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ABSTRACT

Detailed geochemical amalyses are being used to provide an accurate assessment of the oil and
gas resources present in the Devonian shales in the Appalachian and Illinois Basins. The suite of
geochemical analyses is designed to evaluate the organic richness, the hydrocarbon potential, the
type of organic matter and the thermal maturity of the organic matter.

Laboratory techniques such as pyrolysis gas chromatography and mass balance thermal extraction
were also employed to measure thermally derived oil and gas yields from the Devonian shales.

Stable carbon isotope geochemistry has also been initiated. The first phase of this study
involved the determination of stable carbon isotope values for shale core samples.

*Mound Laboratory is operated for the U. S. Energy Research and Development Administration by
Monsanto Research Corporation (Contract No. EY-76-C-04-0053).
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GEOCHEMICAL CHARACTERIZATION OF DEVONIAN GAS SHALE
INTRODUCTION : .

Core samples from seven wells drilled in Illinois, Indiana, Kentucky and Virginia have been
analyzed geochemically fowr the purpose of assessing their fossil energy resource potential. Organic
geochemical data have been obtained for a better definition of the oil and gas contained in the
NDevonian shales.

The hydrocarbon source potential of fine-grained sediments from various worldwide locations has
been studied by many researchers 1,2), the hydrocarbon source rock studies were performed to inves-
tigate the organic richness, type (oil, condensate or gas), and state of thermal maturity of the
hydrocarbon source rocks, and to determine their areal and stratigraphic distribution.

The location of the seven wells is displayed in Figure 1. In most cases, the entire strati-
graphic unit of Devonian shale was cored. Samples for geochemical analyses were taken at 30-foot
intervals and stored in air-tight metal containers. Shortly after arrival at the laboratory, the
containers air space was sampled for methane to heptane hydrocarbons. The container was opened and
additional geochemical analyses were performed.

TECHNIQUES

The geochemical analyses performed on the Devonian shale samples are shown in Figures 2A and
2B. The abundance of methane through heptane hydrocarbons (C1-C7) was measured by summing the con-
tents of the air space and core material stored in an air-tight container. Organic carbon was an-
alyzed by combustion of the carbonate-free sediment. The kerogen was examined visually for morpho-
logical classification after being 1isolated from the inorganic matrix. Dried core material was
crushed and extracted with a benzene-methanol solvent. The soluble extract was weighed, then sep-
arated into fractiong by adsorption and liquid chromatography. The normal paraffin distribution was
determined by gas chromatography. Vitrinite reflectance was measured using modifications of proce-
dures described by Landes(3), and Hacquebord and Donaldson(4),

The pyrolysis gas chromatography involves the heating of a powdered sample of core material at
a constant rate. The hydrocarbons produced during the pyrolysis process are analyzed using a flame
ionization detector (FID) gas chromatograph.

The material balance assay is performed in a closed system under a cover of either helium or
nitrogen. The condensable hydrocarbons formed during the pyrolysis process are collected along with
water in a sidearm collector. The noncondensable products are carried over into a gas collection
bottle. Following the pyrolysis event, the gaseous, liquid and solid products are characterized by
additional analyses.

The stable carbon isotope studies performed to date have been performed only on the organic
portion of the shale core. Prior to analysis, the inorganic carbon was removed by acidification.

DISCUSSION AND RESULTS

Abuwiidance of§ Cy-C7 Hydrocarbons

Gas and gasoline~range hydrocarbons are geuefated from organic matter at different levels of
thermal maturity. Initially, at low temperature, microbial degradation forms methane or "dry" gas.
With increasing time, temperature, and depth of burial, heavier hydrocarbons are generated. In the
early stages of petroleum formation, gas-oil range hydrocarbons predominate with associated amounts
of "wet" gas (Cy-C4 hydrocarbons) and gasoline-range hydrocarbons. The content and distribution of
C1-C7 hydrocarbons is primarily dependent on three geochemical parameters; namely, the organic rich-
ness, the type of organic matter, and its level of thermal maturity.

Shales from each of the wells analyzed to date, contained large quantities of C1-C7 hydrocar-
bons (Figure 3). The average C1-C7 values are listed in Table 1. For the I-1, O-1, P-1 and VA-1
wells, the dry gas, wet gas and gasoline-range hydrocarbons were uniformly distributed. The gas-
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oline-range hydrecarbons in VA-1 are exceptionally low, but the lithology of the samples from this
well indicated that coal was present in most of the samples. In the KY-2 well, however, the hydro-
carbons varied significantly throughout the entire well profile. Also listed in Table 1 are the
values of C31-C7 hydrocarbons released to the headspace of the sample canisters. These values indi-
cate that most of the C1-C4 hydrocarbons are released from the samples and are not retained in the
matrix. For well O-1, however, this was not true. Other investigators(s) have indicated that
samples from well O-1 contain ultramicroporous networks which inhibit the diffusion of hydrocarbon
gases from the material.

The hydrocarbon concentrations listed in Table 1 are minimum values. The core samples are
removed from the well and are exposed to the atmosphere for approximately 1 to 2 hours prior to being
stored in the sample containers. This exposure time allows a significant amount of hydrocarbon gases
to diffuse from the core. Although for most samples, the maximum exposure time is 2 hours, the P-1
samples were exposed to air for several weeks prior to camning for geochemical analysis.

Ornganic Carbon

The organic carbon content of fine-grained argillaceous sediments such as the Devonian shales
is an indicator of organic richness. Organic matter comprised mostly of organic detritus is
preserved by rapid burial. Alteration processes such as microbial degradation and thermal diagenesis
transform the organic matter to the complex heterogeneous material called "kerogen.'" Kerogen is
presumed to be the major precursor for oil and gas. As the sediments become thermally matured, oil
and gas are generated. The amount of kerogen, expressed as the organic carbon content, shows the
abundance of organic matter which may be altered to form hydrocarbons. The lower limit of organic
carbon in shales from productive basins 1is 0.4 percent(6). The worldwide'average of organic carbon
in shales and siltstones is 1.14 percent(7).

The amount of organic carbon in Devonian shales varies from location to location (Figure 4).
In general, the average organic carbon content of sediments from the I-1, O0-1, P-1, KY-2 and VA-1
wells is 6.77, 8.75, 4.73, 2.04, and 1.96 percent, respectively. The organic matter appears to be
more uniformly distributed in the I-1, 0-1 and P-1 wells. However, to the east, the KY¥-2 and VA-1
shales vary considerably in organic carbon from a low of 0.16 to a high of 7.75 percent.

Using the average organic carbon contents and the Mott Factor (1350 ft3—gas/ton of organic
matter), the predicted indigenous gas per unit volume (1 mile x 1 mile x 1000 feet) can be calcula-
ted. The existing indigenous gas can also be calculated using the experimentally determined average
C1~C4 hydrocarbon contents. The results of these calculations are shown in Table 2. The existing
indigenous gas values are very conservative. This conservatism is the result of the previously
discussed loss of hydrocarbon during sample preparation at the well site. If the values were also
corrected for downhole pressure and temperature they would be significantly higher.

Type 0§ Oagandic Matter

The solid organic matter contained in fine-grained sediments visually reflects its source of
deposition. Composed mostly of organic detritus, the kerogen is related to its depositional envi-
ronment by the proportions of marine and continental organic matter it contains. Kerogen identified
visually can be classified as amorphous, herbaceous, woody, or coaly (inertinite). After maturation
by thermal diagenesis, the marine (amorphous) type is prone to generate abundant gaseous and liquid .
hydrocarbons. The nonmarine (woody-coaly) type is prone to produce mostly gaseous hydrocarbons(Svg).

0f the five wells completed to date, the type of organic matter in the I-1l, O-1 and P-1 wells
is primarily herbaceous and amorphous kerogen (Figure 5). This liquid rich material (if present in
sufficient quantities) has the potential to generate abundant oil and associated gas. In contrast,
shales from the KY-2 well contain predominant amounts of either the herbaceous-amorphous kerogen or
the woody-coaly kerogen. The VA~1l well contains organic matter that is predominantly herbaceous-
woody. The high organic carbon content appears to be associated with the kerogen type. In most
cases, the herbaceous-amorphous kerogen is present in shales which contain abundant organic carbon.

The shales containing primary or secondary amounts of woody~coaly kerogen are lean in organic matter.
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C Extrnact
15+
Core material was extracted with organic solvent to yield the C extract or "bitumen." The
bitumen is composed of hydrocarbon and nonhydrocarbon material. The é%tumen in recent sediments is
impoverished in hydrocarbons and contains aostly nonhydrocarbon material. As the sediments become
thermally matured, increasing amounts of hydrocarbons are formed. The average wor ldwide concentra-
tions of hydrocarbons in shales was found to be 96 ppm(7).

Shales from four of the wells were found to contain bitumen composed mostly of hydrocarbons.
The distribution of hydrocarbon and nonhydrocarbon material extracted from the Devonian shales is
shown in Figure 6. The hydrocarbon portion consists of paraffin-napthene (P-N) and aromatic (AROM)
fractions. The nonhydrocarbon material is separated into asphaltene (ASPH) and nitrogen-sulfur=
oxvgen containing compounds (NSO's). 1In the I-1, O-1, and P-1 wells, the average hydrocarbon con-
tent was 2159 ppm, 2463 ppm, and 3332 ppm, respectively. The average hydrocarbon content was 1469
ppm for the KY-2 shales and approximately zero for the VA-1 shales. The hydrocarbon content appears
to be related to the organic carbon content and the kerogen type. In general, shales characterized
bv herbaceous-amorphous kerogen, and a high organic carbon content contain abundant Cjs4+ hydrocar=-
hons. Sediments with low organic carbon content and primary or secondary amounts of woody=-coaly
kerogen contain low amounts of Cjysy hydrocarbons.

Theamal HLstory

In order to assess the hydrocarbon generating capacity of potential source rocks, the thermal
historv and its diagentic effect on petroleum generation must be evaluated. Two methods, kerogen
coloration and vitrinite reflectance, were used to measure the thermal alteration of the Devonian
shales. The kerogen coloration of the plant cuticle and spore-pollen debris is measured in trans-
mitted light. The state of thermal alteration (Thermal Alteration Index or TAI) ranges from light
greenish yellow at Stage 1 for unaltered kerogen to black at Stage 5 for severely altered kerogen.
The thermal zone of oil generation corresponds to a moderately mature to mature kerogen of Stage 2
to 3 (Figure 7). The kerogen in the zone of oil generation is characterized by yellow-orange to
light brown color. Vitrinite reflectance (Ro) is also used to measure the degree of thermal altera-
tion. This technigue has several advantages over other thermal maturation classificatioms. It is
an absolute measurement; it is a rigorous analytical evaluation; and it is a universally accepted
technique. R, values ranging from 0.2 to 0.6 indicate that the sediments are too immature for oil
generation. The zone of petroleum generation is usually interpreted to range from 0.6 to 1.2. R
from 1.2 to 3.0 indicate a thermal history sufficient to form wet gas and methane. The severely
altered or metamorphised organic matter represented by R, values greater than 3.0 is considered as a
nonsource for hydrocarbons.

(o]

The thermal history of the Devonian shales analyzed in this study exhibit a small amount of
variation (Figure 8). The organic matter in shales from the five wells is characterized by its
vellow to orange-brown color. This coloration is consistent with a thermal alteration index of
Stage 1+ to 3-. The average value of Stage 2 corresponds to a thermal history equal to the early
stages of petroleum generation. The mean average vitrinite reflectance value in both the I-1 and
0-1 wells is 0.45. In the P-1 well, a slightly higher value of 0.50 was measured. The value for
KY-2 was 0.52, while that for VA-1 approached 1.0. Based on the vitrinite reflectance date, it
appears likely that the Devonian shales will be increasingly more mature in an east-south easterly
direction. T

sateniat Balance Assay

Material Balance Assays (MBA's) are being performed on all the geochemical samples. For the
assays approximately 100 grams of well-riffled, representative 4 to 8 mesh material are heated and
destructively distilled at a maximum temperature of 500°. The assay is performed in a closed sys-
tem and either helium or nitrogen is used as the flush gas. O0il and water are condensed in a
centrifuge tube and noncondensable gases flow into an evacuated receiver. Following the pyrolysis
process, the products are weighed and further analyzed.
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The analyses performed on the pyrolysis products include o0il, gas and water yield; gas compos;—
tional analysis; detailed oil and water amalysis; percent post-assay organic carbon; and percent ash.
These studies are designed to correlate the geochemical analyses with pyrolysis yield.

The average MBA product yields obtained to date are shown in Table 3. Table 4 lists the average
gas analyses obtained. for the samples from the three wells. These data support the previously deter-
mined geochemical data which indicated that the samples from the O-1 and I-1 wells would yield more
hydrocarbon products than the samples from KY-2. The MBA of the KY-2 well samples also exhibited the
same variations that characterized the other geochemical analyses. This is best indicated by the oil
yields which varied from 0.1 to 4.6 gal/ton. '

The other analyses are currently in progress on these samples, but a preliminary analysis of the
0il product from the 0-1 well produced the results shown in Table 5.

Pyrolysis-Gas Chromatography

To date, core samples from the I-1 well and the P-1 well have been analyzed by pyrolysis gas
chromatography. Approximately 100 mg. of powdered sample was heated under helium from ambient
temperature to 5530°C at a constant rate of 30°C/min. The heating of the organic matter in the shale
produces hydrocarbons which are swept by the carrier gas to a flame ionization detector. The amount
of hydrocarbons generated vs. the temperature of generation is displayed on a recorder. The areas
under the curves are computed by a digital integrator. The test data are listed in Table 6 and 7,
and are shown in Figures 9 and 10.

A preliminary evaluation of the pyrolysis data from the analysis of I-1 and P-1 samples shows
the following.

1. The total hydrocarbon yield is directly proportional to the C15+ bitumen concentration and
the organic carbon content.

2. The total amount of organic carbon available for hydrocarbons is less than the total
organic carbon.

3. The Fischer Assay oil yields calculated by this method are similar to the yields obtained
by the modified material balance method.

4, In order to obtain optimum hydrocarbon yields during the gas production of these shales,

a heating process will be required not only for extraction, but also for pyrolytic
cracking.

Stable Canbon Isotope Geochemisiny

Samples of shale core from five wells have been analyzed by mass spectrometry for stable carbon
isotope values. Prior to analysis, the inorganic carbon was removed by acidification. The total
organic carbon was converted to CO2 and its deltal3C was measured relative to PDB. The deltallc
results show a strong correlation to the organic matter type. In general, the samples classified as
gas prone, restricted marine or nonmarine are characterized by deltal3c values ranging from -24.6 to
about -28. The oil prone, more marine type of organic matter composed mostly of herbaceous and
amorphous kerogen is characterized by isotopically lighter deltal3c values (~27 to =31). Four of
the five wells have been exposed to a similar thermal history. The organic matter from the VA-1l is
more thermally mature (Table 8). Deltal3C values from the nonmarine shales (gas prone) from VA-1
appear to be isotopically lighter than the nonmarine shales in the other four wells. Increasing
thermal maturation on kerogens of similar type usually produces a kerogen which becomes increasingly
heavier relative to 13¢/12¢. The data indicate that the opposite effect has taken place, namely
the organic matter has become slightly lighter. Previous studies performed on crude oils and kero-
gens have shown that deltal3c values of -23 to =29 are indicative of marine derived organic matter.
Values of -29 to -33 usually indicate marine organic matter. The initial results obtained on
selected Eastern gas shales seems to show an inverse relationship when compared to previous carbon
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isotope studies. A . _

More samples from other wells are currently being anmalyzed to establish if this inverse rela-
tionship does exist and why it does occur. Stable carbon isotope work is also currently in progress
on both the C1~C7 gas species and the Material Balance Assay oil product.

CONCLUSIONS

The Devonian shales are evaluated as a potential source of oil.and gas based upon the type of
kerogen present, its degree of thermal alteration, the nature of hydrocarbons which it has been
generated and the hydrocarbons produced by pyrolvsis. . A preliminary evaluation of the geochemical
data obtained from the core material seems to indicate that the samples from the western region
have the greatest organic richness and contain the more abundant oil prone organic matter. The VA-1
well contained the most C1~C4 hydrocarbon gases, a minimum of 46 B Cu.ft./unit volume.

The degree of thermal alteration has been sufficient to initiate the hydrocarbon forming process
in the Devonian shales in all the wells examined to date. Shales from the wells in the western re-
gion are at approximately the same level of maturation. The shales from the KY-2 and VA-l wells are
slightly more mature.
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