error 72 429.70   

Figure 1.  Total petroleum hydrocarbon present in microcosm soils after 36 weeks in 
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Figure 2.  Total petroleum hydrocarbon present in soils after 36 weeks in the presence of 
plants, and combinations of bacteria and fungi.  Bars equal ± standard error of the mean. 
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Figure 3.  Effect of soil community on the size (height x stem diameter) of woody plants 
in microcosms with oil.  Bars equal ± standard error of the mean. 
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Figure 4.  Response of herbaceous plant height to presence and absence of bacteria in 
microcosms treated with oil.   Bars equal ± standard error of the mean. 
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Figure 5.  Effect of crude oil on plant height in microcosms after 22 weeks in greenhouse 
conditions.  Bars equal ± standard error of the mean. 
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Figure 6.  Indicators of plant performance in the presence and absence of bacteria in 
microcosms contaminated with oil: shoot weight (g), root area (cm2), root length (cm). 
Bars equal  ± standard error of the mean. 
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Figure 7.  Plant performance indicators for oat plants  grown in monoculture and mixed 
culture, shoot, root, and fruit weight.  Bars equal ± standard error of the mean. 
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ABSTRACT 
 

Brine-impacted soil poses several environmental problems. High salinity in soil inhibits 
plant growth, resulting in erosion. The secondary contamination of surface and ground 
waters by surface runoff and leaching is also a major concern. Currently, many brine-
impacted soil remediation techniques exacerbate secondary contamination as they 
increase the hydraulic conductivity of soils. These methods rely on leaching of salt 
deeper into the soil instead of its removal. A leachate collection system (LCS) collects 
the leachate for disposal and ultimate removal of salt from the soil. Several potential 
performance enhancements were investigated on a field scale both in a historic and 
contemporary spill in northern Oklahoma for approximately one year. These 
enhancements included installation of collection system piping in gravel filled trenches to 
increase the collection rate of the leachate in the contemporary spill, and a drained 
limestone gravel layer to protect a fresh imported topsoil layer in the historic spill. In 
both the historic and contemporary spill, elemental sulfur was added to the limestone 
gravel to biostimulate sulfur oxidizing bacteria to enhance the dissolution of the 
limestone gravel, providing available calcium in solution for sodium ion exchange on the 
clay soil particles. Effectiveness of the enhancements was evaluated by analysis of salt 
concentration in soils, soil permeability, and bacterial plate counts. 

 
 



INTRODUCTION 
 

Oilfield brine impacted soils are the legacy of accidental spill or purposeful 
disposal of water produced during oil production. The problem is common wherever oil 
is produced. Spilled brine causes the death of the plants supported by the soil leading to 
increased erosion and eventual loss of the topsoil.  Further ramifications are long-term 
soil productivity loss, spread of saline conditions in the soil, contamination of surface 
water, the displacement of minerals usually attached to clay particles by sodium ions 
resulting in poor structure, and reduced permeability to water (1). 
 

 
Current remediation techniques include treatments that enhance the soils fertility 

and permeability through adding amendments (2). The success of these treatments is 
dependent on the ability of the water to permeate into the subsurface, carrying salt with it. 
Naturally, these treatments will be unsuitable for areas where valuable ground water 
resources would be threatened and unsuccessful where the salt would be unable to 
migrate downward due to an impermeable layer (3). 
 
 A leachate collection system (LCS) addresses the issue of contamination of 
ground water by collecting and directing the soil water leachate to a collection point for 
disposal. In Area 1 of the test site (Figure 1), the contemporary spill, a 250 gallon 
fiberglass collection tank with a lid was installed to collect leachate from Area 1. For 
Area 2, the historic spill, the leachate was collected in a 9000 ft2 evaporation pond, 
approximately 3 feet in depth, lined with 60 mil black flexible polyethylene (HDPE) 
geotextile  with a 10-7 cm/sec permeability (Figure 2). The Area 1 (contemporary spill) 
test site for this project included test cells with several configurations to enhance leaching 
performance and displacement of sodium ions on the soil with calcium: 1) The addition 
of limestone gravel was intended to enhance leaching performance by preventing 
displaced soil fines from collecting in the LCS and to provide calcium to transfer to the 
soil resulting in the displacement of the monovalent sodium ion responsible for reduced 
permeability (4); and 2) Elemental sulfur was added to the limestone gravel to determine 
if the oxidation of elemental sulfur by sulfur oxidizing bacteria to sulfuric acid would 
dissolve the calcium carbonate in the gravel to calcium sulfate, a more soluble form of 
calcium. The hypothesis was that the soluble calcium sulfate would travel in solution and 
displace the permeability reducing sodium ions on the clay particles as a result of brine 
contamination.  
 
 The ion concentrations in the soil, changes in the population of aerobic bacteria, 
and the permeability of soil cores taken from the various test cells were analyzed to 
evaluate the performance of the leachate collection system and the effectiveness of the 
enhancements. 
 



LABORATORY METHODOLOGY 
 

This study involved the analysis of soil for permeability, ion concentration, and 
aerobic bacterial population. Soil permeability of cores taken from site were determined 
using ASTM method D-2434 (5), soil ion concentrations were determined by Atomic 
Absorption Spectrometry (AAS) (6) and Ion Chromotography (IC). Aerobic bacteria 
populations were determined using plate counts prepared with media for heterotrophic 
bacteria (7). 
 
Soil Extraction 
 

Soil extraction techniques were based on methodology utilized by several sources 
(8, 9, 10). The analysis of soil ion concentration began with the extraction of soluble ions 
in the soil using high purity water. To prepare the soil extraction, 25 g of soil that has 
been oven dried for at least 12 hours at 115°F was weighed and 250 ml of high purity 18 
MΩ water, produced with a NANOpure Diamond Analytical ultra pure water system, 
Series 1190 (Barnstead|Thermolyne), was added. The mixture was stirred with a dry, 
clean glass rod and was allowed to stand for a minimum of 4 hours at room temperature, 
and sequentially vacuum filtered using dry glassware and filtering apparatus and 
Metriguard qualitative glass fiber filter paper with 0.8 µm pore size (Gelman Sciences), 
and a GN-6 0.45 µm pore size Metricel Membrane Filter (Gelman Sciences).  

 
A 1:1 water to soil ratio was the recommended extraction preparation ratio (8).  

Given the soil being analyzed and the filtering requirements needed by instruments being 
used to analyze the extract, several problems were encountered. First, a large amount of 
soil was needed to produce enough extract to be analyzed several times by two different 
instruments. Second, it was necessary to filter all samples to remove particles larger than 
0.45 µm. This proved very difficult when starting with a very turbid extract taken from 
the typical 1:1 soil extraction. These difficulties were addressed by increasing the ratio of 
water to soil to 10:1. This allowed for a volume of water to be filtered that had been 
“settled” and the turbidity reduced. This procedure produced ample sample volumes and 
compensation for a 10:1 dilution factor was made when relating solution concentrations 
to soil concentrations. A portion of some of the soil samples was also prepared using a 
1:1 ratio for comparison (9). 

 
 This extraction procedure partitions only the highly soluble cations and anions 
into solution. This procedure was not assumed to produce quantitative values for all 
concentrations of cations and anions in the soil. However, only those ions easily 
dissolving into water were of concern in this study.  
 
Sample Solution Analysis 
 
 Chloride and sulfate anion concentrations were determined using a Model DX-
120 (Dionex Corp.) ion chromatograph equipped with a 25 µl sample loop, and an IonPac 
AS14 Analytical (4X250 mm) column (Dionex Corp.) using a 3.5 mM sodium carbonate/ 
1.0 mM bicarbonate buffer solution. Each run on the ion chromatograph included a 7-
point non-linear calibration increasing in concentration with 250 mg/L chloride and 
sulfate as the maximum concentrations. Standard solutions were prepared from reagent 
grade salts and periodically checked with commercially prepared reference standard 
solutions (Dionex Corp.).  



 
Analysis of the calcium, magnesium, and sodium cations were determined by 

analyzing the extract solution with an AAnalyst 300 Atomic Absorption Spectrometer 
(Perkin-Elmer Corp) using the flame technique with air/acetylene. All standards were 
prepared using commercial reference standard solutions (Fisher Scientific). Initially, all 
samples were run without dilution. Samples registering outside the calibration range were 
diluted 10:1 and re-run. Additional dilutions were performed until all samples were 
represented inside the calibration range. Check standards were run every twenty samples  
(consisting of 10 samples and their duplicate), and the instrument was recalibrated as 
necessary. All blanks for analysis matched the matrix of the calibration standards. 
 

Calcium and magnesium were determined using absorption mode, and sodium 
was determined with emission mode on the AAnalyst 300. Calcium was analyzed using a 
400 mg/L Ca in 2% HNO3 as the maximum of three standards. Magnesium was run with 
15 mg/L Mg in 2% HNO3 as the maximum of a four point calibration procedure and 
sodium concentrations were determined using 500 mg/L Na with only 18 MΩ water for 
the solvent as the maximum of a seven point calibration. All three metals were analyzed 
using a non-linear calibration procedure (6). 

 
Soil Microbiology 
 

Soil samples were taken from the field aseptically using two techniques: 1) 
Coring was performed using a stainless steel coring device that was manually cleaned to 
be free of dirt and debris then it was rinsed ethyl alcohol, silicone lubricant from an 
aerosol can was applied and rinsed with sterile water. Rinseate from the instrument was 
taken from the runoff from distilled, sterilized water sprayed into the barrel using a squirt 
bottle. The rinseate was collected in vials for future culturing; 2) Trowel soil samples 
were collected using an auger to determine the approximate soil/gravel interface depth 
(by augering to gravel). Near the auger hole, a shovel was used to create a large enough 
opening and of sufficient depth to get close to the depth of the interface of soil and gravel 
(within about 1-2 inches). Then a sterilized trowel was used to approach the interface 
(within 1 inch). Finally, sterilized metal spoons were used to collect the actual soil 
sample. Each soil sample was stored in a new zip-loc bag.  A different spoon was used 
for each duplicate in each cell. 

 
Sterile, TGY (Tryptone, Glucose, Yeast extract medium) agar plates (100 X 15 

mm) (Fisher Scientific)(11) were prepared. Next, the soil bacteria extractions were 
performed by aseptically adding 10 grams of soil to an autoclaved 250 ml Erlenmeyer 
flask containing 100 ml of sterile sodium pyrophosphate solution (0.2% solution). 
Transfers of material between containers were performed using aseptic techniques. Soil 
taken from cores was selected from the center of aseptically dissected cores. Once soil 
was selected and removed from the cores, it was treated as a loose soil sample. Loose soil 
samples were transferred and weighed using sterilized instruments. The soil bacteria 
extraction was done as quickly as possible once the soil and sodium pyrophosphate 
solution were combined, using the procedure described as follows. The covered flask was 
shaken on a rotational shaker at 200 rpm for 30 minutes. Serial dilutions were prepared 
by adding 0.1 µl of the previous dilution to 0.9 µl of sterilized 0.9% NaCl solution in an 
array of 1.5 µl labeled eppendorf microcentrifuge tubes. After serial dilutions from 10-2 to 
10-7 were prepared, 0.1 µl of each dilution was plated and spread with a sterile spreader 
(7). All dilutions, plate preparations, plating, and spreading occurred in a laminar flow 



hood with a pathogen filter. All sterilization of liquids were performed in a Sterilmatic 
Sterilizer Model STM-E Type C autoclave (Market Forge) set for 250°F, 15 psi, for 15 
minutes. The plates were stored at room temperature for 72 hours and counts were 
performed. Plates containing between 30 and 300 CFUs were included in calculating the 
geometric mean of the population indicated by the dilution corrected plate counts. 
 

Reported plate counts are averages of duplicate plates, multiplied to account for 
the dilution factor. Calculations were performed to convert the data to units of CFU per 
gram of soil. The moisture content of the soil samples were included in the calculations 
for CFU per gram of soil to adjust the data to dry basis (CFU per gram of dry soil). 
 
Soil Permeability 

 
Permeability tests were performed according to ASTM method D-2434 (5). Soil 

cores were carefully shaved to a diameter slightly larger that the permeameter mold. 
Silicone vacuum grease was applied to the walls of the permeameter mold, and its weight 
was recorded. The shaved soil core was carefully inserted into the permeameter mold; 
excess diameter was shaved piecewise as the core was inserted. After the soil core was 
inserted, porous stones were inserted in the ends and the core was shaved on the ends 
accordingly to fit the needed stones. After the sample was inserted, fit, and sized, the 
porous stones were removed and the permeameter mold and soil test core weight was 
recorded. After weighing, the porous stones were re-inserted, and the permeameter mold 
was installed on the permeameter manifold. Tap water was used to test the cores. After 
degassing the top of the permeameter mold, the test was started. A large number of the 
cores were tested at 2, 4, and 10 psi, which correspond to 140.6, 281.2, and 1406 cm of 
head, and hydraulic gradients of 22, 44, and 110 respectively. 

 
  

RESULTS AND DISCUSSION 
 
Operation of LCS 
 
 During the course of this study, the Area 1 collection tank installed for collecting 
the leachate from the LCS flooded several times because of heavy rains. This resulted in 
leachate backing up into the LCS, preventing proper collection of leachate samples.  
Also, after draining the LCS during a winter sampling event, the empty collection tank 
floated due to buoyancy caused by saturated soil.  
 
 It was hypothesized that the installation of the LCS would increase the 
permeability of the soil by increasing the leaching of ions associated with brine out of the 
soil. The leaching of the ions that reduce permeability of the soil, specifically sodium, 
was hypothesized to be enhanced by the potential increased mobilization of calcium 
through bio-stimulation of sulfur-oxidizing bacteria. This enhancement was based on the 
production sulfuric acid by sulfur oxidizing bacteria (12) according to the following 
reactions: 

 
2S + 3O2 + 2H2O → 2H2SO4 

 



It was believed that the production of sulfuric acid would promote dissolution of 
the calcium carbonate in the gravel and its mobilization in the aqueous phase. Calcium 
(Ca2+) would then be available to displace the sodium (Na+) on the clay particles.  
 
 It was intended that a primary measurement in this study would be the 
composition of the leachate from the LCS over time. Observed changes in ion 
concentrations in the leachate from individual test cells would indicate what was being 
leached out of the soil and if the gravel and sulfur enhancements were having any affect. 
One factor that prevented these observations was that there was little or no leachate to 
collect during sampling trips. This was likely due to the low permeability of the soil and 
delay of the leachate traveling to the LCS after a precipitation event (as can be seen from 
the permeability tests). 

Soil Permeability 

Permeability tests were performed according to ASTM method D-2434 (5). It 
was hoped that testing the soil permeability would yield some data to quantify the 
effectiveness of the removal of the sodium ions from the soil. However, soil conditions at 
the site were highly heterogeneous, and many of the samples disintegrated during the 
permeameter mold core preparations. What permeability data was collected could be 
grouped with respect to area and the core permeabilites were graphed with respect to date 
of sample collected (Figure 3). Data illustrated in Figure 3 is the average of all 
permeabilities of soil cores taken from Area 1. The Area 2 gravel protected imported 
topsoil layer permeability was not relevant to this portion of the study. It was not possible 
to show permeability changes by cell because of the relatively few data points gained 
from the soil cores that survived the preparation for the test. Overall background 
permeability represents the permeability of the soil in the unaffected area surrounding 
both Areas 1 and 2. “Area 1 background permeability” represents the permeability of 
samples taken from the unaffected areas immediately adjacent to the Area 1 test cells. 
Notice that the background permeability of Area 1 and the overall background of the 
project site are very close (Koverall background = 6.9E-07 cm/sec, Karea 1 background = 7.5E-07 
cm/sec). This background permeability for the test area and the unaffected areas was 
determined from samples locations designated in Figure 4, which shows the sampling 
regime with the experimental Area 1 overlaid. “Area 1 11/18/00” represents the 
permeability of samples taken from cells 7, 8, 9, and 10 on this date. Of the three cores 
that could be tested for permeability, data could not be collected on one of them because 
there was no breakthrough after several weeks of testing. The remaining data was 
combined and averaged and permeability for those cells was 1.01E-07 cm/s. This 
represents data taken after 2 months from the start date of the project (September 15, 
2000), and there had been significant precipitation by that time to transport ions into the 
LCS (Figure 5) (13). All data were from cells that had an LCS drainage pipe installed. 
The average of the permeabilities represented by “Area 1 7/10/01” includes the 
permeability of the same cells (7, 8, 9, and 10) after 10 months of operation. The increase 
in permeability from the November 2000 sampling event to July 2001 could be 
misleading since the graph is based on so few sample cores. This permeability trend does 
not correspond to the decrease of soil ion concentrations (particularly sodium) as seen in 
Figure 6 for which there is ample data. It was hypothesized that when sodium shows its 
lowest concentration, permeability would be at its highest. This ion concentration trend 
was also observed with all other ions (Figure 8, Figure 9, Figure 10) except calcium 
(Figure 7), which might possibly be explained by the hypothesized dissolution of 
limestone gravel into the soil solution. Since so many of the cores collected did not stay 



intact enough to be tested some cells only had one data point, and considering the 
heterogeneity of the site, this was not enough information to compare changes in 
permeability by cell. Therefore, the data is inconclusive as to the relative effectiveness of 
the various individual enhancements. However, it seems to show that even though a 
significant percentage (20% or more) of the salt was removed (Figure 11)), permeability 
did not seem to change that much. This conclusion might change if more of the Area 1 
11/18/00 and Area 1 7/10/01 samples had survived to be tested. Since this was just an 
indicator test, the ion concentration of the soil was the direct measurement used to make 
conclusions. 

Soil Microbiology 

 It was observed that in every cell, the bacterial population counts were lower in 
July 2001 (Figure 12). This decrease in bacterial population during the July sampling 
event could be related to the higher ion concentrations and drier conditions that result in 
less favorable conditions for heterotropic soil bacteria. The highest bacteria populations 
were from the November 2000 sampling, when the soils were moist and ion 
concentrations of the soil were nearest to the concentrations found in unimpacted soils. It 
was found in both sampling events that the sulfur-amended soils did exhibit a slightly 
higher population count in Area 1(Figure 13, Figure 14). The Area 1 data included cells 7 
and 8 (non-amended) and Cells 9 and 10 (amended).  
 

In Area 2, it was found that in November, the non-amended Northeast (NE) cell 
showed the highest bacterial population. In July of 2001, the amended Northwest (NW) 
cell had the greatest bacterial population and the difference between the amended and 
non-amended cells had increased (Figure 15).  

Soil Ion Concentration 

 All ions exhibited the same concentration trend in Area 1 soil with respect to 
time, highest on the first sampling event, lowest during the November 2000 sampling, 
and showing an increase during the July 2001 sampling (Figure 6, Figure 7, Figure 8, 
and Figure 9). Data labeled “(UT)” was obtained from the University of Tulsa (15). The 
data obtained from University of Tulsa was obtained during sampling dates occurring in 
the gaps between OSU sampling dates. Although the University of Tulsa soil analysis 
was performed using a 1:1 saturated paste soil extract, and ICP-AES was used to analyze 
for metals, the data exhibited the same general trend of decreasing ion concentrations in 
the winter with resurgence of ions in the beginning of summer. In all cases, except 
calcium, the increase in soil ion concentrations between November 2000 and July 2001 
never approached the soil ion concentrations present at startup (Figure 6, Figure 7, 
Figure 8, Figure 9, Figure 10). Calcium concentration exhibited a steady increase with 
the expected low values during November (Figure 7). This suggests that calcium is 
becoming more available in the soil solution as a result of the installation of limestone 
gravel. The magnesium concentration labeled “5/8/2001 (UT)” in Figure 8 shows a 
dramatic increase from the “1/21/01 (UT)” sampling event, decreasing to the 21.7 mg/kg 
soil value determined during the “7/12/01” sampling event. It was observed that the Cell 
7 value in the UT data set was nearly twice any of the soil concentration values. If this 
value was anomalous and excluded, the soil magnesium concentration for the “5/8/2001 
(UT)” sampling event would indicate very little change from 5/8/01 to 7/12/01. Percent 
reductions in each ion measured in Area 1 soil can be seen in Figure 11. The negative 



value for the calcium bar represents the hypothesized increase in the soil concentration of 
calcium. The LCS performance should not be based on the reduction in ion concentration 
observed in the November 2000 sampling. The resurgence of ions during the drier part of 
the year into the upper soil layers has been documented in several remediation projects 
(8,14) and is a better reflection of the degree to which the LCS was effective. 
Temperature and precipitation data taken from Oklahoma Mesonet Station #32 in Copan, 
OK (12.9 miles north of Bartlesville, OK) (Figure 16) reports relatively low 
precipitation and dramatically increasing temperatures in the three months prior to the 
July 2001 sampling event (Figure 17). Soil temperatures with respect to time are 
illustrated in Figure 18 along with temperature and precipitation. In addition, it was 
observed that a 20% or greater removal of ions possibly occurred over the year, except in 
the case of calcium, which exhibited an increase in concentration.  
 

Observations with regards to the effects of the LCS compared to natural 
processes were difficult to discern. The first sampling event in July 1999, indicates the 
highest soil ion concentrations, except in the case of calcium which increased in 
concentration from project start up. Sulfate, sodium, and chloride ions exhibit 52.5%, 
48.1%, and 11.2% decreases respectively between the “7/20/99” and the “9/24/00 (UT)” 
data set, which was immediately after the installation and is believed to be representative 
of the soil concentrations at the startup of the LCS due to insignificant precipitation since 
the 9/15/00 installation (Figure 19). The decrease in soil ion concentrations between the 
“7/20/99” and “9/24/00 (UT)” data sets is believed to be a manifestation of the pulsing 
effect of the soil ions between wet and dry periods and not the installation of the LCS. 
However, after a period of time, it remains difficult to quantify the simultaneous effects 
of natural processes and the LCS in this situation. It has been shown that there is a natural 
pulsing of the soil ion concentrations that is a function of precipitation. It is difficult to 
determine where in the pulse the data occurs, however, it is believed that an insignificant 
amount of salt left the soil between 7/20/99 and 9/24/00 due to natural leaching and the 
observed difference is due to sampling occurring at different places on the pulse of soil 
ion concentrations at the sampling depth. Since July is characteristically the driest part of 
the year of in Oklahoma, it is believed that the 7/20/99 and 7/12/01 data represents the 
maximum surface soil ion concentrations for that year and that this will be a valid 
measuring point to determine the effects of the LCS and the various enhancements, 
therefore percent reductions were calculated using these two data sets. Other reasons for 
decreases in sulfate soil ion concentration other than leaching include its assimilation into 
biomass and combination into less soluble forms (12). Sodium and chloride are highly 
soluble monovalent ions and are therefore exceptionally mobile in the soil solution, 
resulting in large variations in the concentrations of these particular ions with or without 
the installation of an LCS.  
 

SUMMARY AND CONCLUSIONS 
A leachate collection system (LCS) collects the leachate for disposal and ultimate 

removal of salt from soil was demonstrated on a test site 3 miles east of Bartlesville, OK. 
Several potential performance enhancements were investigated on a field scale in both a 
contemporary spill (Area 1) and a historic (Area 2) in northeastern Oklahoma for 
approximately one year. These enhancements included installation of collection system 
piping in gravel filled trenches to increase the collection rate of the leachate in the 
contemporary spill, and a drained limestone gravel layer to protect a fresh imported 



topsoil layer in the historic spill. In both the historic and contemporary spill, elemental 
sulfur was added to the limestone gravel to biostimulate sulfur oxidizing bacteria to 
enhance the dissolution of the limestone gravel, providing available calcium in solution 
for sodium ion exchange on the clay soil particles. Effectiveness of the enhancements 
was evaluated by analysis of salt concentration in soils, soil permeability, and bacterial 
plate counts.  
 

Permeability tests on the soil were inconclusive. A large portion of summer 
samples did not survive the permeability test preparations and of those that survived, 
many of those were impermeable. The remaining samples provided enough data to view 
Area 1 (the contemporary spill) as a whole, without differentiating between cells and the 
effectiveness of various enhancements. 
 

Soil ion concentrations did evidence percent reductions ranging from 26.6% to 
53.6%, except for calcium, which exhibited an approximately 44% increase over the year. 
It is believed that this is evidence of the success of the gravel and sulfur amendments. 
The documented pulsing of soil ions in the soil from some depth to the surface was 
observed. Within the time of one year, it is not possible to ascertain at which point along 
that pulsing concentration the samples were taken, therefore, more monitoring is needed. 
 

Soil bacteria counts were indeterminate. Over time, a decrease in soil bacteria 
was observed from November (low temperature, high precipitation) to July (hot, dry, and 
saline conditions). This observation was possibly the result of dry soil conditions and 
high soil salinity.  
 

In summary, the desired increase in calcium concentrations in the soil was 
observed and a decrease in sodium, magnesium, sulfate, and chloride was observed. The 
differentiating the effect of the LCS installation and natural pulsing of soil ions back to 
the surface makes it difficult to determine the effectiveness of the LCS in the scope of 
one year. A longer monitoring period is needed to determine the benefits of the LCS 
installation at the Bartlesville, OK site. 



 

TABLES AND FIGURES 
 
 
 

 
Figure 1. Panoramic View of Area 1- Looking Northwest 

 

 
Figure 2. Overall View of Bartlesville Site 

 
 



 
Figure 3. Permeability of Area 1 Soils with Respect to Time 

 

 
Figure 4. Area 1 Background Permeability and Soil Ion Concentration Sampling Layout 

 



 
Figure 5. Average Daily and Cumulative Rainfall for Bartlesville, OK Site from September 
15 to November 18, 2000 

 

 
Figure 6. Average Sodium Concentration of Soil in Area 1 Over Time 



 
Figure 7. Average Calcium Concentration of Soil in Area 1 with Respect to Time 

 

 
Figure 8. Average Magnesium Concentrations in Area 1 Soil Over Time 

 



 
Figure 9. Average Chloride Concentrations in Area 1 Soil Over Time 

 

 
Figure 10. Average Sulfate Concentrations in Area 1 Soil Over Time 

 
 
 



 
Figure 11. Percent Reduction in Soil Ion Concentration in Area 1 from 7/20/99 to 7/10/01 
(15)  

 

 
Figure 12. Average Bacterial Populations Count Comparison Between Amended and Non-
Amended Cells in Area 1 on 11/18/00 and 7/10/01 

 



 
Figure 13. Average Bacterial Populations Count Comparison between Amended and Non-
Amended Cells in Area 1 on 11/18/00 

 
 

 
Figure 14. Average Bacterial Populations Count Comparison Between Amended and Non-
Amended Cells in Area 1 on 7/10/01 



 

 
Figure 15. Average Bacterial Population Count Comparison Between Amended and Non-
Amended Cells in Area 2 from 11/18/00 to 7/10/01 

 

 
Figure 16. General Location of Oklahoma Mesonet Station #32 With Respect to Bartlesville, 
OK. 



 
Figure 17 Precipitation and Temperature in Three Months Prior to July 2001 Sampling 

 

 
Figure 18. Average Daily Rainfall and Soil/Air Temperature for Bartlesville, OK Site from 
November 2000 to July 2001. 

 



 
Figure 19. Daily Rainfall From Project Start-up on 9/15/00 to First Sampling Event on 
9/24/00. 
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ABSTRACT 
 

Offshore oil and gas operations generate a variety of solid and liquid wastes.   
Some of these wastes are attributable to exploration and production (E&P) activities 
(drilling wastes, produced water, treatment and workover fluids), while others are due to 
either human presence (sanitary wastes, food wastes) or generic industrial operations 
(wastepaper, scrap metal, used paints and solvents).  This paper focuses on the E&P 
wastes, nearly all of which are disposed of in one of three ways – by discharge to the 
ocean, by injection into a dedicated injection well or into the annulus of a well being 
drilled, or by transport to a disposal site onshore.  This paper updates a similar paper 
presented at the 5th International Petroleum Environmental Conference by incorporating 
several revised regulations and permits (1).  It examines the current suite of U.S. 
regulations, permits, and policies that play important roles in shaping operators’ decisions 
on E&P waste management and highlights the notable regional differences in permit 
requirements.  In addition to outlining the current U.S. regulatory regime, the paper cites 
examples of how operators are currently managing E&P wastes. 

 



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 of, 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 must be used. 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 of those 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 (2).  Therefore, that 
potential option is eliminated from further consideration.  Many other potential options 
must be discarded for legal or technical reasons.  Offshore operators are thus left with a 
reduced list of legal and technically feasible options.  Operators then choose from these 
remaining waste management options on the basis 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 – legitimate at the time but later 
determined to be inappropriate – results in future environmental restoration costs, such as 
those imposed under the Superfund law, or in future health and safety costs. 
 

TYPES OF OFFSHORE WASTES 
 
E&P Wastes 
 
The wastes most commonly associated with offshore E&P activities include: 
 
-  Drilling fluids, 
-  Drill cuttings, 
-  Produced water, 
- Treatment, workover, and completion fluids, 
-  Deck drainage, 
- Produced sand, 
- Naturally occurring radioactive materials (NORM), 
- Hydrostatic test water, and 
- Other assorted wastes. 
 
The American Petroleum Institute surveyed the U.S. onshore oil and gas industry in 1995 
to estimate the volume of E&P wastes that were generated (3).  Almost 18 billion barrels 
of produced water, about 150 million barrels of drilling waste, and about 20 million 
barrels of other types of E&P waste were generated from onshore oil and gas facilities in 
1995. Volumes of offshore waste were not estimated in that study, but should be 
somewhat smaller than the volume of onshore 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, and sink and shower drainage), 

and 
- 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 same wastes 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, and 
- 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. 
 
Scope of Paper 
 
Although all of these wastes are important, the remaining discussions in this paper are 
limited primarily to management and disposal of the E&P wastes, particularly drilling 
wastes and produced water. 
 
 

REGULATORY REQUIREMENTS FOR 
OFFSHORE WASTES 

 
The U.S. Legal and Regulatory System 
 
U.S. legal requirements are developed and implemented through at least three tiers of 
controls.  The highest tier is through laws passed by state and federal legislative bodies.  
Typically, laws lay out general requirements and direct agencies to develop regulations to 
implement regulatory programs.  The regulations developed by state and federal agencies 
represent the second tier of legal controls.  The regulations are more specific than the 



laws and outline directions to regulators and standards for performance.  In some 
regulatory areas, this is the final tier of controls.  However, in many areas, the regulations 
are further implemented through permits that are issued to persons or organizations that 
are doing activities that fall under the purview of a regulatory program.  The permits are 
issued to individual facilities or, in some cases, to groups of similar facilities in the same 
geographic area. 
 
In some situations, the regulatory agencies do not go through the formal regulatory 
process, but instead issue guidance or policy documents.  These measures also can be 
used to establish permit limits and controls too. 
 
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. Further, offshore discharges that occur within three miles of shore (the 
territorial seas) may be subject to additional, stricter state requirements. 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).   
Individual NPDES permits can be issued to specific facilities, 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 regional offices normally issue general permits for 
broad areas, such as the Eastern Gulf of Mexico (Region 4), Western Gulf of Mexico 
(Region 6), California (Region 9), and North Slope and Cook Inlet, Alaska (Region 10). 
 
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 
developed to comply with applicable effluent limitations guidelines (ELGs), and water 
quality-based limits. 
 
ELGs – ELGs are national technology-based minimum 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.  Existing facilities must meet a level of performance known as best 
available technology (BAT), while new facilities must meet new source performance 
standards (NSPS). 
 
The EPA has developed ELGs for most major industrial categories. For the oil and gas 
industry, EPA developed separate ELGs for onshore activities in 1979, offshore activities 
in 1993, and coastal activities in 1996. Special provisions for discharges from offshore 
wells drilled using synthetic-based drilling fluids were added in 2000.  These ELGs are 
compiled into the Code of Federal Regulations (2). Oil and gas activities located onshore 
and in coastal waters* (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 BAT requirements for discharging drilling wastes in offshore 
waters are summarized in Table 1, and those for production-related wastes are shown in 
Table 2. 
 
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, 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 
                                                           
*The 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.)   



basis of best professional judgment. 
 
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 analyses.  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.  The types of additional requirements that are added to NPDES 
general permits are summarized in Tables 3 (drilling waste requirements) and 4 
(produced water requirements) 
 
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 of the marine environment.  The review is based on EPA’s ocean discharge 
criteria regulations (4).  Before issuing an NPDES permit for offshore discharges, EPA 
must consider such factors 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 insufficient 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 on the basis of additional information collected 
during a monitoring period. 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. 
 

President Clinton issued Executive Order (E.O.) 13158 on May 26, 2000.  
Among other things, E.O. 13158 states that EPA "shall expeditiously propose new 
science-based regulations, as necessary, to ensure appropriate levels of protection for the 
marine environment."  Throughout the rest of 2000, EPA held a series of public meetings 
and developed proposed regulations to revise the existing ocean discharge criteria 
regulations.  On January 19, 2001, after having sent the proposed rule through an 
interagency review process, EPA Administrator Browner signed a proposed rulemaking 
to revise the ocean discharge criteria. The requirements in that proposal were 
significantly more stringent than those in the existing regulations.  However, in 
accordance with the memorandum of January 20, 2001, from the Assistant to the 
President and Chief of Staff, entitled "Regulatory Review Plan," EPA withdrew the 
rulemaking document.  As of October 2001, the author does not know if EPA plans to 
revise and repropose ocean discharge criteria regulations. 
 
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 that 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 
 
The Safe Drinking Water Act establishes the Underground Injection Control (UIC) 



program to protect underground sources of drinking water (USDWs).  Because the 
groundwater aquifers underlying offshore areas are not used for drinking water supply 
and therefore are not USDWs, offshore injection activities are not subject to the UIC 
program. 
 

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 MMS requirements for 
underground injection of wastes (5) 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 (6).  
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.  The 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 in eastern Texas that either grind and inject a slurry of wastes into cap 
rock over a salt dome or inject the wastes into a salt cavern.  Onshore disposal costs in 
the Gulf of Mexico region (not including transportation) were estimated in 1997 to be in 
the range of $8-$11/bbl (7) on the basis of interviews with commercial disposal 
companies.  Actual costs for onshore disposal of offshore drilling wastes, on the basis of 
interviews with oil and gas operators in 1998, are somewhat higher.  Most companies 
estimated that disposal costs were $10 to $50/bbl, and several companies reported 
disposal costs for offshore drilling wastes ranging from $100 to $418/bbl (8). 
 

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 (9). 
 
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. 
 

U.S. OFFSHORE WASTE DISPOSAL 
PRACTICES 

 
Information was collected from more than 20 major U.S. offshore operators 

concerning their actual disposal practices in 1998 (8).  Where wastes can be legally 
discharged to the ocean (e.g., produced water, water-based muds), most such wastes are 
discharged.   Table 5 outlines the drilling waste disposal practices followed by 14 
companies operating in the Gulf of Mexico, 6 companies operating off the California 
coast, 3 companies operating in Cook Inlet, and 1 company operating on the North Slope. 
 

In the Gulf of Mexico, nearly all of the other wastes are brought to shore for 
disposal.  Injection of E&P wastes occurs only occasionally in the Gulf of Mexico. In 
California, 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 Cook Inlet, 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. By comparison, on the North Slope of Alaska, 
nearly all E&P wastes are 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. 
 



CONCLUSIONS 
 

A variety of waste management options are available to offshore oil and gas 
operators in the United States.  The U.S. regulatory structure is mature and is reasonably 
well understood by major operators.  Wastes are discharged to the sea when that can be 
done 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 – Summary of ELGs Requirements for Drilling Wastes 
 
Baseline Requirements 
 
- No discharge of free oil or diesel oil (using a static sheen test) 
- 96-hour LC50 > 30,000 ppm (using suspended particulate phase and EPA’s 

mysid shrimp toxicity test) 
- Metals concentrations in the barite added to mud must not exceed: 

1 mg/kg for mercury 
3 mg/kg for cadmium 

- No discharge of drilling wastes allowed within 3 miles of shore 
 
Additional Requirements for Synthetic-Based Muds (SBMs) 
 
- Whole muds may not be discharged 
- Cuttings with up to 6.9% SBMs may be discharged 
- Ester SBMs can have up to 9.4% SBM on cuttings 
- Polynuclear aromatic hydrocarbon (PAH): 

Ratio of PAH mass to mass of base fluid may not exceed 1 x 10-5 
- Biodegradation rate of chosen fluid shall be no slower than that for internal olefin 
- Base fluids are tested using marine anaerobic closed bottle test 
- Base fluid sediment toxicity shall be no more toxic than that for internal olefin 

base fluid 
- Base fluid stocks are tested by a 10-day acute solid-phase test using amphipods 

(Leptocheirus plumulosus) 
- Discharged cuttings are tested by a 4-day acute solid-phase test using amphipods 

(Leptocheirus plumulosus) 
- No discharge of formation oil 
- Whole muds are tested onshore by GC/MS 
- Discharged cuttings are tested for crude oil contamination by fluorescence 

method 



Table 2 – Summary of ELGs Requirements for Produced Water and Other 
Production Wastes 
 
Produced Water, Treatment, Workover, and Completion Fluids 
 
- Oil and grease limits before discharge 

29 mg/L monthly average 
42 mg/L daily maximum 

- ELGs for coastal waters require zero discharge except in Cook Inlet, Alaska 
Offshore limits are required there 

 
Produced sand 
 
- No discharge allowed 



 
Table 3 – Summary of Permit Requirements for Drilling Wastes In Addition to 
ELGs 
 
Other Permit Requirements for Gulf of Mexico 
 
- No discharge of drilling wastes within 1,000 meters of (Region 4) or into (Region 

6) Area of Biological Concern 
- No discharge of inverse emulsion muds or cuttings 
- EPA is preparing permit modification to allow discharge of SBM cuttings 
- Used oils from platform may not be added to muds 
- Rate of discharge may not exceed 1,000 barrels/hour 
- Does not apply before installation of riser 
- Must maintain inventory of all additives to muds 
 
Other Permit Requirements for California 
 
- Case-by-case limits for allowable discharge volume of muds and     

cuttings 
- Ranges from 29,000 bbl/year to 240,000 bbl/year 
- Used oils from platform may not be added to muds 
- Must report inventory of all additives to muds 
- Can meet toxicity limit by using one of eight preapproved muds and testing 

additives 
- No discharge of SBMs or cuttings 
 
Other Permit Requirements for Alaska 
 
- Case-by-case limits for allowable discharge volume of muds and cuttings 
- Ranges from 0 to 1,000 bbl/hour, based on depth 
- Drilling wastes from no more than five wells can be discharged at one location 
- Must develop a mud plan outlining types of muds and additives to be used 
- Must maintain an inventory of additives actually used 
- Restrictions on set backs from sensitive environments and in ice-covered areas 
- Must conduct environmental monitoring program to evaluate impacts of drilling 

discharges 
- Additional monitoring for Ba, Cd, Cr, Cu, Hg, Pb, and Zn 



Table 4 – Summary of Permit Requirements for Produced Water in Addition to 
ELGs 
 
Other Requirements for Region 4 (Eastern Gulf of Mexico) 
 
- No discharge allowed within 1,000 meters of Area of Biological Concern 
- Toxicity: 96-hour LC50 must not exceed concentration determined by using 

critical dilutions 
Mysid shrimp (Mysidopsis bahia) 
Inland silverside minnow (Menidia beryllina) 

- Critical dilutions based on water depth, pipe diameter, and flow rate 
- Dilution calculated using CORMIX 2 model 
- Dilution can be increased by using a diffuser or adding seawater  

 
Other Requirements for Region 6 (Western Gulf of Mexico; > 3 miles offshore) 
 
- No discharge within Area of Biological Concern 
- Toxicity: 7-day NOEC must not exceed concentration determined by using 

critical dilutions 
Mysid shrimp (Mysidopsis bahia) 
Inland silverside minnow (Menidia beryllina) 

- Critical dilutions based on water depth, discharge depth, pipe diameter, and flow 
rate 

- Dilution calculated using CORMIX 2 model 
- Dilution can be increased by using a diffuser or adding seawater 
- Frequency of testing based on volume of discharge 
 
Other Requirements for Region 6 (Western Gulf of Mexico; 0-3 miles from shore) 
 
- No discharge allowed: 

to areas intermittently exposed 
in parks or wildlife refuges 
within 1,300 feet of oyster or sea grass bed 

- Toxicity 
- Similar to Region 6  (>3 miles offshore) 
- Other chemical monitoring 

benzene, lead, phenol, thallium, radium 226, radium 228 
- Limits based on dilution 
 
Other Requirements for Region 9 (California) 
 
- Sample produced water for 26 chemicals and effluent toxicity to determine if 

those substances are likely to cause a water quality problem 
- Determine available dilution using PLUMES model 
- Dilution can be increased by using a diffuser or adding seawater 
- EPA has already set limits on selected chemicals at some platforms 
- Discharge volume limits are set for each platform 
- Conduct study of on-line oil and grease monitors 
 
 



- Toxicity Requirements 
quarterly chronic testing with red abalone (Haliotis rufescens) 
annual chronic testing with plant (giant kelp – Macrocystis pyrifera) and 
fish (topsmelt – Atherinops affinis) 

- EPA will set separate NOEC limits for each platform based on dilution 
- If limits are exceeded, must sample more frequently 
- If limits are still exceeded, must undertake a toxicity reduction evaluation  
- Identify sources of toxicity 
- Take actions to mitigate toxicity 
- Retest to confirm results 
- Study of impacts of produced water discharges on fish 
 
Other Requirements for Region 10 (Alaska) 
 
- NOEC toxicity limits set for each platform 
- Annual chronic testing using three species 

Inland silverside minnow (Menidia beryllina) 
Mysid shrimp (Mysidopsis bahia) 
Mussel (Mytilus sp.) or Pacific oyster (Crassostrea gigas) 

- If limits are exceeded, must sample more frequently 
- If limits are still exceeded, must undertake a toxicity reduction evaluation  
- Identify sources of toxicity 
- Take actions to mitigate toxicity 
- Retest to confirm results 



Table 5 – Summary of Actual Drilling Waste Disposal Practices in 1998 
 
Gulf of Mexico 
 
WBMs and cuttings  
- nearly all are discharged 
- a small proportion of WBMs are recycled 
- none are injected 
OBMs and cuttings 
- most OBMs are recycled 
- 4 companies inject some cuttings/the  rest are disposed onshore 
- none are discharged 
SBMs and cuttings 
- nearly all SBMs are recycled 
- most cuttings are discharged 
- 1 company disposes cuttings onshore 
 
California 
 
WBMs and cuttings  
- nearly all are discharged 
- one company disposes cuttings onshore 
- none are injected 
OBMs and cuttings 
- all OBMs and cuttings are brought onshore for disposal 
- 1 company previously tried injection but it didn’t work well 
SBMs and cuttings 
- not used in this area 
 
Cook Inlet 
 
WBMs and cuttings  
- nearly all are discharged 
- a small proportion of cuttings are disposed onshore 
- none are injected 
OBMs and cuttings 
- 2 companies recycle OBMs/1 company injects them 
- all 3 companies inject cuttings 
- none are discharged 
SBMs and cuttings 
- not used in this area 
 
North Slope Data – 1998 
 
WBMs and cuttings  
- all injected 
OBMs and cuttings 
- most OBMs are recycled 
- all cuttings injected 
SBMs and cuttings 
- not used in this area 
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ABSTRACT 
 

Plant selection and soil amendments are important for successful 
phytoremediation. The goal of this research was to evaluate the use of phytoremediation 
to clean up soils contaminated with weathered crude oil. A greenhouse study was 
conducted to evaluate the effect of N rates on the growth of three warm-season grasses 
and a warm-season legume. Alkane, Total Petroleum Hydrocarbon (TPH), and Polycyclic 
Aromatic Hydrocarbon (PAH) degrader levels in the crude oil-contaminated soil were 
significantly higher in rhizosphere soil as compared to bulk soil. Results from the field 
study showed that TPH levels at time = 6 months were significantly lower in vegetated 
fertilized plots than in non-vegetated non-fertilized plots. Vegetation establishment and 
fertilizer addition resulted in increased bacterial, fungal, and PAH degrader levels.  These 
studies demonstrated the importance of plants, agronomic techniques, and their effect on 
rhizosphere microorganisms in the clean up of crude oil-contaminated sites. 



INTRODUCTION 
 
 
Tens of thousands of petroleum-contaminated sites exist, and the petroleum 

industry must either clean up the sites or be penalized. Ex-situ and in-situ techniques of 
cleaning up crude oil-contaminated soil, such as excavation, landfilling, incineration, soil 
washing, land farming, and bioventing can be costly. Bioremediation, or enhancing 
naturally occurring soil processes to degrade and detoxify organic contaminants, is a less 
expensive, less invasive, and lower maintenance means of remediating soil (1). Although 
bioremediation has many advantages over other technologies, many bioremediation 
strategies may not be practical in remote locations (2).  

 
One solution is to use plants to stimulate the activity of contaminant-degrading 

microorganisms in the soil. Phytoremediation is the use of green plants and the root-
associated soil microorganisms, soil amendments, and agronomic techniques to remove, 
contain, or render harmless environmental contaminants (3). Phytoremediation makes use 
of the rhizosphere, or the zone of soil closest to and directly influenced by plant roots (4). 
Phytoremediation, similar to bioremediation, is relatively non-invasive and provides a 
low cost remedial option well suited to many sites. Rock and Sayre (5) estimated 
phytoremediation clean up costs of $162/m3 soil compared to $810/m3 soil for excavation 
and incineration.  

 
For successful phytoremediation, both the plants and microbes must survive and 

grow in crude oil-contaminated soil that is typically low in nutrients. Microorganisms 
require N, P, K, and micronutrients to degrade organic soil contaminants (6). Of these, N 
is needed in the highest concentration (7). Fertilizer N additions are typically added to 
facilitate plant growth in petroleum-contaminated soils (8). While N requirements for 
typical agronomic systems are well documented (9), these requirements may not coincide 
with the N needs in crude oil-contaminated systems. Appropriate agronomic practices 
such as tillage and lime additions can also be used to improve soil physical and chemical 
conditions for enhanced plant and microbial growth. 

 
The objectives of the reported research on soil contaminated with weathered 

crude oil were to: i) determine the effect of N rates on the growth of three warm-season 
grass species and one warm-season legume, ii) evaluate the influence of plants on alkane, 
TPH, and PAH degraders, and iii) provide a preliminary evaluation of the effectiveness 
of phytoremediation of a contaminated field site in El Dorado, AR.  

 
 

MATERIALS AND METHODS 
 

Warm-Season Plant N Rate Study 
 
Three warm season grasses, pearlmillet (Pennisetum glaucum (L.) R. Br.), 

browntop millet (Brachiaria ramosa L. Stapf), sudangrass (Sorghum sudanense (Piper) 
Stapf), and one legume, American jointvetch (Aeschynomene americana L.) were grown 
for 7 weeks in a soil contaminated with 3% by weight weathered crude oil.  A non-
vegetated control was also evaluated.  The soil used in this study was collected from a 
crude oil-contaminated site in southern Arkansas, passed through a 2-mm sieve, and 



homogenized. Prior to initiation of the experiment, a composite sample was collected and 
the plant available nutrients were extracted with Mehlich 3 solution and levels 
determined by ICP, total C and N with a Leco CN 2000, and pH measured by electrode 
at 1:1 soil:water ratio (Table 1). All soil was amended with CaCO3 and K2HPO4 at rates 
required for the establishment of warm-season forages (9).  

 
Ammonium chloride was added to the contaminated soil based on total 

petroleum hydrocarbon-C : total added N (TPH-C:TN) at ratios of 80:1, 60:1, 40:1, and 
20:1 that corresponded to 320, 425, 640, and 1275 mg N/kg soil, respectively.  A no N 
control was also evaluated. Seeds were planted in 500 g dry soil equivalent at a rate of ten 
seeds/pot and thinned to three plants/pot after 10 days.  Plants were watered as needed 
and grown for 7 weeks in the greenhouse. 

 
Shoot biomass production was determined by clipping the shoots at the soil 

surface, washing in distilled water, and drying to a constant weight at 60°C.  Root 
biomass was removed from soil, washed with distilled water, and blotted with a paper 
towel.  The fresh roots were stained with methylene blue in 10% ethanol and stored at 
4°C until the roots were digitized and analyzed for root length, surface area, and volume 
using the WinRHIZO image analysis system.  The roots were then dried to a constant 
weight at 60°C. 

 
Contaminant degrading microbial populations from bulk and rhizosphere soil for 

sudangrass and American jointvetch for all N treatments were enumerated using a 96-
well most-probable-number procedure (10). Bushnell Haas medium containing 
hexadecane, fuel oil, or a mixture of PAHs (phenanthrene, anthracene, fluorene, and 
dibenzothiophene) was used to enumerate alkane, TPH, and PAH degrading populations, 
respectively.  

 
The experimental design for shoot and root analyses was a randomized complete 

block with four replications of each plant species and N rate.  The microbial data were 
analyzed as a split plot in which the whole plot design was a randomized complete block 
among N rates and the split plot factor was the soil fraction (rhizosphere or bulk). Three 
replications of the 20:1 TPH-C:TN ratio and two replications of all other N rates were 
analyzed for the microbial analyses.  The data were subjected to ANOVA and means 
separated at the 5% significance level using SAS software (SAS Institute, Cary N.C.). 

 
Field Study 

 
A field study was initiated at an oil storage/separation facility in El Dorado, AR, 

which was vandalized in 1997, resulting in crude oil-contamination of surrounding soil. 
The study evaluated three treatment systems: non-vegetated non-fertilized control; 
fertilized fescue (Festuca arundinacea Schreb. (KY31))-ryegrass (Lolium multiflorum L. 
(Marshall)) mixture; or fertilized bermudagrass (Cynodon dactylon L. Pers. (Alicia))-
fescue mixture. Plant available nutrient levels were not adequate for optimum plant 
growth as determined by soil test recommendations (Table 1) and necessitated 
application of inorganic fertilizer (13-13-13) and dolomitic lime at rates of 780 and 1,450 
kg/ha, respectively, for the fertilized vegetated treatments.  

 
To reduce contaminant spatial variability at the study site, twelve microplots 

were established in each plot and arranged in a grid pattern.  Random soil samples were 



collected throughout the study area and thoroughly mixed using a cement mixer.  The 
homogenized soil was placed in the microplots that consisted of 2.0 kg crude oil-
contaminated soil placed in tulle, a polypropylene mesh material with 1 x 2-mm 
openings. The cylindrical microplots were 10 cm in diameter and were placed in the soil 
extending to a depth of 15 cm.  

 
Fescue and ryegrass, cool-season grasses, were established from seed, and 

bermudagrass, a warm-season grass, was sprigged. Appropriate plots received an 
additional 807 kg/ha of 13-13-13 fertilizer on 17 May 2000. Plant growth, microbial, and 
soil contaminant parameters were evaluated by excavating one microplot from each 
treatment plot at Time (T) = 6 and 17 months.  

 
Shoot biomass production was determined by clipping all vegetation 2.5 cm 

above the soil surface from a 0.5-m2 area centered over the microplot in the vegetated 
plots.  Shoot biomass was measured as described previously.  Root biomass was sampled 
by collecting a 5-cm diameter by 15-cm deep core from the microplot.  Roots were 
collected and analyzed as described above. 

 
For soil biological analyses, soil samples from the microplots were aseptically 

collected, place in sterile containers, and transported on ice to the laboratory.  Ten-fold 
serial dilutions were prepared using MPP buffer (11).  Total bacterial numbers were 
assessed using 0.1 strength Tryptic Soy Agar and fungal levels were determined using 
Martin’s Medium (12).  The Most Probable Number (MPN) of alkane, TPH, and PAH 
degraders were measured using a 96-well microtiter plate procedure outlined above. 

 
Soil samples collected from microplots were extracted with hexane:acetone (1:1) 

by accelerated soxhlet following modified EPA Method 3541 and analyzed for TPH by 
GC/FID following modified EPA Method 8015 and by gravimetric measurement (13). 
Subsamples were extracted with pentane and analyzed for TPH by GC/FID following the 
TPH criteria working group method (14). 

 
The field study was a randomized complete block design with four replications.  

The data were subjected to ANOVA and means separated at the 10% significance level 
using SAS software (SAS Institute, Cary N.C.). 

 
 

RESULTS AND DISCUSSION 
 

Warm-Season Plant N Rate Study 
 
Pearlmillet produced an average shoot biomass of 0.8 g/plant which was 

significantly higher than browntop millet and jointvetch, which produced 0.5 and 0.2 
g/plant, respectively, across all N rates. Sudangrass shoot biomass was 0.6 g/plant and 
not significantly different from pearlmillet.   

 
For root parameters evaluated, pearlmillet yielded significantly higher root length 

than the other species when grown in soil amended with TPH-C:TN ratios of 60:1, 40:1, 
and 20:1 (Fig. 1).  Pearlmillet grown in soil amended with a 20:1 TPH-C:TN ratio had 
significantly higher root length than when grown in a soil amended with a ratio of 60:1 



with approximately twice as much root length being produced. Pearlmillet produced 
higher surface area than the other species evaluated when grown in soil amended with 
60:1, 40:1, and 20:1 TPH-C:TN ratios (Fig. 2). Pearlmillet had significantly higher root 
surface area when grown in soil amended with a TPH-C:TN ratio of 20:1 than when 
grown in soil amended with ratios of 40:1 and 60:1.  

 
Microbial analysis revealed that significantly higher populations of total 

hydrocarbon, alkane, and PAH degraders were present in the rhizosphere of sudangrass 
and jointvetch than in bulk soil across all N rates (Fig. 3). Similar conclusions were 
reported by Nichols et al. (15) in which organic chemical degrader populations were 
higher in the rhizosphere of alfalfa (Medicago sativa L.) and alpine bluegrass (Poa alpina 
L.) than in bulk soil when grown in soil amended with organic contaminants.  

 
Assuming that (i) the rhizosphere soil extends 1 mm from the root surface, (ii) 

85% of the rhizosphere soil volume is influenced by more than one root, and (iii) the soil 
bulk density is 1.3 g/cm3, the mass of rhizosphere soil can be calculated based upon an 
average root radius provided by WinRHIZO® digital analysis. The total degrader 
population in each sudangrass and jointvetch pot were calculated by summing the number 
of degraders/g bulk soil times bulk soil mass and the number of degraders/g rhizosphere 
soil times rhizosphere soil mass.  As TPH-C:TN ratios decreased to ≤40:1, alkane and 
PAH degrader populations increased in the sudangrass pots (Figs. 4 and 5). The increase 
in root biomass with N addition resulted in a greater contribution of the rhizosphere to 
total alkane and PAH degrader populations. At higher TPH-C:TN ratios, the bulk soil 
contributed a larger proportion of the degrader population to the total than was observed 
at  lower ratios.   

 
A similar trend was observed in alkane degraders from jointvetch vegetated pots.  

Although there was not an increase in total PAH degraders associated with jointvetch and 
decreasing TPH-C:TN ratios, there was an increase in the contribution to total PAH 
degraders from the rhizosphere of jointvetch (data not shown).  Additional research is 
needed to elucidate the plant mechanisms that stimulate specific contaminant degrading 
microbial populations (16). 

 
Field Study 

 
Initial vegetation establishment was successful at the field site. Subsequent plant 

growth was reduced due to moisture stress, but continuing and substantial plant growth 
was evident. Root surface area and length values were higher at T = 17 months compared 
to T = 6 months (Table 2).  

 
Results from microbial samples at T = 6 and 17 months showed significantly 

higher total bacterial and fungal numbers in the vegetated fertilized plots compared to the 
non-vegetated non-fertilized plots (Fig. 6). Microbial numbers were not different between 
bermudagrass-fescue and ryegrass-fescue plots. Alkane and TPH degrader levels were 
not significantly different among treatments with values of 6.05 and 5.47 log MPN/g dry 
soil, respectively.  

 
Soil microbes metabolize organic compounds based upon their complexity (2). 

Aliphatic compounds can be degraded by a wide range of soil microbes via ∃-oxidation. 
More complex aromatic compounds such as PAHs may be metabolized only by more 



specialized microbes. Increasing the number of PAH degraders is essential to achieving 
more complete crude oil decomposition. Results from T = 6 and 17 months showed a 
significant increase in PAH degraders in the vegetated fertilized plots compared to the 
non-vegetated non-fertilized plots (Fig. 7). Fertilized bermudagrass-fescue and fertilized 
ryegrass-fescue had 2.7 and 2.3 times the number of PAH degraders in the non-vegetated 
non-fertilized plots, respectively. The increased PAH degrader levels may indicate that 
more easily degraded compounds have been degraded or are not bioavailable.  

 
Paramount to successful phytoremediation is contaminant reduction to acceptable 

levels. Gravimetric total petroleum hydrocarbon levels were significantly lowered for 
fertilized bermudagrass-fescue plots at T = 6 months as compared to the non-vegetated 
non-fertilized plots (Fig. 8). The relative degree of crude oil degradation can be assessed 
by evaluating the resolved peaks (RP) on a chromatogram by baseline skimming. Fresh 
petroleum products have a much larger number of RPs than more degraded products. 
Vegetated fertilized treatments had significantly lower RP TPH (by GC/FID) than non-
vegetated non-fertilized plots at T = 6 months (Fig. 9). Separation of TPH into aliphatic 
and aromatic fractions allows a more detailed characterization of the remaining 
contaminant.  At T = 6 months, both aliphatic and aromatic RP TPH fractions had 
significantly lower levels in vegetated fertilized plots than the non-vegetated non-
fertilized plots (Fig. 9). Contaminant levels at T = 17 months are currently being 
determined and should allow for more complete evaluation of the phytoremediation 
treatments. 

 
 

CONCLUSIONS 
 
In a greenhouse study of four warm-season plants, increasing N application rates 

in soil contaminated with 3% weathered crude oil increased plant growth. Pearlmillet 
exhibited the highest shoot biomass production and root length, surface area, and volume 
when grown in soil amended with TPH-C:TN ratios of < 60:1. Petroleum degrading 
microorganism populations were significantly greater in the rhizosphere of sudangrass 
and American jointvetch when compared to bulk soil across all N amendment rates.  

 
 

Vegetation was successfully established at a field site contaminated with 2.5% 
weathered crude oil. Significant reductions in TPH and TPHCWG concentrations were 
observed in vegetated fertilized plots as compared to non-vegetated non-fertilized plots at 
T = 6 months. Total bacterial, fungal, and PAH degrader levels were significantly higher 
in vegetated fertilized plots than in non-vegetated non-fertilized plots. Increased plant 
growth with the subsequent increase in degrader numbers in the rhizosphere should 
enhance the overall effectiveness of phytoremediation. 
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Table 1. Chemical properties of weathered crude oil-contaminated soils used in the 
greenhouse and field studies.  The analyses were conducted prior to fertilizer and lime 
additions. 
  
     ------Total----- ------------Mehlich 3 Extractable--------------- 
  pH N  C  P K Ca Mg Na 
 1:1  --------%--------- ----------------------mg/kg-------------------------- 
 
-------------------------------------------Greenhouse study------------------------------------------- 
 
 4.7 0.04  3.32 3  20 208 28 71 
 
-----------------------------------------------Field study----------------------------------------------- 
 
 5.5 0.05  4.65 5  44 351 44 111 
  
 



Table 2. Root growth parameters at T=6 and T=17 months after field plot establishment. 
 
 Time Surface Area Length 
 
 Months -- cm2/m3 -- -- km/m3 -- 
 
 6    20.6 b*   28.4 b 
 17 108.2 a 125.3 a 
 
* Means in each column followed by the same letter are not significantly different at the 
10% level. 



 
 
Figure 1. Root length values measured for four plant species following a 7 week 
greenhouse experiment. The TPH-C:TN ratios are indicated. 



 
Figure 2. Root surface area values measured for four plant species following a 7 week 
greenhouse experiment. The TPH-C:TN ratios are indicated. 



 
Figure 3. The TPH, alkane, and PAH degrader numbers in bulk or rhizosphere soil 
across all N rates. *Means for a given degrader population with the same letter are not 
significantly different at the 5% level. 
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Figure 4. Alkane degrader numbers in bulk and rhizosphere soil of sudangrass grown at 
five TPH-C:TN ratios.  The pie chart diameter is proportional to the total degrader 
population. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

80:1 60:1 

20:1 

no 
treatment 

40:1 

bulk 
soil 

rhizosphere 
soil 

1.3x107 PAH degraders/pot 

 
 
Figure 5. The PAH degrader numbers in bulk and rhizosphere soil of sudangrass grown 
at five TPH-C:TN ratios.  The pie chart diameter is proportional to the total degrader 
population.



 
 
 

 
Figure 6. Total bacterial and fungal levels in vegetated fertilized or non-vegetated non-
fertilized plots. *Bars with the same upper (bacteria) or lower (fungi) case letter are not 
significantly different at the 10% level.



Figure 7. Polycyclic aromatic hydrocarbon degrader levels in vegetated fertilized or non-
vegetated non-fertilized plots. *Bars with the same letter are not significantly different at 
the 10% level. 



 

Figure 8. Total petroleum hydrocarbon levels in vegetated fertilized or non-vegetated 
non-fertilized plots at T=6 months. *Bars with the same letter are not significantly 
different at the 10% level. 
 



 

 
Figure 9. Resolved peak TPH (GC/FID), TPHCWG total, TPHCWG aliphatic, and 
TPHCWG aromatic levels at T = 6 months. *Bars with the same letter for a given 
fraction are not significantly different at the 10% level. 
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ABSTRACT 
 

Saturated paste and 1:1 soil to water extracts are commonly used by laboratories 
in assessing soil salinity for field remediation.  Correlation of electrical conductivity (EC) 
and other analytes between these methods is not well documented. This study was 
conducted to further examine these relationships using a wide variety of soils.  Saturated 
paste (SP) and 1:1 soil to water extracts (1:1) were prepared from soil samples received 
by the Soil, Water and Forage Analytical Laboratory at Oklahoma State university and 
analyzed for EC, major cations (Na+, K+, Mg2+, Ca2+) and major anions (Cl-, NO3

-, SO4
2-). 

Relationships of all analytes for both methods were established using linear regression. In 
general, analytes from 1:1 soil to water extracts and saturated paste extracts were highly 
correlated, but were affected by soil texture (fine and coarse textural groups) and ionic 
charge (mono-valent vs. divalent). Findings from this study can be useful in minimizing 
analysis cost and time by allowing accurate conversion of 1:1 analysis to saturated paste 
result basis.   



INTRODUCTION 

Oil and natural gas production are important sectors of economy in Oklahoma. 
One major environmental concern with oil and gas exploration is the impact of oil and 
brine on soil and water quality. Two primary effects of brine on soil and vegetation are 
degradation of soil structure and alteration of the osmotic gradient between plant roots 
and the soil (Nelson, et al., 1997; Duel and Holliday, 1997). As a result, contaminated 
sites will exhibit loss of vegetation and soil erosion (Barzegar et al., 1997). The 
remediation of oil and produced salt-water contaminated sites has been a priority of oil 
and gas industry in recent years. Remediation recommendations are based upon soil 
analysis, therefore remediation can only be as effective as are the analyses.  Testing 
methods must then be maintained and improved to enable competent management of 
contaminated areas. Currently regulations in Oklahoma call for remediation of those 
areas defined as contaminated based on TDS evaluations (OCC, 1998). A quick more 
quantitative method of analysis could in combination with TDS evaluation, assist in 
timely responses to specific needs of an area.  Environmental stewardship requires 
responsible, respectful care of our natural resources including minerals, soil, and water. 
Improved testing methods can assist in this stewardship.  

 
Good relationships have been observed between 1:1 and saturated paste extracts 

(Wagenet and Jurinak, 1978) though currently the accepted method for precise soil 
salinity extraction evaluation is saturated paste extraction (USDA, 1954). Saturated 
pastes attempt to simulate a naturally occurring state of soil saturation. In this saturated 
condition ions have increased solubility and phytoavailability (Longenecker and Lylerly, 
1964). Though 1:1 does not simulate this naturally occurring condition, simplicity and 
objectivity make it a method potentially useful in salinity characterization. A 1:1 can also 
avoid some difficulties encountered in saturated paste preparation (USDA, 1954; Fowler 
and Hamm, 1980; Longenecker and Lylerly, 1963).  

 
Results of a 1:1 extract are generally different from those saturated paste extract.  

Over half of the 2,500 soil salinity samples annually analyzed in Oklahoma are analyzed 
using the low cost 1:1 method. Most of those samples are from salt-water contaminated 
sites associated with oil and gas exploration. The same remedial recommendations are 
made for both the 1:1 and saturated paste method after conversion of 1:1 to the equivalent 
saturated paste. The recommendations will be more accurate and consistent upon the 
development of more appropriate conversion factors. The lack of such a standard 
conversion makes results difficult to compare. Currently, the electrical conductivity (EC) 
and ions from the 1:1 method are converted to those of saturated paste by use of 
conversion factors from Table 2 of Handbook 60 (USDA, 1954). These factors are 2.78 
for monovalent ions, (Cl-, NO3

-, Na+, K+), 1.67 for divalent ions (SO4
2-, Mg2+, Ca2+), and 

3 for EC. Those conversion factors were based on chemical solubility in aqueous 
systems.  The impact of soil texture, salt content and organic matter content were not 
considered, therefore, the conversion factors may not be accurate when applied to 
different soils (Franzen et al., 1994). This is due to the lack of well examined 
relationships between the two methods and factors that have not been experimentally 
verified. Some experimentally generated conversions have been recorded. Franzen (1994) 
considered EC (mS/cm) in textural divisions and arrived at conversion factors for coarse 
(sp=3.01(1:1)-0.06), medium (sp=3.01(1:1)-.77), and fine soils (sp=2.96(1:1)-.95). Hogg 
and Henery (1984) examined relationships to derive factors for EC (mS/cm): 



(sp=(1.56(1:1)-0.06), Na+: (sp=.95(1:1)-30.5), Mg2+ and Ca2+: (sp=.7(1:1)-9.39), Cl-: 

(sp=.95(1:1)+5.31) (all in ppm).  Wide differences in conversion factors exist among 
previous studies. Further examination and comparison of the two methods are needed, 
especially for different textural soil groups. These factors could assist laboratories in 
producing reliable interpretations using the less expensive 1:1 soil-water extract.  

 
The objective of this study was to determine appropriate factors for converting 

1:1 results to the equivalent results of a saturated paste using a wide variety of soils.      
 

 

MATERIALS AND METHODS 
 

 Soil salinity characteristics were evaluated using 1:1 soil to water and saturated 
paste extraction methods. Approximately 200 samples from around the state of Oklahoma 
consisting of brine contaminated and other salt affected areas were used. This allowed for 
diversity in origin, chemical compounds, concentrations, and in textures of the samples 
used.  

  
Saturated Paste Extraction: 
 
 A saturated paste was prepared by adding deionized water to samples in a 
condition as they were received (US Salinity Laboratory, 1953). Water was added to the 
sample until it reached a condition of complete saturation. The sample was then allowed 
to equilibrate for 18 hours. An extract from the saturated paste was acquired using a low 
pressure filter press (Fann Equipment, Low Pressure Filter Press, Houston, TX). This 
extract was analyzed for   Na+, K+, SO4

2-, Mg2+ and Ca2+ using an Inductively Coupled 
Argon Plasma spectrometer (Spectro Cirros, ICAP, Fitchburg, MA). A Lachat 
Quickchem 8000 flow injection analyzer (Zellweger Analytics, Milwaukee,WI) was used 
to measure NO3

- and Cl- concentrations. A dipping type electrode was used to determine 
electrical conductivity (Orion, 162A Conductivity Probe, Beverly, MA). 
 
1:1 Soil Water Solution Extraction: 
 
 Prior to the extraction, a 125g of the saturated paste sample was taken to prepare 
1:1 soil to water mixture. Twenty-five g of the 125g sample was oven dried overnight at 
105oC to determine percent moisture. The appropriate amount of water was added to the 
remaining 100g saturated paste to create a 1:1 soil to water ratio. The 1:1 sample was 
allowed to equilibrate for 18 hours. Analytes in extracts were obtained using the same 
methods as with the previously discussed saturated pastes.  
 
 

RESULTS AND DISCUSSION 
 

Basic soil salinity characteristics of all samples study are shown in Table 1. The 
ranges of electrical conductivity and ion concentrations suggest that diverse samples were 
included in the study.  

 



Table 1 Summary of soil salinity data collected from 205 samples by 1:1 and saturated 
paste extraction.  
 
 EC 

µS/cm  
Cl- 

ppm 
NO3

-N 
ppm 

SO4
2- 

ppm 
Mg2+ 

ppm 
Ca2+ 

ppm 
Na+ 

ppm 
K+ 

ppm 

  Saturated Paste Extract   
Avg 17787 3746 9.4 446 812 238 4066 40 
Min 634 5 1 1 5 1 10 3 
Max 216500 45659 45 10700 8487 1865 43200 193 

1:1 Extract 
Avg 8189 1771 5.4 236 354 89 1695 25 
Min 23 5 1 0 2 0 2 1 
Max 81000 15609 35 4131 3341 697 17880 130 

 

A quality control measure was implemented in order to maintain accuracy and 
credibility within the data set.  A cation/anion balance was used to check the data set 
(Table 3). The error of cation and anion balance of both 1:1 (7.8%) saturated paste (16%) 
were with acceptable limit.  

 
Table 2 Average anions and cation balance for 1:1 and saturated paste extracts (Data are 
in milliequivalent). 
 

Cation and Anion Balance 
Anion Cation Difference % Error 

 1:1  
7454 6891 563 7.8 

   
 Saturated Paste  

21946 18619 3326 16.4 
 

Relationships were observed using EC, major anions, and cations collected from 
1:1 and saturated paste extracts. General trends were observed for more broad 
characterizations such as the importance of considering ionic charge and solubility 
among different ions (Figures 1-5).  The samples were also divided into textural 
groupings in order to achieve more specificity and precision in conversion. Textural 
differences did indeed seem to contribute to difference in relationships. Coarse textured 
soils exhibited the need for a larger conversion factor than fine soils with respect to all 
analytes. Despite previous work creating three textural divisions (Franzen et al., 1994), it 
seemed only two textural divisions were needed to accurately describe relationships 
(Figures 1-5).  Textural divisions were evaluated by feel and defined as fine and coarse. 
Coarse samples contained more than 60% sand (particle size >0.05mm), and fine had less 
than 60% sand (Donahue et al., 1983). 

 
The relationships of 1:1 and saturated paste presented were highly significant 

(p<0.01). Conversion factors previously recommended by US Salinity Lab (1954), 
Franzen, et al. (199, and Hogg and Henery (1984) are different form those observed in 
this study. It seems a more precise conversion can be made by distinguishing individual 
ions in combination within a textural group. Conversion factors for all parameters studied 
are contained in Table 3.  



 
Table 3 Correlation coefficients between 1:1 soil to water extract and saturated paste 
extract for all the data, and for fine and coarse textural groups. 
 
 Fine Coarse All Data 
EC Sp =1.94 (1:1) - 170 Sp =2.59 (1:1)  + 1542 Sp = 2.11 (1:1)  + 1094 
Cl- Sp =2.26 (1:1) – 386  Sp = 2.88x (1:1) + 30 Sp = 2.25 (1:1) – 246 
NO3

- Sp =1.48 (1:1) + 0.055 Sp =3.68 (1:1) - 2 Sp =1.56 (1:1) + 1 
SO4

2- Sp =1.05 (1:1) + 66 Sp =2.40 (1:1) - 53 Sp =2.09 (1:1)  - 66 
Na+ Sp =2.21 (1:1) - 269 Sp =4.58 (1:1)  - 738 Sp =2.88 (1:1) - 828 
Mg2+ Sp =2.64 (1:1) - 23 Sp =3.88 (1:1)  - 7 Sp =2.92 (1:1)  - 23 
Ca2+ Sp =2.07 (1:1) - 16 Sp =4.26 (1:1) - 135 Sp =2.50 (1:1)  - 75 
K+ Sp =1.43 (1:1) + 1 Sp =2.15 (1:1) + .45 Sp =1.54 (1:1)  + 2 

 

Literature Cited 
  
Barzegar, A.R., P.N. Nelson, J.M. Oades, and P. Rengasamy. 1997. Organic matter, 
sodicity, and clay type: influence on soil aggregation. Soil Sci. Soc. Am. J. 61:1131-
1137. 
Deuel, L.E., and G.H. Holliday. 1997. Soil remediation for the petroleum extraction 
industry. 2nd edition, PennWell Publishing Company. Tulsa, OK. 
 
Johnson, J.V., 1989. Reclaiming slick-spots and salty soils. Extension Facts No. 2226. 
Oklahoma State University, Cooperative Extension Service. 
 
Larney, F.J., and H.H. Janzen. 1996. Restoration of productivity to a desurfaced soil with 
livestock manure, crop residue, and fertilizer amendments. Agron. J. 88:921-927. 
 
Nelson, P.N., A.R. Barzegar, and J.M. Oades. 1997. Sodicity and clay type: influence on 
decomposition of added organic matter. Soil Sci. Soc. Am. J. 61:1052-1057. 
 
Rhoades, J.D. 1996. Salinity: electrical conductivity and total dissolved solids. In D.L. 
Sparks (ed.), Methods of Soil Analysis, part 3. Chemical Methods. SSSA, Madison, WI. 
 
US Salinity Laboratory.  1954. Diagnoses and Improvement of Saline and Alkali Soils. 
Agriculture Handbook No. 60. USDA. 
 
FOWLER, D.B. and HAMM, J.W. 1980. Crop response to saline soil conditions in the 
parkland area of Saskatchewan. Can.J.Soil Sci. 60: 439-449. 
 
WAGENET, R.J. and Jurinak, J.J. 1978. Spatial Variability of soluble salt content in a 
Mancos shale watershed. Soil Sci. 126: 342-349. 
 
LONGECKER, D.E. and LYERLY, P.J. 1964. Making soil pastes for salinity analysis: A 
reproducible capillary procedure. Soil Sci. 97: 268-275 
 



HOGG, T.J. and HENERY, J.L 1984. Comparison of 1:1 and 1:2 suspensions and extrcts 
with the saturation extrct in estimating salinity in saskatchewan soils. Can. J. Soil Sci. 64: 
669-704. 
 
BROOKS, R.H., GOERTZEN, J.O., and BOWER, C.A. 1958. Prediction of changes in 
the composition of the dissolved and exchangeable cations in soils upon irrigation with 
high sodium waters. Soil Sci. Soc. Am. Proc. 22: 122-124. 
 
SCHOFIELD, R.K. 1947. A ratio law governing the equilibrium of cations in the soil 
solution. International Congr. Pure and Appl. Chem. (London) Proc. (11) 3: 257-261. 
 
ZHANG, H., ALEMAYEHU, D., and Carter, B. 1999. Salt characterization of brine 
contaminiated soils. International petroleum environmental conference (Houston) Proc. 6 
 
FRANZEN, D., FANNING, C., and GREGOIRE, T. 1994. Managing saline soils in 
North Dakota. North Dakota state university extension service. 
http://www.ext.nodak.edu/extpubs/plantsci/soilfert/sf1087-1.htm 
 
CORWIN, D. L., and RHOADES, J.D. 1982. An improved technique for determining 
soil electrical conductivity-depth relations from above ground electromagnetic 
measurments. Soil Sci Soc. Am. J. 46: 517-520 
 
JOHNSGARD, G. A. 1974. Salt affected problem soils in North Dakota Ext. Bull. No.2, 
North Dakota state university., Fargo N.D. 
 
MILNE, R.A., and RAPP, E. 1968. Soil salinity and drainage problems. Publication 
1314, Canada Dept. of Agri., Ottawa, ON. 
 
UNITED STATES SALINITY LABORATORY, 1953. Dianosis and Improvement of 
Saline and Alkali Soils. Agriculture Handbook no. 60. Riverside, Ca. 
 
OKLAHOMA MID-CONTINENT OIL and GAS ASSOCIATION, OKLAHOMA 
CORPORATION COMMISSION, 1998. Environmental handbook. Oklahoma City, 
Oklahoma. 
 
ZHANG, H., and KRESS, M., 2001. Oklahoma state university soil water and forage 
analytic laboratory procedures manual. Stillwater, Ok.

http://www.ext.nodak.edu/extpubs/plantsci/soilfert/sf1087-1.htm


Fine
y = 1.9393x - 170.46

R2 = 0.9368

All Data
y = 2.117x - 1094.3

R2 = 0.9196

Coarse
y = 2.5953x - 1542.9

R2 = 0.9474

0

50000

100000

150000

200000

250000

0 10000 20000 30000 40000 50000 60000 70000 80000 90000

EC1 : 1 (µ/ cm )

EC
sp

(
cm

)

Figure 1 The regression plot of ECsp  (y values) and EC1:1 (x values) with textural 
divisions of coarse and fine with an additional line of the entire data set plotted also. 
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Figure 2 The regression plot of Cl-

sp  (y values) and Cl-
1:1 (x values) with textural 

divisions of coarse and fine with an additional line of the entire data set plotted also. 
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Figure 3 The regression plot of SO4

-
sp  (y values) and SO4

-
1:1 (x values) with textural 

divisions of coarse and fine  
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Figure 4 The regression plot of Mg2+

spsp  (y values) and Mg2+
1:1 1:1 (x values) with textural 

divisions of coarse and fine with an additional line of the entire data set plotted also.
Figure 4 The regression plot of Mg2+   (y values) and Mg2+ (x values) with textural 
divisions of coarse and fine with an additional line of the entire data set plotted also.
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Figure 5 The regression plot of Na+

sp  (y values) and Na+
1:1 (x values) with textural 

divisions of coarse and fine with an additional line of the entire data set plotted also. 
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ABSTRACT 

 
 
Petroleum contaminant plumes from leaky underground storage tanks in Sioux 

City, Iowa have been monitored for the last several years. The plumes are at depths 
around 15 meters in an alluvial aquifer. Migration is toward city water-supply wells, 
which produce from depths below 42.5 meters in Dakota sandstone.  MTBE was recently 
detected in one of the city wells. The fate and transport of the plumes were simulated 
with Groundwater Modeling System (GMS) to evaluate possible future contamination of 
the city wells.  First, a conceptual model was built based on the hydrogeological 
information collected. The model was then calibrated against the observed water level 
and concentration measurements. The uncertainties in parameter values are addressed 
through a sensitivity analysis. Finally, the plume evolution was simulated with estimated 
parameter values to determine the important factors controlling fate and transport.  
Results will help officials decide a course of protective action for the Sioux City water 
supply.  

 



INTRODUCTION 
 

When environmental risk at a leaking petroleum underground storage tank (LUST) 
site is characterized as high after a Tier 2 assessment, one of the options available before 
proceeding with costly corrective action is to carry out numerical modeling of the site at 
Tier 3 to determine whether the over-simplifications inherent the Tier 2 model cause a 
false high risk condition. Modeling at Tier 3 may involve collecting site-specific 
information for various parameters controlling contaminant fate and transport and 
employing this new information in numerical models that are more sophisticated than 
analytical models adopted in Tier 2 assessment.  This current report provides an example 
of numerical modeling with the GMS software (1).  The example presented was 
developed from a real LUST situation in western Iowa.  The reader is cautioned, 
however, against basing any decisions concerning the sites on these modeling results.  

 
 

Statement of Problem and Objectives 
 

 Sioux City is located in Woodbury County of northwestern Iowa.  The Cook 
Park neighborhood of Sioux City is located in the drainage of Perry Creek (Figure 1), 
about three quarter of a mile north of the Missouri River, and one and half miles west of 
the Floyd River.  Two wells (#19 and #21) that are important components of the Sioux 
City water supply are located in Cook Park.  Both of these wells produce from the 
Cretaceous age Dakota Formation and are cased through the overlying Quaternary 
alluvial gravel.  A third new well of similar construction is planned for the vicinity.  
Petroleum contamination from MTBE was detected in one of these wells in 2000, and has 
persisted in subsequent water samples.  Another well field for Sioux City is developed on 
the Missouri River flood plain about half mile south of Cook Park. This well field is 
known as the Riverfront field and has 11 operating wells that variously produce from 
Holocene alluvium and/or underlying Dakota Formation. The Quaternary Age units near 
the Missouri River are hydrologically separated from the units in Cook Park by an 
intervening remnant of low-permeability till.  Farther to the east, near downtown Sioux 
City, the Quaternary alluvial units appear to be hydrologically connected to the Missouri 
River alluvium. Petroleum contamination is known to occur at several LUST sites to the 
north, northwest and east of Cook Park. 
 

 The purposes of modeling groundwater and contaminant transport at Cook Park 
were to determine: (1) the groundwater flow system around the existing two-well field 
and the surrounding LUST sites;  (2) what forms the MTBE and benzene plumes can be 
expected to have; and (3) what the effect on contaminant flow will be with 
addition of a third well in the vicinity.  

 

 
   

Hydrogeologic Characterization 
 

Sioux City is at the boundary between the Loess Hills and Missouri River 
Alluvial Plain landform regions. Loess-mantled bluffs, underlain by Cretaceous age 
formations separate the Cook Park neighborhood from the Big Sioux River, more than 5 
kilometers to the west.  The area is in a stratigraphically complex region that records 
many episodes of late Quaternary age glacial and alluvial deposition on surfaces sculpted 
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by erosion.  Bedrock stratigraphy beneath the Quaternary section includes the Dakota 
Formation, and, in places, the overlying Graneros Formation, and is also modified by an 
erosional surface.  Stratigraphic control is moderately good in the region, but lateral 
changes within the Cretaceous and Quaternary units, and the many erosional surfaces 
within the section make correlations difficult.  In the Cook Park vicinity the Quaternary-
Cretaceous contact is mapped as about 50 meters below ground surface and the 
uppermost Cretaceous unit is the Dakota Formation (2). 

 
 One or more Pre-Illinoian tills are present above the Dakota Formation in the 
Sioux City area.  The glacial deposits are cut out in many places, but are generally 
overlain by alluvial sands and gravels of the Noah Creek Fm.  Peoria Formation loess 
generally overlies the Pleistocene age alluvial deposits and is about 12 meters thick at 
Cook Park.  Holocene age erosion and sedimentation have greatly modified the loess 
deposit, cutting it out of the section in some places, and burying it with alluvial sands and 
clays in other places.  At Cook Park, the Quaternary section has loess and alluvium 
beneath thin topsoil and irregular deposits of fill.  This is underlain by Noah Creek sand 
that grades downward to gravel.  Pre-Illinoian till underlies the gravel, and sandstone and 
shale of the Dakota Formation occur immediately below that.  
  

Under natural conditions, groundwater in both the shallow alluvial aquifer and 
deep Dakota sandstone flows towards the Missouri River.  Due to pumping at Well #19 
and #21, however, groundwater flows towards the wells. Annual recharge to the water 
table is not precisely known, but is likely in the range of 2 to 6 inches per year (0.051 – 
0.152 m/y) or 7 – 25 % of annual precipitation (3). The depth to the water table in the 
Cook Park vicinity is about 12 meters, near the contact between the loess and underlying 
sands and gravels. 

  
 

MODELING GROUNDWATER FLOW 
 

Conceptual Model and Design 
 

A three-dimensional, four-layer model was constructed to examine hydraulic 
behavior and contaminant transport in the study area. The modeling domain is shown in 
Figure 1. The south and east boundaries are formed by the Missouri River and Floyd 
River, respectively, both of them are simulated with the River package in MODFLOW 
(4). The Missouri River flows from west to east and its stage at the entering and exit point 
of the domain are 323.0 m and 322.3 m, respectively. The boundary to the north is 
modeled with the general head boundary package in MODFLOW (the crosses in Figure 
1) since neither a physical or hydraulic boundary exists in this area. The boundary to the 
west is treated as no-flow boundary because it is a topographic divide for the shallow, 
alluvial aquifers, and is parallel to the direction of groundwater flow, i.e., it is a flowline, 
for the deeper Dakota aquifer.  Perry Creek is modeled with the drain package, even 
though water table evidence indicates Perry Creek is not an important hydrological 
feature with respect to the groundwater. 

 
Layer 1 of the model represents a thin, unconfined zone that contains the 

contaminant sources.  It is heterogeneous on a large scale and thus is divided into four 
zones (the top plate in Figure 2). This unit is typically a fine to medium grained alluvial 
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sand, and might in some places include silts of the overlying loess.  The main thickness 
of the loess and Holocene alluvial deposits around Cook Park are in the unsaturated zone 
and so cannot be modeled with MODFLOW and MT3D (5). Deposits of till are known to 
occur between Cook Park and the Riverfront field to the south, so a low permeability 
zone was set in layer one, separating the two areas.  Because the Quaternary sand and 
gravel unit represented by layer 2 is the same formation (Noah Creek) as that for which 
pump tests are available from a nearby site at Ida Grove, a comparable hydraulic 
conductivity (K) of 100 m/d was assumed.   Layer 3 was divided into two zones (the 
bottom plate in Figure 2) where Zone II, with a small K value of 0.23 m/d, is included to 
simulate the effect of a confining layer above the Dakota aquifer.  Layer 4 is 
homogeneous (i.e., the whole layer is one zone) and represents the upper productive part 
of the Dakota aquifer, across which the city wells are screened.  A hydraulic conductivity 
of 23 m/d was assigned to this layer.  That K value is the average of reported K values for 
the Dakota regionally (6).   

 
The simulation domain is divided into an irregular grid that is refined at the 

pumping wells. The active cells consist of 46 rows, 45 columns, and 4 layers. Table 1 
provides the locations and pumping rates for the nine wells set in the model. Wells #7, 
#8, and #9 are screened in multiple layers, so their total pumping rates were distributed 
equally to the layers.  The proposed new Dakota well in Cook Park is located about 122 
meters southeast of well #21, and is expected to pump at a rate similar to well #21. 
 
Model Calibration and Sensitivity Analysis 
 
 The flow model is calibrated by changing the hydraulic conductivity, the net 
recharge rate, and the conductance of the river and creek bed, and comparing results with 
the long-term average of the observed hydraulic heads at eleven monitor wells (7). The 
available monitor wells only penetrate a few feet below the water table, so calibration 
could only be done for the top layer.  The calibration target is set to be within 0.5 m of 
the observed water levels and the results are listed in Table 2. It is seen in Table 2 that the 
calibration is excellent: all errors are smaller than 0.5 m and the root mean squared error 
(RMSE) is 0.24 m. The calibrated values of K and recharge rates are listed in Table 3 
where Kh is the horizontal hydraulic conductivity and Kv is the vertical one. The 
calibrated conductance per unit length is 30 m/day for Missouri River and Floyd River, 5 
m/day for Perry Creek, and 0.5 for the general head boundary.  The contour map of 
steady-state hydraulic heads based on the calibrated parameters is shown in Figure 3. As 
expected, a cone of depression is formed around wells #19 and #21. The minimum head 
of 325.1 m is obtained at Well #21. Groundwater receives its recharge from both 
Missouri River and Floyd River as well as from precipitation. The general flow direction 
in this part of the Cook Park area is towards the southeast, which is consistent with the 
monitor well data. 
 

A sensitivity simulation is carried out by changing the value of hydraulic 
conductivity of layer 3 from 0.23 to 23 m/d, i.e., assuming there is no confining layer 
between the alluvium and the Dakota formation.  It is found that the hydraulic heads are 
not sensitive to this change.  Most wells have more or less the same head values and the 
RMSE of all 11 wells listed in Table 2 has the same value of 0.24 m.  
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MODELING CONTAMINANT TRANSPORT 
 

Contaminant sources exist in layer one of the model and include five known 
LUST sites within a few blocks around the Cook Park well field.  The contaminants of 
concern are benzene and MTBE. The plumes are simulated with MT3D in GMS v. 3.1 
based on the steady-state groundwater flow condition obtained in previous section. 
 
Model Conceptualization and Design 
 

The transport simulation domain is the same with that for the flow as shown in 
Figure 1 with no solute flux across all the boundaries. Five contaminant sources (LUST 
#1, #2, #3, #4, and #5) of benzene were modeled (Table 4).  One strong source of MTBE 
in the vicinity, was modeled at the LUST #5, east of Cook Park.  A weak MTBE source 
was also modeled at LUST #2. Benzene and MTBE source concentrations at these sites 
are the highest reported concentrations from monitor wells at the individual sites. They 
are treated as internal constant concentration sources, which represents a conservative 
scenario even though the times and amounts of petroleum releases from the sources are 
uncertain.  
 

Four packages, Basic, Advection, Dispersion, and Chemical Reactions, are used 
in MT3D. The input parameters needed in this simulation are effective porosity (ne), 
dispersivity (α), and biodegradation rate (λ) for each layer and zone and they are listed in 
Table 5.  Adsorption is neglegted in the coarse alluvial sand and gravel and in the Dakota 
sandstone. These parameters were estimated based on the borehole log descriptions.  The 
value for effective porosity is estimated to be 0.2 (8). The value for longitudinal 
dispersivity (αL) is estimated by noting the plume length from LUST #1 is about 168 
meters. The formula of Neuman (9) yields a value of 20 m.  However, the value of 15 m 
is used for αL because part of large-scale heterogeneity (i.e., layering) that contributes to 
dispersion has been considered explicitly.  Horizontal and vertical transverse dispersivity 
(αT) were taken as 0.75m, and molecular diffusion is ignored.  The biodegradation rate 
was set at λ = 0.001 d-1(10).  A slower biodegradation rate of 0.0005 d-1 was assumed for 
the lower oxygen environment of the Dakota aquifer.   

 
Model Calibration and Predicative Simulation 
 

A calibration effort in this case involves systematically adjusting the values of 
effective porosities, dispersivities (αL, αT), and biodegradation rates (λ) for each layer in 
successive simulations, and comparing the results against the observed concentration at 
the monitoring wells. In this sense, the transport model has not been fully calibrated and 
only the gross plume shapes from the simulations are compared with mapped 
contamination from the field data.  Actual site monitoring data show that benzene has 
never been detected in the water supply wells #19 and #21. 

 
Figure 4 illustrates benzene plumes in layers 1, 2, and 3 from the five constant 

sources at the LUSTs after 3 years. The plumes from the five sources remain separate 
from each other in layer 1. All plumes stay almost the same or become stable after 3 
years. None of the plumes migrates into layer 4, which remains uncontaminated and thus 
is not shown in Figure 4.  This can be viewed as good news since both Well #19 and #21 
are pumping from layer 4. Testing revealed the benzene plumes are very sensitive to the 
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values of biodegradation rates, λ. Doubling the values of λ listed in Table 5 reduces the 
sizes of the plumes dramatically. Reducing the values by half results in much larger 
plumes. Figure 5 illustrates the MTBE plume in the four layers from the two constant 
concentration sources (Table 4) after 10 years. Figure 5a is for layers 1 and 2 and Figure 
5b is for layers 3 and 4.  This result indicates that the highly water soluble and 
recalcitrant MTBE can be expected to reach the well screens in the Dakota aquifer from 
sources of concentration in the range of 1000 ug/L, which is consistent with observation. 
 

A new well will be drilled into the Dakota formation about 122 m to the 
southeast from Well #21 (Figure 1). It will create additional drawdown around the Cook 
Park area and draw the contaminants toward the well once it is pumped. The simulation 
shows, however, that the minimum hydraulic head of 324.34 m is observed at Well #21 
when the new well is pumping at 7571 m3/day, as compared with minimum head of 325.1 
m when the new well is not pumping. Thus, there is only a slight increase in hydraulic 
gradient around the three pumping wells and, consequently, little effect is observed in the 
benzene and MTBE plumes after 10 years pumping of all three wells. The effect of the 
new well is not significant on contaminant transport in this area. The contour map of the 
hydraulic head and the benzene and MTBE plume for the case of new well pumping is 
not given here to reduce the length of this paper. 

 
  

SUMMARY  
 

A multi-layer steady-state flow model is built and calibrated when two Sioux 
City wells (#19 and #21) are pumping. The calibration is excellent with all errors are 
smaller than 0.5 m and the root mean squared error (RMSE) is 0.24 m. The two wells 
produce a large radius of influence in the alluvial aquifer and in the underlying Dakota 
aquifer. Under this flow condition, the benzene and MTBE plumes from five LUST sites 
are simulated. It is shown that the benzene plumes migrated into layers 2 and 3 from 
layer 1 but has not reached layer 4.  This can be viewed as good news for the city since 
both Well #19 and #21 are pumping from layer 4.  The benzene plumes are very sensitive 
to the values of biodegradation rates, λ. Doubling the values of λ listed in Table 5 
reduces the sizes of the plumes dramatically. Reducing the values by half results much 
larger plumes. The simulations show that MTBE from two LUSTs reaches all four layers 
after 10 years since it is hardly degradable. This result indicates that the highly water 
soluble and recalcitrant MTBE can be expected to reach the well screens in the Dakota 
aquifer from the known sources. A new well, which will be drilled into the Dakota 
formation about 122 m to the southeast from Well #21, will create additional drawdown 
around the Cook Park area but the new well will not significantly affect contaminant 
transport in this area, even though its pumping will slightly increase local gradient around 
the pumping wells. 
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Table 1.  Pumping well locations and rates 

Well # 
X 

(m) 
Y  

(m) 
Pumping Rate 

(m3/day) 
 

19 296708 4691732 -3006 

21 296908 4691690 -7571 

5 219010 4710114 -28.6 

11 219026 4710000 -6242 

10 218426 4709818 -922 

2 218753 4709731 -1549 

9 219068 4709774 -3.6 

9 219068 4709774 -3.6 

8 218755 4709636 -774 

8 218755 4709636 -774 

8 218755 4709636 -774 

7 218823 4709629 -970 

7 218823 4709629 -970 

7 218823 4709629 -970 
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Table 2.  Calibration results for hydraulic heads at observation wells. The root 
mean squared error is 0.24 m. 
 

Well # Observed 
head (m) 

Simulated head 
(m) 

Error 
(m) 

 
MW-6 326.90 326.77 -0.13 

MW-8 327.10 326.76 -0.34 

MW-14 326.80 326.75 -0.05 

MW-25 327.00 326.78 -0.22 

RMW-8 326.70 326.69 -0.01 

RMW-12 326.70 326.68 -0.02 

RMW-15 326.50 326.66 0.16 

RMW-16 326.70 326.64 -0.06 

RMW-18 326.70 326.70 -0.00 

RMW-36 326.20 326.60 0.40 

SMC 326.40 326.91 0.51 
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Table 3.  Calibrated values of hydraulic conductivity and net recharge rate, where 
Kh and Kv are horizontal and vertical hydraulic conductivity, respectively. 
  

 
Zone 

# 
Kh 

  
(m/d) 

Kv 
  

(m/d) 

Recharge 
Rage 
(m/d) 

     

I 60 60 0.00042 

II 0.1 0.1 0.0001 

III 2.0 2.0 0.00042 
Layer 1 

IV 1.5 1.5 0.00042 

I 0.1 0.1 N/A 

II 100 100 N/A 

III 1.5 1.5 N/A 
Layer 2 

IV 60 60 N/A 

I 23 23 N/A 
Layer 3 

II 0.23 0.23 N/A 

Layer 4 N/A 23 23 N/A 
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Table 4.  Source locations and concentrations at the five LUSTs  

  LUST # 

X 
(m) 

Y  
(m) 

Benzene 
Concentration 

(ppb) 

MTBE 
Concentration 

(ppb) 
 

1 218986 4711301 3,000 NA 

2 219110 4711175 6,000 300 

3 219173 4711072 4,000 NA 

4 219339 4710986 5,000 NA 

5 219958 4710371 3,000 1700 
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Table 5.  Input parameters the layers for contaminant transport modeling where 
ne is effective porosity and αL and αT  are longitudinal and transverse dispersivity, 
respectively. 

 

 
Zone 

# 
ne  αL 

(m) 
αT 
(m) 

Biodegradation 
rate for Benzene 

(d-1) 

Biodegradation 
rate for MTBE  

(d-1) 

       

I 0.2 20 1 0.001 0 

II 0.2 20 1 0.001 0 

III 0.2 20 1 0.001 0 
Layer 1 

IV 0.2 20 1 0.001 0 

I 0.2 20 1 0.001 0 

II 0.2 20 1 0.001 0 

III 0.2 20 1 0.001 0 
Layer 2 

IV 0.2 20 1 0.001 0 

I 0.2 20 1 0.0005 0 
Layer 3 

II 0.2 20 1 0.0005 0 

Layer 4  0.2 20 1 0.0005 0 
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Figure  Captions 
 

 
Figure 1.   Modeling domain of the study area, Sioux City, Iowa. The dark purple line is 

the boundary of the domain. The crosses are the general head boundary nodes, 
the solid circles are the pumping wells, and the solid triangles are the leaky 
underground storage tanks (LUSTs). 

 
Figure 2.  Zones of hydraulic conductivity of layer 1 and 2 (top) and layer 3 (bottom). 

Layer 4 is homogeneous and has only one zone. 
 
Figure 3.  Contour map of steady-state head. The contour interval is 0.1 m. The 

minimum head of 325.1 m is at the well #21.  
 
Figure 4.  Benzene plume at 3 years in Layer 1 (a), Layer 2 (b), and Layer 3 (c). No 

benzene is observed in Layer 4. The plumes are outlined by the contour line 
of 5 ppb.  

 
Figure 5.  MTBE plumes at 3 years in Layer 1 (a), Layer 2 (b), Layer 3 (c), and Layer 4 

(d). The plumes are outlined by the contour line of 5 ppb.  
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Figure 1.  Modeling domain of the study area, Sioux City, Iowa. The dark purple line is 
the boundary of the domain. The crosses are the general head boundary nodes, the solid 
circles are the pumping wells, and the solid triangles are the leaky underground storage 
tanks (LUSTs). 
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Figure 2. Zones of hydraulic conductivity of layer 1 and 2 (top) and layer 3 (bottom). 
Layer 4 is homogeneous and has only one zone. 
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	Baseline Requirements



	Additional Requirements for Synthetic-Based Muds (SBMs)
	Whole muds may not be discharged
	Cuttings with up to 6.9% SBMs may be discharged
	Ester SBMs can have up to 9.4% SBM on cuttings

	Polynuclear aromatic hydrocarbon (PAH):
	Ratio of PAH mass to mass of base fluid may not exceed 1 x 10-5

	Biodegradation rate of chosen fluid shall be no slower than that for internal olefin
	Base fluids are tested using marine anaerobic closed bottle test

	Base fluid sediment toxicity shall be no more toxic than that for internal olefin base fluid
	Base fluid stocks are tested by a 10-day acute solid-phase test using amphipods (Leptocheirus plumulosus)
	Discharged cuttings are tested by a 4-day acute solid-phase test using amphipods (Leptocheirus plumulosus)

	No discharge of formation oil
	Whole muds are tested onshore by GC/MS
	Discharged cuttings are tested for crude oil contamination by fluorescence method
	Table 2 – Summary of ELGs Requirements for Produc
	
	
	Produced sand





	Other Permit Requirements for Gulf of Mexico
	No discharge of drilling wastes within 1,000 meters of (Region 4) or into (Region 6) Area of Biological Concern
	No discharge of inverse emulsion muds or cuttings
	EPA is preparing permit modification to allow discharge of SBM cuttings

	Used oils from platform may not be added to muds
	Rate of discharge may not exceed 1,000 barrels/hour
	Does not apply before installation of riser

	Must maintain inventory of all additives to muds

	Other Permit Requirements for California
	Case-by-case limits for allowable discharge volume of muds and    cuttings
	Ranges from 29,000 bbl/year to 240,000 bbl/year

	Used oils from platform may not be added to muds
	Must report inventory of all additives to muds
	Can meet toxicity limit by using one of eight preapproved muds and testing additives
	No discharge of SBMs or cuttings

	Other Permit Requirements for Alaska
	Case-by-case limits for allowable discharge volume of muds and cuttings
	Ranges from 0 to 1,000 bbl/hour, based on depth

	Drilling wastes from no more than five wells can be discharged at one location
	Must develop a mud plan outlining types of muds and additives to be used
	Must maintain an inventory of additives actually used
	Restrictions on set backs from sensitive environments and in ice-covered areas
	Must conduct environmental monitoring program to evaluate impacts of drilling discharges
	Additional monitoring for Ba, Cd, Cr, Cu, Hg, Pb, and Zn

	Other Requirements for Region 4 (Eastern Gulf of Mexico)
	No discharge allowed within 1,000 meters of Area of Biological Concern
	Toxicity: 96-hour LC50 must not exceed concentration determined by using critical dilutions
	
	Mysid shrimp (Mysidopsis bahia)
	Inland silverside minnow (Menidia beryllina)

	Critical dilutions based on water depth, pipe diameter, and flow rate
	Dilution calculated using CORMIX 2 model
	Dilution can be increased by using a diffuser or adding seawater



	Other Requirements for Region 6 (Western Gulf of Mexico; > 3 miles offshore)
	No discharge within Area of Biological Concern
	Toxicity: 7-day NOEC must not exceed concentration determined by using critical dilutions
	
	Mysid shrimp (Mysidopsis bahia)
	Inland silverside minnow (Menidia beryllina)

	Critical dilutions based on water depth, discharge depth, pipe diameter, and flow rate
	Dilution calculated using CORMIX 2 model
	Dilution can be increased by using a diffuser or adding seawater
	Frequency of testing based on volume of discharge



	Other Requirements for Region 6 (Western Gulf of Mexico; 0-3 miles from shore)
	No discharge allowed:
	to areas intermittently exposed
	in parks or wildlife refuges
	within 1,300 feet of oyster or sea grass bed

	Toxicity
	Similar to Region 6  (>3 miles offshore)

	Other chemical monitoring
	benzene, lead, phenol, thallium,radium 226, radium 228
	Limits based on dilution



	Other Requirements for Region 9 (California)
	Sample produced water for 26 chemicals and effluent toxicity to determine if those substances are likely to cause a water quality problem
	Determine available dilution using PLUMES model
	Dilution can be increased by using a diffuser or adding seawater

	EPA has already set limits on selected chemicals at some platforms

	Discharge volume limits are set for each platform
	Conduct study of on-line oil and grease monitors

	Toxicity Requirements
	quarterly chronic testing with red abalone (Haliotis rufescens)
	annual chronic testing with plant \(giant kelp –
	EPA will set separate NOEC limits for each platform based on dilution
	If limits are exceeded, must sample more frequently
	If limits are still exceeded, must undertake a toxicity reduction evaluation
	Identify sources of toxicity
	Take actions to mitigate toxicity
	Retest to confirm results

	Study of impacts of produced water discharges on fish

	Other Requirements for Region 10 (Alaska)
	NOEC toxicity limits set for each platform
	Annual chronic testing using three species
	
	Inland silverside minnow (Menidia beryllina)
	Mysid shrimp (Mysidopsis bahia)
	Mussel (Mytilus sp.) or Pacific oyster (Crassostrea gigas)


	If limits are exceeded, must sample more frequently
	If limits are still exceeded, must undertake a toxicity reduction evaluation
	Identify sources of toxicity
	Take actions to mitigate toxicity
	Retest to confirm results
	Table 5 – Summary of Actual Drilling Waste Dispos


	Gulf of Mexico
	WBMs and cuttings
	nearly all are discharged
	a small proportion of WBMs are recycled
	none are injected

	OBMs and cuttings
	most OBMs are recycled
	4 companies inject some cuttings/the  rest are disposed onshore
	none are discharged

	SBMs and cuttings
	nearly all SBMs are recycled
	most cuttings are discharged
	1 company disposes cuttings onshore


	California
	WBMs and cuttings
	nearly all are discharged
	one company disposes cuttings onshore
	none are injected

	OBMs and cuttings
	all OBMs and cuttings are brought onshore for disposal
	1 company previously tried injection but it didn’

	SBMs and cuttings
	not used in this area


	Cook Inlet
	WBMs and cuttings
	nearly all are discharged
	a small proportion of cuttings are disposed onshore
	none are injected

	OBMs and cuttings
	2 companies recycle OBMs/1 company injects them
	all 3 companies inject cuttings
	none are discharged

	SBMs and cuttings
	not used in this area


	North Slope Data – 1998
	WBMs and cuttings
	all injected

	OBMs and cuttings
	most OBMs are recycled
	all cuttings injected

	SBMs and cuttings
	not used in this area
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	Table 3 Correlation coefficients between 1:1 soil to water extract and saturated paste extract for all the data, and for fine and coarse textural groups.
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