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Abstract
Thermal maturity of Devonian shales in the northern Appalachian Basin was determined on dip-oriented cross-sections by evaluation of
multiple parameters, including gas chromatography (GC) spectra of bitumen extracts, organic matter type, spectral fluorescence of Tasmanites
algae, and hydrogen index (HI) values. These parameters were compared to Devonian shale thermal maturity determined by random vitrinite
reflectance (Ro) and the thermal maturity of overlying Pennsylvanian coal determined by maximum vitrinite reflectance (Ro(max)). Devonian
shale Ro values commonly are lower than overlying Pennsylvanian coal Ro(max) values; this suggests a thermal maturity inversion and the
possibility of vitrinite reflectance suppression in shale. However, application of a suppression correction factor to shale Ro values gave
inconsistent results, and this technique was discounted for our data set. Instead, we propose that low R o values in low maturity Devonian shale
result from inclusion of solid bitumen reflectance measurements in vitrinite reflectance histograms. In contrast, GC spectra, organic matter
type, spectral fluorescence of Tasmanites algae, and HI values all suggest that shale thermal maturity is higher than determined via R o and is
more consistent with Ro(max) of overlying coals, especially in the northern part of the study area. Evaluation of HI values may be a better
approach to determination of thermal maturity in low maturity shales because it is the least labor intensive and least expensive test; however,
this parameter needs to be calibrated vs. atomic H/C ratios. Despite that our new data suggest Devonian shale is higher maturity in the northern
part of the study area than previously documented by vitrinite reflectance, it does not explain the presence of dominantly dry thermogenic gas
associated with Type II kerogen-bearing oil-prone source rocks.
Introduction
The regional Devonian shale-gas accumulation in the Appalachian Basin primarily consists of the Middle Devonian Marcellus Shale producing
trend in Pennsylvania, West Virginia, and New York, and the overlapping Upper Devonian Ohio Shale producing trend in southern and
western West Virginia, eastern Kentucky, eastern Ohio, and southwestern Virginia (Figure 1). Overall, the regional Devonian shale-gas
accumulation follows the northeast trend of the Appalachian Basin and is approximately 600 miles (mi) long by 100-200 mi wide. Thermal
maturity of the regional Devonian shale-gas accumulation is characterized by vitrinite reflectance (Ro) values that range from about 0.5 % at the

western margin of the gas accumulation to greater than 3.5 % at the eastern margin of the accumulation. Ro isograds are based on reflectance
values of dispersed vitrinite measured from well cuttings and core updated from Repetski et al. (2008).
In contrast, the Ro(max) 0.6 % Pennsylvanian coal isograd (based on maximum reflectance of in situ vitrinite in coal beds) (Ruppert et al., 2010)
(Figure 2) is up to 50 mi west of the Devonian shale Ro 0.5 % isograd, thus indicating that Pennsylvanian coal beds commonly have a higher
thermal maturity than Devonian shale that underlies the coal by 1500 to 2000 ft. This apparent ―
inverted‖ thermal maturity profile is most
pronounced in east-central Ohio as recognized by Rowan et al. (2004) from regional burial history models. A similar ―
thermal maturity
inversion‖ between Devonian shale and overlying Pennsylvanian coal beds was noted in the Illinois Basin (Barrows and Cluff, 1984; Nuccio
and Hatch, 1996). The ―
inverted‖ thermal maturity profile recognized in east-central Ohio is replaced farther eastward by a ―
normal‖ thermal
maturity profile (that is, the Devonian shale R o values are about equal to or greater than the Pennsylvanian coal bed Ro(max) values) in eastern
Kentucky, southeastern Ohio, western Pennsylvania, and West Virginia (Figure 2). Assuming Pennsylvanian coal Ro(max) values (based on in
situ vitrinite) to be accurate, one must conclude that Devonian shale Ro values in east-central Ohio are anomalously low. Moreover, areas with
―
inverted‖ thermal maturity profiles (such as east-central Ohio) are confined to immature to low maturity black shale (R o values =0.5 %),
whereas areas with ―
normal‖ thermal maturity profiles (such as southeastern Ohio, western Pennsylvania, and West Virginia) are confined to
moderate maturity black shale (Ro values =1.0 %). Dispersed vitrinite Ro values may be anomalously low in thermally immature to low
maturity organic-rich Devonian shales because of vitrinite suppression, a condition in which the normal kinetics of vitrinite thermal maturation
were impacted by a variety of syn-depositional and post-burial processes. Such conditions may include bitumen impregnation, host rock
lithology, overpressure, variations in vitrinite precursor material, and incorporation of organic sulfur (Hutton and Cook, 1980; Price and
Barker, 1985; McTavish, 1998; Carr, 2000; Barker et al., 2007, among others). Determining if vitrinite reflectance is suppressed in the low
maturity shales may have important implications for defining the updip limit of thermogenic gas in the Appalachian Basin.
This investigation has two major objectives: 1) define the western limit of thermogenic Devonian shale-gas in the Appalachian Basin and 2)
assess three largely independent properties of Devonian black shale in the Appalachian Basin that may substitute as thermal maturity indicators
in place of Ro data. Assessed properties are as follows: 1. gas chromatographic (GC) spectra of bitumen extracts, 2. maceral types and spectral
fluorescence of Tasmanites algae, and 3. Rock Eval hydrogen index (HI) values. Each of these properties was evaluated along four dip-oriented
transects where Ro values range from =0.5 to 2.0 % (Figure 3). The four transects (designated A-D) are 160 to 225 mi long, consist of 7 or 8
wells having one or more samples, and extend from Ohio eastward to Pennsylvania, West Virginia, Kentucky, or Virginia. A fifth, much
shorter transect (A Lake Erie Shoreline) also was used. The structure and stratigraphy of the transects were constructed specifically for this
study using geophysical wireline logs, lithologic logs, geologic maps, and digital elevation models. Correlations in several drill holes relied on
previous publications (e.g., Majchszak, 1980; Ryder et al., 2008). Data collected and analyzed on each transect are compiled in Tables 1, 2, 3,
and 4.

Geochemical Character of Devonian Shale
Total organic carbon (TOC) in weight percent
A histogram of total organic carbon (TOC) values in wt.% (determined by Leco Carbon Analyzer at Weatherford Laboratories) for Devonian
shales (n=166) from the subsurface of the Appalachian Basin of Kentucky, New York, Ohio, Pennsylvania, and West Virginia is shown in
Figure 4. The TOC distribution ranges from about 0.2 to 15.6 wt.%, and 83 % of the samples contain between 1.0 and 8.2 wt.% TOC.
Moreover, the TOC distribution is trimodal with peaks at about 1.4 to 2.2 wt.% (mainly Marcellus Shale from New York, Pennsylvania, and
West Virginia, and Rhinestreet Shale from West Virginia), 4.4 to 5.6 wt.% (mainly Marcellus Shale from Pennsylvania and Ohio Shale from
Kentucky and Ohio), and 6.0 to 6.8 wt.% (mainly Ohio Shale from Kentucky and Ohio and Marcellus Shale from Ohio and New York). Low
TOC (0.2-2.2 wt.%) Devonian shales mainly are Marcellus Shale from West Virginia and Pennsylvania and Rhinestreet Shale from West
Virginia. The lower TOC values in this group of samples may be related to the original depositional setting or because of higher thermal
maturity.
Kerogen type
A modified Van Krevelen plot of Devonian shales (n=166) from the subsurface of the Appalachian Basin of Kentucky, New York, Ohio,
Pennsylvania, and West Virginia is shown in Figure 5 [determined by Rock-Eval II pyrolysis, e.g., Espitalié et al. (1977) at Weatherford
Laboratories]. The large number of samples with hydrogen index (HI) values between 200 and 550 and oxygen index (OI) values between 5
and 15 suggests that the Devonian shale samples are characterized by type II kerogen. Marine origin of the Devonian shale as suggested by the
predominance of type II kerogen is consistent with the presence of abundant to common Tasmanites (a marine alga) and local conodonts,
linguloid brachiopods, and Tentaculites. The large number of samples on the Van Krevelen plot with HI values between 0 and 100 and OI
values between 5 and 30 most likely represent original type II kerogen converted to type IV kerogen (inert solid bitumen) by thermal
degradation.
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Figure 1. Index map of the Appalachian Basin showing Devonian shale outcrops, shale gas accumulations, and Devonian shale Ro isograds.
Updated from Repetski et al. (2008). Devonian shale Ro values from Ontario, Canada, from Obermajer et al. (1997). The 0.5% Devonian
shale Ro isograd is shown in bold to emphasize proximity to the onset of hydrocarbon generation.
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Figure 2. Index map of the Appalachian Basin showing Pennsylvanian coal Ro(max) isograds from Ruppert et al. (2010).
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Figure 3. Index map of the Appalachian Basin showing dip-oriented transects A-D and transect A Lake Erie Shoreline used in this study.

Figure 4. Histogram showing the distribution of total organic carbon (TOC) in wt.% for Devonian shale samples. Updated from Repetski et
al. (2008).

Figure 5. Modified Van Krevelen plot (hydrogen index vs. oxygen index) showing kerogen types for Devonian shale samples. Updated from
Repetski et al. (2008).

Distribution of Vitrinite Reflectance (Ro) Values along the Transects
Methodology
The stratigraphy and structure of Middle and Upper Devonian black shales (Marcellus Shale, Rhinestreet Shale, Huron Member of the Ohio
Shale, Cleveland Member of the Ohio Shale), Lower Mississippian black shale (Sunbury Shale), and overlying Mississippian and
Pennsylvanian strata along transects A-D and A Lake Erie Shoreline are shown in Figures 6, 7, 8, and 9. Also included are the stratigraphic
positions of collected samples and results of vitrinite reflectance (Ro) measurements. In order to record the maximum Ro value of the Devonian
black shale sequence at each point on the transects, the oldest available black shale unit was collected from each drill hole. Therefore, the
Marcellus Shale was the preferred unit to be sampled, followed by the Rhinestreet Shale and the lower part of the Huron Member. Samples
from all three of these black shale units have comparable depths of burial whereby no unit is separated stratigraphically by more than 800 ft in
each well. The Marcellus Shale, Rhinestreet Shale, and lower part of the Huron Member have similar geochemical properties based on similar
environments of deposition, mineralogy, and organic facies (Streib, 1981; Zielinski and McIver, 1982).
The Ro values were derived from whole-rock core and cuttings samples that were ground to 16-20 mesh size, mounted in plastic and/or epoxy
pellets, polished, and measured in oil under reflected light (ASTM 2011a,b). Approximately 20 to 50 R o measurements of dispersed vitrinite
random reflectance were made for each sample and the mean value is reported. Most of the analyses were completed by Humble Geochemical
Services (HGS, now Weatherford Laboratories) analysts or Paul C. Hackley (USGS, Reston, VA) and reported in Tables 1, 2, 3, and 4. A small
number of Ro analyses were reported by Streib (1981), Zielinski and McIver (1982), and ExLog Brown and Ruth (1988) (Tables 1, 2, 3, and 4).
Ro analyses by HGS previously were reported in Repetski et al. (2008).
Transect A
Transect A extends from north-central Ohio to northwestern Pennsylvania and consists of 7 drill holes (Figure 6). Transect A Lake Erie
Shoreline is located in northeastern Ohio and consists of two drill holes. The subsurface distribution of Devonian shale R o and Pennsylvanian
coal Ro(max) isograds along transect A is shown in Figure 10 based on map view isograds from Repetski et al. (2008) and Ruppert et al. (2010).
As indicated by the map view of Devonian shale and Pennsylvanian coal isograd patterns on Figure 3, the Devonian shale Ro values on Figure
10 are lower than the overlying Pennsylvanian coal Ro(max) values and, therefore, are consistent with the previously introduced term ―
thermal
maturity inversion.‖ The ―
thermal maturity inversion‖ phenomenon is shown by juxtaposition of Pennsylvanian coal 0.6 % and 0.8 % isograds
near drill holes A4 and A5, respectively, against Devonian shale R o values of 0.48 to 0.42 % in drill holes A3 and A4. ―
Thermal maturity
inversion‖ also is characterized by juxtaposition of the estimated Pennsylvanian coal 0.9 % isograd (location estimated from Figure 3 with the
Devonian shale 0.5 % isograd near drill hole A6. The only area that shows a ―
normal‖ thermal maturity profile is where the Devonian shale 1.0
% isograd near drill hole A7 coincides with the estimated 1.0 % Pennsylvanian coal isograd. An alternate location for the 0.5 % Devonian R o
isograd shown in Figure 10 is based on the 0.96 value of Hackley (Table 1) in sample A5a.

Reproducibility and Suppression Correction Factor
Evaluation of Ro values determined by different operators indicates a moderate to high level of reproducibility for Transects A and A Lake Erie
Shoreline (Figure Appendix 1-a). Application of the Ro suppression correction factor proposed by Lo (1993) (Figure 11) resulted in moderate
changes to the placement of the Devonian shale Ro isograds shown in Figure 10. However, changes in the locations of Ro isograds as a result of
application of the suppression correction factor showed no consistent regional pattern (Figure Appendix 1-b), and this technique was
discounted for our data set. A detailed evaluation of R o data reproducibility and the application of the Lo (1993) suppression correction factor
for Transects A and A Lake Erie Shoreline are presented in Appendix 1.
Transect B
The subsurface distribution of Devonian shale R o and Pennsylvanian coal Ro(max) isograds along transect B are shown in Figure 12, based on
map view isograds from Repetski et al. (2008) and Ruppert et al. (2010). As indicated by the map view of Devonian shale and Pennsylvanian
coal isograd patterns, Devonian shale R o values are lower than the overlying Pennsylvanian coal Ro(max) values and, therefore, also show a
“thermal maturity inversion.” The “thermal-maturity inversion” is characterized by juxtaposition of the Pennsylvanian coal 0.6 % isograd
(between drill holes B3 and B4) against Devonian shale Ro values of 0.38 to 0.44 % in drill hole B2 and juxtaposition of the Pennsylvanian coal
0.8 % isograd (between drill holes B6 and B7) against the Devonian shale 0.5 % isograd near drill hole B3. The only area that shows a “normal”
thermal maturity profile is where the Devonian shale 1.0 and 1.5 % isograds between drill holes B 4 and B6 coincide with the respective 1.0 and
1.5 % Pennsylvanian coal isograds located between B7 and B8, and east of B8, respectively. The 1.5 % Devonian R o isograd in Figure 12 is
based on the 1.71 value of Streib (1981) in sample B6b, rather than the 1.44 value of HGS in sample B7.
Reproducibility and Suppression Correction Factor
Evaluation of Ro values determined by different operators indicates a moderate to high level of reproducibility for Transect B (Figure Appendix
2-a). Application of the Ro suppression correction factor proposed by Lo (1993) resulted in moderate changes to the placement of the Devonian
shale Ro isograds shown in Figure 12. However, changes in the locations of Ro isograds as a result of application of the suppression correction
factor showed no consistent regional pattern (Figure Appendix 2-b), and this technique was discounted for our data set. A detailed evaluation of
Ro data reproducibility and the application of the Lo (1993) suppression correction factor for Transect B are presented in Appendix 2.
Transect C
The subsurface distribution of Devonian shale Ro and Pennsylvanian coal Ro(max) isograds along transect C based on map view isograds from
Repetski et al. (2008) and Ruppert et al. (2010) is shown in Figure 13 and also indicates a thermal maturity inversion. The thermal maturity
inversion is characterized by juxtaposition of the Pennsylvanian coal 0.6 % isograd near drill hole C 2 against the Devonian shale Ro value of
0.44 % in drill hole C1 and juxtaposition of the Pennsylvanian coalbed 0.8 % isograd near drill hole C 7 against the Devonian shale Ro value of
0.48 % value in drill hole C4. Another example of the inverted thermal maturity profile occurs where Devonian shale R o values of 0.44 % in

drill hole C2 and 0.39 % in drill hole C3 are overlain by Pennsylvanian coal R o(max) values that range between 0.6 and 0.8 %. The only area that
shows a “normal” thermal maturity profile is where the Devonian shale 1.0 % isograd in drill hole C 8 coincides with the 1.0 % Pennsylvanian
coal isograd located about 40 mi east of drill hole C8.
Reproducibility and Suppression Correction Factor
Evaluation of Ro values determined by different operators indicates a moderate to high level of reproducibility for Transect C (Figure Appendix
3-a). Application of the Ro suppression correction factor of Lo (1993) resulted in moderate changes to the placement of the Devonian shale R o
isograds shown in Figure 13. However, changes in the locations of Ro isograds showed no consistent regional pattern (Figure Appendix 3-b),
and this technique was discounted for our data set. A detailed evaluation of Ro data reproducibility and the application of the Lo (1993)
suppression correction factor for Transect C are presented in Appendix 3.
Transect D
The subsurface distribution of Devonian shale R o and Pennsylvanian coal Ro(max) isograds along transect D based on map view isograds from
Repetski et al. (2008) and Ruppert et al. (2010) is shown in Figure 14. In contrast to transects A through C, transect D shows a “normal”
thermal maturity profile at each end of the transect and an inverted thermal maturity profile in the central part of the transect. The central zone
of “thermal-maturity inversion” is located where the Devonian shale R o=0.45 % value (in drill hole D4) and the Ro=0.51 % value (in drill hole
D5) underlie the 0.6 to 0.8 % Pennsylvanian coal Ro(max) isograds. The “normal” thermal maturity profile at the western end of the transect is
recognized where the Devonian shale 0.5 % isograd between drill holes D 1 and D2 is closely aligned with the 0.6 % Pennsylvanian coalbed
isograd located between drill holes D2 and D3. Also, the Devonian shale Ro values of 0.58 to 0.59 % in drill holes D3 and D2, respectively, are
considered to be part of the “normal” thermal maturity profile at the western end of the transect even though they are slightly lower than the
overlying 0.6 % Pennsylvanian coal isograd. The “normal” thermal maturity profile at the eastern end of the transect is recognized where the
Devonian shale 1.0 % isograd and the Devonian shale 1.5 % isograd coincide with respective Pennsylvanian coal 1.0 and 1.5 % isograds. The
1.0 and 1.5 Devonian Ro isograds in Figure 14 are based on the 1.42 value of Hackley (Table 4) in sample D6 rather than the 0.75 value of
HGS.
Reproducibility and Suppression Correction Factor
Evaluation of Ro values determined by different operators indicates a moderate level of reproducibility for Transect D (Figure Appendix 4-a).
Application of the Ro suppression correction factor (Lo, 1993) resulted in moderate changes to the placement of Devonian shale Ro isograds
shown in Figure 14. However, changes in the locations of R o isograds showed no consistent regional pattern (Figure Appendix 4-b), and this
technique was discounted for our data set. A detailed evaluation of R o data reproducibility and the application of the Lo (1993) suppression
correction factor for Transect D are presented in Appendix 4.

Discussion
The distribution of Devonian shale Ro and Pennsylvanian coal Ro(max) isograd patterns shown on Figures 1, 2, and 3 imply unrealistic
paleogeothermal relationships for Ohio and adjoining parts of Kentucky, Pennsylvania, and West Virginia because they commonly suggest
“inverted” thermal maturity profiles. These unrealistic paleogeothermal relationships are further emphasized in the cross-sections along
transects A-D where Devonian shale Ro values commonly are lower than overlying Pennsylvanian coal R o(max) values and (or) Devonian shale
Ro isograds are offset from Pennsylvanian coal R o(max) isograds (Figures 10, 12, 13, and 14). In general, the “inverted” thermal-maturity profiles
occur where Devonian shale Ro values are between about 0.35 and 0.55 % and overlying Pennsylvanian coal Ro(max) values are between about
0.6 and 0.8 %. Where “normal” thermal maturity profiles are present they commonly are at the southeastern ends of the transects where
Devonian shale Ro and Pennsylvanian coal Ro(max) isograds are closely aligned and are equal to or greater than 1.0 %. In a few cases, “normal”
thermal maturity profiles are located toward the northwestern ends of the transects where Devonian shale R o and Pennsylvanian coal Ro(max)
isograds are closely aligned and equal to 0.5 or 0.6 %.
Based on the preceding discussion, the location of the Devonian shale R o 0.5 % isograd shown on Figures 1, 2, and 3 probably underestimates
the western extent of thermally mature Devonian shale with respect to oil and early gas generation. Consequently, the Devonian shale Ro 0.5 %
isograd is considered herein to be an unreliable indicator of the western (updip) limit of thermogenic gas and oil generation in the Devonian
shale sequence and should be extended at least 30 to 50 mi westward to where it coincides with the Pennsylvanian coal R o(max) 0.6 % isograd.
In contrast, Devonian shales with Ro values =1.00 % values provide a reliable indication of thermal maturation history. An effort to correct
suppression of Ro values (following Lo, 1993) in the immature to marginally mature Devonian shale (R o=0.7 %) met with mixed results
(Appendices 1, 2, 3, and 4). Although the correction factor successfully shifted the Devonian shale 0.5 % isograd farther westward in several
areas (Figures Appendix 1-b, 2-b), in most cases the correction factor still underestimated Devonian shale R o values or, particularly at the
northwestern ends of the transects, overestimated Devonian shale R o values (Figure Appendix 3-b) compared to Ro(max) values of nearby
Pennsylvanian coals. Thus, vitrinite suppression corrections are considered herein to provide inconsistent and “artificial” R o values that should
not be incorporated into regional thermal maturity maps of the Devonian black shales in the Appalachian Basin. For similar reasons, Repetski
et al. (2008) chose not to contour “corrected” data points (calculated by HGS; see Tables 1, 2, 3, and 4) on their Devonian shale Ro map.
We propose that abnormally low Ro values recorded in these organic-rich, thermally immature to marginally mature Devonian shales may have
resulted from measurement of solid bitumen (or vitrinite-like material). Solid bitumen at these lower thermal maturity levels (R o=0.25 to 0.70
%) may have different kinetic properties than vitrinite and therefore may yield lower reflectance values (Robert, 1988; Jacob, 1989; Landis and
Castaño, 1995). The common occurrence of bitumen is not usual in organic-rich shales that are characterized by type II kerogen. Furthermore,
Obermajer et al. (1997) previously reported bitumen reflectance values for the Marcellus Shale along the Lake Erie shoreline in Ontario,
Canada (Figure 1). We speculate that bitumen ranges in composition from gilsonite to grahamite (Figure 15) and was generated and extruded
into microfractures in the organic-rich Devonian black shales early in the maturation cycle. Although this speculation is not supported by an
abundance of bitumen “fracture fillings” or “microdikes” in core or outcrop samples, these features have been reported locally along transect A
(Cliff Minerals, 1979a,b). Also, larger bitumen dikes have been reported in Pennsylvanian strata from southwestern Pennsylvania (Koppe,
1959; Curiale, 1986) and northwestern West Virginia (Merrill, 1904; Simard, 1985), but it is uncertain whether the bitumen was generated from

underlying Devonian black shales or from within Pennsylvanian black shales and coal beds. Once solid bitumen in the Devonian shales reached
thermal maturity values of Ro=0.7 to 1.0 %, its molecular structure may have been modified such that kinetic reactions of bitumen approximate
the kinetic reactions of vitrinite and become compatible with the Pennsylvanian coal R o(max) values. Petrographic observation of our samples
documented that some void-filling solid bitumens had similar reflectance values to discrete organic fragments interpreted to be vitrinite.
Therefore, a mixture of solid bitumen plus vitrinite reflectance measurements or measurements dominantly of bitumen could be expected as the
result of a ―
vitrinite‖ reflectance determination on a low-maturity Appalachian or Illinois Basin Devonian shale.
Because Devonian shale Ro values in the 0.30 to 0.70 % range are highly suspect (including the location of the 0.5 % isograd shown on Figures
1, 2, and 3), they cannot be used to reliably estimate the onset of oil and (or) thermogenic gas. Consequently, alternative measures must be
adopted to better document the onset of the oil and (or) accompanying early thermogenic gas window. The remainder of this report is devoted
to systematic study of three physical and geochemical characteristics to determine if they can be correlated with the onset of oil and (or)
thermogenic gas in Devonian shales of the Appalachian Basin: 1) gas chromatographic (GC) analysis of bitumen extracts, 2) dispersed maceral
types and spectral fluorescence of Tasmanites algae, and 3) Hydrogen Index (HI) contours.
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Figure 6. Geologic cross-section along transect A showing the stratigraphy and structure of Devonian black shales and the location of
analyzed samples in drill holes A1-A7. A companion cross-section transect A Lake Erie Shoreline containing drill holes ALake and AAsh also
is shown. Surface elevation (blue line) in this and other cross-section figures of this article was derived from a digital elevation model
evaluated in a geographic information system.
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Figure 7. Geologic cross-section along transect B showing the stratigraphy and structure of Devonian black shales and the location of
analyzed samples in drill holes B1-B8.
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Figure 8. Geologic cross-section along transect C showing the stratigraphy and structure of Devonian black shales and the location of
analyzed samples in drill holes C1-C8.
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Figure 9. Geologic cross-section along transect D showing the stratigraphy and structure of Devonian black shales and the location of
analyzed samples in drill holes D1-D7.
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Figure 10. Geologic cross-section along transects A and A Lake Erie Shoreline showing the distribution of measured Devonian shale Ro
values and projected subsurface Devonian shale Ro and Pennsylvanian coal Ro(max) isograds based on map view isograds from Repetski et al.
(2008) and Ruppert et al. (2010), respectively. HGS, Humble Geochemical Services.

Figure 11. Cross plot of measured Ro vs. corrected Ro to account for vitrinite reflectance suppression. From Lo (1993).
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Figure 12. Geologic cross-section along transect B showing the distribution of measured Devonian shale Ro values and projected subsurface
Devonian shale Ro and Pennsylvanian coal Ro(max) isograds based on map view isograds from Repetski et al. (2008) and Ruppert et al.
(2010), respectively. HGS, Humble Geochemical Services.
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Figure 13. Geologic cross-section along transect C showing the distribution of measured Devonian shale Ro values and projected subsurface
Devonian shale Ro and Pennsylvanian coal Ro(max) isograds based on map view isograds from Repetski et al. (2008) and Ruppert et al.
(2010), respectively. HGS, Humble Geochemical Services.
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Figure 14. Geologic cross-section along transect D showing the distribution of measured Devonian shale Ro values and projected subsurface
Devonian shale Ro and Pennsylvanian coal Ro(max) isograds based on map view isograds from Repetski et al. (2008) and Ruppert et al.
(2010), respectively. HGS, Humble Geochemical Services.

Figure 15. Classification of solid hydrocarbons. From Landis and Castaño (1995) and Jacob (1989).

Gas Chromatographic Analysis of Bitumen Extracts
Concept and Methodology
Oil and (or) gas in Devonian black shales of the Appalachian Basin mainly is generated from a mixture of bituminite and laminated alginite
(amorphous organic matter; type II kerogen) having abundant high molecular weight n-alkanes. As Devonian black shale advances through the
thermal maturation process the distribution of the n-alkane spectrum changes according to the level of thermal maturation. Thus, lower
molecular weight n-alkanes (n-C12 to n-C18) in the whole-oil GC spectrum increase in relative abundance at the expense of higher molecular
weight n-alkanes (n-C19 to n-C30+) because of thermal cracking processes associated with increasing thermal maturity. For example, in the
Appalachian and Illinois basins, bitumens extracted from thermally immature Devonian shale show a broad GC spectrum with abundant high
molecular weight n-alkanes, whereas bitumens extracted from thermally mature Devonian shale show a narrow GC spectrum with more
moderate amounts of high molecular weight n-alkanes (Figure 16). Also, the relative abundance of high molecular weight n-alkanes in
immature or low maturity samples produces a gently sloping spectrum with a broad secondary shoulder, whereas relative absence of high
molecular weight n-alkanes in higher maturity samples produces a steeply sloping GC spectrum. Although the Illinois Basin example with a
broad secondary shoulder for an immature sample is based on a GC from an oil sample, the same results are expected for a GC from a bitumen
extract.
Three qualitatively derived types of GC spectra for bitumen extracts are described according to their level of thermal maturity. Level one,
shown by a solid yellow circle on Figure 17, has a broad GC spectrum with one or more shoulders and characterizes an immature to marginally
mature sample with respect to oil and (or) gas generation. Level two, indicated by a solid red circle, has a narrow GC spectrum and
characterizes a mature sample (probably oil- and early-gas stage of maturation). Level three is indicated by a solid brown circle, has an
unresolved ―
hump‖ of higher molecular weight components, and identifies a mature sample with respect to oil and (or) gas generation
(probably gas- and latest-oil stage of maturation). GCs from 36 bitumen extract samples from 32 drill holes along transects A-D were classified
according to their thermal maturity level and plotted on the cross-sections (Figures 18, 19, 20, and 21) and plan view map (Figure 22)
according to the color codes shown on Figure 17. Several GCs cannot be evaluated because they show spurious high molecular weight n-alkane
peaks that probably were introduced to the sample as a contaminant such as a drilling fluid additive.
Ground shale samples (~10 g, 60 mesh, 0.25 mm top size) were extracted at Weatherford Laboratories via reflux in Soxhlet with
dichloromethane in the presence of activated Cu. Extraction continued overnight or until extracts ran clear. Extracts were filtered through
Whatman No. 40 filters and solvent reduced through evaporation. Whole extracts were analyzed using an Agilent 6890N GC with injector held
at 275°C. The GC was equipped with an Agilent DB-1 column (60 m, 0.25 mm i.d., 0.25 µm film thickness 100% dimethylpolysiloxane) using
He as carrier gas. The column oven temperature program was 30°C (for 5 min), then increased by 3°C/min to 320°C (held for 20 min). Eluted
components were identified by flame ionization detector held at 350°C.

Results
Estimated thermal maturity level along transects A-D based on GC character of extracted bitumens was plotted on the associated cross-sections
and compared with the previously described Devonian shale R o 0.5 % and Pennsylvanian coal Ro(max) 0.6 % isograds (Figures 18, 19, 20, and
21). Transect A clearly suggests that the boundary between immature Devonian shale samples (shown in yellow) and mature Devonian shale
samples (shown in red) coincides with the Pennsylvanian coal Ro(max) 0.6 % isograd and, therefore, is shifted about 100 mi westward of the
onset of oil and (or) thermogenic gas generation originally defined by the shale R o 0.5 % isograd (Figure 18). In addition, transect A Lake Erie
Shoreline shows that Devonian shale in drill hole ALake is immature and Devonian shale in drill hole AAsh is very near the immature-mature
boundary. In transect B, the boundary between immature Devonian shale and mature Devonian shale does not coincide exactly wit h the
Pennsylvanian coal Ro(max) 0.6 % isograd, but the match is reasonably close and is shifted about 15 mi westward of the onset of oil and (or)
thermogenic gas generation originally defined by the shale R o 0.5 % isograd (Figure 19). Transect C shows the greatest disparity between
immature-mature Devonian shale and the Pennsylvanian coal R o(max) 0.6 % isograd (Figure 20). Although the approximate limit of oil and (or)
thermogenic gas generation (based on bitumen extract GCs) is shifted about 25 mi westward of the shale R o 0.5 % isograd, this boundary
remains offset significantly (about 35 mi) from the Pennsylvanian coal R o(max) 0.6 % isograd. The Devonian shale R o 0.5 % and Pennsylvanian
coal Ro(max) 0.6 % isograds are closely matched on transect D (Figure 21); so there is no difficulty in selecting the western limit of oil and (or)
thermogenic gas generation. However, Devonian shale R o values associated with drill holes D4 and D5 are anomalously low for the
corresponding Pennsylvanian coal Ro(max) isograds (Figure 14). This discrepancy is resolved with bitumen extract GCs which show Devonian
shales in drill holes D4 and D5 to be mature with respect to oil and (or) thermogenic gas generation (Figure 21).
Discussion
The distribution of thermal maturity levels along transects A-D and A Lake Erie Shoreline based on the spectral character of GCs of extracted
bitumen is summarized in Figure 22. The key observation regarding the map patterns occurs along transect A where onset of oil and (or)
thermogenic gas shown by the yellow-red boundary is shifted about 50 mi west of the Devonian shale Ro 0.5 % isograd and is aligned with the
Pennsylvanian coal Ro(max) 0.6 % isograd. This shift implies that Devonian shale R o values were underestimated in drill holes A4-A6 and that
GC character of extracted bitumen provides a more accurate estimate of the boundary between thermally immature and mature Devonian shale.
In contrast, transects B-D show no dramatic shifts of the immature-mature boundary (derived from GC spectral character of extracted bitumen)
away from the Devonian shale Ro 0.5 % isograd. Transect B shows little improvement in the definition of the immature-mature boundary
because sample B3 is interpreted to be immature based on the GC character of extracted bitumen (Figure 19). Thus, the immature-mature
boundary still is located approximately between drill holes B3 and B4 and misaligned with the Pennsylvanian coal Ro(max) 0.6 % isograd.
Although transect C shows a westward shift of the immature-mature boundary of about 30 mi from the location of the Devonian shale R o 0.5 %
isograd, this shift still falls short of the Pennsylvanian coal Ro(max) 0.6 % isograd by 50-60 mi. In transect D, analysis of GC spectra defines a
immature-mature boundary consistent with the Devonian shale R o 0.5 % and Pennsylvanian coal Ro(max) 0.6 % isograds, and suggests the
Devonian shale is mature in drill holes D4 and D5 where Ro values indicate it is immature.
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Figure 16. Contrasting changes in the spectral character of gas chromatograms of extracted bitumen between immature and thermally mature
Devonian shales in the Appalachian and Illinois basins.
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Figure 17. General changes in spectral character of Devonian shale bitumen extract GCs with increasing thermal maturity.
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Figure 18. Geologic cross-sections along transects A and A Lake Erie Shoreline showing the stratigraphy and structure of Devonian black
shales, subsurface distribution of shale Ro and Pennsylvanian coal Ro(max) isograds, and interpreted thermal maturity of shale based on
spectral character of extracted bitumen.
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Figure 19. Geologic cross-section along transect B showing the stratigraphy and structure of Devonian black shales, subsurface distribution
of shale Ro and Pennsylvanian coal Ro(max) isograds, and interpreted thermal maturity of shale based on spectral character of extracted
bitumen.
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Figure 20. Geologic cross-section along transect C showing the stratigraphy and structure of Devonian black shales, subsurface distribution
of shale Ro and Pennsylvanian coal Ro(max) isograds, and interpreted thermal maturity of shale based on spectral character of extracted
bitumen.
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Figure 21. Geologic cross-section along transect D showing the stratigraphy and structure of Devonian black shales, subsurface distribution
of shale Ro and Pennsylvanian coal Ro(max) isograds, and interpreted thermal maturity of shale based on spectral character of extracted
bitumen.
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Figure 22. Index map showing the distribution of thermal maturity levels on transects A-D and A Lake Erie Shoreline based on the spectral
character of GCs of bitumen extracts from Devonian shales.

Dispersed Maceral Types and Spectral Fluorescence of Tasmanites
Concept and Methodology
Dispersed macerals in Devonian shales gradually are converted from original bituminite and alginite source material (Type II kerogen) to
petroleum and refractory residues with increasingly higher levels of thermal maturity. For example, samples containing abundant bituminite
and alginite are considered to be thermally immature, whereas samples containing abundant solid bitumen (e.g., asphalt) are considered to
represent a higher level of thermal maturity, probably within the stage of oil generation (Figure 23). Samples containing pyrobitumen are
considered to have achieved an even higher level of thermal maturity that probably represents the stage of wet- and (or) dry-gas generation.
Barrows and Cluff (1984) successfully used this approach to determine the onset of the oil window in the Devonian New Albany Shale in the
Illinois Basin.
Spectral fluorescence characteristics of Devonian black shale rely on measurements of telalginite macerals (mainly derived from the alga
Tasmanites). Samples having spectral fluorescence measurements with a mean λ max=575-600 nm are considered to be thermally mature
(Teichmüller and Ottenjann, 1977; Robert, 1988). An example from drill hole C 5 in Jackson County, West Virginia (Table 3), with Tasmanites
λmax=612 nm suggests that the sample is mature with respect to oil and (or) early thermogenic gas generation (Ro~1.0 % according to Robert,
1988).
Spectral epi-fluorescence measurements were conducted at USGS with a Zeiss AxioImager microscope with a metal halide illuminator
according to the calibration and methods described in Baranger et al. (1991). For each sample, ten measurements of the fluorescence spectrum
of Tasmanites were collected using ultraviolet (356 nm) excitation. Spectral fluorescence data were determined to be accurate and reproducible
through interlaboratory exercises in 2008-2010 on blind samples (Mendonça Filho et al., 2010).
Results
The result of maceral type determinations and spectral fluorescence measurements along transects A-D and A Lake Erie Shoreline are reported
in Tables 1, 2, 3, and 4 and plotted on Figure 24. Transect A shows that the λmax=600 nm contour coincides with the Pennsylvanian coal Ro(max)
0.6 % isograd, and, therefore, the onset of oil and (or) thermogenic gas generation is shifted about 50-60 mi westward of the onset of generation
defined by the shale Ro 0.5 % isograd. In addition, transect A Lake Erie Shoreline shows that Devonian shale in drill hole ALake is largely
immature (λmax=535 to 581 nm) and that shale in drill hole AAsh is very near the immature-mature boundary (λmax=567 to 592 nm). In transect
B, the λmax=600 nm contour coincides approximately with the Pennsylvanian coal Ro(max) 0.6 % and Devonian shale Ro 0.5 % isograds. Transect
C shows the greatest disparity between the λmax=600 nm contour and the Pennsylvanian coal Ro(max) 0.6 % isograd. Although the approximate
onset of oil and (or) thermogenic gas generation (based on the λmax=600 nm contour) is shifted about 10 mi westward of the shale R o 0.5 %
isograd, this boundary remains offset significantly eastward (about 40 mi) of the Pennsylvanian coal R o(max) 0.6 % isograd. In contrast to the
other transects, transect D shows the onset of oil and (or) thermogenic gas generation (based on the λmax=600 nm contour) shifted eastward

about 40-50 mi of the shale Ro 0.5 % and Pennsylvanian coal R o(max) 0.6 % isograds. Thus, maceral type determinations and spectral
fluorescence measurements may underestimate the western limit of oil and (or) thermogenic gas generation on this transect.
Discussion
Estimated thermal maturity level for each sample on transects A-D and A Lake Erie Shoreline based on maceral types and spectral fluorescence
measurements was plotted on Figure 24 and compared with the Devonian shale R o 0.5 % and Pennsylvanian coal Ro(max) 0.6 % isograds.
Although the distribution of identified maceral types and the λmax=600 nm isoline seem to be in general agreement, the λmax=600 nm contour
provides a more consistent indicator of thermal maturity of Devonian shale. The best thermal maturity indicators of the macerals are
amorphous kerogen (bituminite and alginite) and pyrobitumen where they appear, on the immature and mature sides of the λ max=600 nm
contour, respectively. By comparison, bitumen is present in both the immature and mature sectors as suggested by the λ max=600 nm isograd.
The key observation regarding spectral fluorescence measurements involves transect A where the onset of oil and (or) thermogenic gas (based
on the λmax=600 nm contour) is shifted about 50 mi west of the Devonian shale Ro 0.5 % isograd and is aligned with the Pennsylvanian coal
Ro(max) 0.6 % isograd. This shift may imply that Devonian shale R o values may underestimate thermal maturity in drill holes A4-A6. Transect B
shows no real change in the location of the onset of oil and (or) thermogenic gas because the λ max=600 nm contour coincides with the Devonian
shale Ro 0.5 % and Pennsylvanian coal Ro(max) 0.6 % isograds. Although transect C shows a westward shift of about 10 mi for the onset of oil
and (or) thermogenic gas generation (based on the λmax=600 nm contour) from the location of the Devonian shale Ro 0.5 % isograd, this shift
still falls well short of the Pennsylvanian coal R o(max) 0.6 % isograd. In transect D, distribution of maceral types and the λ max=600 nm contour
define a thermal immature-mature boundary that is shifted 40 to 50 mi southeast of the shale Ro 0.5 % and Pennsylvanian coal Ro(max) 0.6 %
isograds. This significant southeastward shift is inconsistent with the other transects and remains unexplained.

Figure 23. General changes in the character of dispersed maceral types in Appalachian Basin Devonian shale with increasing thermal
maturity.
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Figure 24. Index map showing the distribution of thermal maturity levels on transects A-D and A Lake Erie Shoreline based on dispersed
maceral types and spectral fluorescence measurements.

Hydrogen Index (HI) Contours
Concept and Methodology
The Hydrogen Index (HI) (mg HC/g TOC) component of the Rock-Eval II analysis and the related atomic H/C ratio gradually decrease with
thermal maturity and organic matter conversion to petroleum. Lewan et al. (2002) successfully used HI contouring to determine the onset of the
oil window in the Devonian New Albany Shale in the Illinois Basin. Based on a calibration curve for the New Albany shale in the Illinois Basin
where HI was plotted against atomic H/C ratio and mole fraction (H/[C+H]), Lewan et al. (2002) interpreted the onset of petroleum generation
to occur at HI = 400 mg HC/g TOC (Figure 25). The calibration curve of Lewan et al. (2002) that determined the 400 HI contour limit for the
pod of active source rocks used samples having 2.5 wt.% or greater TOC to insure a continuous bitumen network. In the absence of a
calibration curve for the Devonian shale of the Appalachian Basin, the New Albany Shale curve derived by Lewan et al. (2002) was applied in
this investigation and the 400 HI contour was used to establish the onset of petroleum generation. Because the 2.5 wt.% or greater TOC
requirement for the Appalachian Basin samples could not provide an adequate dataset, the requirement was decreased to 1.5 wt.% or greater
TOC.
Results
The HI data points (with 1.5 wt.% or greater TOC) used in this study were derived from the Repetski et al. (2008) database. The contoured
hydrogen index (HI) values are plotted on Figure 26, and the HI values on transects A-D and Lake Erie Shoreline are compiled in Tables 1, 2,
3, and 4. Transect A shows that the HI=400 contour is closely aligned with the coal R o(max) 0.6 % isograd and, therefore, the onset of oil and
(or) thermogenic gas generation is shifted about 35-40 mi westward from the shale Ro 0.5 % isograd. In addition, transect A Lake Erie
Shoreline shows that Devonian shale in drill hole ALake is immature (HI=227 (anomalous), 439, 475) and that shale in drill hole A Ash is near the
immature-mature boundary (HI=358, 434). In transect B, the HI=400 contour is shifted approximately 15 mi west of the coal Ro(max) 0.6 % and
shale Ro 0.5 % isograds. Transects C and D show the greatest disparity between the HI=400 contour and the shale R o 0.5 % and coal Ro(max) 0.6
% isograds. Although the approximate onset of oil and (or) thermogenic gas generation on transect C (based on the HI=400 contour) is shifted
about 10 mi westward of the shale Ro 0.5 % isograd, this is significantly offset (about 40 mi) from the coal R o(max) 0.6 % isograd. The onset of
oil and (or) thermogenic gas generation (based on the HI=400 contour) on transect D is shifted eastward about 40 mi from the shale R o 0.5 %
isograd and about 30 mi from the coal R o(max) 0.6 % isograd. Thus, the HI=400 contour in this transect may not adequately estimate the western
limit of oil and (or) thermogenic gas generation.
Discussion
A key observation regarding Figure 26 involves transect A where the onset of oil and (or) thermogenic gas (based on the HI=400 contour) is
shifted about 50 mi west of the shale R o 0.5 % isograd and is nearly aligned with the coal Ro(max) 0.6 % isograd. This shift implies that the shale
Ro % values may underestimate thermal maturity in drill holes A4-A6 and that the HI=400 contour may provide a more accurate estimate of the
boundary between thermally immature and mature Devonian shale. Transect B shows a similar westward shift of the onset of oil and (or)

thermogenic gas (based on the HI=400 contour) in comparison to the shale R o 0.5 % isograd. However, the westward shift is less dramatic
(about 15 mi). This westward shift of the onset of oil and (or) thermogenic gas (based on the HI=400 contour) on transect B suggests that the
shale Ro values may underestimate thermal maturity in drill hole B3 and that the HI=400 contour may provide a more accurate estimate of the
boundary between thermally immature and mature shale. Transect C also shows a westward shift of the onset of oil and (or) thermogenic gas
(based on the HI=400 contour), but the shift is only about 10 mi from the shale R o 0.5 % isograd and falls well short of the coal Ro(max) 0.6 %
isograd. In transect D, the location of the HI=400 contour defines a thermal immature-mature boundary that is shifted 40 to 50 mi southeast of
the shale Ro 0.5 % and coal Ro(max) 0.6 % isograds. This significant southeastward shift is unexplained.

Figure 25. Hydrogen Index (HI; mg HC/g TOC) from Rock-Eval pyrolysis plotted against atomic H/C ratio and mole fraction (H/[C+H]) for
samples of the New Albany Shale in the Illinois Basin (Lewan et al., 2002).
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Figure 26. Index map showing the distribution of HI contours along transects A-D and A Lake Erie Shoreline.

Summary, Conclusions, and Follow-up Studies
The three key boundaries or contour lines used herein to discriminate between immature versus mature regions of Devonian shale are
summarized on Figure 27 and include, as discussed: 1) differences in the GC spectral distributions of extracted bitumen (marked GC ImmatureMature), 2) the λmax=600 nm contour line derived from spectral fluorescence measurements of Tasmanites, and 3) the HI=400 contour line
derived from Rock-Eval data. All three boundaries are considered to demonstrate where the onset of oil and (or) thermogenic gas occurs. In
eastern Ohio, western Pennsylvania, and northern West Virginia the three boundary lines are reasonably close together and coincide
approximately with the Pennsylvanian coal Ro(max) 0.6 % isograd. The width of the zone that encompasses the three boundary and contour lines
(shown by the shaded yellow band) is relatively narrow and ranges from 10 to 25 mi wide. In eastern Kentucky, southern Ohio, and southern
West Virginia the three boundaries are less well constrained to a common zone and range from 30-50 mi apart. Although the zone that is
common to the three key boundaries is relatively wide in the south, it does confine most of the coal R o(max) 0.6 % isograd.
The analysis presented herein suggests that the three Devonian black shale parameters (GC character, λmax=600 nm, HI=400 mg HC/g TOC)
are plausible indicators of the onset of oil and (or) thermogenic gas generation and that they may be more reliable than the Devonian shale Ro
0.5 % isograd shown by Repetski et al. (2008), particularly in the northern part of our study area. In the southern part of the study area the three
parameters are plausible thermal-maturity indicators, but the results are less convincing. The inability of these three parameters to mimic the
thermal maturity level commensurate with the coal Ro(max) isograd along transects C and D is inexplicable and may be related to kerogen type,
data gaps, or problems with data quality in certain areas. One dilemma these new data present is how to decide which parameter presents the
best independent measure of the onset of oil and (or) thermogenic gas generation in low thermal maturity shale. One solution is to map the
updip and downdip boundaries of the area that confines the three isolines and report that initial hydrocarbon generation falls somewhere in
between.
A comparison of the boundary of immature-mature Devonian shale using the three parameters evaluated in this report with the Devonian shale
Ro (corrected) boundary used by Milici et al. (2011) suggests that the Ro (corrected) boundary in Ohio is located 60-70 mi farther westward
than the maturity limits defined herein (Figure 27). Also, modeling studies by Rowan (2006) in northern Ohio showed that the immaturemature Devonian shale boundary is located 10-40 mi farther westward than the maturity limits defined herein. The western limits of Devonian
shale petroleum generation as determined by Milici et al. (2011) and Rowan (2006) are considered unrealistic for Ohio because of their large
variance with the maturity limits rigorously defined in this report. However, in eastern Kentucky, the Devonian shale R o (corrected) boundary
used by Milici et al. (2011) falls within the zone of petroleum generation as defined in this report and, thus, is considered to be more realistic
than the Ro (corrected) boundary in Ohio.
One conclusion of this work is that the Ro=0.5 % isograd of Repetski et al. (2008) is too conservative because it is based largely on
measurement of the reflectance of solid bitumen. Moreover, the term ―
vitrinite suppression‖ may not be applicable because the predominant
maceral is solid bitumen, and, therefore, samples corrected for vitrinite suppression may produce inconsistent and ―
artificial‖ Ro values.
Hackley et al. (in press) used biomarker ratios to demonstrate that R o underestimates thermal maturity in the low maturity areas on the same
transects of the current study area and also concluded that this was because of the misidentification of solid bitumen as vitrinite.

Another conclusion is that GC analysis of extracted bitumen, identification of dispersed maceral types and the spectral fluorescence of
Tasmanites, and Hydrogen Index (HI) contours all appear to be better predictors than R o for the updip limit of mature Devonian shale source
rocks. Probably, the HI contour method may be the easiest test to perform because it is the least labor intensive and least expensive. However, a
dataset of Appalachian black shale samples must be collected and analyzed to calibrate the Rock-Eval derived HI vs. atomic H/C ratios as was
done in the Illinois Basin by Lewan et al. (2002).
Several follow-up studies may improve the reliability of the geochemical- and maceral-based tests evaluated here. Anomalous peaks (probably
contaminants) noted in the whole extract GCs should be identified to better understand the GC spectra in the context of their thermal maturity
setting. Isotope geochemistry of gases in Devonian shale reservoirs along transects A-D and A Lake Erie Shoreline might corroborate the
thermal maturity boundaries and contour lines defined in this study. Finally, there is one general question applicable to the Devonian shales of
this study and to black shale intervals in other basins: why have type II kerogen-bearing, oil-prone source rocks generated natural gas rather
than oil in low maturity parts of the basin? In other words, the hydrocarbon phase that is accumulated spatially near to the onset of petroleum
generation at thermal maturity levels of Ro=0.5 to 0.6 % is most commonly gas, not oil, based on visual evaluation of Devonian-reservoired
hydrocarbons shown on the oil and gas fields of Ohio map (Baranoski, 1996). Some liquids may accompany the gases generated at these low
maturity levels, but commonly the gas is dry and thermogenic in origin according to isotopic data (e.g., Osborn and McIntosh, 2010). Perhaps
early expelled mobile oil has migrated out of the source rock, leaving abundant mobile gas tightly held within the shale matrix with residual oil.
Another factor could be that the thermogenic dry gas has migrated into shale reservoirs from deeper in the basin, although Ryder (2008)
considered this scenario unlikely because of thick, widespread impervious Silurian evaporites.

Click to view high-resolution image

Figure 27. Summary map of the study area showing the distribution of the immature-mature boundary of Devonian shales along transects AD and A Lake Erie Shoreline based on analysis of GC spectral character, spectral fluorescence of Tasmanites algae, and HI. Also shown are
immature-mature boundaries of Devonian shale based on burial history modeling studies by Rowan (2006), and suppression-corrected Ro
data from Milici et al. (2011).
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Table 1. Data collected and analyzed on transect A (1 of 5).

Table 1. Data collected and analyzed on transect A (2 of 5). Thumbnails are linked to full-size images in Part 2.

Table 1. Data collected and analyzed on transect A (3 of 5).

Table 1. Data collected and analyzed on transect A (4 of 5).

Table 1. Data collected and analyzed on transect A (5 of 5). Thumbnails are linked to full-size images in Part 2.

Table 2. Data collected and analyzed on transect B (1 of 5).

Table 2. Data collected and analyzed on transect B (2 of 5). Thumbnails are linked to full-size images in Part 2.

Table 2. Data collected and analyzed on transect B (3 of 5). Thumbnail is linked to full-size images in Part 2.

Table 2. Data collected and analyzed on transect B (4 of 5).

Table 2. Data collected and analyzed on transect B (5 of 5). Thumbnails are linked to full-size images in Part 2.

Table 3. Data collected and analyzed on transect C (1of 5).

Table 3. Data collected and analyzed on transect C (2 of 5). Thumbnails are linked to full-size images in Part 2.

Table 3. Data collected and analyzed on transect C (3 of 5).

Table 3. Data collected and analyzed on transect C (4 of 5).

Table 3. Data collected and analyzed on transect C (5 of 5). Thumbnails are linked to full-size images in Part 2.

Table 4. Data collected and analyzed on transect D (1 of 5).

Table 4. Data collected and analyzed on transect D (2 of 5). Thumbnails are linked to full-size images in Part 2.

Table 4. Data collected and analyzed on transect D (3 of 5). Thumbnail is linked to full-size images in Part 2.

Table 4. Data collected and analyzed on transect D (4 of 5).

Table 4. Data collected and analyzed on transect D (5 of 5). Thumbnails are linked to full-size images in Part 2.
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