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EXECUTIVE StMJIARY 

This rep:.:>rt represents a detailed SUlTllT'ary of the data from a complete 

suite of organic geochemical analyses performed on more than 2000 individual 

core samples as well as several hundred cuttings sarnplesfrom Devonian Shale 

wells drilled in the Appalachian Basin. After the data were verified, 

plotted, mapped, and correlated with knCMIl production in the basin, the 

following conclusions becarre apparent: 

Three parameters, t'Y.C organic geochemical and one palynological, are the 

most diagnostic in describing the source p:.:>tential of the shales. These 

reveal the quantity, of hydrocarbon generated by the source, and whether the 

hydrocarbon is more likely to be gas or liquid. These three key parameters 

are: 

1. 	 The quantity of total organic carbon, dete.rinined by combustion 
of the carbonate-free rock. 

2. 	 The origin of that organic matter, determined by palynology, 
which identified three major sources in the basin: 

a. 	 Norn:al rrarine life, Le., the remains of algae, 'Y.Cnns, 
and other life forms that have been .found in Devonian 
rocks elsewhere, 

b. 	 An unusually abundant form of the green algae, 
Tasmanites, which flourished to such an ·extent that in 
SOJ:Ce rocks, it obscured all the other forms, 

c. 	 Organic rnatter derived from plant life growing on a 
land ll'.ass. Sorre of this terrestrial material, the 
'WOOdy type, was carried into· the basin by streams; sorre 
other types, plant sp:.:>res and· p:.:>llen-like material, 
were apparently borne by the wind, and are found to 
sorre extent in virtually all the samples. 

3. 	 The extent to which the above organic rnatter had been cracked by 
the heat from the surrounding rock. This is called the thern:al 
alteration index. 

By generally accepted geochemical criteria, the quantities of organic 

matter in the rocks in approximately the western half of the AppalacrIian Basin 

qualify many of the rocks as exceptional p:.:>tential sources of petroleum 

hydrocarbons. In any given unit in the basin, the quantities decrease to the 

east. 



It is very in'q;:ortant to realize that the p:>tentia1· of any rock organic 

matter to generate hydrocarbons is not realized until it experiences rroderate 

thermal alteration. In this basin, the rocks in the west have experienced 

only slight thermal rcodification and have realized only a fraction of their 

significant p:>tential. In the deepest parts of the basin, the rocks have 

experienced too much heat, i.e. , the organic matter has been completely 

cracked and virtually no p:>tentia1 remains. 

The abundance of marine algae, including Tasrnanites, would suggest that 

the Upper Devonian is p:>tentia11y an oil province. This interpretation is 

supp:>rted by a host of other geochemical data, particularly the heavy, 
hydrocarbon and other biturren contents, and the prop:>rtion of ethane and 

heavier components in the gas evolved fran the cores. 

However, the abundance of gas and the relative paucity of liquid 

hydrocarbons, Le., oil, in the basin, demanded that organic geOchemical 

criteria had to be rrodified for application in this basin. Empirically, it 

can be seen that the rocks have to be at a Thermal Alteration Index of 3 or 

rrore (rather than values of 2 or rrore, usual,ly applicable in other basins) in 

order to have cracked off enough liquid hycrocarbons to allow migration to 

have taken place. 

This rcodification rnadeit necessary to prop:>se a mechanism to account for 

the retardation of the formation of liquid hydrocarbons from their precursors. 

The answer lay in the nature of the rocks themselves. The distinctive feature 

of these shales is their unusually low pe:rmeabilities. Apparently because of 

this exceptionally low pe:rmeabi1ity, the hydrocarbon gases which are fo:rmed 

early. in the generation sequence, initially from microbial action on the rock 

organic matter, and then the very first gas cracked off by heat, are retain~ 

in the p:>res by the very tiny p:>re throats. Internal pressures build faster 

than in a rrore perrreable shale, and retard the reactions which are resp:>nsib1e 

for the formation of the liquids. Under the influence of these elevated 

pressures, it takes greater thermal stress to generate liquids than ordinarily 

observed. Liquid hydrocarbons are fo:rmed in the basin, but further to the 

east than previously anticipated. 
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The oil-favoring limit was mapped as part of this study; the area that 

favors liquids is smaller than it otherwise would have been because the higher 

te:rrperatures are generally displaced toward the leaner rocks, and away from 

the rrore marine, i.e., rrore oily, types of organic matter. 

The distribution of arrounts and types of organic rnatter, together with 

the lotation of the areas with rrore or less thermal alteration, also made it 

possible to re-assess the roagnitude of the resource contained in the Eastern 

Gas Shales. As part of the study,. improved methods were developed for 

determining the arrounts of gas in place in individual core samples. 

Controlled off-gas~ing, calibrated with data on absolute quantities of 

gas-in-place in cores taken with the pressure-retaining core barrel, allowed 

algorithms to be developed for relating the arrount of gas to the values of the 

three aforementioned geochemical variables obtained on the same cores. The 

gas-in-place values were calculated. 
I':; 

The geochemical data and the algorithms produced a value of 2~~~ TCF for 

all the gas contained· by all the Upper Devonian Rocks in the study portion of 

the Appalachian Basin. 

In an attempt to define r.ecoverable resources two recent studies were 

reviewed and while these studies appeared inadequate in addressing recoverable 

resource, sufficient data were not available to substantially improve the 

confidence level of a new value. If shot-well technology is used, it appears 
. /'\ 

that the production would be diffusion controlled and the range of recoverable 

resource would fall between 30 and 50 TCF collectively for the states of West 

Virginia, Ohio and Kentucky. No data were available that would allow 

estimates to be rnade for Pennsylvania, New York and Virginia. 

These estimates were made for shot wells on 160 acre spacings. Because 

of the diffusion-controlled production, closer well spacings can significantly 

improve these recoverable values. Locating naturally fractured reservoirs and 

improving stimulation technologies can also markedly improve the recovery 

rate. 

.... 
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--------------------------------

The structural evolution of the basin was also studied. Originally it 

was hoped tbat this study would provide clues to the control of the 

distribution and localization .of the marine, the Tasmanites, and the 

terrestrial types of organic rna.tter. This evidence of a rrore local structural 

control of organic facies was not apparent on the regional scale at which it 

was sought: however, the structural information, as well as the data derived 

from the porosity and porosity detel:TIlinations for the cores, and data on 

fracture descriptions in cores, were used to delineate, on a regional basis, 

those areas which should favor the occurrence of fracture porosity, which is 

essential to create natural reservoirs in these rock units with their virtual 

absence of coarse clastics. 

Complete .sets of maps and cross sections are provided to assist the 

explorationist to detel:TIline the probable regional favorability of the 

geochemistry in his area of interest. However, because of the wide spacing of 

the data points in this regional study, it is advisable to determine whether 

the favorable facies exist in the rrore geographically restricted area of 

interest. This project shows. that this can be done with only t\<10 or three 

geochemical determinations. 
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INl'RODUCI'ICN 

The major objectives of the U. S. Department of Energy I s (DOE) Eastern 
Gas Shale Project (EGSP) are to accurately estimate both the gas in place and 
the economically recoverable resources .contained in the Upper Devonian Shales 
of the Eastern Interior Basins. One of the tasks designed to meet this need 
was a comprehensive organic geocheri1ical program. The purpose of this task 
was to subject a geographically representative suite of samples fram across 
the basin to the same geochemical analyses that are used widely in. the 
petroletml industry to identify source potential. Results of these tests were 
expected to reveal what the original potential of the dark shales was, how 
much of that potential has been realized, and the nature of the product, 
i.e., dry gas, wet gas, oil, or any corrbination of these, that has been 
generated regionally and locally within the potential source rock. 

Of course, the fact that a rock has hydrocarbon source potential does 
not necessarily mean that contiguous reservoirs will contain any oil or gas, 
but does show that the rock satisfies one of the three major requirements for 
the presence of pooled hydrocarbons. In addition to the necessity for source 
rocks, the other requirements are the occurrence of some type of porous 
volume to serve as the reservoir, and the presence of some type of seal to 
confine the resource. These requirements being met, wigration of the 
hydrocarbons from the sources to the reservoirs must also take place. In 
serre instances hydrocarbons may migrate many wiles; but. in the case of the 
dark shales, the same rock that generates the bulk. of the gas can also serve 
as the reservoir, Le., where it is fractured or interbedded with thin silt 
stringers. 

For these reasons, the first phase of this project was to study the 
distribution and the interrelationships of the organic geochemical data and 
determine which parameters had exploration significance and which could be 
used in an assessment of gas in place. 

The second phase of the study was to map the diagnostic pararreters. The 
richest sediment wedges, located areally· and stratigraphically, could be pin
pointed for industry's future exploration in the basins, as well as serving 
as a guide to those areas which should be targeted for future research on 
stimulation methods. 

The next phase of the study was to use the geochemical parameters to 
calculate an estimate of the overall resource of the basin, and estimate how 
much of that resource is recoverable by existing technology, and how much 
might be recovered by technology of the future. . 

The last part of the geochemical study was to interpret the structural 
evolution of the basin in light of plate tectonics and continental drift, and 
see if there might be serre tectonic control of the shifting locus of abundant 
Tasmanites in the unusual marine setting from which the Eastern Gas Shales 
were deIXlsited. At the same time, possible relationships of the fracture 
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orientation in the cores with basin tectonics and structure were to be 
studied with the goal of identifying areas where reservoirs might be favored, 
or where stimulation projects might be nost effective. FiP.ally, the fracture 
and structural data were to be superimposed on the geochemical naps to locate 
the best trends for exploration for reservoired gas (and possibly, oil) that 
could be recovered by existing and by future technology. 

This report concentrates on the Appalachian Basin, which is the largest 
of the Eastern Interior Basins. 
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GEOCHEMISTRY 

Background 

As the narre implies, geochemistry (and rrore specifically in the context 
of this rep::>rt, organic or petroleum geochemistry) is the cqmbined science of 
organic chemistry and geology. Even rrore specifically, it is the application 
of chemical principles and procedures to the investigation of the composition 
and distribution of organic-carbon-containing components of subsurface rocks. 
In recent years, petroleum geochemistry has come to mean the use of chemical 
principles, methods and data to elucidate the processes of origin, migration, 
accumulation, and alteration of oil and gas. 

The resulting understanding of same of these processes has made organic 
geochemistry an important adjunct to rrore classical geological and 
geophysical methods in the exploration for oil and gas. 

It was for this reason that in the early stages of the Eastern Gas Shale 
Program the decision was made to bring the full corrplement of organic 
geochemical technology to bear on the problem of the relatively low 
realization of gas and oil from the dark Devonian shales that have for 
decades been known to be organic-rich. 

With the exception of a srrall arrount of hydrocarbons produced by living 
organisms and buried with sediments, and relatively small but conmercially 
irrportant arrounts of methane gas produced by microbes in shallowly buried 
sediments, the consensus of opinion of organic geochemists is that the great 
majority of hydrocarbons found in sedimentary rocks is the result of the 
thennal conversion of part of the ·rrore corrplex kerogenous organic matter. 
(1,2). This kerogen is a product of the remains of whatever organisms, plant 
or animal, that lived at the tine of dep::>sition of the sediments,_ that 
survived the destructive processes which ordinarily break down the organisms 
and recycle their organic carbon, and that were incorporated into the 
sediment at or near the time of dep::>sition. 

When a living organism dies, its remains are inmediately subjected to 
microbial, chemical and physical attack and change. Generally the severe 
effects of oxidation from exposure to the elements, or the destructive 
effects of aerobic or anerobic bacteria convert the bulk of the organic 
remains to gases or water-soluble products that are quickly dispersed. 
Particles or rrolecules suspended in the water column or attached to settling 
mineral particles that do survive and rrix with other particulate miner~ 
matter at sites of dep::>sition under water, are also subjected to digestive 
destruction by benthic and bottom organisms. 

In spite of all these destructive mechanisms, a small fraction of the 
original biomass is incorporated into rrost sediments, particularly those 
deposited in stagnant ocean basins or lakes. Because of the wide variety in 
the original corrposition of the many different types of organisms, and the 
wide range of destructive influences they may experience, the arrount and type 
of organic matter that is preserved in rocks varies greatly. 
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In the field of geochemistry, the details of the composition of all the 
carp::>nents of this organic matter are elucidated. At the sarre tim:: sorce of 
the associated inorganic matter of the rock is also studied and is correlated 
with the organic pararreters. Different pararreters appear to be rrore closely 
related to overall hydrocarbon potential in different basins. For that 
reason, in a comprehensive basin assesSrrent,· as complete as possible a suite 
of analyses is usually run. The variables are cross correiated and are also 
correlated with known production and shows, subsequently only the rrore 
diagnostic criteria are utilized to complete the assessment. 
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Experi.rrental Program 

OVer 2000 core and cuttings samples from wells drilled as part of" the 
Eastern Gas Shale Program were subjected to geochemical analyses. Most of 
these were selected at 30 or 10 foot intervals from the cored sections of 
wells in the Appalachian Basin. After the overall core was examined, its 
lithology described and fracture distribution noted, and its g~a radiation 
rreasured, a 3 to 6inch cylinder of core was broken from the core and was 
sealed in a gas-tight container to retain the released gas while the sample 
was transported to the laboratory for analyses. 

A flow chart of the scherre of analyses is given in Figures 1 and 2. 
Generally, at any level of the chart, the detennination on the left was the 
first one performed. 

Gas voll.1Ire and, composition in the free-gas space was detennined first, 
wi.th a correction for the gas pressure in the container. Then, the voll.1Ire 
and composition of the gas still retained in the core was measured, and total 
gas calculated. The sample was then dried and its detailed lithology 
described before division into the appropriate number of samples for the 
detenninations scheduled for that specific sample. The analyses were 
performed using standard organic geochemical procedures which are widely used 
industry. 

From regional plots and cross correlations of the various pararreters, it 
becarre apparent that the nost useful ones for geochemical assessrrent of the 
Eastern Gas Shale basins were the arrount of total organic carbon, the nature 
of the organic matter as described in the biofacies detenninations, and the 
degree of thenral alteration as described by the visual thennal alteration 
index. These three could be combined for an esti.roate of maxirrn.mI indigenous 
gas expected in a zero-perrreability shale. Another supporting pararreter, but 
of nore limited utility, was the residual gas detennined in the initial 
screening analysis of the overall analytical scheme. However, since the gas 
rreasurerrents are nore useful in assessing the total resource in the shale 
unit, gas detenninations and distributions will be considered in a separate 
section of this report'. 
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Total 	Organic carbon 

Because the source of virtually all the petroleum in all the sedimentary 
basins of the world is the remains of living organisms incorporated in the 
fine-grained rocks of those basins at the time they were de}?Osited (1,2), the 
primary criteria in any basin assessrrent should be the arrount and 
distribution of this material which is called "organic matter". The arrount 
of this primary source material would be diminished by the fraction converted 
to rrobile products that have noved or have been displaced from the rock by 
physico-chemical processes, called migration, but fortunately, the majority 
of the organic matter de}?Osited in petroleum source rocks still remains in 
the mineral matrix, Le., rock, with which it was de}?Osited. 

It is estimated both enpirically and in laboratory experi.rrents that less 
than a third of the original organic carbon is converted to nobile products, 
oil and gas (3),' and only a }?Ortion of this can nove from the rock. 
Therefore, a measurerrent of the arrount of ,organic matter in an 
un:rretarrorphosed sedimentary rock is a semiquantitative indicator of the 
arrount of organic matter that was originally present. 

Geocr~sts estimate the organic matter contents of rocks by determing 
the aIrC'unt of organic carbon they contain. Organic carbon is defined as the 
~ClIbon incorporated into the~~!"bon-carb9n..~d~~9~bon-hy.drogen..,~~t1.~~S of 
oL95![l:i"c, ,ItQ+'~e,s, and ~~lu~~~~ ,~E,!", f~~n__!!L,,~!}~~..£~l:lQ[lE!:~§. These 

t' 0'"~~atter forns, which may be the remains 0<£ skeletons 'o:r' protecitive shells of 
\ ~~. ;:iving organisms, are technically~org9I1i~~. but are not so labeled by 

,,}' , petroleum geochemists be~ause they do not enter, into the oil or gas-forming 
, ,,~\/ processes. In many studJ.es, the arrount of organJ.c matter was calculated from 

~ \: ,j 	 organic carbon contents, but the conversion factor varied so greatly fran 
rock to rock (about 1.07 to 1.40) in the few rocks in which the detailed 
composition of the organic matter was detennined (4), that organic ca:r:bon 
becarre the accepted re}?Orting pararreter. 

As a first step in an exploration or basin assessrrent program, organic 
carbon data provide a means of high-grading the nore favorable petroleum 
areas within the basin. Ronov (5) was the first to map organic contents 
regionally, and shcMed that on the Russian piatfonn, excellent }?Otential 

Ie reservoirs were filled or partially filled with oil and gas only if the 
.. c., c, .' ,nearby Devonian shales contained greater ~. o. ,~, p~rs.ept orgarJ,iq .. c:ct:r.lx!!1. 

~,~ ~. 
v, L"...., ' Large areas of the province were barren, and in all of these the organic 

<c,. carbon contents were beneath the mininrurn value. 
'. '. ;.~ j 

Ronov's research also revealed that the arrount of organic carbon was 
controlled to a large degree by the environrrent of de}?Osition in various 
parts of the basin, but the major conclusion was that there was a mininrurn 
content of organic carbon that had to be exceeded before a rock could be a 
source, i.e., deliver commercial volumes of oil or gas to reservoirs, in.any 
geological setting. 

Subsequent studies of petroleum, source relationships (6,7,8) confi:rm;d 
this concept, that the organic carbon contents of rocks must exceed sc::me 
threshold arrount before til.ey can begin to 'act as significant sources of 
petroleum hydrocarbons. Serre geochemists feel that 0.4 percent represents the 
cutoff for shales. Others pre1:'e,rJ,..!() percent. For carbonates rocks, a lower 
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limit was established, i.e., about 0.3 percent organic carbon (9). Beyond 
these lCMer limits, the general rule is, "other things equal, the greater the 
organic carbon content, the greater' the potential a rock has to act -as a 
petroleum. source rock. 1\ 

In many cases, organic carbon detenninations are made on rocks extracted 
exhaustively with organic solvents to rerrove the soluble organic matter, 
called "biturren". The values, thus detennined will be as much as 17 percent 
low (10). Nevertheless, the geographic and stratigraphic contrasts in the 
amounts of organic carbon are extremely useful in exploration. The residual 
organic rratter that cannot be extracted has been labeled "kerogen" by 
petroleum geochemists. This term expands the earlier definition iri which the 
term only included those kinds of organic matter which gave up significant 
quantities of liquid hydrocarbons upon heating. Under the new usage, the 
term includes rrore inert forms. 

In the Eastern' Gas Shale Program, total organic carbon analysis was run 
on 2000 core and cuttings samples. From the beginning it was apparent that 
the organic carbon content varied widely from one ten-foot interval to the 
next in many of the wells. This was not surprising considering that the 
environment of deposition of sediments may change abruptly with changes in 
sea level, with tectonism, with circulation, etc., and that a ten-foot 
section of the Devonian shale .might represent the sedim:mts deposited over 
5,000 to 10,000 years. <'1. (t"J,C<N.) '0 ,0" 'L 

,/ 

~7 "",)" ' " 

The distribution of organic carbon in the samples analyzed is shown in ,", 
histogram form in Figure 3. The range of values :rreasured was from less than 
0.10' to greater than 27 percent, with a mean value of 2.13 percent. -
superimposed on the data from the Eastern Gas Shale samples are the data from 
various source shales from around the world, and the generally accepted 
source potential rating associated with various ranges. It is obvious that, 
based on this criterion alone " much of the dark Devonian shale must be 
considered an exceptional potential source of hydrocarbons. 

Originally it was intended to map the values of organic carbon to show 
the regional trends. However, with the rapidly changing values, the average 
value for a unit was misleading, particularly if there were only a few 
analyses in a thick section, therefore, it was decided to suppleIrent the 
mapping with a series of cross sections on which the .stratigraphic and 
regional distribution of the organic carbon 1i.1Quld be illustrated. 

These cross sections were prepared for each of the lines of wells shown 
on the map in Figure 4. The wells in each cross section are as follows: 

Section A - AI: 

h'Y - 2 OH - 8 

KY - 4 OH - 3 

OH - 6 - 4 OH - 5 

Section B - BI: 

13 
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FIGURE 3 Organic Carbon .Content of the Eastern Devonian Shales from the Appalacliian Basin 
Compared with Other Shales. 
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KY - 2 OH - 1 

Cottageville wells (Canposite) OH - 7 

WV - 5 OH - 4 

Section C - C': 

TENN - 9 WV - 6 

VA - 1 PA - 4 

WV - 7 PA - 1 

Section D - D': 

OH - 5 PA - 5 

OH - 7 PA - 4 

Section E - E': 

OH - 5 NY - 1 

OH - 4 NY - 3 

PA - 3 NY - 4 

PA - 1 

Detailed locations of each of the wells is given in Appendix A of this 
report. The cross sections are shown in Figures 5 through 9. To prepare 
them, strip logs of total. organic car.lxm vs depth were prepared for each well 
in the program. The appropriate value of organic carbon was plotted at the 
appropriate sampling depth. The tops of stratigraphic intervals identified 
from well logs or palynology were also recorded on each of the strip logs. 
Then each· of these logs were positioned so that sate stratigraphic marker 
comron to tv.o neighboring logs was aligned horizontally. . 

Because the data were so highly variable, it was not possible to 
correlate the detailed layers of alternating rich and lean organic carboni 
however, general._wedges of rich and very rich potential source rocks ~re 
outlined on each of .t.h~L_!?~gQnS. 

The rich organic carbon wedges bear a striking. resemblance to the di¥k 
shale zones delineated in the stratigraphic column shown in Figure 10 and 
with the dark shale units presented .in sUIm'la.ry form in Potter I s surtn1a.ry 
report (11). This correspondence was anticipated.' HC1.Y'ever, the organic 
carbon data shC1.Y' that the "dark. shale zones" are not necessarily unifonnly 
dark they just contain rrore consistent and rrore closely spaced layers rich 
in organic carbon. 

Section A - AI Figure 5, the westernm.:>st South - North line, shows the 
variations in organic carbon content from eastern Kentucky to north central 
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Ohio. In the two Kentucky wells, the Cleveland Member and the Upper and 
lower Huron members or equivalent {Chagrin-chemung and Dunkirk, respectively} 
of the Ohio Shale both are represented witli. organic-rich zones.' The 
"organic-rich zone in the Lower Huron Member is particularly well developed; 
it is aOOut 100 feet thick in both Kentucky wells. The samples from the 
KY - 2 well also showed the thinner and less widely developed organic-rich 
intervals of the Cleveland Shale (al::ove the Huron) and the Pipe Creek Shale, 
equivalent to the Olentangy Shale of" Ohio which is older than the Huron 
Shale. 

The Upper Huron shales do contain sorre organic-rich rich" layers, but 
this unit is rrore heterogeneous, i.e., with rrore alternating lean- and rich 
interbedding, through the first three wells of the section. 

The Lower Huron rich zone also becomes rrore interbedded with less-rich 
layers in OH ..:.. 6 ~ 4. In OR - 8, sampling was only done" in the intervals 
older than the Ohio formation, thus we see the development" of the 
organic-rich interval in the lowerrrost Upper Devonian Rhinestreet Shale, and 
the Middle Devonian Marcellus of the Hamilton Group, both of which appear to 
be represented by interbedded sections of alternately "rich and lean shale. 

In the OH - 3 well, the organic-rich Cleveland zone is still present, 
but it is only represented by one sample. The Ohio Shale is now much rrore 
rich overall, and particularly in the lower 150 feet. At OH - 5, the Upper 
and Lower Huron are both very rich organically. Again, the richest section 
is in the lowerrrost IDwer Huron, but both of them, combined, make up aOOut 
400 feet of rich shale, rrost with over 4 percent organic carbon, and over 50 
feet with greater than 8 percent. -

The area" of OH - 5 and OH - 3, where the shallow Ohio Shal~ laps up on 
the Cincinnati Arch, is the site of the thickest continuous section of 
organic-rich shale revealed by organic carbon cinalyses. There are neny other 
distinct organic-rich intervals, i.e., the Rhinestreet "or its equivalent, but 
they are invariably rrore interbedded than the Huron" of north~central Ohio. 
While this is the thickest continuous section of organic-rich shale" revealed 
by organic studies, that does not necessarily make it the best source rock. 

"There are other factors that also play prirrary roles in determining the 
overall potential and how much of that potential has been realized. The type 
of organic matter is one of these, the degree ofthennal diagenesis is the 
other. Both of these controls will be disCUssed in later sections of the 
report. It appears that any sediIrent layer with greater t.bCin 2 percent 
organic carbon, and of the order of twenty-five to thi1."ty or rrore feet in 
thickness oould be considered a good potential source of gas. Where there 
are thicker sequences the prospects would be increased -;ven rrore. 

In section B - B' (Figure 6), the interbedded, relatively richer Lower 
Huron zone can be traced from eastern Kentucky northward to extreme northeast 
Ohio. The "rich" Rhinestreet becorres rrore interbedded from KY - 2 to WV - 5, 
but becomes richer in organic carbon overall. About 150 feet Of primarily 
rich Rhinestreet also appear in the northernnost two wells. A 30 - 40 foot 
section of the relatively organic-rich Marcellus zone was also penetrated in 
these latter two wells. 
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Section C - Co (Figure 7), shows a rapid dj~inution of organic contents 
in the LOl'ler Huron froIT, atout 100 feet of rocks with nore than 4 percent 
organic carbon in the TENN - 9 well to a section of atout the same thickness 
but with atout half the organic carbon in the VA _. 1 well. This section was 
not penetrated in the rest of the wells in this cross-sectjon. The WV - 7 
well penetrated poorly developed Rhinestreet and Burket dark shales, and 
atout 40 feet of very rich Marcellus Shale. The Marcellus was the only rich 
zone detected in the WV - 6 well, the Burket contained less than 4 percent 
organic carbon. While there was a thin rich interval in the Burket further 
north at PI'. - 4 and PA - 1, and m:xJ.erately rich (2 to 4 percent organic 
carbon) interbedded sections of both I'liddlesex and Marcellus, they were much 
mDre poorly developed than further south or west. 

In sections D - DO (Figure 8) and E - EO (Figure 9), the very thick, 
very rich Huron Shale interval, atout 400 feet thick is seen in the OH - 5 
well. The thick interval separates eastward into distinct groups the 
Cleveland, Dunkirk, Pipe Creek, Rhinestreet, Burket, and Marcellus, each 
getting less organically rich and separated further from its next underlying 
and overlying dark unit by a greater interval of gray, organic-·lean shale. 
In the PA - 1, PA - 3, NY - 1, NY - 3, and NY - 4 wells, the Burket Shale is 
the richest dark shale unit sampled, and is atout 50 to 60 feet thick. 

The organic carbon cross sections show that there probably is rich gas 
potential over virt.ually the entire Appalacpian Basin. Along the Cincinnati 
and FincUay Arches alnost the entire section is very rich in organic carbon. 
Eastward and southeastward, there is still abundant gas source rock, but it 
occurs in progressively thinner zones that tend to becone less rich and nore 
widely separated by poor source quality intervals. 

It is difficult to summarize the potential based on organic carbon and 
show it geographically on but one nap of the basin or even on single J11aps for 
single formations if the organic carbon is quite variable vli thin the 
formation. Moreover, in this assessnent of exp] oration potential and 
gas-in-place, several parameters, including the organic carbon, had to be 
crossplotted. This could only be done on naps of the area. Therefore, the 
stratigraphic colUJ11n was divided into seventeen separate units chosen because 
of their scxnewhat greater uniformity in organic carbon contents throughout. 
These seventeen units are identified on the generalized. stratigraphic column 
in Figure 10. 

'l'he average values of organic carbon in each of these rrap units are 
shown in Figures 11 through 27. 

In the first and oldest stratigraphic unit studied, i.e., in Early ~Er
cellus tille, Figure 11, ri.ch source rocks with greater than 1% organic carbon 
were being deposited in the northeastern portion of the basin, with a belt of 
very rich rocks extending from PA - 3 (about 4%) to WV - 6 (atout 6%). In 
the second stratigraphic unit, representjng Late I'l~cellus tille, Fiqure ]2, 
rich rocks persisted over the northern part of the basin except for 
relati.vely lean rocks at PA - 4, PA - 5, OH - 7, and PA - 1. 

In unit 3, in post-Marcellus tine, in rocks of the Hawilton Group and 
Tully Formation (Figure 13), organic carbon contents of the rocks were lower 
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than in Marcellus tirre, but still sufficient to rate as fair sources in a 
band along the northwestern edge of the basin and swinging around through 
R- 109 to WV - 6 (Figure 13). 

In unit 4, i.e., Genessee/Geneseo (Harrell Shale)ti.me, Figure 14, the 
rocks became relatively richer in organic carbon to the south and east but a 
band of low potential rocks persisted along OH - 1, OH - 5, PA - 5, and PA 
3. 

The Middlesex Shale and other rocks of the· Sonyea group of unitS, 
Figure 15, are rrooerately rich (1% to 3%) over rrost of the basin, except for 
an east-west band through OH - 3, OH - 1, and PA - 4. 

In Early Rhinestreet tilre or unit 6 ,shown in Figure 16, rich source 
rocks were deposited over virtually the entire basin, except for the extrerre 
northeast and at OH - 3. Later in Rhinestreet tllre, in unit 7, Figure 17, 
the organic-rich rocks persisted down the center of the basin, but the rocks 
to the east fuJd to the west had less than one percent organic carbon. 

Following the Rhinestreet deposition, the organic. carbon contents of 
unit 8, or Middle Olentangy/Angola Shale tirre, were much lower, except very 
locally, as shown in Figure 18. .This poor source character persisted through 
unit 9, i.e., the Upper Olentangy/Java Fonna.tion (Hanover Shale) tilre, as 
shown in Figure 19. 

In Huron tilre, the aroc>unt of organic carbon deposited increased and the 
patterns of organic carbon changed, with the shales along the western edges 
of the basin tending to be richest. In Lower Huron tirre, the patterns of 
organic carbon are different in the earlier section of shale of unit 10, 
(Figure 20) than they are in the later Lower Huron Shales of unit 11 (Figure 
21) • In units 12 and 13 of Middle Huron tirre, (Figures 22. and 23), the 
shales tend to be rrore gray, and less rich in organic carbon, but still 
capable of sourcing significant quantities of gas. Upper Huron shales of 
units 14 and 15 (Figures 24 and 25) have organic carbon contents that qualify 
them as good potential sources of gas, particularly along the extrare eastern 
nargins of the basin. 

The Chagrin unit, (Figure 26) has enough organic ma.tter to qualify as a 
fair-to-good source in areas around OH - 5 and KY - 4, but could not be 
considered in a class with the other units which contain the dark shale 
facies. The Cleveland unit, Figure 27, is much richer ranging from 3% to 
greater than 7.5% in the southern reaches of the basin. This, of course, is 
part of the oil-shale facies of Kentucky and southwestern West Virginia. 

27 

http:Shale)ti.me


ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY.3 
• "NY-4 

. ·PA.1 

.OH.7 
.OH.S • PA·S 

. 2/0H.1 • 

/* .OH·3 I 

• PA·4 

1 

.TENN·9 MILES 

o 50 100 150 200 
I I I I I 

FIGURE 13 

HAMILTON GROUP I POST·MAHCELLUS TIME 

MAP UNIT 3 

MOUNO•Prepared by Mound Facility 

28 



ORGANIC CARBON CONTENT 

(In Percen.t) 


MILESeTENN·9 

o 50 100 150 . 200 

I I I I I 


FIGURE 14 


GENESEE I GENESEO TIME 

MAP UNIT 4 


A 
MOUND 

Prepared by Mound Facility 

29 



ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY.3 
e "NY-4 

MILESeTENN·9 

o 50 100 150 200 

I I I I I 


FIGURE 15 


SONYEA I MIDDLESEX TIME 
MAP UNIT 5 


MOUND•Prepared by Mound Facility 

30 



ORGANIC CARBON CONTENT 

(In Percent)· 


NY·1 NY.3 
• "NY4 

MILES 

o 50 100 150 200 

I I I I I 


FIGURE 16 


EARLY LOWER OLENTANGY I 

EARLY RHINESTREET TIME 


MAP UNIT 6 


A 
MOUND 

Prepared by Mound Facility 

31 



ORGANIC CARBON CONTENT 

(In Percent) 


\ 

eTENN·9 

I 
1 

I 
NY-1 NY.3 

e "NY-4 

MILES 

o 50 100 150 200 

I I I I ,
/41

I 

FIGURE 17 


LATE LOWER OLENTANGYI 

LATE RHINESTREET TIME 


MAP UNIT 7 


A
MauNa 

Prepared by Mound Facility 

32 



ORGANIC CARBON CONTENT 

(In Percent) 


NY-1 NY-3 
e "NY-4 

e pA_1 

e OH-7 

e PA-S 
e PA 4 

, OH-1 e 
eOH-3 

LESS THAN 1% 

OH-8e 7. 
e R-109 

MILESeTENN-9 

o 50 100 150 200 

I I I I I 


FIGURE 18 


MIDDLE OLENTANGY I ANGOLA SHALE TIME 

MAP UNIT 8 


A 
MOUND 

Prepared by Mound Facility 

33 



ORGANIC CARBON CONTENT 

(In Percent) 


.TENN·9 

NY·1 NY.3 
• "NY"" 

·PA.1 

• PA-4 

MILES 

o 50 100 150 200 
I I I I I 

FIGURE 19 

UPPER OLENTANGY I JAVA FM. 

HANOVER SHALE TIME 


MAP UNIT 9 

A 
MOUNCI 

Prepated by Mound Facility 

34 



ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY·3 
• "NY-4 

·PA.1 

• PA-4 

o 50 100 150 200 

I I I I I 


FIGURE 20 


4 


\ 

EARLY LOWER HURON I 

EARLY DUNKIRK TIME 


MAP UNIT 10 


A 
 , 35 

MOUND 

Prepared by Mound Facility 



ORGANIC CARBON CONTENT 

(In Percen.t) 


NY·1 NY.3 
• "NY-4 

·PA.1 

MILES 

o 50 100 150 200 
I I I I I 

FIGURE 21 

LATE LOWER HURON I LATE DUNKIRK TIME 
MAP UNIT 11 

36 A 
MOUNO 

Prepared by Mound Facility 



ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY·3 
e "NY"" 

e pA.1 
1% 

e PA-4 

-2-
wv.7L_-r-----::;:;::::--- 

OH.ae Ie e R.109 

~ 1% 
OH-6e eWV.5 

MilESeTENN·9 

o 50 100 150 200 

I I I I I 


FIGURE 22 


EARLY MIDDLE HURON TIME 

MAP UNIT 12 


A 
Mc)UNc) 

Prepared by Mound Facility 

37 



ORGANIC CARBON CONTENT 

(In· Percent) 


NY·1 NY.3 
• "NY.4 

·PA.1 

• PA-4 

MILES.TENN·9 

o 50 100 150 ·200 

I I I I I 


FIGURE 23 


LATE MIDDLE HURON TIME 
MAP UNIT 13 


38 ~ 
MQUND 

Prepared by Mound Facility 



ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY·3 
• "NY-4 

·PM 

2 
3 

OHoS. f. 
/. e'·'09 

OH-6 
, .WV·5 
3 

·OH.S 
/ .OH.7I • PA·5 

1% • PA-4 

OH·1 
/eor / e 


I 2 WY.7L,.~----:::;;::---~ 

MILES.TENN·9 

o 50 100 150 200 
I I I I I 

FIGURE 24 

EARLY UPPER HURON TIME 

MAP UNIT 14 

MOUND•Prepared by Mound Facility 

39 



ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY.3 
• "NY.4 

·PM 

• PA-4 

MIL~S• TENN·9 

o 50 100 150 200 

I I I I I 


FIGURE 25 


LATE UPPER HURON TIME 

MAP UNIT 15 


A 
MOUND 

Pfepared by Mound Facility 

40 



ORGANIC CARBON CONTENT 

(In Percent) 


NY·1 NY.3 
e "NY.4 

e PM 

e PA-4 

MILESeTENN·9 

o 50 100 150 200 

, I I I I 


FIGURE 26 


CHAGRIN TIME 
MAP UNIT 16 


~ 41 

MOUND 

Prepared by Mound Facility 



ORGANIC CARBON CONTENT 

(In Percent) 


, .OH.7 

4 .OH.5 • PA·5 

,~-. 3% 
 • PA·4 

- '"'\\ OH.1 • 

• OH·3 

~ wy.7L-,......----:;:;:::--- 

4• 

NY·1 NY·3 
• "NY-4 

·PA.1 

OH-8 /-

:P~ 
3% 

MILES• TENN·9 
\ o 50 100 150 200 


I I I I I 


FIGURE 27 


CLEVELAND TIME 

MAP UNIT 17 


A 
MOUND 

Prepared by Mound Facility 

42 



----~-~--------------------------

Biofacies 

Organic carbon is usually the first parameter determined in a 
geochemical evaluation of the oil and gas potential of a basin, play, or 
fot:l'Pation. It is often used as a screening step because it gives a relative 
picture of the potential of a rock, and it is inexpensive and rapid. The 
next step is usually to determine whether that organic lllatter is of the 
correct type to produce gas and! or oil under subsurface conditions. 

Very early in the developrrent of organic geochemistry as a powerful tool 
in petroleum exploration, the nature of the organic lllatter was recognized.as 
being equally as important as the anount. It was obvious from coal chemistry 
that bituminous coal contained more liquid hydrocarbons, and 'WOuld produce 
more on heating, than anthracite coal (12). 

The organic lllatter of fine-grained rocks, i.e., the kerogen, could be 
similarly divided into rrore and less bituminous types, ....'ilich have been called 
sapropelic and hurtttc, respectively' (l3). With tine, these types have been 
further subdivided and defined so that current descriptions include 
identification and estimation of relative proportions of structured or 
cellular rraterial, called "woody", or shiriy, angular opaque rraterial, called 
"coaly"; or spores, pollen, plant. cuticle fragrrents, and other nembraneous 
plant rerre.ins a:j,)._describedby, ,1;:he tenn "h~bac"E;ouslt, remains of algae, 
called "algal", (and nqnQ§.§9..rjpt" :t:!yf..fy_JI!!il·.:t~.!";Lal, S3i11~_._.~~;Ph9Jl_~.~~. These 
distinctions are lllade by examination, under the microscope, of mineral acid-
insoluble residues from fine-grained rocks being studied for their source . -.l 

potential. . ',/f7'/'/5 .>c,I·i7i!'U 

~ /. _, ""/__ "-oS r~t£/
Organic lllatter of the 'algal and anorphous types~: has a greater potential '£I/Tlb/"~~I1"'IU-.J 

to generate hydrocarbons than that derived from plants which grow in the 171'-"'<", IS 

shallow water near the shore line or on land lllasses surrounding the seas a.:gSL rr7 1:1 r//"1 .., 

lakes where the host rocks are deposited (14). And, of that lllaterial from 
plants, the herbaceous type has greater potential to generate gas than does . . 
the woody-coaly types: ~t_ only_.does_th~L.PQ.tential..J;;Il-lQntity... of._associated..Ji~/';'-l / 
hydro<;;§'il::P9!!-_q~);:ease 1.n order from the arrorphous type, through the algal, .~. _.... , ..,' J" ( 
-- -.. -~,.-- -. - " ,. ~ ,.. ", ."--,,,_ --.- -.-..- ..- .- ..~.~--- .. ,"-,' -- ...... _. , '/1'..1' ~ .. 

h~:;-!:§9E;!QUS.! ,~ woody varie.:t~~s,. to ~...~~y. t;tT?§.s, ~ut.. the ~8~c.:Y ~ ;;'0 <.~ F':;.J / 
generate 11.gtlld hYQrocarbons (9 c::-!so des:r:-~ases ..-?-::t:l. ~_sqn,e sequence, 1..e., lJt'c " ,0 ,- ~. .:;. 

o.theCIJ.!Q.;r.ph9uS,.,ls",~.!'qggg has the atest tendenCY to generate hydrocarbons, the /l! C . I e-I H ~ 
coaly types, virtually none • 'MOroover;"of1 derived from ·<these kerogen types (a-'"I ) .' ,~ !.' 

tends to be rrore ~t~ni~.Ji.itl)._3iJ,gC?-1,~rp.bQ.us ke:roggrl, rrore paraffinic is I'" f~"':::r::I;~ 
with herbaceous-woody types, and more aromatic with coaly types. :j'rg,·JL . . ,.

!...;,.,f>t. :./) f"_ .... t.... I . /' 

Another method of classifying sedirrents according to their relati';e I"~~:">~::';t.:!';/ 
hyd.r<?carbon potential and. their relative o~l vs gas-generating FOtential is ~b,~~ '-"'"'r''' 
prov1.ded by the palynolog1.st. Palynology 1.S the study of pollen, spores and -~m~!I1A1 ~?'. 

other microfossils in the acid-insoluble rock residues. Microfossils exist }/lli:··';I1'.'~·"<' ~ 

in rrany different shapes and fonns (called their morphology) which have been .tJ..... , ~I."· "l ~ 


classified and cataloged, they are so different and distinctive that they can 177""'':''e. ... 


be . used for age determination, for stratigraphic correlation, and for (:r~//""';:'~;::I'\ 

i~entifying the nature of the ~vironmen~ of deposition ~t existed ~t tI:e $.i(~G:'-;l\ ,

t11l'e the host rock ~as depos1.ted. Th1.S env1.ronmental mterpretat1.on 1.S !-=.' ,. ~ :._.

called the paleoenvironmental analysis. The determination of therrost 

abundant t:l-'P€ of organic lllatter is known as biofacies analysis. 
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In the Eastern Gas Shale geocheJ!lical study, it was found that the 
kerogen was made Yl2 of nore of the algal forms ~ g£. ~ ~lachian B..ssin 
~s, and rrore of the woody/c~ly e~t of €hat ax:i.:.S::- Herbaceous -matter 
'!AaS ubiquitous. The relative quan es --Of the maJor kerogen types varied so 
widely fDOm sample to sample within single rock units, that average 
cOrrpJsition of thick sequences of rock was obviously not a useful pararreter 
for showing regional contrasts in organic contents or sequence potential. 

In this study, the nost useful rrethod for showing regional and 
stratigraphic contrasts was the palynology. Although this technique revealed 
four distinctly different assemblages, or facies, of acid-resistant 
microfossils (15),' the three major ones were selected as the primary 
pararreters to be used for the assessrrent phase.of the project. 

'".r., 

The rrost irrpJrtant facies that errerged fran palynological examination 
was one labeled "Tasrranites". It is characterized by very large mmbers of 
the green algae, Tasmanites, in many cases to the exclusion of other marine

(j) 	 forms such as acritarchs (algal origin), scolecodonts (polychaete \\Orm 
teeth), and chitinozoans (flask-shaped forms of indeterminate origin). 
Because in rnany of the samples the distribution of palyrrorphs was limited, or 
restricted, entirely or alrrost entirely to Tasrnanites, the term "restricted 
marine" was also used to describe this facies. This was intended to imply 
only that the kerogen forms were restricted to Tasmanites. However, since the 
term restricted marine has other connotations in consideration of the 
environment of deposition, narrely in referring to depositional areas or 
basins with restricted water circulation, that term was dropped in favor of 
the nore descriptive tenu, Tasmanites facies. 

Tasmanites obviously were deposited in a marine environment, but their 
presence apparently hindered or even prevented the growth of other mariI)e 
algae. Perhaps like present-day red tides, their rretabolisrn may have 
produced toxic products that were lethal to other life forms. Meanwhile, 
detrital material such as the herbaceous matter, particularly saccate and 
zonate spores, were transported to the area by prevailing winds, were dropped 
on the surface of the sea, sank, and were incor:POrated into .the sedirrent. 

The second major facies is a "marine" facies, which implies a nonnal 
assemblage of rrarine microfossils that are found in marine Devonian shales 
elsewhere in the world. Arrong tile forms found in sedirrents deposited in this 
environrrent in the Eastern Gas Shale basins are chitinozoans (which becarre 
extinct in the Upper Devonian), acritarchs, scolecodonts, leisospheres and 
sphaerarorphs (distinctive, thin-walled spherical palynarorphs), a few 
Tasmanites, and the usual ,herbaceous material. 

The third major facies is labeled "terrestrial" because of the 
predominance of nonmarine or terrestrial debris and a very small or 
insignificant contribution of rrarine palynarorphs to the organic matter. The 
terrestrial kerogen is made up of both fresh woody debris and oxidized and 
reworked woody material. There are also· SIrell quantities of nonnal marine 
forms, as well as the ever-present herbaceous kerogen. 

The description as terrestrial refers to the predominant source of the 
organic material deJ?Csited with-the mineral matter in these rocks, and not, to 
be environnent of o.epositJon. 
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There is little question but that all of the Upper Devonian sedirrents of 
the Appalachian Basin were deposited in a normal, albeit relatively shallow 
marine enviromrent. However, the organic matter varied in both biological 
and geographic origin. There were tirres and areas where normal marine forms 
grew, died, and their renains were incorporated into the sediments. There 
were other tirres when the green algae, Tasmanites, flourished and at periods 
of rnaxirrtum growth, actually crowded out other marine organiSIPs. wben 
erosional slopes of the emergent land masses and their stream gradients were 
steep enough, large quantities of particulate woody material from. primitive 
forests vvould flood portions of the basin, particUlarly the eastern parts, to 
such an extent that the marine forms were virtually obscured. And, 
superirrposed on all possible combinations of these organic-rratter types, 
herbaceous material, prirnarily in the fo:rm of saccate and zonate spores, was 
transported, probably wind-borne, across the entire basin. 

As in the case of the organic carbon, the facies changed so rapidly from 
formation to formation, and within single formations that the first analysis . 
was done on cross sections the same ones on which organic carbon was pre
sented. To assist in plotting the facies, each sarrple was labeled depending 
on its position on a triangular diagram (Figure 28) corresponding to its 
relative content of each of the three major facies types of organic matter. 

The five cross sections '(Figures 29 through 33) are included in this 
report. 

Cross section A - AI, "(Figure 29), the rrost westerly South - North line, 
shows the variations in facies from eastern KentuCky to north central Ohio. 
In the area of theKY - 2 well, the Rhinestreet was initially receiving large 
quantities of terrestrial or nonmarine material probably from the east. In 
late Rhinestreet tirre, there was. a period when Tasmani tes flourished in the 
marine setting and then died out. In Middle Olentangy time, the palynorrorphs 
were nonnal marine , probably reflecting the connection of the basin to open 
marine sea, known as the OUachita Sea, to the south. 

In Olentangy tirre, Tasmanites again flourished, and persisted for about 
two-thirds of D:Jwer Huron or Dunkirk tirre, after which they again died out, 
leaving the normal marine setting until Upper Huron tirre when "the area was 
flooded for a tirre with nonmarine, terrestrial material from a southeastern 
source. Throughout the renainder of the Huron and through Cleveland tirre 
there were several alternations of terrestrial and restricted or Tasmanites 
facies. 

At KY - 4, about 25 miles northwest of KY - 2, there are no data on the 
Rhinestreet, but in Olentangy tirre, large quantities of nonmarine organic 
matter poured into the basin. The Tasmanites at KY - 2 to the southeast 
suggests that the Cincinnati Arch may have been emergent at this tirre, and 
may have been a source area for the nonmarine organic rratter flooding the 
area of KY - 4. " 

In D:Jwer Huron tirre, Tasmanites began to fluorish, and persisted through 
rrost of the rest of the Upper Devonian, except inte:rmittently when nonmarine 
material was dumped in the basin, either from brief periods of emergence of 
the Cincinnati Arch or from periodic "tectonic events during which relatively 
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small local segments of the basin subsided more rapidly relative to the rest 
of the basin and to the bordering highlands on the southeast. 

At OH - 6, the record of events begins with Tasmanites in abundance in 
Middle Olentangy tirre. This facies persisted until late Middle Huron tirre 
when the area began to be flooded with terrestrial organic palynorrorphs which 
then persisted as the dominant forms throughout the rest of the Upper 
Devonian. Occasionally, Tasmanites returned for short periods, such as in the 
Upper Hurcn and at the end of Cleveland tirre. 

The record of facies begins much earlier at OH - 8. In Marcellus tirre 
the Tasmanites facies was present. This persisted, but was replaced 
intermittently with either marine and nonmarine forms until late Rhinestreet 
tirre when nonmarine naterial began to dominate. Tasmanites are inferred to 
have again flourished in Hurcn tirre. 

At OH - 3, nornal marine biota were present shortly after the close of 
Marcellus tirre. This was replaced by terrestrial naterial, probably from an 
errergent Cincinnati Arch. The terrestrial naterial was, in turn, replaced by 
a nassi ve growth of Tasnani tes until Middle Hurcn tirre when there was an 
episode of terrestrial natter influx. Tasmanites returned one more tirre 
during Middle Hurcn, but terrestrial naterial fran the west flooded the area 
until the end of the Devonian. 

At OR - 5, nomal narine and Tasmanites facies dominated except for a 
period during Upper Olentangy tirre. 

The belt of sedirrents along this line of section have an enormous 
hydrocarbon potential. But, of course, realization of that potential depends 

. on whether the organic natter has undergone enough thermal cracking to 
produce the nassive quantities of hydrocarbon that algal organic natter is 
capable of producing. This aspect of the problem will be discussed in a later 
portion of this report. 

Section B - B' (Figure 30) extends fran northeastern Kentucky to extreme 
northeastern Ohio. In the area of well KY - 2, the older Upper Devonian 
sedirrents, for which there are data, contain rrostly marine and Tasmanites 
kerogen. In the younger portion of the section, there is a greater 
proportion of terrestrial natter. 
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The marine forms of the Middle Hurcn of KY - 2 are c:orrpletely obscured 
in the same section in the 'Cottageville wells where the Tasmanites are more 
abundant. 

The WV - 5 well is sarewhat similar to the two preceding wells. The 
area hosted normal marine biota in the pre-Rhine street tirre, then Tasmanites 
bloorred abundantly through the remainder of the Rhinestreet and into the 
Middle Olentangy at which tirre more nomal marine forms returned. There was 
an abrupt change to terrestrial organic natter in Upper Olentangy tirre . This 
nonmarine naterial flooded into the· area at the same tirre all of the 
contemporaneous sedirrents in the other wells in the central and northeastern 
portions of the basin were receiving similar naterial from the eastern source 
provenance. 
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In Huron tirre, Tasmanites again becarre predominant, and remained so 
until the Middle Huron when the eastern terrestrial source again poured 
nOl1l1\3Iine kerogen into the basin . Tasmanites flourished again in Upper Huron 
tirre, only to be replaced again in Cleveland tirre with terrestrial organic 
matter . 

At R - 109 and its surroundings, the sedirrents of Upper Olentangy tirre 
also incorporate predominantly terrestrial organic matter and, as at WV - 5, 
in Huron tirre the Tasmanites crCl'.\ded out all the other marine fonns until 
terrestrial material was dUllped into the basin in Middle Huron tirre. 

Biofacies data are scanty at OH - 1 . In pre-Rhinestreet tirre, there was 
nonral marine kerogen deposition . Next, in Rhinestreet shales, Tasmanites 
were IlDSt abundant. In Middle Olentangy tirre, terrestrial material 
dominated, it may have care from either the east or the west source 
provenances. 

The eastern source continued to pump large a=unts of nOl1l1\3Iine kerogen 
into the basin throughout the rest of Olentangy tirre . As is the case in so 
many of the nearby wells, the sedirrents of Lower Huron tirre in this well show 
the dominating influence of Tasmanites, which then give way to terrestrial 
organic matter in Middle Huron tirre . It persists until the close of the 
Devonian. 

The last two wells, the northernI!Dst ones on this line of section, are 
located in areas where the Tasmanites persisted for the longest periods of 
tirre in the basin. At the onset of the Upper Devonian, in the Marcellus, 
Tasmanites were the predominant form of organic matter. This gave way to 
nonral marine biota in the late Marcellus and Hamilton and Genesee 
fonrations. For a brief period during Middlesex tirre, terrestrial kerogen 
was the IlDSt abundant . 

There is a thick section of Rhinestreet in which Tasmanites again 
persisted. During Upper Olentangy tirre the flood of terrestrial kerogen 
obscured all other organic fonns, but Tasmanites again took over in the Lower 
Huron. In the Middle Huron, a flood of nOl1l1\3Iine detritus again crO\\ded out 
the Tasmanites. 

At OH - 4, a similar pattern is apparent in the sedirrent col=, the 
only difference being that the sedirrents that are labeled as being of 
terrestrial facies are thinner than at OH - 7. In the Marcellus, the 
Tasmanites were the IlDSt abundant kerogen form. Nonral marine foIll's 
characterize the post-Marcellus shales before Tasmanites returned again in 
Rhinestreet tirre. In late Rhinestreet there was a rapid alternation of 
Tasmanites and terrestrial organic matter, and even an occasional appearance 
of nonral marine types, all the way up to the uppermost sample of Upper Huron 
age . 

Overall the Upper Devonian sedirrents along the line of section B - B I 
have very large hydrocarbon potentials. Tasmanites-rich beds are present at 
one tirre or another, and usually are the IlDSt abundant, throughout the entire 
sampled section. Had these sedirrents been subjected to sufficient thenral 
alteration, and were reservoir rocks abundant, this would be one of the great 
oil and gas-producing provinces of the world. 



Line C - C I is the east.ernrcost SOuth ...: North line of section, and the 

longest one also. At TENN - 9, only the Rhinestreet, lDwer Huron, and 

Cleveland shales were sampled. The first t.w:) units are classified as 

TaSJ.tanites facies, the last one, terrestrial. This is important because it 

shows that, at its greatest geographical extent, the Tasrranites bloom 

extended another 70 miles toward the opening to the Devonian'Quachlta Sea 

which bounded the North AIrerican plate on the south during the Devonian. 


The facies of the VA - 1 well stand out in sharp contrast to the 

TENN - 9 well - the, facies are all terrestrial except for one semple (which 

is now suspect) toward the base of the lDwer Huron. This well is different 

in that it is located to the east of the basin axis, which places it closer 

to the intenni.ttently growing Appalachian rrountains which were shedding 

eno:r::rrous voltlIl'es of clastics and terrestrial organic matter into the basin. 


Much further to the north-northeast, the sedirrents of the m - 7 well 

also testify to the prolific nature of the eastern terrestrial source. In 

Marcellus tiIre, the terrestrial facies appears first. In Upper Marcellus 

shales, the Tasmanites take over but are quickly flooded out by terrestrial 

kerogen, except for t.w:) short appearances of Tasmanites in Burket and 

Rhinestreet ti.rres. 


Further to the east, and closer to the basin axis where the formations 
are a little thicker, in the shales at m - 6, the Marcellus facies begins 
with the Tasrranites type, but are soon replaced by terrestrial facies. / 

Inmediately above the Marcellus, the data reveal a period in which Tasrranites 
are again very abundant, but the powerful influence of the growing 
Appalachians with its abundant flora soon controls the facies. 

The sedirrents around well PA - 4 must be relatively close to a prolific 1':

source of terrestrial organic matter with a major river system. This system "'. 
poured particulate terrestrial rerra.ins into the basin fran the beginning of 

,the Upper Devonian at least through Rhinestreet tiIre. The organic matter of 

every sample taken fran over a one-thousand foot section was classified ,as 

belonging to the terrestrial facies. 


PA - 1, al.nost 100 miles to the north-northeast, showed the Tasrranites 

facies in the 'Marcellus shale and again in the Genesee formation. ' 


This line of section (Figure 31) reVeals that the original hydrocarbon 

potential of the sedirrents of the Appalachian Basin are significantly reduced 


\ 	 in the area of the basin axis, and to the east of that axis, because the 
organic matter becomes nore and nore terrestrial in nature. According to the 
general relationships pointed out earlier, this rreans that a unit vol'UIIe of 
organic matter will generate less hydrocarbon when undergoing norinal 
diagenesis. Also, since the general trend is for organic carbon contents to 
decrease toward the east as well, the potential is doubly diminished. 

On the other hand, it must be stressed that 'the direction of diminishing 

original source potential is in direct opposition to the trend of increasing 

thermal alteration. This rreans that the decreasingly rich potential source 

rocks may have had increasingly greater proportions of their organic matter 

converted to gas and/or oil. Therefore, they key to exploration success in 

the basin probably lies in the ability of geologists and geochemists to 
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locate those areas where facies with enough original source potential persist 
far enough to the east (or are buried deeply enough) to have been subjected 
to enough thernal stress. This thernal exposure is necessary in order for a 
rock to have realized enough of that potential and to have generated enough 
hydrocarbons to enable the host rock to have becorre a source of cornrercial 
quantities of reservoired gas or oil. Should there not be any contiguous 
reservoirs, or sufficient penreability for Imlch of this hydrocarbon to 
migrate from the rich source rock, they may be preferred sites for 
stiImllation projects with the greatest chance of tapping cornrercial 
quantities of hydrocarbon tightly held in the shale itself. 

Section D - D', Figure 32, is a line along the northern end of the 
Appalachian Basin. At the western end of that line of section, well OH - 5 
has sediments that incorporated alternating types of organic matter prior to 
the onset of the Huron. The largest of these facies is a marine type, 
followed by a section which represents a period of predominantly terrestrial 
deposition. In the Huron, the facies becorre Tasmanites-rich, and that type 
persists until the very late Lower Huron at which time, terrestrial organic 
matter dominantes until Cleveland time. 

The Tasmani tes-rich section is expanded in the next well, 00 - 4, which 
is characten_zed by numerous alternations of the various facies, over half of 
which are of the restricted Tasrranites type. 

Further east, at PA - 3, a deeper facies of marine organic matter begins 
in the Marcellus shales and persists up to the Rhinestreet. Above this, the 
Tasmanites facies persists, but an intervening wedge of terrestrial facies 
characterizes the interval between the Rhinestreet and the Huron. 

At PA - l, the section below the Rhinestreet is Imlch deeper and thicker. 
While same Tasmanites-rich intervals are present, the strong influence of the 
eastern source of te=estrial organic matter is evident throughout the pre
Rhinestreet section. The New York wells also have the trerrendous thicknesses 
of terrestrially derived kerogen fran the eastern source provenance, although 
thin layers of Tasmanites facies occasionally extend even this far east, 
e.g., in the Burket and Marcellus shales. 

This section clearly shows the thickening and coalescing of the 
Tasmanites facies in the northwest portions of the Appalachian Basin, and the 
increasing contribution of the prolific eastern source of nonmarine organic 
matter. However, the infrequency of sarrples and the occasional appearance of 
Tasmanites among these, suggests that there may be some significantly thick 
(greater than 25 to 30 feet) Tasmanites source intervals as far east as the 

New York wells. 

Section E - E', Figure 33, cuts through the heart of the Tasmanites 
deposition at OH - 7 and probably PA - 5. Between PA - 5 and PA - 4, the 
te=estrial organic matter derived from the east corrpletely obs=es all 
other organic facies types. This parallels the general trend of Section 
D - D'. 

In order to present the biofacies data in map form, the appropriate data 
for each of the seventeen units chosen for presentation of the organic carbon 
data (discussed earlier in the report), were placed on separate maps. These 

\ 
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maps, Figures 34 through 50, reveal a sequence of events in the deposition of 
organic matter from which local tectonism and direction of drainage can be 
inferred. 

The sequence of events begins in Early Marcellus tirre with a massive 
bloom of Tasmanites covering the northern half of the Appalachian Basin 
(Figure 34). Sorre terrestrial organic matter and Appalachian-derived sedirrent 

were carried into the basin from what is interpreted as a southeastern source 
area. This suggests that the greatest elevations of the newly forming 
Appalachians or the rrost extensive and dense forests of primitive trees were 
originally to the east of Virginia at the onset of the Upper Devonian. They 
may have spread later to the north and around the basin to the west. Streams 
carried large volumes of the detritus from this flora into the basins in the 
areas where WV - 7 and PA - 4 are located. 

It appears that Tasmanites could not flourish when there was a large 
supply of terrestrial organic matter. It is difficult to imagine why 
Tasmanites would not grow in the presence of inert, woody organic matter. 
HCMever, the minerals carried in along with the terrestrial material may have 
been toxic to the 1asmanites and thus inhibited its grCMth. 

In late Marcellus tirre, as shown in Figure 35, the source of the 
terrestrial organic matter shifted northward, the Tasmanites extended further 
southward, but the width of the bloom shrank. These particular algae died 
out in New York where the sedirrents contain rrostly nonrrarine kerogen. The 
same happened in the area around WV - 6. The Tasmani tes bloom also 
disappeared from the area around OH - 7 and PA - 5. 

During the deposition of the Hamilton Group (Figure 36), innediately 
after the deposition of the Marcellus shale~, the massive influx of 
terrestrial organic matter from the northeast and southeast, and the 
associated minerals all but wiped out the Tasmanites. Normal rrarine biota 
grew over the area of eastern Ohio and western Pennsylvania. There is one 
long-lasting remnant of Tasmanites at WV - 6. 

In Genesee/Geneseo tirre, shown in Figure 37, the northeastern source of 
sedirrents and of terrestrial organic matter becomes less important, and the 
southeastern source becomes the major control on Tasrranites growth. A 
massive bloom was restored, but only along the northwestern margin of the 
basin. There was a buffer zone of normal marine biota between the sedirrent 
source provenance and the Tasmanites. 

The northeastern source again became an important contributor of 
terrestrial organic matter in Middlesex tirre (Figure 38) and began' to "kill 
off" the Tasmanites of the extreme northern portion of the basin, while a 
continuing supply of terrestrial kerogen from the southeastern source area 
maintained the marine buffer zone in eastern Ohio. 

The apparent reduction in quantities of terrestrial material and its 
associated mineral matter during the Early Olentangy/Early Rhinestreet tirre 
(Figure 39) allowed the Tasmanites bloom to spread eastward across the basin. 

At the same tirre, serre of the bloom at the extreme western part of the basin, 
in present day central Ohio, died out and was replaced by normal marine 
forms. This might have been due to the inception of a western source of 
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terrestrial organic ma.tter and of minerals or nutrients that wer~ alsO)toxic ../-. JI',) 

to the very unusual algae, Tasmanites. ~ 
~'''. 

There is a stronger evidence for a western source of terrestrial kerogen 
and associated mineral ma.tter in late Rhinestreet Shales (Figure 40). The 
Tasmanites bloom is "held" as an elongate ma.ss parallel to, but distant from, 
the western edge of the basin, and parallel to, but west of, the basin axis. 
The southernrrost occurrence of Tasmanites is also seen in this unit, Le., in 
the TENN - 9 well. 

In Middle Olentangy tine, shown in Figure 41, terrestrial ma.terial was 
being dumped in fran practically the entire circumference of the basin. The 
Tasma.nites bloom began to shrink, and only two pods of this very rich 
hydrocai:bon source facies rerra.ined. . 

Later in Middle Olentangy tine (Figure 42) the northwestern source of 
terrestrial organic ma.tter becarre inactive and the Tasmanites bloom rapidly 
grew to the basin margin in that area i while the active eastern sources kept 
the bloom pinned to the western margin of the basin. 

At the beginning of Huron tine, the western sources of nonma.rine kerogen 
were inactive, and the eastern ones diminiShed. 'As a result, as Figures 43 
and 44 show, the Tasmanites flourished and spread widely over practically the 
entire basin west of the basin axis, and as far south as TENN - 9. 

In Middle Huron tine, the eastern sources again becarre very active 
contributors of terrestrial organic ma.tter, and the Tasmanites bloom shrank, 
first along its entire length (Figure 45), and then at both ends (Figure.46). 

From that tine on, the rejuvenation of the southwestern terrestrial 
source and slight variations in the eastern sources first killed the 
Tasma.nites in one area while it expanded to others (Figures 47), then wiped 
out the northern "pod" (Figure 48), and finally Shrank the southern pod to 
but a tiny area (Figures 49 and 50) at the close of the Upper Devonian. 

This dynamic gr~ and decline' of· the, Tasmanites bloom, and its sl?-ft <T_F.r? 
from area to area, ~n response to the ~nflux of serre unknown chenucal " 
ma.terial fran the basin margins holds clues to the tectonicswhlch were ~"(";":""'::" 

Iimportant in the evolution of the Appalachian Basin. The shifting patterns :;,: ...j " 

were the justification for a cursory look at the structural reconstJ;uction '.. , .,.,:-""~" , 
based on new concepts o.f plate tectonics. and continental drift which will be 
presented later in this report. 
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Maturity 

Organic matter laid down at the time of deposition contains only traces 
of free petroleum hydrocarbons, far too little for even an organic-rich rock 
to act as a source rock without further change. Sane changes, such as 
oxidation destroy SOITe or all of the source potential, but in a nonnal 
source-producing environment, the bulk of the organic matter is' preserved 
because the conditions at or shortly after deposition are anerobic, or . ~ 

r edUCll1g•... "'" v.~_
~'''L~I c~ :..: I: ; ,'" " ... ,{, 

Organic matter in potential source rocks undergoes a sequence of changes 
that converts as Imlch as 30 to 35 percent of its original mass to petroleum 
hydrocarbons. The first proCess, a low temperature one, .is called 
diagenesis. This term refers to the corrbined effects of biological, physical 
and chemical alteration before heat begins to "crack" the organic matter. 
The only potential p,etroleumrproducing reaction operating quring diagenesis 
is the micrObial fomation of methane, large quantities of which may form and 
be trapped in reservoirs that are fonned early. It is estimated that 20% of 
the world's gas reserves are made up of this biogenic gas (16). This gas can 
be identified by its carbon isotopic COJrI!Xlsition (Le., it is enriched in the 
lighter isotope) . CI 

"';i ::"' • . .~. : •. ~ 

When the temperature of a rock rises to above about sooc, the chemical 
bonds of the contained organic matter begin to break in resPOnse to the heat, 
and the stage called thermal ..maturation or catagenesis begins. The great 
majority of the petroleum hydrocarbons of the world is fomed by _:this proc@ss I Sl;'- ~ . '.• 

" 

which continues until the temperature of the rock reaches about 150 to 200 C~ 
At higher temperatures, the process, now called rretarrorphism, begins to 
destroy petroleum hydrocarbons. 

Temperature estimates for the onset and completion of petroleum 
hydrocarbon production are only approximate because the rock organic matter 
system is so variable and oamplex. Moreover, because the organic matter is a 
chemical system, the rate of reactions Imlst increase with temperature. 
Therefore, there should be a trade-off of temperature for time, i.e., rocks 
buried for longer periods at lower temperature should experience the sane 
degree of catagenesis as those buried at higher temperatures for shorter 
periods of time. 

In an exploration venture, it is irrq::ortarit to know whether the organic 
matter has undergone sufficient catagenesis to produce commercial quantities 
of petroleum, but not so much alteration that the hydrocarbon has been 
destroyed. This is not always easy to determine from the present day. 
geological setting of the rock or its present temperature because the rock 
may have had a complex history of several episodes of burial, uplift, and 
erosion of the overlying rocks. 

Fortunately, the kerogen itself, .inm:>bilized in the rock matrix since 
deposition, carries a record of its own time-temperature history. The degree 
of thennal alteration, catagenesis, can be estirrated from the color of 
spores, pollen, or plant cuticle fragrrents (13), or from the optical 
reflectivity of specific carbonized particles, called vitrinite (17). 

~·:.~""""fl" ~"::""\ :,/ .::~. f.. t 
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Kerogen coloration is reported on a scale of from 1 to 5. These values 
are also called Themal Alteration Index (TAl) values. Fresh, unaltered 
pollen, spores and ,cuticle fragrrents are light yellow or light greenish 
yellow, this unaltered kerogen is assigned a TAl of 1. Such a rat~ng 
indicates that the rock has not been exposed to temperatures al:x:lve 50 C. 
Rocks with this low a TAl are scm=tirnes associated with rrethane gas of 
biogenic origin. 

The onset of catagenesis, between 50 and 1000C, is detected by the loss 
of tbe greenish tinge and a slight intensification of the yellow coloration 
of the appropriate type of he:r;~G§.O.J!s kerogen. TAlis of rocks with kerogen 
exhibiting this coloration are rated at 1+. These rocks are associated with 
dry (rrethane only) gas and saretirres with heavy oil. Rocks with these very 
light colors are s,aid to be II inmature" . 

Orange colorEi indicate that the rock I s organic matter is rroderately 
alt~red, it has probably been exposed to temperatures in the range 100 to 
150 C. Light orange kerogen (TAl = 2) is soretirnes associated with gas with 
a large percentage of ethane, propane, the butanes and sore light hydrocarbon 
liquidS., TAl I s of 2 generally indicate that the rock is in its IlOst prolific 
oil generating stage. 

Brown colors (~~ = 3) indicate that the organic fractions of the rock 
hav~ been strongly altered, probably having experienced terrperatures al:x:lve 
150 C. At these ten:peratures, kerogen has realized IrOSt of its potential to 
give up hydrocarbons, the free hydrocarbons have been converted to light 
liquid and gaseous hydrocarbons. Deep brown or brownish black (TAl = 4) 
coloration denotes severely altered kerogen with dry rrethane gas the only 
associated hydrocarbon. 

When the kerogen is black (TAl = 5), ~ rock has been exposed to 
relatively high subsurface temperatures (200 C) and there is little 
possibility of· associated hydroccirbon except for a smaIl arcount of rrethane. 

These colorations are not always clear cut. Different spores and pollen 
grains from the sarre rock sample ma.yhave sarewhat different colorations. 
Therefore, ratings should be made with other sanples from the sarre well or 
outcrop so that subtle trends and relative colorations can be detected. The 
colors should be checked frequently against standard kerogen slides. Of 
course, the rrethod is also sorrewhat subjective because of the different 
perception of color by different individuals, but it has the advantage of 
being rapid and requiring only a microscope. 

Vitrinite reflectance is rreasured with a photomultiplier detector 
capable of accurately rreasuring the percent of a collimated beam light that 
is reflected from a polished surface of a minute vitrinite particle imbedded 
in a plastic matrix. While the rreasurerrent can be done accurately on a 
single particle, one of the drawba.cks. is that it is not always easy to 
recognize vitrinite. Other macerals, or kerogen types, that can be confused 
with vitrinite have quite different reflectance values at the same stage of 
thermal alteration. Another limitation is that even vitrinite particles that 
have experienced exactly the same histories may vary in reflectance because 
of small variations in the rrethod of sample preparation, oxidation of the 
surface, texture I e~c. Therefore the reflectance of a large number of 

76 



particles must be measured to derive a statistically significant estimate of 
alteration. In cases where the vitrinite is very unifonn, this may require 
only 30 readings, in other cases, where the rock has a heterogeneous o~ganic 
population, it may require over a hundred. In addition, the procedure is 
time-consuming and expensive relative to detennination of TAI's. 

Skillful interpretation of the data not only gives an estimate of extent 
of thermal maturation, but also may provide valuable infonmation on possible 
unconfonnities in the section, on the arrount of reworked kerogen introouced 
into the basins from eroding older rocks, and on the proportion of cavings· in 
the well (14). 

The TAI measurements on the sarrples fonn the Eastern Gas Shale Program 
appear to be !TOre useful for the purposes of assessrrent than reflectance 
estimates. TAl data more closely parallel the geology and show trends from 
top to oottom in sorrewells in which reflectance values were inexplicably 
unifonn from top to oottom. Therefore, in this geochemical assessment, the 
TAl I s will be the factor used in the calculations and mapping. 

'lb show regional trends in maturity, TAI values were spotted on the 
appropriate map (of the seventeen sul:xiivisions selected for this study). 
Conparison of those maps showed that some of the TAI contours of adjacent 
intervals were identical and the maps could be combined into five maps. 

The first such map, Figure 51, shows the TAI profiles for the lowermost 
Upper Devonian rock units. These values are applicable from the base of the 
Marcellus through the Genesee Group or its equivalent rocks. The alteration 
indices range from 2- in the extreme' northwest portion of the basin (in the 
area around wells OH- 5, OH - 4, and PA - 3) to 4 at PA - '1. 

Figure 52 shows the TAI's that apply for rocks of the Sonyea Group or 
its equivalents. These range from 2- in the northeastern extreIPity of the 
basin to 3+ at PA - 1 and PA - 4. The next map, Figure 53 , gives the TAI 
values that describe the degree of alteration of the kerogen in, the Olentangy '\, 
Shales, including the Rhinestreet. The TAI I S range from 2- in the shallow 
rocks in the northeast. to 3+ in rocks in the area of WV - 5 and the " 
Cottageville wells. 

Figure 54 is a map of the degree of alteration of the organic matter in 
the lDwer and Middle Huron shales and their equivalents. Irn:oature kerogen 
with a TAl of 1+ is found in the PA - 3 well, and the values increase to 3 in 
the area of OH - 8 and R - 109. The last map, Figure 55, shows the less 
mature section including the Upper Huron, Chagrin, and Cleveland Shales and 
their equivalents. Values of 1+ are found in the northern and southwestern 
portions of the basin, and the values increase t03 in the region of OH - 8 
and R - 109. 

These maps reveal that not all portions of the basin are as favorable 
for the generation of hydrocarbons as others. Some sedirrents are too 
imnature to have realized a significant fraction of their enormous potential 
and some have experienced such extensive thermal cracking that the 
hydrocarbon is probably destroyed. The former case probably applies to the 
extreme northwestern and western portions of the study area where TAI I S are 
less than 2. In spite of thick sections rich in organic carbon, the rocks 
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can only be considered poor to fair soUJ:"ces of gas, and much of this nay be 
microbially, not therrrally I produced. 

Source shales located in the areas where TAl I S are between 2 and 3+ are 
in the optinun range for hydrocarbon generation, and this will be reflected 
in the hydrocarbon potential naps that will be presented later. Rocks 
exposed to temperatures such that their TAl I S are 3+ or greater, are 
considered too nature. Most of their hydrocarbon has probably been 
dissipated or destroyed. 
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Regional Hydrocarbon Source Potential 

Geochemical Source Quality Maps 

The next step of the assessment was to cambine the data on the organic 
carbon content, the biofacies (organic) type, and the thenra1' alteration 
index into a rating system that showed the relative source character of each 
of the seventeen study intervals as well as for the Appalachian Basin as a 
whole. This then was cambined with the thickness of each unit to give the 

'source potential of each unit, and a cambined pot.ei1.tial for the entire Upper 
Devonian. 

For this purpose an,'arbitrary rating system, shown in Table 1, was set 
up. In this chart, relative ratings of source and potential were assigned to 
various cambinations of organic carbon contents and thenral alteration 
indices. The absolute values were based on petroleum geochemical 
considerations, biased sorrewhat by the observation that in this basin, the 
low perrreability Devonian shales apparently retain nost of the gas that they 
generate, and because of this, naximum generation of hydrocarbons, and 
particularly of liquid hydrocarbons (oil), is held back until higher 
temperatures are reached (i.e., at higher alteration indices) • 

The qualifying footnotes at the bottom of the Table are based on the 
facts. that algal and anorphous kerogens begin to crack at lower temperatures 
than terrestrial organic natter, and that algal and arrorphous kerogen gives 
up nore hydrocarbon liquids (oil or condensate) than does the terrestrial 
types. 

The set of source quality maps, Figures 56 through 72, were derived by 
first cross plotting TAl against organic carbon content to obtain a relative 
numerical ranking in each sna11 unifo:r:m field· (outlined area) on the map. 
'l'his nap was then superimposed on the biofacies nap of the sane interval, and 
the qualifying staterrents at the bottom of Table 1 were used to label the 
relative nature of the hydrocarbon expected from the kerogen in each field. 

/J,r" r.:i r /', ~!. ,.,(~ .. ' .._" ~". ,t '. ~", .," ~,tfl 

It is very important to note that ~ mm~riCa1' values shown 'oft this 
first set of naps is the potenti.g.;L.~per""yW.t volume of sedirrent. Even with a 
very high relative potential, (~-~.ten foot ~Section of rock would not produce 
enough hydrocarbons to be of corrireiial-interest. On the other hand, a thick 
(e.g., 100 foot) section of rock with good relative quality could source 
con:rrerica1 quantities of hydrocarbon. These maps are included to show the 
geochemical character of each of the units - a paraneter that will be 
cambined with thickness to proouce exploration source potential naps later in 
this report. 

Figure 56 shows the hydrocarbon source quality of the shale in Early 
Marcellus tirre. The rock is an excellent oil and gas source in many parts of 
the basin, particularly along a band extending fran the boundary between West 
Virginia and Pennsylvania, along the Ohio-Pennsylvania border, to 
southwestern New York. Unfortunately, as will be shown later, the unit is 
relatively thin, so it does not have the exploration potential of'other 
leaner but thicker units. 
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TABLE 1 
RELATIVE SOURCE ROCK RATING OF DEVONIAN SHALES 

THERMAL ALTERATION INDEX 

1+ to 2 2 to 3 3-4 4 - 5 

0--1 0 0 0 0 

Organic 1-2 
Carbon 

1 1 2 0 

Content 2-3 
(percent) 1 2 4 0 

3-4 2 4 7 0 

4+ 2 6 10 0 

o - Little Potential 

1 - Good Gas Potential only if organic matter is Tasmanites or Marine 

2 - Excellent Gas Potential if OM is Tasmanites or Marine; Good 
Gas Potential if OM is Terrestrial 

4 - Good Oil and Gas Potential if OM is Tasmanites or Marine; 
Good Gas Potential if OM is Terrestrial 

6-7 - Excellent Oil and Gas Potential if OM is Tasmanites or Marine; 
Good Oil and Gas Potential if OM is Terrestrial 

10 - Exceptional Oil and Gas Potential 
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The upper Marcellus 1.Ulit (Figure 57) alsc has an area of good scurce 
quality for oil and gas, but it is further scuthwest than in the 1.Ulit below. 
The good scurce rocks are situated in a triangle whose apices are in 
north-central Ohio, south-central Ohio, and southwestern Pennsylvania . The 
exploration potential of this 1.Ulit, too, is diminished because it is 
relatively thin over much of the basin . 

The H~ilton Group and its equivalents generally have poor scurce rock 
as shown in Figure 58 . The Genesee/Geneseo Group, Figure 59 , and their 
equivalents have a thin rreandering belt of good scurces extending fran 
northern West Virginia to southwestern New York . 

The Sonyea/Middlesex 1.Ulit and its equivalents shown in Figure 60 have 
two areas of good source quality - one small one in northwestern Pennsylvania 
and another in south-central Ohio. 

The early Rhinestreet rocks shown in Figure 61 have excellent source 
quality in rrany parts of the basin, e . g . in northeastern Ohio and 
northwestern Pennsylvania, in southwestern Pennsylvania, along the Ohio-West 

. Virginia bo1.Uldary, and in the area of TENN - 9 . The upper part of the 
Rhinestreet (Figure 62) has good-to-excellent source quality along a thin 
band stretching from TENN - 9 alnost to OH - 4 and PA - 3 . 

The Middle Olentangy 1.Ulit (Figure 63) is characterized as a poor scurce 
interval, as is the Upper Olentangy shale (Figure 64), except for one point, 
which must be suspect, in the area of OH - 3. 

Figure 65 shows that the early Lower Huron shales have good-to-excellent 
scurce quality in central and southeastern Ohio and western West Virginia 
southward to Tennessee. The later Lower Huron shales alsc have sarewhat 
poorer, but still good, potential in roughly the sane areas as shown in 
Figure 66 . 

Middle Huron shales (Figures 67 and 68) have poorer scurce quality than 
the Huron shales above and below. The Upper Huron shales (Figures 69 and 70) 
have an area of good scurce rocks in scutheastern Ohio. The Chagrin shale 
(Figure 71) has poor scurce quality. 

Figure 72 shows that the Cleveland has good scurce rocks for gas 
generation in central Ohio, and for gas and oil further southeast in Ohio. 

Next, to show overall scurce quality for gas and for oil in the basin, 
the nurrerical rating fran each of the areas for each of the seventeen maps 
was transferred to a grid with lines spaced about 9 miles apart both 
north-south and east-west. The values at each grid coordinate on each map 
were totaled with those at the sane grid point on all the other maps, and the 
total was placed on similar grid for the entire Upper Devonian section. This 
process was done individually for each grid point in an area identified as 
having gas potential, and again for each grid point in any area identified as 
having oil potential. The data on the corrposite grids were contoured, and 
the absclute values reduced by a factor of ten, to produce the two overall 
scurce quality maps shown in Figures 73 and 74 . 
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The overall gas source rock quality map (Figure 73) shows that, as far 
as source rocks of gas are concerned, the better ones are concentrated in 
southeastern Ohio, southwestern Pennsylvania, northeastern West Virginia, and 
northeastern Tennessee. 

The overall oil source quality map (Figure 74) shows that potential oil 
sources are concentrated in southeastern Ohio, with sorrewhat reduced, but 
still good quality in southwestern Pennsylvania and northwestern West 
Virginia. The map indicates that the oil in Ohio should be naphthenic 
because it is fonred for the maturation of algal organic matter . The oil in 
West Virginia would be expected to be more paraffinic and possibly aromatic 
because the source material is more herbaceous and woody. These source 
controls are well known in the petroleum industry (14). 

These overall source quality maps are mostly of academic interest, the 
overall source potential ll'aps, which canbine source quality with unit 
thickness, presented later are much more useful in exploration and in 
pin-pointing targets for stimulation projects. 
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Geochemical Source Potential 

The next step in determining the relative source potential of each-unit 
and of the basin involved the cross plotting of the relative source quality 
values, shown in Figures 56 through 72, with the thickness of each unit. The 
numerical value of the relative source potential is the product of the source 
quality value for each individual unit times its thickness in feet. Thus, a 
very thin rock unit with exceptional source quality would not have very much 
potential. But a thick rock unit with only rroderate source character would 
have an excellent potential. These maps were prepared next. 

First it was necessary to construct isopach maps for the limited 
stratigraphic units into which the Upper Devonian was divided for this study. 
The stratigraphic data interpreted from well logs from each of the study 
wells was used, and the contours were sm:::xJthed by referring to the published 
isopach maps of the basin (18, 19, 20). The seventeen resulting isopach 
maps, the data from which were used to prepare the potential maps, are 
included as Figures 75 through 91. 

The relative gas and oil source rock potential maps, Figures 92 through 
119, shOW' the range of the gas and oil potential ratings. Their unusual 
shapes and angularity are due to the fact that they are the product of cross 
plotting of four other maps: organic carbon dis,tribution, biofacies 
distribution, thermal alteration index distribution, and. unit thickness. 
Therefore, the precise areas and boundaries of the hydrocarbon potential 
fields are not important, the. general locations and magnitude of the 
potential are. ' 

The potential values are relative I' of course, and range from less than 
100 to over 1200. Therefore, there is over an order of magnitude range in 
the overall potential of different units to generate hydrocarbons. However, 
because of the anarrolously high organic richness of the rocks in the Upper 
Devonian in the Appalachian Basin I the lower values would still be considered 
excellent sources in other basins of the world. 

On this basis, the early Marcellus shale unit has only relatively fair 
(for the Upper Devonian of the Appalachian Basin, not when compared against 
other gas sources of the world) overall gas source potential (Figure 92) and 
fair oil source potential in a very limited area (Figure 93). This is the 
case in spite of its exceptional source quality, because it is a relatively 
thin unit over the entire basin. Nevertheless, there are fair possibilities 
for some accumulations of gas and light liquid hydrocarbons derived from this 
unit if reservoirs can be found within or contiguous to this 'source unit in 
the area around PA - 1 and in southwestern. Pennsylvania.. 

The later Marcellus unit (Figure 93) has fair potential of sourcing some 
gas accumulations (Figure 94) and oil accumulations (Figure 95) in 
southwestern Pennsylvania, particularly directly south of PA - 4. 

The Hamilton group (Figure 96) has relatively lOW' potential to source 
comrercial quantities of hydrocarbon. 

The Genesee/Geneseo unit has exceptional source potential because it 
combines good hydrocarbon potential with thickness. Porosity accessible to 
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hydrocarbons in southwestern New York, northwestern Ohio, and the panhandle 
of West Virginia and the adjoining portions of Ohio 'WOuld have an excellent 
chance of being filled with gas (Figure 97). In smaller zones within the 
areas of high gas potential near PA - 1 and NY - 1, there is excellent 
potential for accumulations of light oil (Figure 98). There is also another 
small area in northern West Virginia that has fair source potential for oil. 

The Sonyea,lMiddlesex: unit also has an area of excellent potential source 
rocks for gas (Figure 99), again because of a combination of nodest potential 
and excellent thickness. The wedge of sediIrent with the highest potential is 
in extrerre western New York and extends into Pennsylvania to the south to the 
PA - 4 well. This potential is for gas without associated liquids. There is 
another area of sedinents with fair potential on either side of the Ohio-West 
Virginia ooundary in the vicinity of R - 109. This unit could provide gas 
and oil (Figure 100) to nearby reservoirs. 

, , 
While the early Lower Olentangy (early Rhinestreet) unit is not as thick 

as the units imrediately below, it has an area of good gas (Figure 101) and 
good oil (Figure 102) source potential because of its exceptional source 
quality• This high-potential area for. large volumes of gas and oil in 
associated reservoirs is found in southeastern Ohio. Additional fair 
potential for prm,arily gaseous hydrocarbons extends over much of eastern 
Ohio and northwestern West Virginia. 

The later Lower Olentangy has fair-to-good potential for sourcing gas 
(Figure 103) in southeastern Ohio, and to a lesser extent,. in northwestern 

West Virginia. Lower Olentangy rocks with sorrewhat lower gas potential 
blanket much of the basin. There is also an area with good source potential 
for oil in southeastern Ohio I and fair potential sources extend south fran 
there into western West Virginia (Figure 104) . 

In spiteof the occurrence of a thick section of the l-1iddle Olentangy 
unit (Figure 105), it exhibits relatively.less source potential than many of 
the other units basin wide, except for a small area of fair-to-good gas-prone 
source sedinents at OH - 6 and extending southwest into Kentucky. 

The Upper Olentangy (Figure 106) has three small areas where fair source 
potential might contribute gas to contiguous reservoirs. One of these areas 
is in southeastern Ohio, another in Central Ohio, and the third along Lake 
Erie in Pennsylvania. . 

Early Lower Huron rocks have good gas source potential over a large area 
as shawn in Figure 107, and fair potential over a large part of the rest of 
the basin. The best source area is just west of the junction of Kentucky, 
West Virginia and Ohio boundaries, but a broader area of rocks with only 
slightly less potential extends both southward and northward from the richest 
area. Virtually all of this potential is for gas, except for an area that has 
fair-to-good potential for oil in southeastern Ohio, and an area. with fair . 
oil potential in west central West. Virginia. (Figure 108). 

The upper Lower Huron unit has a limited area of good potential sources 
in east central Ohio mostly for gas (Figure 109), but also for serre oil at 
the extrerre southern end of the richest gas patch (Figure 110). The unit 
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also has an elongate band of fair gas source potential stretching fran north 
of TENN - 9 almost to OH - 4. 

Figure Ill, shows a patch of fair potential for gas in the early Middle 
Huron unit in eastern Ohio. Therefore, this unit could contribute gas to 
contiguous porosity if it could be found. 

The later Middle Huron shale has only one srrall area Where it has fair 
gas source potential in extrerre southern Ohio and the adjacent part of 
Kentucky as shown in Figure 112. There are also tv.o. small areas with fair 
source potential in extrerre northeastern Ohio and in eastern Kentucky that 
could contribute gas to porosity. 

Figure 113 shows that the early Upper Huron unit has some good potential 
for gas in east-central Ohio, and a smal.l area of good oil potential in the 
area near OR - 8 (Figure 114) . 

Figure 115 shows that the later Upper Huron has a similar distribution 
of rocks with good gas potential but they are rroreextensive. There is also 
a small area just northeast ofOH - 6, WV - 5, and the Cottageville wells 
that has fair oil source potential (Figure 116) . . 

The Chagrin has relatively less potential to source cornnercial 
quantities of hydrocarbons. This· is shown on Figure 117.. The Cleveland 
Shale unit, has a large area with fair potential for gas (Figure 118) and oil 
(Figure 119) accumulations in central Ohio. 

The data from the above sets of gas and oil source potential maps were 
combined to produce composite maps of the gas-source and oil-source potential 
of the entire Upper Devonian section. The values on each of the gas and oil
source potential maps were sumrred on a matrix of unifonn grid points on a 9 
mile spacing. For convenience in mapping, the last tv.o zeroes of the total 
were dropped, nevertheless the numbers are still relative indicators of the 
overail potential, i.e., where the best units are "stacked" in the basin. 

The overall gas source potential· of the Upper Devonian is shown in . 
Figure 120. Practically the entire basin area studied has source rocks which 
are capable of giving up commercial quantities of gas to nearby reservoirs if 
they are present. However, some areas have relatively rrore, i.e., enonrous, 
capacity to source gas. The richest of these is centered in southeastern 
Ohio, with rocks of sarrewhat less, but still excellent potential covering 
practically the eastern half of Ohio and into northwestern West Virginia. 
Another rich area is centered in southwestern New York and west north-central 
Pennsylvania. A third high-potential area is centered in Kentucky .just· west 
of the confluence of the Ohio, West Virginia and Kentucky borders. 

Good overall oil source. quality is rrore limited because oil requires the 
right kind of organic matter and rrore thermal alteration to generate 
cornrercial quantities than does gas. The areas where the richest oil sources 
are located are shown in Figure 121. The richest area is centered in 
Southeastern Ohio and spreads arroeba-like to the east and south. Another 
slightly less rich area is located in southwestern New York and west north
central Pennsylvania. 
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It is important to keep in mind that all of the areas within the I or 2 
contour lines contain what would be considered good to exceptional oil 
sources in other basins of the world. If the shales themselves' were 
fractured and/or interbedded with thin siltstone stringers, or if there were 
rrore typical sand or caroonate reservoir rocks in formations irrmediately 
aOOve or below the rich source units, comrercial production would be 
expected. 

This exercise in geochemistry testifies to the fact that the primary 
control on oil and gas occurrence in the Upper Devonian (in the port1on of 
the basin studied) is sanething other than the distribution of source rocks. 
Obviously, the paucity of porosity and pemeability in the Upper Devonian' 
rocks has kept the dark shale units from sourcing one of the greatest oil and 
gas-producing provinces of the World. 
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Other Geochemical Para:rreters 

In ad~~tion to the critic;,al exploration para:rret~.p, organic· caXbon, 
organic matter type, therrral alteration index and gas con'tents (particularly 
those from controlled off-gassing), other detailed geochemical analyses were 
run on sanples from thirty Appalachian Basin wells. The analyses included a 
full suite designed to characterize the organic. matter as completely as 
possible, as discussed in the introduction· to this report, and shown 
diagrammatically in Figures 1 and 2. 

As the analytical phases of the project 'V.UUnd down, it became apparent 
that the four aforerrentioned para:rreters were the ones that were going to be 
the nost useful for a regional assessment of hydrocarbon potential (21). The 
others were useful for confinning t..'1e potential interpreted from the rrore 
diagnostic ones, and also revealed sane unique and' unusual characteristics of 
the hydrocarbon source rocks in the Appalachian Basin. 

The data on heavy hydrocarbon contents and carbon isotoPe ratios will be 
discussed in detail. Other geochemical results will for the nost part be 
relegated to well surnrary plots which are included as Appendix B. 

Three of the four criteria deerred critical for delineating the potential 
of the Appalachian Basin (total organic carbon, biofacies type, thermal 
alteration index) give an excellent overall appraisal of the potential of the 
rocks if there is porosity available to receive the hydrocarbons indigenous 
to the sources. (The fourth para:rreter, gas content, will be discussed in the 
next major section of this report.) The lack of perrreability in the shales 
and the lack of major porous units in fluid (migration) continuity with the 
source shales are the limiting factors that keep the Upper Devonian rocks 
from being the source of a truly major petroleum-producing province. 

Cross-contouring these three para:rreters, and corrbining them with current 
knowledge of geochemical controls of oil and gas occurrence, shows where the 
oil and gas should be, other things being equal. Gas should be found in any 
porosity in virtually any part of the basin, but particularly large 

. quantities would be expected where the greatest gas-generating capacity is 
localized. As shown earlier in Figure 120, the nost favorable of these are 
located in southeastern Ohio and in the west north-central Pennsylvania. 
However, slightly less but still excellent potential extends fram these areas 
over rrost of the northeastern and western reaches of the basin. 

Oil potential is nore localized, but blankets rrost of the west central 
part of the basin as well as part of the northeastern end (Figure 121). 

The striking result of the heavy hydrocarton extractions was that the 
great majority of the sanples of the Upper Devonian shales had sufficient 
quantities of heavy hydrocarbons that they \NOUld be classed as good to 
exceptional potential sources of liquid hydrocarbons, i.e., OIL. On the 
average, they contain an order of magnitude nore hydrocarbon than do a suite 
of representative shales collected from allover the \VOrld, as shown in 
Figure 122. 

The relative ability of the Eastern C..as Shales to source oil \NOUld be 
expected to be exceptional if the generally used classification criteria, 
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shown diagramnatically in Figure 123, are applied. The few samples that 
would be classed exclusively as gcod. gas sources are primarily from the 
VA - 1 well, and reflect the nore wocdy-coaly nature of its organic matter 
and its relatively high degree of thermal maturity. 

Also, as was pointed out in an earlier report (21), the quantities of 
hydrocarbon, particularly the ratios of heavy hydrocarbon to organic carbon, 
are anoma.lously high for rocks with as low thermal alteration. indices as 
indicated by the kerogens in these Gas Shales. This sane diScrepancy was 
noted for both the absolute quantity of gas and its richness relative to the 

J 	 percent organic carbon. Moreover, the ethane-plus contents were anomalously 
high for the thennal alteration indices. Thus, the hydrocarbon contents and 
corrp::>sition indicate {as well as the paraffin contents and the 

.'". (' paraffin-napthene ratios of the extractable hydrocarbons) that virtually all 
the shale samples in the study (except at well VA - 1) are in the 

t .'<;,\,' oil-generating stage of .thermal maturity, while the TAl's indicate that the 
\J ";,' oil generation stage has just begun.,f 


" 
 This apparent discrePanCy led to one of .i.I£I::ortant research findings of 
the project. It shows that in relatively older rocks, Paleozoic in 
particular, the trade off of tine for temperature in the kinetics of source 

":--

t.' rock maturation and hydrocarbon generation make it necessary to nodify the 
.0; . '; standard interpretations of source criteria: wet gas and oil generation have 

.." .'? .' taken place in rocks with lower TAl's and reflectances than standard charts 
;; 'S ~'i.'c and tables show. The observation supports the contention (2l) that the 
C{'1'''' ,. \' breakdown of kerogen into a less hydrogen-rich kerogen and nore hydrogen-rich 

) gaseous or liquid hydrocarbon is an equilibrium process, when the products of 
1"1 \~\ 'J .the reaction are retained, their activity increases, and the reaction is 

\} ",i '):retarded until some of the product is ren:oved or escapes. 
"- '- .

. 	"" "~ . h~ 	 ~:' The trade-off of tine fortempeiatuie has been recognized for some tine 
(22, 23) but the published divisions between sourcesvs non-sources and oil 
vs gas sources are lumped for potential source rocks of all ages from the 
Precambrian to the Holocene. 

Another .i.I£I::ortant characteristic of the Upper Devonian Shales of this 
basin was also recognized earlier (21). That is that for any given well, and 
probably within different environ.rrents within each well, the ratio of heavy 
hydrocarbon to organic carbon is quite constant, i.e., can be characterized 
by a straight line with a slope of 1, on a diagram such as Figure 123. This 
indicates that very little migration of the heavy hydrocarbons from richer to 
leaner shales or to contiguous porosity has taken place. These large 
hydrocarbons, with greater than fifteen carbon atoms per .nolecu1e, ~e 
apparently locked in place in the very i.nperIreable Upper Devonian shales. 

The linear relations of gaseous hydrocarbons to organic carbon also 
testify to the retention of virtually all of the hydiocarbons, even the 
smallest ones, produced during 'diagenesis and catagenesis in the impermeable 
shales. The narrow pore throats throughout these very impermeable shales 
must have prevented virtually all· of the hydrocarbons fonned in them fran 
escaping. They are retained in the pores in which they were for.med. 

The carbon isotope ratios of the gases provide additional confirmation 
that the Devonian Shales have retained all their produced hydrocarbons 
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virtually from the tirre of deposition. While the carron isotope COItIJ:?Osition 
of the kerogen itself (Table 2) is well within the range of other shale 
kerogens of the world (24), it is SOJ.Tewhat anorralous in that the kerogen in 
the marine (Tasmanites and algal) facies is heavier (less negative) than 
would norrn.ally be expected for marine organic ma.tter. ,!his sugg~~!!!_..~, 
greater contribution of the terrestrial organic ma.tter from the· emergent
highlands than i1eretOfoiit·expect-etl.·:"'..·~-";...,..·>·",·,··,-"·~,""",,,,,,,~,,-A'>·~'·,,,,.~,,~-,-,,,,.•,•• ,.• ,,"'t..•..,.,'... , . ""~' 

_._" ~-_·.---.:'~h_~·~:,r,;..~.r.;;;....:,~,..,...~__ ~;'."!....:---"'.\1.\I....~...~.,,4."tl:!trll.·•• 

From the standpoint of hyd:rocartxm ret.E;mtion of the shales, the 
carron-13 values of near-50% are too negative for gases derived framrocks 
that have undergone the degree of therrn.al alteration that the Devonian shales 
have experienced (24). The values would be consistent if the rocks only 
contained the very first, relatively sma.ll, volumes of gas that are given up 
at the very onset of therrn.al ma.turation, or catagenesis. At the sarre time, 
the values are too positive for microbially produced gases (25). This leads 
to the conclusion, that the gases are a mixture of microbially produced 
(diagenetic) and catagenically produced hydrocarrons. This st:rOngly suggests 
that these rocks have been very inpe:r:neable since very early in their 
history, Le., since shortly after deposition, and that they have retained 
nruch of the gas produced by bacteria imrediately beneath the sediment-water 
interface. This being the case, they nrust also have retained virtually all 
of the catagenic gas since the inception of the thermal cracking processes. 
Therefore the rocks themselves provide conclusive evidence that the shales 
have been a virtual closed system since deposition - thus explaining its 
departure from norrn.al source rock characteristics. 

Therefore, with the stinrulation methods being investigated, it appears 
that the optimum location for stinrulation projects is in the shales with the 
greatest arrount of gas - the location of which is reported here, and which is 
a function of the arrount of organic ma.tter, its nature, an the degree of 
therma.l alteration it has experienced. Fracture netYlOrks that coincide or 
are contiguous to these :roost favorable facies should> also be sought so that 
the wells can maximize the extent of the drainage channels and the 
shale/porosity interface. 

The search for oil in these rock units can also be narrowed down to a 
search for potential fractures and silt stringers in the favorable 
geochemical areas. Since the kerogen type changes from Tasmani tes or algal 
in the western and southwestern parts of the basin to :roore terrestrial in the 
east, any crude oils would be :roore naphthenic in the west and :roore paraffinic 
in the east. However, with the shortage of d~stic crude, the composition 
of the crude is only incidental. ' 
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TABLE 2 


carbon Isotope Data Determined from the Devonian Shale Samples 


Ranges of Values For 

Zone 

Early Marcellus T.i.me 

Late Marcellus T.i.me 

Hamilton GroupjPost Marcellus T.i.me 

Genesee/Geneseo Time 

Sonyea/Middlesex Tirre 

Early Lower Olentangy/ 
Early Rhinestreet T.i.me 

.... 
Cl) 
w 

Map Unit 


1 


2 


J 

4 


5 


6 


Well 

PA-2 

WV-6 

WV-7 


PA-2 

WV-6 

WV-7 

OH-4 

PA-3 


PA-2 

WV-6 

OH-4 

PA-3 


PA-2 

'WV-7 

NY-I 


WV-7 

NY-I 


WV-7 

OH-3 

NY-I 

OH-4 

PA-3 


l3c (~) 

-30.4 to -30.0 
N.D. 

-29.8 to -28.3 


-29.6 
N.D. 
-29.6 
-28.9 
-27.5 

-29.5 to -29.1 
N.D. 
-28.8 
-27.8 to -27.1 

-29.4 to -29.1 
-30.5 to -30.1 
-31.4 to -26.8 

N.D. 

-28.9 to -28.5 


-33.5 to -31. 3 

-29.1 

-28.6 to -27.1 

N.D. 

-30.0 to -28.1 


13m4 


-28.1 to -22.4 
-24.0 
N.D. 

-20.5 
-25.5 
N.D. 

-54.9 to -52.3 

N.D. 


-30.5 to -27.0 
-32.5 to -27.9 
N.D. 
-50.2 

-35.5 to -19.8 
N.D. 

-45.5 to -39.5 


-40.8 to -40.6 
-48.8 to -38.8 

-38.9 to -38.8 
N.D. 
-50.6 to -48.0 
-53.6 
-53.2 



..... 
O'l 
~ 

Zone 

Late lDwer Olentangy / 
Late Rhinestreet Time 

Middle Olentangy / 
Angalo Shale Tirre 

Upper Olentangy /Java PM. 
Hanover Shale Time 

Early lDwer Huron/ 
Early Dunkirk Time 

Late IDwer Huron/ 
Late Dunkirk Tirre 

TABLE 2 (CONTINUED) 


Map Unit Well 

7 'WV-7 
KY-2 
NY-I 
PA-3 

8 'WV-5 
KY-2 
OH-4 
PA-3 

9 KY-4 
'WV-5 
KY-2 
OH-3 
OH-4 
PA-3 

10 KY-4 
VA-I 
KY-2 
OH-3 
PA-3 

11 KY-4 
'WV-5 
VA-I 
KY-2 
OH-3 
OH-4 
PA-3 

Ranges of Values For 

l3C (~) l3CH 
4 

-29.1 to -28.3 -45.9 to -42.7 
N.D. -53.9-
-30.8 to -25.2 -54.6 to -50.2 
-30.2 to -29.0 -52.7 to -51.9 

N.D. -48.7 to -46.9 
-26.7 -54.6 to -48.7 
N.D. -53.0 to -50.4 
-27.8 -50.9 

-30.9 -50.9 to -49.5 
N.D. -49.6 
N.D. -52.2 to -50.6 
-29.4 -51.1 
-30.3 -55.7 to -52.6 
-30.0 to -27.3 -53.7 to .3 

N.D. -54.0 
-28.7 -40.7 to -36.4 
-28.9 -53.1 to -52.6 
N.D. -52.5 

-28.8 N.D. 


-30.5 to -29.5 -53.3 to -51.6 
N.D. -50.7 to -50.5 
-29.3 -43.2 to -38.3 
N.D• -53.5 

. -30.2 to -30.1 -50.3 to -47.8 
-30.0 -52.7 to -52.1 
-28.7 to -25.7 N.D. 



TABLE 2 (CONTINUED) 

Ranges of Values For 

13C ('1'0:)
Zone Map unit Well 

13m4 

12 KY-4 -29.4 -53.2 to -50.6
Early Middle Huron Time -44.6 to -40.6VA-l -28.1 

-50.1KY-2 N.D. 

OH-3 -31.0 to -30.1 -54.1 to -52.5 

PA-3 -29.5 to -29.0 N.D. 


-30.2 to -30.0 -52.4 to -51. 713 KY-4Late Middle Huron Time -49.6\w-S N.D. 
-48.8KY-2 N.D. 


OH-3 -30.'5 to -27.3 
 -54.1 to -47.6 

14 KY-4 -30.3 to -29.0 -53.2 to -51.0
Early Upper Huron Time -49.4WV-S N.D. 

-48.7KY-2 N.D. 
-53.1 to -50.5OH-3 -30.4 

15 KY-4 -30.4 -50.1
Late Upper Huron Time -51.6wv-S N.D. 

-41.9 to -34.6KY-2 -30.0 
00-3 -30.2 to -28.9 -54.6 to -49.4 

16 KY-4 -30.6 -52.2 to -48.8 
Chagrin Time 

wv-s / -N.D.-- -49.4 
VA-I \ 

I -25.6' -44.4 
KY-2 -27.5 -51.5 
OH-3 -29.8 -54.6 

..... 
en 
(Jl 



..... 
CJ') 
CJ') 

TABLE 2 (CONTINUED) 

Ranges of Values For 

Zone 	 Map unit Well l3C- (TOC) l3CH 
4 

Cleveland Tin's 17 	 KY-4 -30.3 to -28.3 -52.7 to -49.8 
VA-I -27.9 -45.3 to -39.6 
KY-2 -30.2 -52.4 

N.D. - Not Determined 



Discussion 

Fran the point of view of the petroleum geochemist, the Upper DevorP-an 
rocks of the Appalachian Basin have exceptional potential to generate (i.e., 
source) large voll.lll'es of oil and gas. There is an abundance of algal organic 
matter, either Tasmanites or other marine algae as well as large quantities 
of herbaceous organic· derivatives. In other basins, the fomer type of 
kerogen is a promising sign in the search for oil and gas, and the oil is 
usually of the naphthenic type. The latter type, while not as encouraging as 
the algal kerogen, is still often associated with large COIl'mercial oil and 
gas fields, the oil usually being of a nore paraffinic type. 

Various arrounts of nore woody terrestrial organic matter also 
characterized parts of many of the units. And, while this type of organic 
matter is not as encouraging a sign, it can st:i,ll generate significant 
quantities of gas, ~d small quantities of oil which tends to be of a nore 
arOIl'tCltic or paraffinic nature. 

In light of the widespread occurrence of such excellent oil and gas 
source rocks, the production history of these rocks has been extrerrely 
disappointing. The major reason for this disappointment is the paucity of 
reservoirs associated with the organic-rich Upper Devonian shales. tbst 
giant oil and gas fields of the world are produced from thick porous sands or 
linestones in juxtaposition with, or fluid continuity with, good petroleum 
source rocks, but source rocks with no better, and sanetines less, potential ' 
than that of the Upper Devonian of the Appalachian Basin. 

These nore typical geological relationships do not occur in the 
geological setting of interest. Therefore, the future likelihood of 
exploitation of this resource depends on ~. improverrents in technology. The 
first of these will require the sha~ing of our ability to locate naturally 
occurring p()rqsity wiWn tl}§! _:r.j.~h §M~s themse1ves. . This 'Poroslty is-made 
up-of net~rkS gf H,ri~j::~9l, ,tr~ct.l,g,,~~L?n.q.L2! _t1lln-sfit~ stringers,-the location 
of which-maybe facilitated by' detailed -lffhcifacies-S't:ooIes, improved well 
log analysis, structural geology, and aerial photo analysis. 

The ~d technological improverrent that will increase the realization 
fran this vast resource will be in stimulC!~2¢iolQ9Y.. Industry needs a 
dOC\.lllellted stimulation program for every situation encountered in the shale: 
i.e., what current methods should be errployed and what m:xlifications need to· 
be made for shale depth, thickness, lithology, mineralogy, physical and 
mechanical properties, organic richness, gas content, etc. ,The very 
magnitude of the resource itself justifies a continuing effort toward these 
ends. 
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GAS CCNI'ENI'S 

Backgr01.md 
( 

One of the rrost recent estimates of the magnitude of the resource in the 
Eastern Gas Shale Basins has been based on the thickness of the dark and the 
gray shale, the relative proportions of which in turn were based on the 
gamma-ray log response, and the estimateQ average volumes of gas associated 
with each of these (26). It was an either~r situation and no intermediate 
values of gas contents for shales with intermediate organic contents was 
considered. Another estimate is based on pyrolysis yields of a handful of 
samples (27); others seem to be even rrore subjective (28). 

The geochemical program has made it possible to make rrore accurate 
estimates of gas-in-place in the shales because one of the analyses is a 
d~J;e~.t __rreasurement_..bf""_ga~contained in fresr..ly taken cores from different 
parts of the basin. The measurerrent, as originally applied to well samples 
in the early part of the program, gave low estimates of the gas in place, 
because gas was lost as the core was brought out of the hole, and while the 
core was being measured and described, however quickly, before samples were 
sealed in gas-tight containers. 

However, as part of the program, a controlled off-gassing procedure was 
developed, and the accuracy of the gas-in-place estimates derived from it 
were confirmed with the pressure-retaining core barrel (29). These accurate 
estimates, together with the kerogen, biofacies and thermal alteration index 
data were then used to develop algorithms from which indigenous gas contents 
have been calculated for-eacFi""iaci< un-frat each well location. . 

An example of the comparison of the gas contents determined by the 

~~~~;s_~~~~C~~g~:::~~ts~~ ~ler~~~%e:i~~~T~":-~ ..,~~\ ~D? 
other 16 stratigraphic units studied in this report are included in Appendix 
C. 

The te:rm "indigenous gas" means the gas produced by kerogen during the 
entire natural thermal evolutionary process before natural migration or loss 
during core retrieval and sample handling. These values are Pf.Obab~the 
~accurate e.stimates,9f ,92s-jJ2:p-!..ace . available today. 

. Q ---

4~t"~ \ As the Table shows, the geocherrically determined and calculated 
/~f q(!. indigenous gas contents are usually much larger than the aIIDUnts estimated 
~~~es~,-urce_~a~t~4 This was confinred in the controlled 
I ' off-gassing experirrents in which it was found that the gas release is 

prirr~ily exponential. Therefore, much .I!QE~2~§---~__~<::~_gw.:-J.J)g__ ~the ...__--- .
retrleval .. .of the core and subsequent handllng at the well-slte than had Been 
realized. Thi§-wcfs--fu1.ther confir.med by observations in the field that the 
core, when freshly extruded from the core barrel, often was out-gassing 
rapidly enough to be heard and to be· observed as rapidly forming and bursting 
bubbles in the water film on the cores. This manifestation of the gas 
disappeared within a few seconds, but the samples for resource assessment 
often had to be exposed to atmospheric pressure with the gas escaping to the 
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/1 

TABLE 3 < 
I tC·. 1 1 ~- "fi ~~ ......Gas Content Determinations '. I). e-' 

Early Marcellus Time 
/ . /'; 

I:) /lch" /',- 'U'''''/1;;- /.J /J.~, 11i " --... -~ _..-.....---'.. 
'1ti"5N1fln$Th " Organic Thermal Geochemically 

~ \ 

Estimated 
Experimentally Determined Carbon Alteration Determined Indigenous 

Well Total Gas (%) Index Tota 1 Gas Gas Content 

OH-8 33.70 6.65 3.40 290.38 292.,38 

PA-l 17.81 2.51 3.50 113.35 113.60 

PA-4 14.59 1. 37 3.60 67.30 
"-

63.78 

PA-3 16.73 3.15 2.10 88.41 84.73 

PA-5 95.'18 1.50 3.40 65.53 65.95 

WV-7 16.84 4.21 3.50 187.57 190.54 

NY-4 21.77 1.77 3.48 80.29 76.65 

OH-4 17.51 2. 18 2.30 54.25 60.33 

OH-7 68.69 3.64 2.30 117.99 108.26 
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atn:osphere for approximately one to two hours while the core was rreasured, 
described, photographed, etc. 

In a few cases, the calculated indigenous gas contents are smaller then 
the rreasured ones. In these cases, sorre of the gas must have migrated into 
the samples from sites in the section with greater organic matter contents. 
So, in spite of the low penreabilities, there is sorre redistribution of the 
gas within the shales. 

\ 
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~ilrentally Detennined Gas 

The distribution of the experilrentally. determined gas was napped to. show 
the. relative richness of various regions and stratigraphic intervals within 
the basin. These maps are included as Figures 124 through 140. The data are 
~ressed as MCF/AF (thousand cubic feet of gas per acre-foot of shale). The 
erratic appearance of the contours and distribution of absolute values 
reflects the fact that the data represent gas contents retained in the rock 
after the majority of the gas, had already escaped prior to the samples being 
sealed in the pressure-tight containers at the well site. Therefore, the 
values which may be helpful in pinpointing gas-rich locations, are a function 
of the original gas contents of the rocks, but badly distorted because of 

. variations in pe.:r:meability, which allows the gas to escape at different rates 
in different cores, and the widely different times elapsing between core 
recovery and sealing the samples into the cans. 
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FIGURE 134 


LATE LOWER HURON/LATE DUNKIR.K TIME 

Map Unit 11 


A

MaUNa . 

Prepared by Mound Facility 

182 



EXPERIMENTALLY DETERMINED 

.GAS CONTENT 

(MCF I Acre Foot) 


NY·1 NY·3 
• "NY-4 

·PA.1 

• PA-4 

20 
5 


1~ MILES 

o 50 . 100150· 200 

5 I I I ! ! 


FIGURE 135 


EARLY MIDDLE HURON TIME 

Map Unit 12 


A 
MOUND 

Prepared by Mound Facility 

183 



EXPERIMENTALLY DETERMINED 

GAS CONTENT 


(MCF I Acre Foot) 


NY·1 NY.3 
• "NY-4 

·PA.1 

• PA-4· . 

.TENN·9 

o 
I 

50 
I 

MILES 

100 
I 

150 
I 

200 
I 

FIGURE 136 

LATE MIDDLE HURON TIME 
Map Unit 13 

A
MaUNa 

Prepared by Mound Facility 

184 



EXPERIMENTALLY DETERMINED 

GAS CONTENT 


(MCF I Acre Foot) 


.TENN·9 

NY·1 NY.3 
• 'NY-4 

·PA.1 

• PA-4 

MILES 

o 50 100 150 200 

I I I I I 
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Indigenous Gas 

The indigenous gas contents calculated with the algoritJ:nns discussed 
earlier are presented in map form in Figures 141 through 157. These give a 
rrore accurate picture of the richness of the undisturbed shale, and the 
distribution of that richness regionally. These values are also presented as 
MCF/AF. 

The next step in the assessment was to canbine the richness of the rock 
in each interval with the thickness of each interval to give the distribution 
of the total quantities of gas in each unit. These data are shown in map 
form in Figures 158 through 174, on which the data are expressed as 
(M::F/Acre}/lOO. In other words a figure 50 on a contour treans 5000 thousand 
cubic feet, or 5 million cubic feet (5MMCF) ,in each acre of that particular 
rock unit. 
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Resource Estinate 

with the data .and above maps available, the total acreage contained 
within each contour area on each of the maps of indigenous gas was integrated 
and the total gas in-place in that interval was COITplted. The total resource 
for that unit was expressed on each map as TCF (trillion cubic feet) . 

The gas-in-place resource of the Early Marcellus is calculated as 78 TCF 
(Figure 158). The arrount is smaller in the shallower rocks near Lake Erie 
and increases to the southeast to a maximum of 5 MrvK:F/Acre in a local rich 
area in the vicinity of well PA - 1. The volurre of gas is about the same in 
the Late Marcellus unit. The distribution of the 100 TCF in this unit is 
shown in Figure 159. The greatest volurres of gas are contained in 
southeastern Pennsylvania and northern West Virginia. 

The gas in the Hamilton Group (Figure 160) is estima.ted at 213 TCF. 
While the unit is not as rich in organic matter or gas as the Marcellus units 
below, it is much thicker, so the recoverable resource in this unit would be 
much smaller than for the Marcellus and other units in which the gas was nore 
highly concentrated. The volurres of gas in this unit are very small to the 
southwest and increase, along with unit thickness to the northeast, reaching 
levels of 20 MMCF/Acre in the area of the New York wells. 

The volurres of gas in the Genesee/Gen~seo Unit are calculated at 242 
TCF, much of its volurre attributable to its thickness. The quantities 
increase from very low in the southeastern portion of the basin to 35 
MMCF/Acre southeast of the New York wells (Figure 161) . 

The volurre of gas in the SonyeajMiddlesex unit is 209 TCF, which is dis
tributed similarly to the gas in the Genesee/Geneseo unit irrmediately below 
as Figure 162 shows. The high values are 25 MM:F/Acre, southeast of the New 
York wells. 

The gas volurre calculated for the Early Rhinestreet unit is 226 TCF. In 
this unit, the gas is concentrated in eastern Ohio (Figure 163), with values 
as high as 20 MM:F/Acre in the region around OH - 1. The resource in the 
Late Rhinestreet unit is much smaller, i.e., 63 TCF, and it too is 
concentrated in eastern and southeastern Ohio (Figure 164) . 

The resource in-place in the Middle Olentangy/Angola unit is 159 TCF. 
The volures are low along the western margins of the basin, and increase 
eastward to levels as high as 8 MrvK:F/Acre in the area of W'il - 7, W'il - 6, and 
OH - 1 (Figure 165). There is 126 TCF of gas in the Upper Olentangy unit,_ 
centered in east central Ohio (Figure 166). 

The early I.Dwer Huron unit is the richest unit in tenus of total 
indigenous gas. It contains 345 TCF which increases from east to west in the 
unit, reaching a high value of 18 MM:F/Acre in the area around KY - 4 and 12 
MM:F/Acre near OH - 5 (Figure 167). The later Lower Huron unit is also gas
rich, particularly in northeastern Ohio, with the highest quantities, i.e., 
20 MMCF/Acre near OH - 5 (Figure 168) • 

The Middle Huron has less gas, 120 TCF and 84 TCF in the two units, with 
the highest values in northeastern Ohio (Figures 169 and 170). The early and 
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late Upper Huron units (Figures 171 and 172) contain 118 TCF and lql TCF of 
gas respectively, mostly in central and, eastern Ohio. 

The Chagrin unit contains relatively little gas, 19 TCF, because of its 
low content of organic carbon and its thermal imrraturity (low TAl I s). Most 
of the gas is concentrated in the junction of the boundaries of Ohio, 
Kentucky, and West Virginia (Figure 173). The Cleveland unit contains 94 TCF 
of hydrocaroon gas , mostly localized in the extrerre southern portion of the 
basin (Figure 174). 

The preceding 17 maps were the basis for the new assessment of the 
resource in the basin. The total resource frornthese units is 2579 TCF of 
gas. The distribution of the gas for the entire unit basinwide is shown in 
Figure 175. This map was prepared by stmltling the values on 9-mile grid lines 
for each of the 17 units. The matrix of totals for each of the grid 
intersections, over: 1000 in number I were then contoured to produce the final, 
map shown here. 

The trend of greatest gas voll.lIres is along an arcuate line extending 
from TENN - 9 through western Kentucky, southeastern. Ohio I northwestern 
Pennsylvania and to the area of the New York wells. The areas with the 
greatest vol\.llTes of gas are in Eastern Ohio and extrerre west south-central 
New York where gas voll.lIres reach 80 MM::F per acre dispersed through the 
entire upper Devonian. 
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Discussion 

The assorted gas naps constructed in this phase of the project have nade 
it possible to calculate a new, oore accurate, estirrate of gas resources in 
the Appalachian Basin. The three critical parameters - .organic carron, 
organic matter type, and thermal alteration index - have been related togas 
contents in each of the 17 rock units considered in the study. The resUlting 
algorithms have then made it possible to calculate a oore accurate estimate of 
the total gas retained in the shales than heretofore possible. The 
differences between the various sets of maps also make it possible to make 
sorre staterrents al:out the applicability of standard source rock criteria in 
the basin, as well al:out other, previous methods that have been used to 
calculate the resource contained in the Upper Devonian shales. 

The first najor discrepancy that needs to be explained is the one that 
appears to exist between the relative gas source quality as determined from 
the three critical organic geochemical criteria .and the experiIrentally 
determined gas values. The relative source quality of each of the 17 study 
units was shown in Figures 56 through 72; experiIrentally determined gas values 
were shown in Figures 124 through 140. Corrparisons of the tw::> sets of naps 
shows little correlation. 

The prirrary reason for this apparent discrepancy is found in the rock 
itself and in the sample handling methods. Because the shales have very low 
permeabilities, they do tend to retain oost of their gas. Nevertheless, there 
are variations in permeability, grain size distribution (fine silt stringers) 
and natural fracture density, which allow rrcre gas to escape from one sample 
than another. Superimposed on this is the variability in handling of the 
shale scinples from well to well and core to core within a single well. Sare 
sarnples were sealed in containers within an hour of coring, others were not 
sealed for several hours. Controlled off-gassing studies (30) conducted in 
the latter stages of the program showed that the rate of gas loss decreased 
expJnentially with tirre - from some samples, over half the gas was lost within' 
the first half hour after recovery. Therefore, the trerrendous variability in 
sarnple properties and handling time reduced the values of "experiIrentally 
detennined" gas so greatly and so erratically that the values can only be 
considered qualitative in this basin study. They do, however, establish the 
quantitative conservative l~r limit of gas in place and "free gas". 

Fortunately, enough controlled off-gassing experiIrents were conducted so 
that' algorithrns could be constructed to derive a rrcre accurate value of gas 
generated catagenically fram rocks with widely different locations, physical 
properties and chemical characteristics. However, a corrparison of gas source 
quality maps in Figures 56 through 72 with values of indigenous gas conterits 
in Figures 141 through 157, while having a much better correlation than the 
previously discussed sets of maps, still show some discrepancies that are 
important i."'! the assessment of these rock units and in organic geochemistry. 

First, the algorithms calculate greater quantities of indigenous gas in 
the shallow, relatively less thermally mature rocks than the conventional 
organic geochemical criteria v.ould predict. This could be explained either by 
sorre relatively long distance updip migration of gas in the basin or by the 
retention of a significant quantity of microbially produced gas in all the 
organic-rich rocks regardless of their stage of therrral alteration. In all 
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the rocks there would be a background level, roughly proportional to the 
organic carbon content. Organic rich rocks would be gassy even if thennal 
generation, catagenesis, had not proceeded to a great extent. Both 
explanations probably can be called on in this case. While overall the Upper 
Devonian shales are generally so i.rrpenneable that little rrovement of gas 
xcurs, serre rocks relatively low in organic matter do have significant 
quantities of free gas that must have rrci.grated from below. For example, the 
Hamilton Group/Post-Marcellus rocks are very poor :t=Otential source rocks 
(Figure 58), yet they exhibit two areas with large Volumes of experimentally 
determined gas (Figures 143) which almost certainly migrated from the richer 
Marcellus rocks below. Similar examples of probable vertical migration are 
found elsewhere in the section, including in the Cleveland shales (Figures 72 
and 157) . 

Units in which microbially produced methane in the shallowest (northwest) 
rocks of the unit, probably diluted with serre updip-migrating gas, contain 
anorralously high gas contents for the degree of thennal alteration and include 
the Marcellus (Figures 56 and 141, 57 and 142), the Olentangy (Figures 63 and 
131, and 64 and 149), and the Huron (Figures 66 and 151, 67 and 152, 68 and 
154, and 70 and 155). Serre of this microbial/catagenic gas has also migrated 
vertically from the Huron into the Chagrin (Figures 71 and 156) . 

Comparisons of the source rock criteria (as surrmarized in the source rock 
quality maps) and gas content maps suggest another irrp:>rtant fact, as well. 
organic materials that look alike from area to area in the basin have 
irrp:>rtant differences, i.e., not all algal kerogens have the same potential to 
source hydrocarbons. In gas and oil exploration, the geochemical program 
should include the analysis of the component being sought. That is to say, 
oil and gas potential of a rock should not be estimated merely from organic 
carbcn content, organic type and degree of thermal alteration. The quantities 
of gaseous and liquid hydrocarbons should also be determined. This will 
prevent misinterpretation that might result should good oil and gas potential 
be suggested from the standard criteria, but not be realized in the source 
rocks, and subsequently in contiguous reservoirs. Such a discrepancy between 
the three principle criteria· and gas contents appears to exist in the southern 
"promising" source area in Middlesex/Sonyea Tirre (Figures 60, 128, and 145). 
Geochemical interpretations should be made with several supporting criteria. 
In fact, the rrore the better. 

The advantage of developing an algorithm of calculating indigenous gas 
from the geochemical parameters Can be . seen on the overall gas source 
potential maps (Figures 92 and 118) and maps of distribution of indigenous gas 
in place (Figures 158 through 174). In general, the area of favorable source· 
is expanded over a greater basin area to rrore nearly reflect the true gas 
source POtential - the gas-in-place - particularly updip into the shallower, 
less mature areas. This is rrost apparent in the comparison·of the· map of 
overall gas source potential (Figure 120) and the map of indigenous gas in 
place (Figure 175) for the entire Upper Devonian section. 

The maps of indigenous gas in place (Figures 158 through 175), and the 
composite map (Figure 175) represent the best estimates of the gas resource of 
each unit and in the entire Upper Devonian for several reasons. Previous 
estimates have generally been made based on garrma-ray logs or rock color (26, 
27) . As assignment of a single gas content value to every interval with 
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greater than 200 or 230 gamma units effectively downgrades the potential gas 
contents of exceptionally rich units. In such an exercise, rocks with 5 and 
10 percent organic carbon, respectively, would roth have ganrna log readings in 
excess of 230 units and roth be assigned the sarre gas contents, when the 
second, in fact, contains twice as ro.uch gas as the other. Moreover, the 
variability of gamma radiation readings with organic carron would introduce 
another potential error into the calculation. 

The inability of the human eye to distinguish subtle shales of color, and 
the virtual absence of differences in the color of rocks with greater than 3 
or 4 percent organic matter, also testify to the errors that could be 
introduced if color were the primary criterion on which differences in gas 
contents were rrade either geographically or stratigraphically. 

Ideally. the gas potential and resource in place estimates should be made I 
from controlled off.,....gassing estiITates of gas-in-place from the basin. This 
being prohibitive, time- and money~ise, subdivision into thinner units such i 

as done in this study) and division into srraller geographic' areas with \ 
gas-yield properties determined for representative sanples from each sediment i 
"cell" would give the ult.im3.te estimate. If the cells could be reduced to i 
county size or therearouts, the estimate could be made with great confidence. !-

Based on the geochemical data, and particularly the algorithms for the 
calculation of in-place gas contents (wh;i,.c.h also make use ..Of the controlled 
of..f.:::ggssing._rest.:tl.t,s), a new estimate of total gas-in-place, roth in rratIix and 
porosity of the Upper Devonian shales of the Appalachian Basin, is set at 
2,579 TCF. Later in this rep)rt, estimates of recoverable reserves will be 
aadressea.. 

The suite of maps of indigenous gas content . (Figures 141 through 157) 
should serve as a guide to location of stimulation research and exploitation 
projects. They show where the gas is most concentrated, . in tenns of 
MCF/Acre-foot, in each of the units. Combined with the indigenous 
gas-in-place maps and the structural and fracture maps to be discussed later 
in this report, these maps should also be useful in giving direction to 
exploration. 

229 

http:ult.im3.te


POl'ENTIAL RESERVOIRS 

Background 

As the preceding sections on geochemical source quality' and gas 
distribution clearly show, the occurrence of classical reservoired gas in the 
Appalachian Basin is far' ITore limited in areal extent than the distribution of 
potential source rocks, and far rrore limited in volume than the source rocks 
have produced. The balance of the produced gas remains in the matrix. The 
primary control on Upper Devonian free gas and oil occurrence is porosity - in 
rrost of the basin, if there were conventional reservoirs interbedded with or 
contiguous to the rich Devonian shales, the basin could be one of the giant 
producing regions of the world. Unfortunately, porosity is limited to 
relatively small volumes in the fo:rm of fracture networks and thin silt 
stringers, sorretirres, apparently interconnected. Nevertheless, in spite of 
their relatively small free gas volumes, Upper Devonian Shale gas and oil 
fields will becorre rrore and rrore attractive as other energy sources are 
exhausted or withdrawn f~ world and domestic markets. 

As exploration for hydrocarbons in the Upper Devonian intensifies, 
detailed subsurface geology, careful log interpretation, and lithofacies 
napping will help locate the isolated porous siltstone layers. Location of 
fracture porosity, on the other nand, may be approached rrore directly and 
quickly. 

The rrost direct rrethod is the use of aerial photographs to delineate 
fracture traces, their location, orientation and intersections (31) . 
Correlation of gas occurrence as well as producing rates of individual wells 
with proxiroity to fracture traces and fracture trace intersections was the 
basis for the recarnmendation that photogeology be used as a primary tool in 
the location of favorable trends and individual well sites for exploitation of 
gas and oil in the shale. . 

Another rrethod for locating fracture-controlled hydrocarbon plays in the 
Upper Devonian rocks errerged from one of the sub-projects of the geochemical 
program. In this phase of the study, the structural evolution of the basin 
was studied in order to determine whether the unusual patterns of Tasrnanites 
distribution, and the. distribution of the dark and gray shales were 
structurally controlled. While the scope of the study did not allow the 
resolution of· that objective, a secondary benefit was realized, i.e., the 
recognition of areas where relatively rrore fractures, and hence fracture 
porosity, would be expected in the basin because of the stresses produced by 
tectonism. These favored areas were then superiIq;x:>sed on the geochemically 
favored areas to locate the best areas overall, regionally. 

This regional evaluation of pre-existing and syn-depositional structural 
controls of sedirrentation and local fracturing is an overview based on 
available data and literature. It is basin-wide in scope, and is not rreant to 
be a detailed evaluation of specific structures or areas. This additional 
detail would require numerous closely spaced well logs and core descriptions. 
However, the available EGSP files do contain numerous useful sur.maries of 
these data in the fo:rm of cross sections, isopach and structure contour maps 
as well as maps of surface geology and interpretations of the general tectonic 
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evolution of the Appalachians. Other sources used in this overview of 
structural geology are published in U.S.G.S. and various state survey 
gamma-ray correlation charts, proprietary logs provided by a private source 
in the petroleun industry, structure contour and isopach maps of the various 
stratigraphic units, and other pertinent literature relevant to the tectonic 
evolution of the Appalachians. These sources were used to construct 
stratigraphic cross sections across the basin, to map structures in the 
surface and· subsurface, to develop a historical tectonic overview for the 
identification of external causes for intra-basinal structures, and to 
identify those areas where structure has probably induced extensive fracturing 
in the shale units and, therefore, where the largest potential reservoirs are 
rrost likely to be found. 
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structural Control of SediIrentation and Fracture Porosity 

Stratigraphic Cross Sections 

Six regional stratigraphic cross sections were constructed across the 
strike of the Appalachian Basin with available gamn:a-ray logs. The objective 
of this exercise was to determine areas where pre-existing orsyn-depositional 
(contemporaneously developing) structures may have controlled lithology, 
biofacies, or thickness of the Upper Devonian shales. Major structures, i.e., 
faults and folds, that controlled sedimentation patterns would be evident 'on 
sections of this kind, and were expected to reveal thinning over anticlines, 
thickening in synclines and in down-dropped fault blocks. These anticipated 
structures were then to be rrore carefully studied to determine their 
significance. 

The six cross sections, the locations of which are shown on the map in 
Figure 176, were constructed from the base of the Berea Sandstone - Bedford 
Shale sequence to the base of the Devonian shale across the strike of the 
basin. The locations of these sections were chosen on the basis of the 
availability of well logs, from which a, selection was made to cover as much of 
the basin as possible. The wells were also selected so that the cross 
sections were as nearly straight as possible; however, in a few cases critical 
wells were sorrewhat off line and had to be projected into, the relatively 
straight line of section. This, as well . as genuine local thickness 
variations, may account for some of the local reversals in the dip of the base 
of the shale sequence. 

Cross Sections 1, 2 and 3 (Figures 177, 178 and 179) were constructed 
from published U. S. Geological Survey log correlation charts (32, 33, 34) 
with only minor revisions and additions. Sections 4 and 5' (Figures 180 and 
181) were constructed from proprietary gamn:a-ray logs, borrowed from a 
petroleum company source that wishes to remain anonymous, for wells in Ohio, 
West Virginia, Pennsylvania, and New York; in Section 5 (Figure 181), about 
half of the logs were obtained from the U.S.G.S. Oil and Gas Investigations 
Chart OC-8 (35). Cross Section 6 (Figure 182) was constructed to tie in 
several of the EGSP wells, included in tpe geochemical assessment, with the 
basin stratigraphy and structure. Wgs of- the EGSP core wells and published 
logs from \'7est Virginia (36) and Eastern Kentucky (37) were the primary basis 
for this cross section. 

The sections were constructed with the Berea - Bedford sequence as the 
datum, except for Cross Section 6 (Figure 182) in which the Pipe Creek Shale 
was used. In areas where the Berea - Bedford was absent or was not· included 
in the interval logged,' one or another of several widespread radioactive 
marker horizons was used as a local datum in the cross sections. These 
markers are probably related to distinct lithologic changes within the basin 
shales. On U.S.G.S. and state survey charts, the top of the Marcellus, the 
Middle Devonian unconformity, or the base of the shale sequence were generally 
used as a datum. 

The first gross observation that is apparent from the cross sections is 
that the Cincinnati Arch was clearly a positive feature throughout deposition 
of the Devonian shale sequence. All of the shale units above the Onesquethaw 
and older series of rocks lap westward onto the east flank of the arch. 
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Further north in Ohio, erosion has removed the Devonian shale from the crest 
of the arch, so that the tine of de~sitional overlap is IlOre uncertain. 

The second inp:Jrtant observation from the sections is that, for the IlOSt 
part, except for a ~rtion of Section 1 (Figure 177) in eastern Kentucky, they 
do not show any appreciable structural control on sed:inentation. However, 
this does not iIrply that none existed. Infornation SlIDlIlarized below does 
suggest that growing or rejuvenated structures did influence sed:inentation 
patterns. The difficulty in recognizing areas where such controls were 
operative is due to the wide spacing of wells on these cross sections, as well 
as those drawn by IIDSt other EGSP 'M:>rkers . The structures are too subtle to 
be seen on them. Schurraker et al (38) ~int out that the bulk of the 
structures associated gas production have very low structural relief at the 
level of the Devonian; therefore, they rray not be visible on cross sections
without very close oontrol . Some subtle structural controls can be 
interpreted from the sections in several areas when additional infornation 
from various regional and local re~rts is considered in the interpretation of 
regional geology. 
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Regional Geology 

There are several major geographic regions within the basin where 
syn-depositional structures may have played roles in sediment accumulation of 
the Devcnian Gas Shales. This interpretation is based on a limited number of 
papers and manuscripts. Critical data required to supply rrore detail on 
specific areas may be found in obscure references, such as student theses 
which this overview did not uncover. Nevertheless, areas for further 
investigation are suggested by this overview; these would add further 
information to the knowledge base on the extent of the invclverrent of control 
of baserrent tectonics on sedirrentation patterns. 

Figure 183 shows the major structural features of the basin. These 
include baserrent arches and troughs, including the Rome Trough, identified 
mainly by gravity, magnetics, deep wells (39) and isopach maps. It also 
includes other areas which exhibit systematic relationships between sedirrent 
thickness and individual structures, identified by isopach and structure 
contour maps and cross sections (20). 

Baserrent arches and troughs consist mainly of the Cincinnati Arch on the 
western margin of the basin, and a series of smaller arches and intervening 
troughs mainly in West Virginia, located on the basis of gravity and magnetic 
ananalies with supplerrental data provided by deep wells (39). The latter 
structures are spatially separated fran the Cincinnati Arch by the Rorre 
Trough, a conplex late Precambrian (?) through Silurian graben that may be an 
aborted rift system initiated during latest Precambrian formation of the 
Iapetus Ocean, and subsequently rejuvenated periodically throughout the 
Paleozoic (40). Other inportant structural features, such as the Warfield 
AntiCline and Mann Mountain Anticline, are also shown in Figure 183. 

The major features that appear to be related to Devcnian shale 
sedirrentation are the Cincinnati Arch, the Rome Trough, the Central West 
Virginia Arch, and the eastern margin of the Green County - Potter County line 
of Piotrowski and Harper (20) in Pennsylvania. The Cincinnati Arch has been a 
positive structural elerrent throughout Devcnian Shale deposition. This has 
been discussed by many authors, and will not be discussed in detail here. 
However, the latter elerrents I!'eIltioned above will be discussed in greater 
detail. 

The Rome Trough extends as an identifiable structural entity fran eastern 
Kentucky east of the Cincinnati Arch through West Virginia and into 
southwestern Pennsylvania (41, 42, 43). The structure of the trough is 
generally asyrmetrical, with the deepest part located along its southern 
flank ;- associated with a zone of steep normal faulting. The northern flank of 
the trough shallows by a series of normal faults that generally step up to the 
northwest. Harris (40) showed that the thicknesses of Cambrian through 
Silurian sedirrents are profoundly increased in the trough, while isopachs of 
the Devcnian and younger sedirrents show little effect of the trough. However, 
as pointed out by Kulander and Dean (43), regional isopachs of the Lower 
Devcnian Onesquethaw sedirrents in West Virginia do show thickening over the 
trough and thinning over the crest of the Central West Virginia Arch. This 
indicates that the trough was active at least through the early Devcnian. 
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More substantial evidence for activity of the Rome Trough during the late 
Devonian is found in eastem Kentucky, and can be seen in Figures 177 and 184. 
Dill.rran's work (37) clearly shows increased thicknesses related to specific 
structures associated with the Rorne Trough. In the Mavity Monocline, the 
Huron shale sections thicken to the south; this feature was probably a 
nonnal-faulted extension of the Kentucky River fault zone during Eai1y Huron 
t:irre. The Irvine - Paint Creek Fault zone also has increased sed:irrent 
thicknesses on its downthrown side. The Kermit Fault has increased 
thicknesses of the Angola and Huron shales on its southern downthrown side, as 
well. Figure 177 shows that the Cleveland Shale achieves its rnaxi.mu:n 
thickness over the Rorne Trough - strong evidence that subsidence. continued 
into latest Devonian t:irre. 

The Cleveland and Huron shales also thicken into the Floyd County Channel 
of Arrmennan and Keller (41) south of the Rorne Trough, indicating subsidence 
there as well (37).. Home and Fenn (44) also showed that continued faulting 
along these lines affected sedimentation patterns during the Pennsylvanian. 
Therefore, extensional stresses must have continued to operate throughout the 
Devonian and even later, thus rejuvenating the earlier for:rred structures 
associated with the trough. 

The available literature present.s much less conclusive evidence for 
Devonian structural activity in West Virginia, although it probably did occur 
locally. Shaefer (45), as reported in Schumaker et al (37), showed that the 
lDwer Huron Shale thickens northwest of the Midway Anticline, which suggests 
syn-depositonal growth of the structure. Several other folds are also 
associated with ancrnalies in thickness, although in these cases it is 
difficult to separate depositional thickening from later tectonic events. The 
very striking and anomalous Burning Springs Anticline has an increased 
thickness of Devonian shales along its northwest flank, and a quadrupled 
section of lDwer Devonian rocks in its core (46, 47, 48, 50). However, the 
structural relief of the anticlinal fold extends no deeper than the Silurian. 
For this reason, Rodgers (48) attributed the thickening and folding to late 
Paleozoic thin-skinned detachrrent and thrust-faulting at the level of the 
Silurian Salina salt. The folding takes place where the detachment fault 
ranps upward into the Devonian from. the edge of a pinch-out of the salt. 
Therefore, the fold is probably post depositional. 

Perry (51) showed that anomalies thickening along the axis of the Mann 
Mountain Anticline resulted from thin-skinned detachment and thrust-faulting 
at the level of the Marcellus - Millsooro shales,; There is no structural 
relief in s~Ma.rcellus rocks along the structure. This detachment thrusting 
and localization in this fold is attributed to pronounced thinning of tl].e 
s~Rhinestreet lithologies because of depositional on-lap of the Late 
Devonian against the Middle Devonian unconformity. The available data do not 
reveal whether this abrupt thinning of the sub-Rhinestreet Devonian shales is 
the result of a relatively positive structure existing during· or after Middle 
Devonian shale deposition. It is of interest to note in this regard that 
isopachs of tl:le Devonian shale tinits show a pronounced thinning over the crest 
of the Central West Virginia Arch in this vicinity (Figures 185 and 186). 
Therefore, it can be speculated that the growth of the arch could have for:rred 
a barrier to dispersal of Middle Catskill sed:irrents. . The Onesquethaw thins 
regionally over the arch, as reported earlier, also lending support to the 
view that the arch was positive in this area during Lower and Middle Devonian. 
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Similar relations of the thickness of Middle Devonian shales, as well as 
other stratigraphic units, to the crest of the Central West Virginia Arch are 
present in northern West Virginia and along strike into western Pennsylvania 
(52, and Figure 180). In northern West Virginia and southwest Pennsylvahia, 
the crest of the central West Virginia Arch is the approximate limit of the 
western extent of thick upper Hamilton Group (Mahantango) strata, and also 
coincides with the rnaxi.rnum thickness of the Tully Limestone in the subsurface 
(Figure 187). The distribution of these units may be explained if the arch 
restricted the westward trans}:'Ort of catskill sedirrents and remained a 
positive elerrent during Tully deposition. Subsidence east of the arch (in the 
folded West Virginia Trough) would act as a trap in clastic' dispersal, thereby 
allowing 'l'ully carbonates to develop without major drowning by turbid waters. 

In southwestern Pennsylvania, subsurface data (20, 53) also indicate 
syn-depositional structural growth. In particular, the Chestnut Ridge 
Anticline and tr~ Laurel Hill ~nticline (Figure 183) lie almost directly along 
the strike of the Central West Virginia Arch. Piotrow'ski and Harper (20) show 
that a major northwestward thinning occurs in the Hamilton Group at or 
slightly west of this zone. The isopachs of total black shale in the Hamilton 
Group also show systematic thickening along the anticlinal crests of these and 
other folds along this line. The Tully interval also thickens markedly over 
the two anticlines and thins rapidly to either side. Piotrowski and Harper 
(20) explained these variations in thicknesses by syn-depositional growth of 
the Chestnut Ridge and Laurel Hill Anticlines which remained as high-standing 
areas upon which thick Tully sediments were deposited, shielded f~ catskill 

. sediments by increased basin bathyrretry to the east. 

These features (Le.,· the eastern margin of the Green Co. - Potter Co. 
line of Piotrowski and Harper) follow a line which strikes northeast, 
paralleling the strike of Alleghenian-aged folds in the Pennsylvania Valley 
and Ridge province, to Potter County at the Pennsylvania - New York border. 
Cross section 3 (Figure 179) shows a rapid decrease of thickness of upper 
Hamilton Group shales in the· vicinity of this line. It also shows the 
eastward pinch-out and interfingering of the Moscow - Ltrllowville carbonates 
(probably included within the Tully interval of Piotrowski and Harper, 20) at 
about this sarre position between the two eastemrrost wells in the cross 
section. In addition, the Middlesex shale begins a sharp westward decrease in 
thickness at or slightly west of the sarre line. This suggests continued 
structural activity along this line during this time, as well. Cross Section 
4, Figure 180, shows precisely the sarre relationship between abrupt westward 
thinning of the Hamilton Group strata, and the maximum thickness of carbonates 
at the top of the Hamilton Group along the crest of the Central West Virginia 
Arch. This can be seen on the cross section between the two western lTOst 
wells in West Virginia. 

A sharp drop in elevation of all Late Devonian units along the Ohio 
Pennsylvania border, is shown in Cross Section 3, Figure 179. Several units 
of the Ohio Shale thicken eastward over this zOl}e, just as they would if 
syn-depositional growth faulting had occurred, but there was no corroborating 
evidence in the available literature to support this interpretation. This 
possibility merits more study. 

From the New York - Pennsylvania border in the vicinity of the Green Co. 
- Potter Co. line, maps in the literature (54, 55, 56) show a series of steep 
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faults that strike northeastward· through Alleghany and Steuben Counties. 
Isopach maps of black shale in various Devonian intervals (57, 58, 59) show 
patches and alternating belts of thick and thin black shale that. nay 
correspond to structural troughs between major sets of faults~. but this 
interpretation is tentative. The faulting may represent the continuation of 
the Green Co. - Potter Co. line, but this, too is· conjectural. 

Cross section 5, Figure 181, which strikes rrore-or-less parallel to the 
structure contours north of the line of faults in New York, shows a gently 
southeasterly dipping sequence. In· this region, the basin slope was to the 
south, roughly perpendicular to the line of section. Apparent structural 
relief beneath the Middle Devonian unconfonnity in Pennsylvania and western 
New York is rrerely a function of the position of the wells with respect to the 
basin margin. Those wells situated farther south (rrore basinward) encountered 
thicker intervals of Haroilton Group sedirrent, thus creating apparent 
"decapitated" folds beneath the unconfonnity. Those portions of the cross 
section that strike 'parallel to the basin IPargin show no structural relief 
beneath the unconfonnity. 

249 



Tectonic History 

Basin rrodels advanced to explain Devonian shale deposition nearly all 
advocate the same basic elements: an actively rising Cincinnati Arch to the 
west, and a relatively deep (100 to 300m) shale basin that was alternately 
subjected first to anoxic and "starved" basin conditions and then to 
relatively aerobic conditions during which sediment-laden currents deposited 
muddy sediments as turbidites fram an eastern prOgrading plexus of nearshore 
deltaic and other strandline deposits of the catskill "Delta", all in 
response to the Acadian Orogeny (11, 60, 61, 62) • The followirig 
interpretation of tectonic history of the Appalachian Basin draws largely 
upon those previous studies, but also errphasizes that basement related 
syn-depositional structures also had profound effects on Devonian shale 
sedilrentation patterns. However, even though the objective of this phase of 
the project was to detennine whether the deposition of the organic-rich 
shales might be controlled by structures, this work indicates that is 
probably was not, although conceivable organic matter deposition could have 
been influenced by local subsidence effects. Much of this interpretation is 
preliminary and deserves rrore extensive study, but in overview, this study 
did show how the basin evolved. 

The prirPary features of lower-Middle Devonian sedirrentation in the 
Appalachian Basin involve the deposition of shallow-water carbonates 
(Onesquethaw) across a wide area, coupled to the east with deposition of the 
Needrrore shale in a foreland basin west of the earliest Catskill deltaic 
sedilrents. During this tiIre,carbonate sedilrentation kept pace with 
differential subsidence in the Rorre Trough. Thinning of the Onesquethaw over 
the Central West Virginia Arch suggests that minor uplift may have occurred 
along this axis. Each of the arch-Onesquethaw sedilrent units, eg, the 
Onondaga Huntersville) inter;fingered with the deeper shales deposited in a 
basin low fonred. by subsidence in response to the early phases of Acadian 
deformation. 

Westward progradation of early Catskill sediments (Hamilton) was coupled 
with widespread subsidence and developrrent of anoxic "starved" basin 
conditions under which the Marcellus shale was deposited above the Onondaga 
carbonates over, a wide area of the Appalachian Basin. At this tine, the 
Central West Virginia Arch and the eastern margin of the Green Co. Potter 
Co. line may have served as a positive su1::m3.rine barrier or as a hinge line. 
West of that line only a very thin Marcellus section W'Q.S deposited, while 
continued subsidence to the east (in the Folded West Virginia Trough), much 
of it perhaps due to sediment loading, maintained the bulk of the Hamilton 
Group shales and did not allow major westward progradation of the catskill 
sedilrents, so that Hamilton Group sed~nts did not accumulate to any 
appreciable thickness west of the barrier. Starved basin conditions abated 
with progradation toward the arch. 

At the end of Hamilton tiIre, near-starved basin conditions were 
restored, and these fluctuated with, relatively oxygenated, c;:lear-water 
conditions during deposition of the Tully Linestone and its equivalents. 
Long-continued starved basin conditions led to the deposition of thin black 
shaly zones in the Tully or, in the rrore western areas, phosphatic and 
pyritic horizons (Leicester pyrite lenses) and shell lags or zones during 
periods of sul::Inarine non-deposition (63). Clear-water, rrore oxygenated 
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conditions alternated with short episodes of muddy and fossiliferous 
carbonate de);Osition, the upper parts of which interfinger with the 
succeeding Burket-Geneseo black shales. The increased t.l'l.icknesses of "Tully 
strata along the West Virginia - Pennsylvania line suggest that this barrier 
was still effective well into Middle Devonian time. 

Continued subsidence east of this line, or eustatic sea-level rise may 
have been responsible for the conditions of non-de);Osition that generated 
this sul:marine unoomformity. Heckel (63) also suggests that conteI1:l?Oraneous 
structures east of the site of Tully de);Osition may have cut off the clastic 
influx. Farther west and south, especially near the Cincinnati Arch, uplift 
and erosion may have occurred. This was probably not widespread throughout 
the basin, however, as the unconformity in the central part of the basin 
appears to have been entirely submarine and lacks any shoal-water de);Osits 
that could have been derived fram laterally emergent and actively eroding 
areas. 

After the diastemic conditions of the Middle Devonian, progradation of 
catskill sediments again spread shale (Burket-Geneseo-Middlesex) westward 
into large areas of the Appalachian Basin. The extent to which the West 
Virginia-Pennsylvania barrier inhibited progradation is not certain, but it 
probably had sorre effect, because in several areas the Genesee-Sonyea 
intervals thin over its crest. 

By the time of the de);Osition of the West Falls unit, however, shaliow
water sedimentation had been established along the crest of the barrier so 
that the main locus of black shale de);Osition lay to the west, above the Rorre 
Trough and against the east flank of the Cincinnati Arch. 

The distinction between the Eastern and Western black shale belts (64, 
65) clearly outline the segregation of thick Middle Devonian and late 
Devonian Black shales. Harris et al (64) suggested that the two' belts 
represented times of greater, stillstand, first developed in the east, and 
then to the west, separated by a time of more rapid progradation across the 
intervening area between them. If the barrier rrodel presented here is 
correct, then the two areas are the reS?ult of a tectonic sill that was 
overtopped by the late Devonian, allowing the distal basin milieu to shift 
westward. Recurrent subsidence in the Rorre Trough, revealed by the thickened 
West Falls and Huron sections" allowed the basin axis to shift rapidly 
westward so that the late Devonian black shales were de);Osited adjacent to 
the east flank of the actiVely rising Cincinnati Arch. Sediment transport of, 
the clastic wedge was dominantly east-west, as shown by paleocurrent studies 
(66) • IDeally, patterns of thickness are complex, and show a series of 
thickened black shale depocenters that are probably separated by actively 
prograding lobes of turbidite sediments (64). Black shale finally de);Osited 
over the top of the arch during Middle Huron time. 

While nurrerous workers studying the Devonian Shales have attempted to 
outline basin evolution in tenns of stratigraphic and tectonic elements 
within the basin, few have attempted to place this within the frarrework, of a 
plate-tectonic rrodel that links events in the Devonian foreland with 
defonna.tion within 'the Acadian Orogen (pro);Osed by'Robinson and Hall, 67) 
itself. Ettensohn and Barron (62) used a rrodel for plate georretry pro);Osed 
by McKerrow and Ziegler (68), later amplified by Dewey and Kidd (69), to 
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explain the Acadian, but they did not try to relate the kinematic evolution 
of the orogen to events in the foreland. 

According to the authors just rrentioned, the Taconic Caledonide orogen 
of the ordovican and early Silurian resulted from the collision of the Baltic 
Shield and assembled fragrrents making up the Avalon Prong with the North 
American Craton (Figure 188). Two studies (68, 169), indicated that the 
Avalon Prong suture with the New England Appalachians was incomplete until 
Middle Devonian tirre, when South America (as part of Gondwana) drove the 
Avalon Plate against North America to create the Acadian event. 
Paleonagnetic data (70) and paleographic maps of plate configurations (71, 
72) suggest strike-slip motion or oblique subduction prior to and during the 
Devonian collision. Left-lateral Motion along a convergent zone accommodates 
the paleonagnetic data for the Avalon Plate (70) ~ The final configuration is 
shown in Figure ~188 which is modified from Ettensohn and Barron (62). 

Robinson and Hall (67) surrmarized the major kinematic events that 
occurred in the New England Appalachians during the collisional event. They 
reported that the, axial portion of the orogen (the Bronson Hill 
Anticlinorium) underwent an early phase of westvergent nappedevelopm:nt, 
followed by an eastvergent kinking or backfolding of the nappes. Backfolding 
was accompanied by the errplaceIreI1t of mantled gneiss domes in the Bronson 
Hill Anticlinorium and eastward-vergin cataclastic zones that ultimately 
developed into a thrust belt in eastern Connecticut and Massachusetts (Le., 
the Honey Hill, Clinton-Newsberry, Bloody Bluff and related faults) along the 
lines of strikeslip motion required by the paleonagnetic data of Kent and 
Opdyke (70). Robinson and Hall invoked the "flake" tectonics of Oxburgh (73) 
for the Avalon Prong to account for the observed kinematic sequence. 

An alternate scenario to that of Robinson and Hall (67) is suggested by 
the data: oblique impingeIreI1t of the Avalon Prong on the North Arrerican con
tinent involves transmission of compressive stresses across a left-lateral 
convergent zone to the 'North American Craton" as shown in Figure 189. ,This 
compressive stress caused epeirogenic uplift of the Cincinnati Arch and the 
Central West Virginia Arch and the Green Co. Potter Co. Line in 
Pennsylvania, along with initial eastward asym:retric subsidence of the 
foreland beneath the advancing Avalon Prong. In Figure 189A which shows the 
configuration during Late Early Devonian, impingement of the Avalon Prong has 
begun. Compressive stresses have generated epeirogenic baserrents arches in 
the North American cratonic interior. Subsidence of the Needrrore-Marcellus 
basin axis of shale depositions was generated by isostatic loading of the 
edge of the North American plate during west-vergent nappe folding and the 
compressive component of Avalon Prong motion. This produces the initial 
II rain shadow" effect required by Ettensohn and Barron () to account for, 
Marcellus black shale deposition. Progradation of the earlier portions of 
the Catskill Delta initially kept pace with subsidence of the Marcellus basin 
axis but could not overtake it, and eventually declined with widespread 
subsidence and basin water stagnation during Tully titre. 

In Figure 189B, .backfolding (74, 75, 76) began as an adjustIrent to plate 
convergence in which the more buoyant North American Plate refused to be sub
ducted beneath the smaller Avalon Prong during the Middle Devonian. Uplift 
along the Acadian Highlands generated rainshadow conditions, tectonic 
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A VIEW OF APPALACHIAN BASIN EVOLUTION 


30' N 

North Equotorlal Current 
o'-------------------+~--~~~~~~ 

South Equatorlol Current 

.-..-- ........... 


.f'•••••. , 
Subtropical Gyri 

(Cool) 

LEGEND 

~ probable edge 01 continenlal ma .. o ooids K..>.. aandalone 

.......r...........,;.· ..: 	modern polilical boundorlea • cheri carbanale 

probable land C coal Green 10 Gray ahale 

lee Ionic aulure R redbeds black ahale 

(:::..:.~~ limit 01 Ihick evaporll .. r reefa g mind carbonale - ahale 

flfIfItI'fIfI probable mounlaina 	 E evaporl.I .. ~ carbonal.. with interbedded === .ilt.ton•• , land.ton•• , and ahale 
.- .- oceanic currenh 	 P phosphate 

FIGURE 188 


(From Ettensohn arid Barron, 1981) 


253 



/-" ,,. «
U 
a:: 
w 
:E 
« 
::r:: 
I-
:::> 
0 
(f) 

(,!) 
Z 
0 
a:: 
a.. 
Z 
0
...J 
« 
:> 
« 

- iJv.-
·'1v

U 
a:: v.oSvo .'It«X 
U W iJh :Jq_...J ''/0,Za.. 
O:E ~YC1o 
uO "'''9 ~'vo«U l.t..tf) 0c!> 
I--

.~ 

"c!>J 
I.(/+. liJQ 

;s;.>c!>" 
"/;: ;:) ~ 

l.t..ts, -/. 

~/sc!>
II s 

'f) 

"0",.'" Ie rDf)f} ~ 
I« -1. '11 • );;U 

a:: 4t Ic!>../J YV../fy . :;\ 
-W YO", v"b ./\':E 0../ 
« ',( iJl.q. • \ I 
::r:: O¢' 

II-
a:: 
0 • \1Z /Jc!>c'ltv, YV"/fy.vv. . '/\.~{i'J ../\'1. . 

« 

«
U 
a:: 
w 
:E 
« 
::r:: 
I-
:::> 
0 
(f) 

(,!) 
Z 
0 
a:: 
a.. 
Z 
0...J 
« 
:> 
« 

U 
a:: X 
«w 
U...J 
-a.. 
z:E 
00
Uu 
« 
I-

'c!>-1 • 
«
U 
a:: YO",W 
:E 
« 
::r:: 
I-

4t Ic!>../J YV../fy 

Vf}J 

0../ 
',( f}lQ 

o¢, 

a:: 

Z /Jc!>V~/}v../fy 
'It/.J 

0 

'~~j. \1 
/.\ 

eN 
CD 

(,!) 
Z 
0 
a:: 
a.. 

Z 

0...J 
« 
:> 
« 

U 
a:: X 
«w 
U...J 
-a.. 
z:E 
00
Uu 
« 
I-

« 
U 
a:: 
W 
:E « 
::r:: 
I-
a:: 
0 
Z 

YO/). 
iJlQ O../-/.

O¢' 

eN 
I U 

254 FIGURE 189 



thickening and loading of the edge of the North Arrerican plate caused basin 
subsidence during 'I\llly t.irre. 

Continued transmission of compressive stresses to the North Arrerican 
plate maintained the Cincinnati and West Virginia Arches. In Figure 189C, 
gneiss dorce emplacerrent and retrocharriage (74), or backth.rusting, along the 
east side of the Bronson Hill Anticlinorium retw:ned plate convergence to 
stable buoyant conditions in the Late Devonian. Release of compressive 
stresses in the North Arrerican plate interior reactivated the Fare Trough as 
a growth-fault system on the east flank. of the Cincinnati Arch. Progradation 
of the catskill deltaic· wedge shifted the site of black shale deposition 
westward across the noW inactive West Virginia Arch to the east flank. of the 
Cincinnati Arch, causing the arch to be· overtopped by black shales during 
Huron t.irre. . 
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Favored Exploration Areas 

The possibility that the Central West Virginia Arch controlled 
sedim:mtation patterns in the Devonian shales suggests that structural 
considerations may provide a rationale for predicting optimum reservoir sites 
in future exploration of the basin. The Plateau Province east of the arch 
contains nurrerous folds produced by decollenent thrusting in the Paleozoic 
section. The style of deformation suggests that the· core zones of these 
folds may contain sections of Devonian shale thicker than the regional trend, 
because of shale flow and fault irrbrication al:::ove decollerrent thrust faults, 
such as may be the case in the Burning Springs and Mann Mountain anticlines. 

The cores of folds sl'lould also be the sites of increased fracture 
porosity. If the locus of thrusting and tectonic thickening in Middle 
Devonian shales of the Hamilton Group is .the result of abrupt depositional 
thinning over the crest of the .arch, then the crest should be the optimum 
site of fractUl~ development associated .with folds having structural relief 
at the Marcellus level. Small anticlines· with less than 300 feet of 
structural relief do coincide with the crest of the arch along a zone 
beginning in Clay CO\IDty, West Virginia, and extending through Braxton, 
lewis, Harrison, Taylor, and Monongalia Co\IDties to the Pennsylvania state 
line (47), but whether this structural relief extends to the Marcellus level 
is uncertain. Nevertheless, these folds are potential exploration targets 
because they may be the sites of porosity development in areas where the 
shales have the potential to source both oil (paraffinic) and gas, as 
discussed earlier in this report. 

The zone of optimum fracture porosity may also be extended along a 
fairly straight zone connecting the Burning Springs Anticline, a site of 
recent hydrocarbon discoveries, to the Mann Mountain Anticline. This zone 
lies along the line which Rodgers (48) argued may be the wedge-out of 
Silurian salt, which is the level of detachment associated with the Burning 
Springs structure. 

Based on structural considerations, the favorable areas which are 
potential sites for the occurrence of reservoir rocks, because of the 
developrrent of fracture porosity, are shown as the V-shaped area outlined on 
the map in FigL'Ie 190. 
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Fracture Orientation 

The regional structural geological setting and the prediction of 
oc=rence of areas of rraximum fracture density are arrenable to testing, 
in part, by observations of the cores themselves. Geologists attached 
to the project !l'ade careful observations of the density and orientation 
of fractures of rrost of the cores taken during the program. CUtting 
oriented cores !l'ade this determination possible. 

Major and minor axes of fracture orientation were presented for 
each rock group or unit in the fonn of a rose diagram, an exarrple of 
which is shown in Figure 191. On this diagram, the mnroer of fractures 
are divided according to their strike orientations into 10 degree 
increments and are presented in the fonn of a rose diagram, which is a 
histogram arranged around a circle on which north is represented by a 
vertical line pointing straight up from the central point, etc. The 
!l'ajor -and minor groupings of fractures can be discerned visually, but 
were simplified for presentation in !l'ap fonn for this report. This was 
accorrplished with the following semi-quantitative procedure. As the 
rose diagram in the exarrple shows, the greatest mnnber of fractures 
within a single 10 degree arc have a NW-SE orientation. However, the 
!l'ajority of strikes are alrrost perpendicular to this orientation, but 
spread over a 50 degree arc. The rredian orientation of this the !l'ajor 
population is then determined and indicated as a single arrow, the 
number of fractures included in the population is placed by the arrow. 
The rredian of the fracture strikes in the minor population is also 
determined, and designated with a single arrow, again with the nUl11ber of 
fractures indicated. 

Orientation of !l'ajor fracture directions in the Marcellus (Figure 
192) is semi-parallel to the !l'ajor structural feature, the Green 
Potter County Line in western Pennsylvania, but changes abruptly in New 
York to northwest-southeast, apparently not under the control of any 
!l'ajor structural feature. In the next younger unit, the Hamilton 
Group/Post Marcellus rocks (Figure 193), the orientation appears to be 
alrrost random: straight east-west at WI! - 7 to southwest-northeast at 
PA - 4, to northwest-southeast at PA - 1. The controls must be much 
rrore local than the regional structure !l'apped earlier (Figure 190). 
Figures 194 through 205 show this nearly random orientation in the rest 
of the units up to the top of the Upper Devonian. One very interesting 
observation can be !l'ade in the Huron units, i.e., the relatively intense 
fracturing in the TENN - 9 well. 

While the orientation of the !l'ajor and minor fracture populations 
within each rock unit do not display any regularity nor any correlation 
with regional structural geology, the intensity of fracturing recorded 
in the cores appears to have considerable inportance. To demonstrate 
this, the number of fractures recorded in all the _ cores were totaled for 
each well, and the nUl11ber of fractures was placed beside each well on 
Figure 206. If fifty fractures per well is selected as the dividing 
point between high fracture and low fracture density, the basin can be 
divided into the poorer and better regions for exploration for naturally 
fractured reservoirs. Such a favorable area is suggested beginning in 
the area of the TENN - 9 well, through extreIre southeastern Kentucky, 
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EXAMPLE OF A ROSE DIAGRAM OF NATURAL FRACTURES 
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along a strip 50 miles either side of the Ohio - West Virginia ooundary, 
and into central-western and west-central Pennsylvania. This 1S west of 
the nore favored zone indicated from structural studies (Figure 190} , 
and suggests that the nyn-shaped favored zone is· but the core for a 
broader favored area that lies east of the broad line in Figure 206. 
Where this coincides with the better geochewical facies, exploration 
emphasis should be placed. Note, too, that in the southern end of the 
Appalachian Basin the more highly fractured cores come from an area 
where stress ratios are in the range 0.3 to 0.5 (77). However, the 
fracture data from cores suggests that natural fractures will be rrore 
concentrated along and up to 50 miles· west of the RoIre Trough (on either 
side of the 9hio West Virginia line) , into central .western 
Pennsylvania, rather than northward west of the Ohio - Pennsylvania line 
as suggested earlier from stress ratios (78). 
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Porosity and permeability 

From the .previous discussion on organic geochemistry, the organic 
matter in the eastern Devonian Shales has been described as organically 
rich, oil prone kerogen which in sc::xre areas has not matured sufficiently 
to realize its' peak potential but in other areas catagenesis should have 
occurred to a sufficient degree that significant quantities of liquid 
petroleum should have been generated. The fact that these huge 
reservoirs of petroleum do not exist in the shales 'is a dilemma of 
significant consequences. ' , 

0', '~", ~vr:-l ':} l;t.!I; 1"" .<., " ".:.. ..... '.,! "- , .:\/ ' >" )} ..... '. 

Classical petroleum source rocks are typically fine-grained 
sedinents rich in clay minerals. Originally these rocks had high 
porosity and as a consequence of age and greater depth of burial their 
porosity was gradually reduced.. This compaction as it reduced pore 
vollJl'OO forced fran the rock the substances capable of fluid rroverrent and 
thus primary migration occurred. This' phenomena, is essential· for the 
fonnation of petroleum and is the process that distinguishes a true oil 
source r<:>9k from a potential source rock. In a true oil source rock as 
rrore and rrore of the newly fomed oil migrates from the source rock a 
non-eg:uilibrium process is in effect and as new hydrocartx:>ns are fo:r:med 
from the kerogen they continue to migrate· as long as a channel for 
rrovement exists. Once the migrating oil droplets reach a permeable 
zone, secondary. migration occurs as the petroleum coalesces and rroves as 
a continuous phase .in response to buoyancy or hydrcx:iynarnic gradients. 
When the channel is eliminated the' petroleum generation process still 
occurs, however, since there is no possibility for rroverrent the 
petroleum and gaseous hydrocarbons remain in place causing an increase 
in in-situ pore pressure, and a concurrent decrease in process kinetics 
until a' quasi-eg:uilibrium condition occurs. At this stage, because of 
the over-pressure condition, a significantly larger aroc>unt of energy is 
reg:uired to . prcx:iuce petroleum than· can be supplied by the overburden 
pressure and in-situ temperature. At this point in the process the rate 
of canpaction and consec:J.Uently the overburden pressure and in-situ 
temperature rates of increase are reduced to such a,. degree that no new 
prcx:iuct is fonned. If tectonism occurs and the' matrix becomes 
fractured, the existing product migrates out and additional hydrocarbons 
are fonned. If a tectonic event does not occur, the trapped prcx:iuct 
inhibits further production or slows it to an infinitesimal rate. 

In calcareous s:ed.im=nts, primary migration probably does not occur 
or only involves short distances. In these sediments the initial oil 
forming process occurs but, the hydrocarbons essentially remain in the 
already cemented rock. As the trapped hydrocarbons are refined into low 
rrolecular weight liquids and hydrocarbon gases, the hydrocarbon gases 
have a higher possibility of migrating through the low porosity and if 
migration does occur rrore material is available for gas fonnation and 
thus an oil prone kerogen becoIres a prodigious gas source. If the 
migration of the gaseous product is inhibited because of the low 
porosities and permeabilities of the source .rock a quasi-eg:uilibrium 
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type condition is again .set up where the isolated .porosity essentially 
becorres overpressured and little if any additional generation occurs. 

The identification of the depositional environment is an important 
factor in determining the true source potential and reservoir capacity 
of the shales. The depositional envirol1I't1leI1t can provide important 
information concerning the distribution and continuity of porosity and 
permeability. The information concerning the depositional envirol1I't1leI1t 
is that which is used to analyze the response of certain geophysical 
logs and once the correlations, are reasonably fixed, depositional 
environrrents can be deduced for wells frcrn log responses.· 
Unfortunately I because. of program constraints, detailed sed.i.Irentary 
analyses were not perfonred on all core sanples. However, a sufficient 
number of analyses were perfonred to provide an overview picture of the 
basin. 

The texture of the sediment is the first factor that needs to re 
characterized. particle size and sorting are the rrost useful attributes 
of texture. 

particle size of sediments is usually classified according to the 
Went~rth-Krumbein Scale (Figure 207). Sarrples frcrn a mmiber of shale 
cores were subjected to particle size analysis. Analyses were perforrred 
on three different groups of samples: Inorganic particles, kerogen, and 
composite sarrples. For these analyses both settling velocity and 
microscopic techniques were employed. 

These analyses indicated that the kerogen particles ranged from 210 
11m to 0.1 11m in size, while the inorganic particles ranged from 120 
11m to 0.75 11m. The composite sarrple plot is shown in, Figure 208. For 
comparative purposes a plot of the particle size distribution frcrn a 
sandstone reservoir is also shJwn in the Figure. This comparison 
dramatically illustrates the difference in particle sizes for a 
classical reservoir canpared to the Devonian Shales. 

The sorting coefficient, S , for the Devonian Shales can re 
odetermined by: 

where P and P'] are the particle sizes at 25% and 75% respectively~
25

The sort:lng coeffidient, So' is 1. 70 for the Devonian Shales. .. 

The median particle size is· 6 .9 11m and the standard deviation is 
1. 41 11m. 

A sorting coefficient of 1.70 would re classified as rroderate 
sorting of particles. A value of 3.00 would be classified as poor 
sorting, this category is not atypical for other shales. 
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With the particle size l:eing sosrrall in a shallow sea such as the 
Devonian was, plane bed sedirrentary structures would· be corirron, and this 
is indeed what the cores indicate. The core samples exhibit 
predominantly horizontal laminae which would indicate sedirrent settling 
with little or no ITIOveroont, essentially a low energy state of 
deposition. 

The initial porosity , pore georretry and perrneability of a sedirrent 
are controlled prirrarily by grain-size distribution. Other textural 
properties such as grain shape, packing and orientation have minor 
influence on. initial porosity and perrneability. Beard and Weyl (79) 
have shown that initial porosity is dependent alrrost entirely on sorting 
and is essentially inde,PeIldent of grain size. Initial penneability, on 
the other hand, is a function of both grain size and sorting. 

Beard and Weyl also perfonned a series of experirrents to determine 
the porosity and permeability of artificially mixed wet and packed sand 
of different sizes and sortings. Figure 209 is a rrodified presentation 
of their results. If the Devonian shale infonnation is interpreted in 
light of this Figure, it can be concluded that at initial deposition the 
porosity of the sedirrent was large (42%< 4><44%) while the penneability 
was low ( -18 millidarcies). A mathematical treatment of Beard and 
Weyl's data would indicate a penneability of 21 millidarcies for a mean 
grain size of 6.9 Jim in the Devonian Shales. This indicates that while 

. the shales had high initial porosity nOst of it was isolated. 

This situation would result in a condition where diagenesis and 
catagenesis would occur but would be restricted .in degree· because 
primary migration would be restricted due to the low initial 
penneability . This situation is further enhanced by compaction and 
cementation. In the Devonian Shales carbonate forms a pore-filling 
cement (66) which ¥~uld effectively reduce the porosity and the primary 
effect of compaction is the reduction of porosity• 

. The ultimate effects of compaction and cementation on the Devonian 
Shales are shown in Figure 210. This Figure is a cross plot of the 
effective porosities and in-situ permeabilities parallel to bedding of 
the Devonian Shales core samples that had no fractures or mineral filled 
lenses as determined by X-ray analysis. The Figure indicates that 
initial porosities and perrneabilities are significantly reduced. When 
the data from Figure 210 are compared with that from Figure 211, which 
represents a cross-plot for a typical sandstone reservoir, the 
differences (orders of magnitude) put into perspective. "",ihy the Devonian 
Shales are an unconventional, "tight" reservoir - little or no migration. 
can occur through the Devonian Shale matrix.. 

The penneability perIJeI1dicular to bedding was determined to be two 
to three orders of magnitude less than in the parallel direction, so 
that no upward migration of hydrOcarbons was possible in the tight 
unfractured matrix. 

In the core. samples that had nat'f"al fras,t:ures or mineral lenses 
present, penneabilities ranged from 10 to 10 darcies. This is the 
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reason why the naturally fractured zones in the shale must. be located to 
maximize production. 

In sunmary, the sedirrentary pattern of the Devonian Shales set up a 
very atypical situation where source and reservoir are essentially 
synonyrrous. Because of the extrerrely low penreability and porosity of 
the shales, even though ·hydrocar.ton, generation was occurring it occurred 
at a rrore reduced rate than corrm::m in other source rocks because 
migration was impeded. This resulted in several geochemical anomalies. 

These anomalies would include: the scarcity of liquid 
hydrocar.tonsi the significantly large quantities of hydrocar.ton gas in 
imnature sedi.rrentsi the lack of reservoirs in the classical sense i and 
the shifting of standard geochemical interpretations. 

These anomalies can be addressed by the following explanation: 

The . nature of the hydrocar.ton product which will ultimately be 
produced by any unit volurre of the shale is determined by the organic 
assemblage it contains. The make-up of the. organic matter is controlled 
by the environrrent of deposition and the biofacies. Algal and arrorphous 
kerogens have the· capacity to produce a higher proportion of liquid 
hydrocar.tons (oil) than does herbaceous kerogen. This in turn has a 
greater capacity to generate oil than does woody or coaly varieties, 
with which frequently only gas is found. Moreover, there is a 
progressive change fran naphthenic petroleuns with . arrorphous-algal 
kerogens, to rrore paraffinic oils as the proportion of terrestrial 
(herbaceous and woody) organic matter increases. 

In conventional source rocks, production of the potential products 
proceeds progressively fran very early microbial gas, to early 
catagenic gas, to light liquid hydrocar.tons (condensate) and rrore gas, 
to heavier liquids (oil) and more gas, and finally to dry rrethane gas 
as the temperature of the rock increases or as the length of exposure of 
the rock to the heat increases. The combined effects of time and 
temperature, serretimes referred to as the time-temperature integral, are 
revealed by the coloration of cauponents of the kerogen and ip expressed 
as the Thennal Alteration Index (TAI). The hydrocar.tons associated with 
a rock at a given TAl are al.Irost always those products that would be 
generated at· the corresponding point in the nonnal progression if the 
hydrocar.ton products had steadily migrated away fran their site of 
fonnation and maintained a non-equilibrium condition. This is almost 
always the case with rrore permeable, conventional source shales. 

In the very imperrneable Upper Devonian Gas Shales, it appears that 
the ren:oval of products fran the reaction sites was not accomplished as 
rapidly as necessary to allow the progressive fonnation of gas-oil-gas 
to keep pace with the time-temperature integral. In serre instances even 
the very early microbial gas was iImDbilized to bring the organic system 
to near equilibrium. In other areas, combinations of relatively nore 
permeable , interbedded silts, and fractures,· allowed serre of the 
hydrocar.tons to escape· so that the breakdown of the kerogen and other 
organic detritus proceeded to some degree toward the product mix 
anticipated for that particular TAl in the non-equilibrium situation. 
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Therefore, in any given volume of Devonian Gas Shale of the 
Appalachian Basin, the Thennal Alteration Index. is not an absolute 
indicator of nature of the hydrocarbons that will be associated with the 
source rocks. Rather, it describes the limiting mixture of hydrocarbons 
that would be expected in that area if natrix hydrocarbons had 
continuously. migrated out of the sources during catagenesis, compaction, 
lithification, etc. Because this migration has been retarded to sorre 
degree in most locations, the indigenous and . associated hydrocarbons 
~uld be of a canposition no:rrnally associated with less nature rocks. 

Therefore, where the TAl is under 2, the source rock$ have not 
produced significant quantities of either oil or gas via catagenesis; 
any significant gas or oil nearby would have to have migrated fram rrore 
nature sources deeper in the basin. Where. the TAl I S are in the range 2 
to 3, the products could range fram exclusively gas (fram microbial and 
very early. catagenic processes) where the rocks have been virtually 
inpe:rroeable since soortly after deposition, to gas with condensate where 
there has been slow migration, to oil with gas where migration has kept 
up with hydrocarbon generation in the S()urce. Of course, if the kerogen 
is predominantly Tasnanites, any oil would be of a naphthenic nature; if· 
herbaceous or coaly, much nore paraffinic. 

Where the rocks are very nature, i.e., with TAl's at or near 4, the 
energy supplied to the mixture of organic types is probably so intense 
that the equilibrium retardation of the breakdown to rrethane is 
overridden. The restoration of non-equilibrium conditions and effects 
is accelerated as the pressure of the gas in the pores rises above 
lithostatic and the gas rroves out of the rock laterally and upward. 
Even in the relatively irnperIreable shales of the Upper Devonian, it is 
doubtful that any significant gas or gas-generating potential remains 
after the Thennal Alteration Index of the host rocks rises above 4. 

l>,s can be seen fram this explanation, in the Devonian Shales, 
classical geochemical criteria must . be modified because of the 
overwhelming influence of the atypical sedirrentary situation. 
Typically, the anomalously low penreability of the shales restricts the 
generation of hydrocarbons from a rich oil-prone kerogen at the 
appropriate temperature, to a disproportionately srrall arrount of gas. 
Therefore, while organic geochemistry has characterized the Eastern Gas 
Shale as a potentially super-prolific oil and gas source, the najority 
of this potential, particularly, that for oil, has not been realized 
because the uniquely low pe:rroeabilities and porosities have severely 
limited migration, which in turn has dri=lstically restricted the chemica~ 
conversion of solid kerogen and asphaltenes into light liquid and 
gaseous hydrocarbons. 

However, even· with this severe reduction in realization of 
hydrocarbon-generating potential, the resource that was forrred is still 
very large'. It remains for the explorationist to locate the areas with 
natural fractures and with siltstone partings and fractures where 
relatively rrore migration from the source has allowed somewhat rrore of 
that potential to be realized. Once these sites are located and 
confirrred by drilling, effective stimulation treatrrents must be designed 
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to link natural fractures and silt stringers with induced fractures to 
fonn a well base for maximum production. 
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Discussion 

While sedirrentation was controlled in large part by large-scale 
plate tectonics and rrountain building during nnlch of the Upper Devonian / 
tine, the sought for link between organic geochemistry and structural 
geology did not errerge from these studies. Structure played only a 
secondary role in the control "oJ;: organic facies. The contrasts in 
relief between the highlands and' the basin detemined sedirrentation 
patterns and the volume of sedirrent by which the organic detritus was 
diluted. Apparently, sene of the sedinentary material from the growing 
Appalachian Mountains had a profound effect in inhibiting the growth of 
the algae, Tasmanites. On the other hand, it can be speculated from the 
distribution of the facies, that conditions near the Cincinnati Arch, or 
perhaps even nutrients. from the arch itself, favored the growth of 
Tasmanites. 

While there appears to be no tie betwe~ structure and organic 
geochemistry, structure, obviously, was an important factor in controlling 
fracture distribution. The superposition of fractures, or of 
fracture-favoring trends, with the rrost favorable hydrocarbon source rocks 
should optimize -the search for reservoired petroleum. On this basis, the 
combined results indicate the probability that the greatest frequency of new 
large naturally fractured gas accumulations in the Eastern Gas Shales will be 
discovered in northwestern and northern West Virginia, and southeastern Ohio, 
Le., where the eastern edge of the better source rocks (and those thermally 
mature enough to have realized a significant fraction of their potential) 
overlaps the western edge of the rrore structurally disturbed shale. However, 
as the section on tectonic history discussed, the structural evolution of this 
basin was very complex, and there was a great deal of local tectonism 
superimposed on the regional events; therefore, local fracturing due to 
localized stress' will have created many possible hydrocarbon-collecting 
fracture networks outside the rrost favored areas as well. Therefore, 
exploration should focus on the location of structures, however subtle, as the 
sites of greatest fracturing. 

Of course, fracturing is the result of processes other than folding 
and bending of rock strata. Another cause is the stresses imposed upon 
the rerroval of overburden by erosion. When this overburden is rerroved 
and the sedirrents are unloaded, they expand and the incipient weaknesses 
in them become fractures and joints~ The preceding stratigraphic 
studies showed the presence of a number of uncomformities and the possibility 
of many rrore throughout the Basin. These too could· account for reservoirs 
scattered throughout the basin, many of which.will continue to be encountered" 
by chance. 

Fracturing is also the result of corrpaction. As the volume of 
rocks is reduced with burial, their diagenesis involves the loss of 
water together with mineralogical conversions. Heterogeneities in the 
shale, with accompanying differentials in volume loss, would induce 
fracturing. In many cases, this kind' of fracturing is characterized as 
irregular or conchoidal in form. This type of fracturing probably· will 
not play an important role in alone creating potential reservoirs, but 
will add to the porosity networks created by the other two processes. 
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Moreover, these 'WOuld also contribute to fracture net'WOrks created by 
stimulation projects, as well. 

Future exploration will undoubtedly reveal a host of reservoirs of 
various sizes in the Upper Devonian Shales. Explorationists can iIrprove their 
chances of discovering such accumulations by directing their attention to the 
rrany well known structural features of the basin and to nore subtle, local 
structural features where fracturing 'WOuld have been favored. The Big Sandy 
Field is an exan:ple of a continul.ID1 of fractures spread over large area in the 
shales. other widespread net'WOrks are possible elsewhere in the basin. If 
they coincide with even nore favorable organic facies, in areas of adequate 
t:h.e:rnal maturity, large reserves of gas, or even oil, would be possible. 

After a potential structurally Controlled prospect has been 
outlined, fracture trace delineation fram aerial photographs is probably 
the best method to optimize the prospect. If surface fractures or 
fracture traces are abundant on or near the site, then the likelihcxx1 
that there are subsurface faults is increased. other things equal, a 
prospect with surface fracture traces would be nore favorable than one 
without. Moreover, one with a series of intersecting traces would be 
preferrable to one with only parallel ones. 
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RECOVERABLE RESOURCE 

Introc1uction 

The objective of all studies of this type is to produce a value of 
recoverable resource. In fact the key objective of the OOE Program are to not 
only develop accurate estimates of gas-in-place but also a value of 
recoverable resources. In this light then, an attempt was rrade to establish a 
value of recoverable resources. 

To put the problem in perspective, the recent studies by the National 
Petroleum Council (NPC) (26), and Science Applications, Inc. (SAl) (80) were 
reviewed. Both of these studies reported gas-in-place values and based upon 
proouction histories of Devonian Shale Wells projected values for economically 
recoverable resource. 
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Gas-In-Place 

The NPC study determined that approxin:ately 1,861 TCF of gas was in 'place 
in the Appalachian Basin I s Devonian Shales, whiie"SAI reported amaxirnum of 
900 TCF was in place. Both of these· estinates were principally based on 
off-gassing data accumulated early in the Eastern Gas Shale Program. The 
current study employed the nost corrplete set of geochemical data available and 
evolved a value of 2579 TCF of gas-in-place in the Appalachian Basin I s entire 
shale interval.-; -

The NPC study further qv.alified its info:r:mation by considering "available 
drilling area". In this phase of the study, the actual reserve area of the 
Appalachian Basin that could be drilled was reduced by 44 percent because of 
urban area restrictions and other non-available lands. Once this restricted 
area was estinated, the study multiplied the estinated in place resource value 
by 56 percent (the· anount of land that coUld be drilled) to arrive at a 
revised in place resource estinate of 1.,040 TCF. 

In the current study, the estinates of "available drilling area" derived 
by NPC were utilized on a county basis and since an estinate of the anount of 
gas present in each county was known, each county was considered individually 
and a revisedestinate of in place resource was made. This estinate 
considering only "available drilling area" is placed at 1,440 TCF or again at 
approxima.tely 56 percent of the total gas in place. . . 

The area not available for drilling is restricted because of 
institutional, cultural, topographic and other "discouraging" factors, 
however, these variables can be nodified by the degree at den:and and price 
incentives. Therefore, the 56% is a conservative lOwer limit and as price and 
den:and increase, significant portions of "non-drillable" area can becane 
"available drilling area". This is especially true since the "non-drillable" 
area contains a significant anount of in-place resource. 

,'./ 

.' ...... 
\ . . i' " 
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Recoverable Gas (Past Studies) 

Having estimated the amount of gas in place the next logical step is to 
estimate the amount of economically recoverable resource. Since shale 
production rrechanisrns are not yet well defined and no generic reservoir m:x1el 
exists, the only basis for detenmining recoverable resource is the review of 
past production histories. 

In their attempts to address recoverable resource both the NPC and the 
SAl study reviewed the production records of a large number of shale wells and 
l::ecause It shooting" technology is the dominant stimulation technology which has 
l::een employed in the shales, the production histories predominantly represent 
"shot" wells. 

In shooting, the well is canpleted as an open hole and approximately 10 
pounds of SO-percent nitroglycerin is used for each foot of shale section. 
Shooting as a technique is known to create small induced fractures but it can 
also potentially cause healing of existing fractures and some skin damage. 
The results of shooting are hopefully an increase in fracture density, 
however, there is no guarantee of a concurrent increase in fracture surface 
area. In the shales with their low porosities and penneabilities, the 
fracture surface area is the dcmi.nant factor that will influence long tenn 
production. Shooting therefore represents a base case technology. 

Without the availability of an appropriate reservoir m:x1el for the 
shales, both the NPC and SA! rely on empirical equations to fit the existing 
data. El:npirical equations do not necessarily include all of the factors 
affecting past, present or future performance. When this type of equation is 
extrapolated to either a new location or a future time, it is assumed that all 
of the factors affecting perfonnance (except those variables in the equation, 
itself) have exactly the same cumulative effect at the new location or a 
future time. If a large enough data base is developed, then this type of 
approach could evolve patterns that rray be qualitatively correlated with 
identifiable reservoir characteristics. However, there are serre external 
influences that can result in significant impacts on this type of analysis. 
Operating policy, the market, production techniques and workover treatrrents 
are major factors affecting production histories especially in Devonian Shale 
wells. If a well is shut in for a number of rronths during a year, the total 
production for that year will l::e significantly different than the total 
production of a well that was produced for the entire year. This situation is 
l::est illustrated by Figure 212. This Figure represents the results of a study 
of the production histories of forty shale wells located,in Lincoln and Wayne 
Counties, West Virginia. The annual production of the forty wells was 
rronitored for fifteen years and the production for the wells was' totaled by 
year. The variability that was observed by year was the result of external 
influences. The degree of variability is shown in the Figure. If this 
sensitivity is not applied to the analysis of the cumulative production of the 
wells, erroneous conclusions will result. This. is why rreasured production 
rates are rrore important than cumulative production for analysis purposes. If 
a well is produced against a back pressure as opposed to one that is not or 
another that is produced against a different back pressure, then production 
rates as well as cumulative production will be different. If a well is worked 
over as opposed to one that is not, different production rates and cumulative 
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productions will result. All of these scenarios can also result in physical 
changes to the reservoir which will have long term effects. 

For the above reasons then, it becorres obvious that any rigorous 
treatrrent of production data to define or extrapolate to recoverable resource 
must address all the variables that affect production for each well and there 
is a danger in extrapolating production curves indiscriminante1yover either 
the long term or widely separated geographic areas. 

Following the determination of gas-in-p1ace, the NPC study then preceded 
to review Existing Production Technology to accumu.late a resource base on 
production for Devonian Shale wells by county. 

Their production rate or decline curve analysis utilized a hyperbolic 
equation: 

where PR is the production rate in .MCF/D and t. is the tine in years. C1represents the initial production rate in .MCF/D at tine (t) = O. C is a 
dirrensionless constant and C2 is a constant with the dirrension of years. 3 

The intent of the study was to characterize the average well decline 
curve for each county by developing a set of values of C1 , C2, and C for each3county. However, as they reported, "All county dec1.ine curves could be 
reasonably represented by cormon values of C and C held at 3 and 2.5,2 3respectively. " When this was done the ProductiOn Rate J::.qUation becane: 

and the average decline curve for each county could be characterized by . a 
single paraneter I Cl. 

The study then pointed out that an atterrpt was made to correlate C with 
physical parameters of the shale and the only correlation found was that with 
the thickness of the black shales as determined by the gamma.-ray logs. The 
correlation was: 

C = (0.213) (T - of black shale from 1'-log).1 avg 

In this study, there was no attempt to quantify the organic richness of the 
black shale and all thicknesses with a garrma-ray radiation greater than 230 
API units were considered in the total thickness. 

The NPC study also calculated a table of cumulative productions for years 
based upon the single paraneter C1 • This table was ass1..lIred to be calculated 
in the following manner: 
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... __._._-----------------------------------

10 year cumulative production (MMCF') = 
2

C1 [ 1 + (:) (10) r!5 (365 D!yr) (10 yr) ( MMCF). 
103 M:F 

The equation yields a 10 year cUmulative production (MMCF') = 1.494 C • Thelcalculated multiplier of Cl_is significantly different fram that reported by 
NPC. Table 4 lists the NPC reported multipliers and ,those calculated using 
the reported equation. As the table shows a significant deviation exists 
between the reported values and the values that the equation actually 
produces. The significance of this discrepancy whether it is a result of the 
detennination of the values of the constants in the equation or simply a 
mathematical error cannot be addressed without a complete review of the NPC 
data. Since the equation was used as the basis for extrapolation in the NPC 
study, it is important to identify any changes that might result. 

In evaluating the NPC study several cornrents need to be made. First, the 
NPC study derived an equation that is quite different than that cormonly used 
for estimating hyperbolic decline and its insensitivity to physical pararreters 
should be addressed. Hyperbolic decline curves appear to be applicable to gas 
production decline in the Devonian Shales (81) and the classical equation 
governing this type of decline cap. be expressed as: 

PR = (PR) (1 + n D t) -lin,
t o . 0 

where O<n<1. In this equation PRt is the production rate at tine t, PRis 
the l.!!itial flow rate,t is tine in rronths, D is the initial rate of decl<ine, 
rronth and n is the exponent which controfs the decline curve and is an 
implicit function of the composite operating porosity, penneability, resource 
potential, and local geology. 

The value of Il has to be determined for ~~ch reservoir. One way to 
obtain this value is through cauputer reiteration of the data until a value 
for n is detennined. To avoid the use of the corrputer, Bass (81) has 
constructed a series of hyperbolic curves for various values of n. In order 
to detennine n, production data are plotted on the curves until a straight 
line is obtained, then the value of n is fixed for that reservoir. Once this 
value is determined, Do can be calculated: I 

Do =[(:::t -11 (nt). 
Cumulative production can now be calculated by: 

1 
CP = - }[(n::~ Do] [C::r1 

for O<n<l, or 

for n=1. 
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TABLE 4 

Relationship of C, to CUmulative Production 
. from NPC Study 

x CUmulative Production (MMCF) Y C
--1 

1st yr. a.:nnulative production (MM.cF) = 0.32 C1 

10 yr. a.:nnulative production (MMCF) = 2.06 C1 

20 yr. a.:nnulative production (MrO') . = 3.36 C1 

30 yr. cumulative production (MMCF) = 4.43 C1 

calculated Relationship of C1 to CUmulative Production 

x CUmulative Production (MMCF) Y C Deviation from NPC1 

1st yr. a.:nnulative production (MrO') = 0.286 C -10.6%1 

10 yr. a.:nnulative production (MMCF) = 1.494 C -27.5%
1 

20 yr. cumulative production (MMCF) = 2.315 C -31.1%
1 

30 yr. a.:nnulative production (MMCF) = 2.975 C -32.8%1 
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Aquilera (81) has pointed out that decline curves are not generally used 
for evaluating gas reservoirs; however, the hyperoolic decline curve with n=l 
seems useful for evaluating Devonian shales. This canment apparently was 
based upon the examination of a limited set of data from sane West Virginia 
wells. caution must be used in simply extrapolating· this canment to other 
portions of the basin where source, potential, richness, porosity, 
permeability, geology and especially the natural fracture systems are 
different. 

The NPc observation that Cl was related only to black shale thickness 
also rrerits SOIre cornnent. In sorre early studies perfomed.. for the El3SP, no 
correlation was found between amna-ra 1 re nse and either the or anIC 
richness of the shales . or . the gascorttent Figures 213 and 214). The 
gamna-ray log dOes not indicate organic matter type or maturation and 
consequently does not indicate potential. The fact that C correlated with 
black shale thickness had to do with the selection of ~ variables for 
examination: black· shale thickness as determined by gamna-ray logs,total 
shale thickness, sample black shale thickness and depth. From these variables 
only black shale thickness as determined by gamna-ray logs was the closest 
indicator of potential albeit a poor one and if the sample data set was large 
enough black shale thickness would. correlate with . initial production by 
default. 

The rrost interesting point of the NPC study was that after performing the 
analysis on a county basis, it was found that the entire basin could be 
represented by one equation. Since all the production data for a large nurrber 
of wells, assumedly representing the entire basin, were analyzed, it would be 
safe to assume that these wells had different geological, resource potential 
and production histories (dictated by policy and market) and yet they all 
seemed to converge into one empirical equation. This could have been 
serendipity or it could have a very important physical explanation. Since the· 
greatest majority of wells analyzed were shot wells,the statistics for these 
wells should dominate the analysis. The singular fit of the data could be 
attributed to the basic nature of a shot well. In such a well, as stated 
above, the number of fractures and not necessarily the fracture area is 
increased. Following an initial high production. rate through the fracture 
system, production should decline to a lower, rrore consistent rate. (This is 
essentially the basis of hyperoolic decline.) This long tenn, low production 
rate is influenced by the porosity and permeability of the matrix~ 
Hydrocaroon gas must diffuse to the fracture surface where it can then be 
desorbed into the well oore~ Since the porosity and permeability of the 
matrix are inherently low, as was stnvn aOOve, production is then diffusion 
controlled. 

The fact that the depositional history of the shales was quite unifonn, 
implies that the original matrix porosity and permeability values of the shale 
should be relatively consistent throughout the basin and therefore gas 
production daninated by only these parameters smuld be consistent. The NPC 
data, if they are indeed representative of production across the entire basin, 
have cpnfirrned this. Using the depositional history of the shales and from 
that and along with the implications of the NPC study, then close well 
spacings can significantly improve production from the shales under a shot 
well strategy. Furtherrrore,· spacings on the order of 80 or even 40 acres 
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should be considered if it can be determined that the natural fracture system 
is such that no well to well interference would result. (s:cu 

In contrast to the NBC study, the study perforrred. by SAl utilized a 
statistical approach to address economically recoverable resource.""" The first 
phase of· this study involved the grouping of the counties of the Appalachian 
Basin into 10 clusters. The variables used for clustering purposes included: 
radioactive shale thickness, conodont alteration index (C1\I) ,_ drilling depth, 
apd__ EJ;;ress__.ratio. Following the clustering, it was assurred that the 
distribution of production per well would be the sarre for all wells drilled 
anywhere in the cluster and then data were ,extrapolated to address production 
for the entire cluster. In order to detennine recoverable resource, the study 
considered well spacing, data on the mean and variance of production and the 
success ratio in each cluster. Production data were available for only five 
clusters, for the other five clusters,the Delphi method was used to obtain 
estimates of the mean production. The Delphi method was also used to obtain 
estimates of the success ratio for all ten clusters. 

The study .assumed a lognormal distribution as the representative 
probability model for cumulative well productivity in each cluster and summed 
the results by cluster for the entire basin to obtain a. value for total 
recoverable gas. This value was assurred also to be the economically 
recoverable gas. 

The concept of clustering is a very viable approach if a complete set 
of effective variables is considered. For a DeY9..!li~UL§.l:§le re5e±YO!J'__these. 
should include organic matter type, organic richness, theirral mat1..'Q:"i:tY, 
porosity and penreaEriIty;"and-natur4__ ~I.c?:~!;..w.§!...sy.S?tems, not ~vei§,gea:=-oy.~r"j:.he 
ei1ti;i:::e shale column, but only for"- the high potential zones or at least 
weighted by these iones if a per well value is to be produced. 

. .. .---;;
~v 

, ( 1:.2~ ) 

As mentioned previously,'~adioactive s~le thickness~l'~conodont alteration 
index (CAl), drilling depth and stress ratio were taken as the effective 
variable by SAl. The choice of radioactive shale thickness was made on the 
basis that: "The National Petroleum Council (NBC), in their study of Devonian 
shales, found correlations betweenRST.and initial open flows, and between. 
initial open flow and cunu1ative prOduction. II This statement followed: "No 
definitive relationship has been established between radioactive shale 
thickness and gas production." As has been shown above the relationship that 
NPC found was heavily biased by their choice of variables and in fact there is 
no definitive evidence to show a correlation between RST and production. 

The conodont alteration index (CAl), is one method of assessing the 
therma.l maturation of a material. If it is a weighted average for the 
productive shale sections, it should indicate the diagenetic history of the 
shale. 

The drilling depth and stress ratio could be inferred reflections of the 
geology and natural fracture systems present in the shale zone. The problem 
with the choice of these specific variables is that drilling depth does not 
reflect the actual stratigraphic system present and consequently does not 
reflect the thickness of the high potential zones. The stress ratio (the 
ratio of minimum horizontal stress to vertical stress) has only actually.been 
determined for a small number of counties and for the purposes of this study 

j ,. i .; ' ,·i/' 
. >;\ ' 

,..\1./ ,/" 
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was extrapolated throughout the basin. Whether or not this extrapolation is 
valid can only re evaluated as rrore data recorre available. 

Since the influence of three of the four principal variables, chosen by 
SAl, have no dcx:::umented relationship to gas production; and since the fourth 
variable, maturity, without organic mat.ter type and richness cannot· inply 
potential, the results of the cluster analysis study are open to discussion. 

Following the establishment of ten clusters, SAl prcx:::eeded to plot 
histograms of cumulative production for the clusters. As it turned out, the 
1780 well b data set that SAl used consisted of wells from five of the 
identified clusters, the values for the other clusters were obtained by the 
Delphi method. 

When looked at individually the production data from the five clusters on 
a county basis did not always indicate a log nor.mal distribution visually nor 
rrore importantly, mathematically. Also . in the analysis of the data, serre 
clusters were approxiIrated on the basis of data from only one county. 

While their approach was sound, in actuality, SAl did not address the, 
var;iablE;§_ -t.bAt_m.!],.~2~L99-§.-.i,n:-pl~9~ and ultimately production, nor did they 
account for production influences such as narket and policy. Since such a 
detailed analysis was probably reyond the scope of their study, but must re 
considered to achieve a reasonably accurate assessment of recoverable 
reserves, the merits of their study results cannot re assessed at the present 
time. 

In sunmary then, the analysis of recoverable resource is not an easy 
task. The two recent studies perfonred on this subject, while sound in 
approach, did not consider the major influencing variables and consequenUy do 
not form. a sound foundation for the estimation of recoverable resource. 

Such a detailed study, necessary to assess recoverable resource, is not 
only beyond the scope of the current study but the data used by NPC are not 
available for review or analysis. ' The current study is also hampered by the 
lack of complete' data and therefore only another gross estimate of the 
recoverable resource will be made. 

The fact that the results of the NPC study were insensitive to region and 
that the entire basin could be characterized-by one eqUatioo"a.lffered from .tht? 
results of 'the SAl study. which approxiIrated production on the basis of 
different..clusters. The SAl study did establish a log-nor.mal distribution of 
cumulative production for the entire basin which in effect forced the same 
conclusion as the NPC study: All wells in the basin can be considered in Olie 
qualitative, empirical model. 
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Recoverable Gas (Current Study) ..-
<;;:£[;')
~~'. 

. Since the NPC data ~re not available for review, but the SAl, data ~ere, 

the SAI data were reviewed from several different aspects to 6:y to find 

correlative influences. This review was perfonrted on the basis that all wells 

were drilled on J§E, acre spacing. A correlation that evolved was production 

per area. The &tta available from the SAI study spanned fourteen counties 


\. 	 located in Ohio, Kentucky and West Virginia. In Table 5, the county, the~ 
production per area and the resource in place per area are listed. From the 
Table, a correlation by3state ~s obvious. The counties from Kentucky produced 
an averaS,.EJ of 2. ~ x 10 TCF/00 , while those from Ohio produced an average of 
0.13x 10 P/oo , and those from West Virginia produced an average of 1.5 x 
10 TCF/00. These production rates are apparently independent of resource in 
place. While it is irrq;:ortant to note that as in the previously discussed 

{.' 

studies no attempt was made to qualify these data by production practices, it 
also appears significant that the data can be correlated by state. If. upon a 
nore detailed study" (beyond the scope of this report) it can be shown that 
production practices have not forced this relationship then the data appear to 
be a significant factor in assessing recoverable resource. 

Recalling that these data represent p~qc;l~c.ti()tl_J1:i,st9.!"ie,ELB+::jJI~*JJy.,_~qr 

shot wells and assuming that no bias was built into siting the wells using 

i:eirote sensing techniques, the production histories ,reflect the basic nature 

of the shales. Following the initial release of gas from fractures, 

production is controlled by the matrix porosity, perrreabi1ity, and fracture 

connectivities of the shales and what is observed is production controlled by 

these parameters. Since perrreability is sarewhat independent of gas-in-place, 

no correlation betwE;en production and gas-in-place 'INOuld be expected in the· 

long term where ultinate recoverable resource .would be influenced by the total 

in place resource. Only the .rates of recover:Y are affected by these 

variables. 


The fact that porosity and penreability influence production from shot 

wells was inferred in the NPC study which allowed the basin to be considered 

as a whole since the C9;>PF~9h..,_~~ ..,;id!~~~.~tiy.~..._t;9.~" ....~~, ¥et;. s~P1~~i9C!I1t 

dift',g.!"§1ges in the p!W,s;:i,cal parClITet~rs.. This fact was addressed in the SAl 

stuay"'which produced ··.··a value' ·for·····recoverable g?s_w.as_a",function,.. ~Qf.,.,,well 

~acipg."-"~- _.."._-"_._,, 	 '"'' .... 

Since the two recent studies and further analysis of the data from one of 

the studies indicate that production from shot wells is diffusion controlled 

over the long term (>10 yrs), then cumulative production should Qi{gct;;ly 

reflect. the controlling production' pru:::~ters-=---'·-i:rt.hIs-:rs--·ti:1ir' -arid -if the 

production pe£"area:vali.:les can be verified' as being consistent for ·larger 

sarrple sets than those currently available, then a base case recoverable value. 

can be estinated. From the data that are ncM available, the gross assumption 

can be made that they represent the controlling production pararreters for the 

individual states and if this is true then. the £~~2'~~!~"g~,s_J~§.sed. 1.l£Q~J6_Q. 

acre spacing for the states of West;'y~;-ginia, Ohio and ~~t~ky can .-range from 

~O to 50 TCF. Since no data were available for New Yo'rk and-Pennsylvania, no 

estimate can be wade for these states. 


Ignoring new technology and assuming only shot well production and the 

fact that over the long term production from these wells is diffusion 
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TABLE 5 

Production Histories 

for IIShot" Devonian Shale Wells 

Nunber Production Resource 

State County of Wells ('ICF/mi 2) ('ICF/mi2) 

Kentucky 	 Floyd 232 2.7 X 10-3 2.14 X 10-2 


I 	 .Knott 72 2.1 X 10-3 2.86 X 10-2 


Martin 224 2~0 X 10-3 1.93 X 10-2 


Ohio 	 Lawrence 29 1.1 X 10-3 3.14 X 10-2 


Licking 19 0.5 X 10-3 2.69 X 10-2 


Meigs 19 0.4 X 10-3 3.23 X 10-2 


West Virginia 	 Boone 16 1.5 X 10-3 1.21 X 10-2 


cabell 20 1.7 X 10-3 2.14 X 10-2 


Jackson 26 1.4 X 10-3 2.14 X 10-2 


Kanawha 10 1.8 X 10-3 1.22 X 10':'2 


Lincoln 337 1.5 X 10-3 1.42 X 10-2 


Logan 121 1.1 X 10-3 1.43 X 10-2 


Mingo 206 1.5 X 10-3 1.57 X 10-2 


Wayne 156 1.3 X 10-3 1. 79 X 10-2 
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controlled and that the porosity and perrreability Values of the matrix are;' 
low, then closer well spacings seem extremely advantageous. If the 'well 
spacing was set at 80 acres, the recoverable resource could be doubled pp to 
the limit of gas in place in the area. /! 

~: 

Again caution should be used in considering these values as quantitative 
estirna.tes. They are subject to the sarreconstraints as those irrp::>sed on the ,I 

other studies and should be used with the realization that all the factors / i ' 

that concern potential and production were not integrated into the analysis. / ,,'I' ({,!/, 
If a quantitative number is required, then a very detailed analysis of well / \ ;' \ ~,~ , 
histories is required. The Gas Research Institute (GRI) is currentifyl}: I/f.ij,/;, 
fonnulating a well history data base for Devonian Shale wells, once this data I Vr\~ ;: v 
base includes a representative set of wells for the entire basin, then ( V'j".j 

detailed analysis considering all factors of potential and production can be f ' 

perforrred and rrore realistic quantitative estirna.tes of recoverable resource i 

can be rna.de. -- 

The analyses rna.de to date in all three studies include only shot wells 
that were randomly sited. To inproVe"t:.he"-recOverable'value for" a well, two 
technologiessh.OUld be investigated. The first is rerrote sensing technology. 
Since ultirna.tely production from a shale well is controlled by matrix 
diffusion and desorption from the free fracture surface area of the shale, if 
areas with a great degree of natural fracturing can be located, these would 
present the ideal locations for wells. A well sited in such a location would 
not only have a higher initial production rate because of the drainage of the 
fracture system, it would also produce rrore gas during the long tenn since 
increased fracture surface area would allow desorption of the gas that 
diffused to a greater free space (larger surface area) to occur at a higher 
rate. Thus, production would be enhariced since the flux rate of the gas would 
be larger because of the increased surface area. 

The other technology that needs to be inves1;igated is the improverrent of 
stimulation technologies. Since fracture surface area is perhaps ultirna.tely 
rrore inportant than number of induced fractures, techniques that result in the 
increase of fracture surface area will lead to increased production. The 
physical reason for this is that even though production ,is ultirna.~ly 
controlled by the diffusion of gas from the matrix to a free surface, the 
larger the surface area, the greater the flux of gas from the free surface to 
the well head, and consequently the greater the production rate. Techniques 
such as foam fracturing, tailor pulse loading, nitrogen gas frac, and hybrid 
technology do hold great promise for inproving the gas recoverable rate from 
the shales. 

These techniques are beginning to find rrore acceptance in the shales•. A 
gross exanple of the value of these techniques and their improverreI).t on 
recoverable gas can 
production histories 

be d,erronstrated by the examination of a srna.ll set of 
for stimulated wells. Five year production histories \, 

, 

; 

'.', 
\ , 

were available for six wells from Kanawha County, West Virginia. These wells 
were stimulated using water frac, aleogel, gelled water, methanol and gelled 
water, C02 :LPG:Methanol, <3!}~ nitrogen gas ~fac and2the five year recovery rate 
fOf3the we~ls was 3.5 X 10 ± 1.5 X 10 ~/mi, as opposed to 1.8 X 
10 TCFlmi calculated for, the shot wells P1 this sane county. So the new 

'~~'. 
.\' 
\ \ 

technologies should markedly improve gas production from the shales. The 
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estimate of quantitative· improvenent, however, cannot be evaluated at the 
present t.irre. 

One of the key issues that still remains in the assessrrent of the Eastern 
Gas Shales is the definition of gas production from the shal~s. Until that 
issue is adequately addressed. there can be no generic production model or 
consistent fracture analysis models. Since this issue has .defied 
quantification from laboratory studies and from an examination of actual 
production" data, it remains as one of the key goals of an Eastern Gas Shale 
Program. Because it has not been solved or adequately addressed by secondary 
rrethods, it must be addressed directly. The Eastern Mineback Program is 
idealy suited to solve this issue along with providing actual in-situ 
evaluation of fracture treatIrents and the effects of other variables on an 
actual rese:rvoir. Only after the completion of this type of directed effort 
will a generic shale reservoir model. be available as well as fracture analysis 
rrodels so that the .ITOst effective recovery techniques can be applied to the 
shales. 

, 
~ \ \ 

" I"~ 

, , 

\ 
i 

" 
" 

\ 

{ / / " 
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Discussion 
1 

, ;':'
An evaluation of the recent NPC and SA!' reports has ident.i:fied "','i' 

shortcomings in the approach of both studies to produce a quantitative value r . 

of recoverable resource. The current study is also subject to those sarre 
shortcomings. There is the indication that production from shOt wells is 
diffusion controlled and because of this, closer well spacings should be 
considered to inprove recovery. The fact that the resource in-place nurrber is 
so great would indicate that ultima.te recovery would be inproved by the closer 
well spacings. 

The influence of natural fracture systems and the area of fracture \
surface on the production of gas from shale is very iIrportant to production 
rates and overall recovery. To address these issues r~te sensing techniques 
and new stimulation technologies must be adequately investigated. 

There exists no accurate generic reservoir model 'for the shale and this 
is an ~n~t.::-~§hQrtQCiUing.- _To-ae:fdress--gas proouction rrechanisms; effects of 

.. 
" 
-
,//ot.ner--variables on gas production, and the effects of stimulation technologies )(/

\ ,/ 
on 'gas production in an effective m:mner in the near term, in-situ experinents 
must be perfo:rmed since the interaction of all iIrportant vari-aJ5les on these 
pararreters cannot be adequately addressed by secondary laboratory experinents 
and unqualified production data. 

The estima.te of minircn.:un recoverable resource has been established at 30 
to 50 TCF. While these nurrbers are qualitative at best, they do serve to fiX 
a 'iliiniroum value. It is hoped that the balance.of this study will serve to .15-'1_
increase the- success ratio for new wells. Also 1f well spacings are reduced 
in areas that are not highly fractured and renote sensing techniques are 
utilized to identify naturally fractured areas, the quantity of recoverable 
resource can increase significantly. New stimulation techniques can also 
result in enhanced production. It is iIrportant to remember that the in-place 
resource is trerrendous and that inproved engineering technology can only help 
to maximize recovery of this resource from the shales. 

13c, , ! 'i / 
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01'HER DATA 


Gross Mineralogy 

During the course of the analytical program,mineralogical analyses were 
performed on a select group of samples. This program did not allow for 
mineralogical analysis of every sample, but a sufficient number of analyses 
were performed to provide for representative cross sections across the basin. 

The first observation that can be 1llClde concerning these data is that the 
compositional range is very broad even when the data are categorized by the 
sane seventeen 1llClp units used in the other portions of this study. The data 
presented by 1llClp mit are listed in Table 6A. Table 6B lists the 1llClp mit 
terminology for reference purposes. 

An examination of the data showed no well-defined regional trends even 
within singular 1llClp units. An irrIx:>rtant observation was that none of the 
samples contained nontIrorillonitei however, the mixed layer clays ranged from 
o to 24%. The iron rich minerals, ankerite, and chlorite, also varied widely 
in composition, 0-10% and 0-12%, respectively. 

(-No correlation could be 1llClde between mineral composition and either gas 
~content or the organic geochemical factors. 
-~ , 

The mineralogy results, however, do have application to drilling, 
completion and stimulation technology. 

In a 1llCltrix where porosity and permeability are very lOW', fornation 
damage nrust be minilnized. This is especially true in shales where effective 
completions can be a problem, even in naturally fractured areas. 

Acidizing treat:rrents, if not planned to 1llCltch fonnation mineralogy, can 
effectively damage the fornation and destroy even natural perrreability . This 
damage can be the result of fines plugging, precipitation, CO2-gas 
saturation, or any cornbiI).ation of the three. 

If CO2-gas saturation is responsible for a loss in permeability, then as 
the gas is rerroved the foonation perrreability should eventually return, to 
its original value. 

Since iron is a constituent of same of the minerals found in the shales 
and the concentration range varies widely, it is irrIx:>rtant to design proper 
field practices to avoid the precipitation of iron from spent acid solutions. 
This type of precipitate is an arrorphous gel. 

In the Devonian· shales, . the iron bearing minerals are ankerite, 
siderite, pyrite and worite. The iron in these minerals is in the fonn of 
the ferrous' ion (Fe ). These minerals will react with HCl and generate 
soluble iron. The minerals ankerite and siderite dissolve rapidly in HCI to 
release the ferrous ion into solution with CO2 being a by-product. This 
reaction will proceed until the acid is consuned and equilibrium with the 
mineral is reached. No precipitates are formed. Pyrite will decOIl1fXJse very 
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TABLE 6A 
MineraloQical Conposition Ranges for the Devonian Shales 

MAP UNITS 
171614 1512 13111097 864 5321Mineral 

48-5924-2737 32-5331-4030-40 8-3228-5031-429-3429-4343-44N.D.** 23-3717-333127-29*Quartz 
00000000 0-10 000000Potassium 

Feldspar 
11-195-110-110-114-90-94-120-150-90-9 0-13 0-130-40-730-4Sodium 

Feldspar 
00000 00-70-10-24 0-90 0-150-380-33338-48Ca 1cite 

0-60-60-60-40 0-120-70-10-60 0-30-900-904-10Do1 omite*** 
00-50 0-400-7700-50-60 0-14000 00Siderite 

5-63-1911 0-130-220-130-124-260-,24 0-76-134-94-193-13135-8Pyrite 
00000000 00 000000Montmori 11 on ite 

13-2328-4219-3224-43 31-3510-4523-31 : 20-3025-3728-31 24-3826-2816-2822-43349-11III ite 
2-56-140-213-96-185-145-212-164-20 10-240-135-1511-160-1171-4Mixed Layer 
0-30-10-21-3 ' 1-20-20,.20:.1 0-21-2000000Kao1 i n ite 

4-9 ' 1-21-62-42-51-42-62-123-53-73-633-53-1040-1Chlorite 
00000000 000000-760-4Gypsum . 

*All values are expressed in whole rock %. 

**Not Determined 

***Includes Ankerite 

w a 
"..! 



Map Unit 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

TABLE 6B 
Correlation of Map Units with Time 

Time or Its Equivalent 
Early Marcellus 
Late Marcellus 
Hamilton Group/Post-Marcellus 
Genesee/Geneseo 
Sonyea/Middlesex 
Early Lower Olentangy/Early Rhinestreet 
Late Lower Olentangy/Late Rhinestreet 
Middle Olentangy/Angola Shale 
Upper Olentangy/Java FM./Hanover Shale 
Early Lower Huron/Early Dunkirk 
Late Lower Huron/Late Dunkirk 
Early Middle Huron 
Late Middle Huron 
Early Upper Huron 
Late Upper Huron 
Chagrin 
Cleveland 
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slowly in HCl to yield the soluble ferrous ion and H2S. Again, pyrite carres 
to equilibrium with the HCl and no precipitates are fOnced. 

Chlorite minerals behave differently. They do not dissolve completely 
in HCl. With these minerals, the iron as well as the magnesium and aluminum 
are leached from the matrix and a hydrated silica residue is left. This 
leaching process .is very slow and normally would be expected to have a minor 
effect on the formation. . 

The iron precipitate problem becorres acute only if there is another 
mineral present in the formation that will cause the HCl to be completely 
spent. The rrost ccmron mineral of this type is calcite. Calcite can 
neutralize the acid and increase the pH of the spent acid sufficiently. to 
result in iron mineral precipitates. The calcite concentration in the 
Devonian shales ranges from 0 to 48% so there is the possibility of 
precipitation in ~ formation. If the pH of the spent acid rises above 1, 
the ferric ion (Fe ) will precipitate as iron hydroxide which is a hydrated 
gel which can be very dama.ging to near well bore permeability.. 

If HF is used, chlorite is rapidly dissolved and essentially all the 
iron is released into solution. The best use of HF is as a subsequent 
treatm:mt to a HCl preflush. This preflush can dissolve the carbonates and 
prevent complete spending of the HF-HCl mixture. The fluoride ion has a 
great affinity for dissolved ferric ions and the resulting iron fluoride 
complex will prevent hydroxide formation. until very high pH values, ~ 6, are 
reached. 

However, even with the use of HF, the penetration distances are small 
(:512 inches). The actual distance is very dependent upon the concentration 
of the non-quartz constituents in the formation. 

Clays and Feldspars react with HF and during the reaction HF is consurred . 
and silicate minerals are dissolved. When the HF concentration is reduced, 
silica precipitates from the spent acid. This precipitate is a hydrated 
colloid which can severely restrict the penreability of the formation. 

Large afterflush treatm:mts can minimize silica precipitation, if the 
afterflush is sufficient to displace spent acid inrnediately after treatm:mt. 

Stimulations performed with aqueous solutions can also be a problem in 
Devonian Shale wells. This is true not only because of the mineralogy but 
also because water invasion into the low porosity requires very high 
pressures and long clean up tirres to renove. 

While no rrontrrorillonite· was observed in the core samples, the 
concentration of mixed layer clays ranged from 0 to 24%, and mixed layer 
clays also contain water-sensitive materials. 

There are tw::> types of mixed· layer clays: regular mixed layer and 
random. The regular mixed layer type can be: a chlorite composed of a 
regular alternation of mica and brucite layers; allevardite which is a mica 
type mineral with layers of water separating double mica layers; rectorite 
which contains a continuous pyrophyllite layer and a venniculite layer; and 
corrensite which is a regular interstratification of chlorite and swelling 
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chlorite. The random type is' composed of an irregular interstratification of 
layers in which there is no unifonn repetition. 

Not only are mixed layer clays sensitive ,to aqueous solutions but they 
also contain either chlorite or venniculite, which contains ferrous iron. 
This fact also has further implication concerning effective acidification. 

Reiterating the fact that completions in shales can be a serious 
problem, even in naturally fractured areas, there exists one rrore problem 
that is worth rrentioning. Even if the procedures are properly designed using 
all the infonna.tion available concerning the localized mineralogy, in a 
calcareous material using. a fluid as a stimulation material fine clay and 
silt can be loosened from the matrix and can plug the fractures during 
cleanup if they are not propped. If the proppant is a small-size sand the 
rrobile fines can fill the voids in the propped zone and consequently reduce 
the penreability. If a larger size sand (20-40 rresh) is used exclusively, 
the possibility of plugging the porosity in the propped zone is minimized. 

Surfactants can also be used in the fracturing fluid to aid in the 
rerroval of the fines. While these do help they do not completely rerrove all 
of the fines; however, the use of surfactant and a large sand proppant (20-40 
rresh) can in rrost cases effectively minimize plugging due to fines. 

In sum:nary, while the mineralogical data do not bear any observable 
relationships to the organic geochemistry factors and consequently to gas 
prcx:1uction, and while specific compositions cannot be ascribed to 
stratigraphic zones or regions; the random variability of the concentrations 
is important. This variability implies that caution nrust be exercised in 
designing canpletion and stinrulation treatmants. As a consequence, it would 
not be prudent to assume that a treatmant that works effectively in one area 
could be used without reservation in another area or region of the basin. 'Ib 
effectively stinrulate and complete a well, all specific factors about that 
well nrust be considered. Since the serviqe companies are well equipped to 
analyze the mineralogy of the fonna.tion from the well cuttings, and perfonn 
this as a routine service in the design of. treatrrents, this service should be 
utilized for all Devonian Shale wells. Minor rrodifications in treatrrents 
based on local mineralogy could make the difference between a good well and a 
dry hole. 

Ano~r alternative would be the canplete elimination of the use of acid 
and aqueous solutions. This can be accomplished by the use of a hybrid 
stinrulation in which Tailor Pulse loading can be used to break down the 
formation and create the initial fracture pattern. This can be followed by.a 
pure nitrogen treatrrent which would create the effective drainage pattern. 
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Oil and Gas Yield by Thennal Recovery 

In several areas, SOI1'e intervals within the Upper Devonian have been 
considered as a potential source of feed stock for retorting, a process in 
which oil would be destructively distilled from the rock kerogen. Samples 
from a number of locations have been subjected to conventional retorting 
procedures to determine the yield of hydrOcarbons from various units with the 
purpose of determining potential yield and the possible economics of mining 
and retorting to recover a significant portion of the' kerogen as a useful 
liquid feed stock for refineries. Same yields as high as 23 gallons of oil 
per ton of rock have been reported (82); however the range for rrost of the 
rocks subjected to this type of assessment fell within the 0 to 10 gallon/ton 
range, or far below what is considered economic by currently available 
technology• 

It was obvious that the pessimistic picture painted by these low values 
is inordinately discouraging because only -the liquid hydrocarbons are 
determined by the standard rrethod (83). Gas and light liquid hydrocarbons, 
are lost in the standard process. But they could represent a significant 
increase in BTU recovery from a unit volurre of shale were they detenn:ined as 
part' of the retorting step. How significant has been a matter of conjecture. 

For these reasons, a rrodified retort method was developed to determine 
all the liquid and gaseous products, and the organic carbon before and after 
analysis•. While the results have not been correlated with conventional 
retorting, they do present a total picture of the fate of the organic carbon, 
and other species during heating. It was also hoped that the data would 
correlate with the degree of thernal diagenesis the rock has experienced up 
until the present t:i.Ire. 

Table 7 lists the results of recovery of products from thernal 
processing of Eastern Gas Shale, from the seventeen subdivisions arbitrarily 
set apart for this report. Not only is oil yield listed, but so also are 
organic carbon before and after pyrolysis, and yields of water , hydrocarbon, 
hydrogen, hydrogen sulfide, and carbon dioxide. The relative arrount of gases 
heavier than rrethane (gas wetness) is also shown. 

The organic matter in the samples varies widely in its susceptibility to 
pyrolysis. In some samples, the ;kerogen is virtually inert; in others as 
much as 46% of the' organic carbon is converted to _other products. The 
greatest yield of'oil is slightly over 8.2 gallons per ton in the Dunkirk 
shales in Southeastern Ohio and eastern Kentucky. Overall, the highest oil ' 
yields were in Kentucky, and in rocks of Cleveland and Huron age, which was 
no surprise. 

A cursory look at the relative quantities of oil and gas show that all 
of these shales, or at least their kerogens, are oil-prone. One cubic foot 
of gas per cubic foot of rock would, be equivalent to approximately 0.05 gal 
oil/ton. In rrost cases, the hydrocarbon gas would increase BTU recovery by 
about 5 to 10%, with a few notable exceptions. In a few cases (eg, in Zone 
10, the sample from KY-4; in stratigraphic zone 11, two samples from the satre 

well; and in stratigraphic zone 17, two rrore KY-4 samples), samples with 
relatively (for this area) high oil yields had BTU yields enhanced by 25 to 
40 percent by the generation of hydrocarbon gas. Additional BTU's would be 

,/ I 
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r-"'-, TABU 7 
\'" Mas~Ba1 ance Assay Results 

For THermal Evolution Studies 

~ 

Map
Unit Well 

PA-2 

WV-6 

Organic Carbon 
(wt %)

Pre Post 
Test Test 

5.00 5.00 
4.70 4.70 

10.40 10.40 
5.80 5.80 

Carbon 
Transfer 
Ratio 

Oil 
Yield 

(Gal/Ton) 

< 0.50 
< 0.50 
< 0.50 
< 0.50 

API 
Gravit,Y 

Water 
Yield. 

(GallTon) 
2.20 
2.00 
4.65 
2.75 

Total 
Hydrocarbon 

Gas Yield 
(CFlTon) 

37.04 
25.98 
46.46 
22.20 

Gas 
Wetness 

(%) 
14.53 
21.25 
11 .11',\ 
97.3~ 

' H2 
Gas 

Yield 
~CFLTon) 
27.52 
2.96 

24.02 
23.41 

(~ H2~\ 
\,-" Y,eld 

"ICFLTon) 

84.23 

COf
Vie d 

(CF[Ton) 
197.05 
124.10 

2 WV-6 3.70 
6.50 
7.10 
6.60 

3.70 
6.50 
7.10 
6.60 

< 0.50 
< 0.50 
< 0.50 
< 0.50 

4.52 
5.59 
4.41 
3.88 

6.31 
14.56 
26.56 
17.59 

80.00 
26.09 
13.95 
21.43 

24.99 
24.99 

.24.38 
24.87 

5.70 
28.87 
64.29 
40.27 

89.64 
236.54 
243.09 
196.38 

3 WV-6 7.70 
0.78 
2.00 
0.42 
0.81 
1. 11 
3.10 
4.10 

7.10 
0.70 
1.92 
0.39 
0.74 
1.10 
3.10 
4.10 

7.79 
10.26 
~.OO 
7.14 
8.64 
0.90 

< 0.50 
< 0.50 
< 0.50 
< 0.50 
< 0.50 
< 0.50 
< 0.50 . 
< 0.50 

1.23 
1. 73 
2.14 
1.61 
2.73 
3.49 
4.13 
4.63 

1. 21 
1. 21 
1.21 
1.21 
1.21 
1.21 
6.19 

10.67 

87.50 
70.00 
87.50 
87.50 
85.00 
85.00 
40.00 
39.39 

5.82 
5.58 
6.43 
5.70 
6.67 
6.31 

24.50 
25.72 

0.24 
0.24 
1.09 
0.24 
0.24 
0.24 

12.74 
40.64 

25.23 
25.72 
20.01 
29.96 
45.73 
20.50 
74.84 

103.11 

4 WV-6 
PA-l 
NY-l 

2.80 
4.40 
0.70 
0.40 
1.00 

2.80 
4.40 
0.40 
0.40 
1.00 

42.86 

< 0.50 
<0.50 

1.00 
< 0.50 
< 0.50 

3.58 
4.00 
1.00 
1.40 
1.40 

2.55 
159.17 

7.25 
11.24 
29.14 

42.50 
31.34 
70.00 
76.29 
78.15 

6.07 
0.86 
5.68 
5.44 
5.44 

1.46 
98.56 
8.58 
7.98 

18.86 

33.24 
197.74 
20.79 
24.78 
29.26 

5 NY-l 
WV-6 
OH-l 

0.70 
1.20 
0.50 
0.87 
0.62 

0.60 
1.10 
0.50 
0.67 
0.44 

14.29 
8.33 

19.80 
9.70 

< 0.5 
<0.5 
.: 0.5 
< 0.5 
< 0.5 

2.20 
2.65 
1.80 
2.90 
2.70 

28.53 
1.58 

104.75 
7.67 
4.51 

85.00 
56.00 
36.43 
38.72 
36.43 

5.56 
6.07 
4.99 
4 ~99 
4.99 

21.88 
1.46 
8.89 

15.96 
6.82 

22.25 
43.79 
33.62 
41.17 
51.64 



TABLE' 7 (Cont i nued) 
Mass Balance Assay Results 

For Thermal Evolution Studies 

Map 
Unit 

6 

Well 

OH-1 
KV-2 

Organic Carbon 
(wt %}

Pre Post 
Test Test 

6.84 4.70 
2.63 1. 78 

Carbon 
Transfer 

Ratio 

30.10 
32.32 

Oil 
Yield 

(GalLTon) 
5.7 
1.4 

API 
Gravity 
33.00 
31.89 

Water 
Yield 

(GalLTon) 
2.70 
2.97 

Total 
Hydrocarbon 

Gas Yield 
(CFLTon} 
126.92 
31.29 

Gas 
Wetness 

(%) 
43.36 
42.30 

H2 
Gas 

Yield 
(CFUon) 

54.93 
15.65 

H2 S 
Yield 

(CFLTon) 
119.00 
53.96 

CO fVie d 
(CFLTon) 

34.23 
61.97 

7 OH-1 3.43 2.42 31.40 2.9 37.00 2.40 61.02 48.30 30.45 90.01 13.64 

8 KV-2 

WV-S 

3.14 
1.17 
0.12 
0.16 
0.64 
2.60 
0.70 
0.27 
0.07 
0.67 
0.07 
0.09 
3.90 
0.44 

2.50 
0.89 
0.12 
0.14 
0.47 
1.30 
0.60 
0.19 
0.07 
0.55 
0.06 
0.08 
2.40 
0.30 

20.38 
23.93 

12.50 
26.56 
26.92 
14.29 
20.63 

17 .91 
14.29 
11.11 
38.46 
31.82 

1.34 
0.24 
0.16 
0.19 
0.36 
4.00 

< 0.50 
< O.SO 
< 0.50 
< 0.50 
< 0.50 
< 0.50 

4.00 
< 0.50 

31.89 

34.20 

26.6 

5.98 
6.54 
4.51 
4.88 
5.07 
4.00 
2.50 
3.80 
3.80 
4.40 
3.90 
4.30 
3.80 
4.30 

45.46 
13.55 
1.60 
0.86 
8.99 

48.48 
1.33 
2.30 
1.33 

13.54 
1. 57 
0.97 

77.74 
6.29 

40.40 
45.90 
78.30 
69.20 
35.20 
58.29 
87.50 
54.29 
87.50 
52.05 
88.01 
86.67 

. 48.70 
53.13 

25.75 
5.05 

31. 79 
4.93 
5.30 

42.92 
7.01 
7.62 
7.01 

11.49 
7.98 
4.84 

70.24 
8.22 

83.16 
4.93 
0.37 
4.93 
0.86 

98.41 
7.01 
8.95 
0~24 

42.56 
8.34 
0.24 

54.65 
22.49 

63.32 
17.99 

537.64 
65.67 
65.05 
28.29 
79.43 
38.33 
54.51 
24.30 
47.39 
61.17 
48.48 
57.31 

9 WV-5 

KV-2 
R-109 

0.12 
0.45 
0.28 
0.14 
0.2S. 
0.10 
3.18 
0.31 

0.12 
0.36 
0.28 
0.13 
0.17 
0.07 
2.05 
0.31 

20.00 

7.14 
32.00 
30.00 
35.S0 

0.5 
0.5 

< 0.5 
< 0.5 
< O. S 

0.70 
2.60 

< 0.5 

31.89 
36.00 

3.60 
3.70 
3.70 
4.00 
5.30 
3.73 
3.00 
3.20 

0.36 
7.13 
5.20 
0.97 
2.30 
0.74 

46.S0 
5.03 

85.00 
41.82 
48.73 
86.67 
44.29 
78.30 
46.57 
27.84 

7.13 
7.50 
7.13 
4.96 
4.96 
4.93 

27.61 
·5.. 03 

8.95 
33.54 
26.72 
0.24 
3.S1 
0.12 

44.82 
0.98 

29.02 
13.78 
25.S4 
62.38 
IS.72 
81.44 
18.16 
lS.58 

(..) ..... 
(..) 
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TABLE 7 (Continued) 
Mass Balance Assay Results 

For Thermal Evolution Studies 

Map 
Unit 
10 

Well 
R-109 
KY-2 

KY-4 
WV-5 

VA-l 

Organic Carbon 
(wt %)

Pre Post 
Test Test 
2.60 2.30 
5.45 3.17 
4.70 3.09 
4.77 3.34 
0.65 0.64 
3.05 2.15 
6.90 4.20 
0.17 0.17 
3.29 2.10 
4.70 2.80 
0.35 0.34 
0.12 0.12 
0.24 0.24 
5.65 5.27 
2.81 2.60 

Carbon 
Transfer 

11.54 
41.83 
34.26 
29.98 
1. 54 

29.51 
39.13 

36.17 
40.43 
2.86 

6.73 
7.47 

Oil 
Yield 

(Ga 1LTon l 
<0.5 
4.63 
3.91 
2.72 
0.25 
2.43 
7.54 
0.50 
3.00 
5.00 
0.50 
1.10 

<0.5 
<0.5 
<0.5 

API 
Gravi t:£ 

30.03 
31.89 
31.89 
31.89 
34.50 
23.10 

28.40 
26.20 

Water 
Yield 

(Gal LTon) 
2.80 
3.78 
3.73 
4.70 
4.29 
3.58 
3.20 
3.20 

. 3.60 
3.40 
3.00 
2.80 
1.60 
1. 70 
2.00 

Total 
Hydrocarbon 

Gas Yield 
(CF[Ton) 

58.41 
93.14 
87.10 
99.55 
3.82 

66.77 
655.74 

2.90 
75.93 

108.69 
6.53 
1. 33 
0.99 

32.04 
12.81 

Gas 
Wetness 

(%) 
45.41 
40.80 
44.00 
40.70 
32.50 
43.40 
62.11 
43.33 
48.10 
49.16 
53.00 
87.50 
79.31 
20.62 
19.54 

H2 . 
Gas 

Yield 
(CF[Ton) 
28.83 
47.56 
50.88 
51.25 
5.05 

35.24 
11.91 
6.65 

46.91 
61.78 

5.32 
6.77 
6; 16 

10.76 
6.16 

H2 S 
Yield 

(CF[Ton) 
65.15 
70.59 
11.14 

127.39 
0.62 

65.91 
153.72 

0.24 
88.38 
84.63 
16.93 
6.89 
0.25 

87.89 
34.62 

COt
Vie d 
~CF[Toni 
13.99 
74.91 
49.28 
38.56 

110.02 
50.76 
90.31 
51.26 
28.53 
26.24 
28.05 
18.74 

100.41 
76.29 
51.50 

11 R-109 2.85 
4.29 
0.45 
1.11 
6.70 
0.31 
8.00 
6.20 
5.24 
1.87 
4.12 
3.03 
4.39 

2.22 
3.28 
0.38 
0.68 
3.80 
0.31 
5.00 
3.80 
3.10 
1.00 
2.40 
1.70 
3.79 

22.10 
23.50 
15.60 
38.70 
43.28 

37.50 
38.71 
40.84 
46.52 
41. 75 
43.89 
13.67 

1.50 
2.80 
0.15 
0.56 

. 8.20 
<0-:5 
8.27 
6.96 
6.40 
1.80 
4.80 
4.30 

<0.5 

37.00 
37.40 

31.89 

22.80 
22.30 
23.30 
25.7 

28.6 
27.3 

2.50 
2.40 
5.14 
3.44 
2.80 
3.80 
2.50 
3.10 
2.80 
3.50 
3.20 
2.90 
1.80 

59.75 
77.79 
5.30 

13.43 
303.21 
13.83 

704.68 
732.48 

6.89 
103.13 
115.34 

71 .33 
17.25 

48.18 
46.65 
35.90 
42:80 
51.50 
41.90 
52.80 
50.90 
52.80 
50.71 
51.87 
51.74 
15.31 

25.52 
32.64 
4.68 

'4.80 
2.18 

28.18 
26.77 
27.32 
66.25 
22.12 
47.51 
38.57 
38.81 

32.27 
77 .67 
0.12 
7.39 

127.84 
0.64 

419.02 
339.47 
67.22 
40.74 
66.01 
52.35 
55.56 

22.21 
19.88 
91.04 
56.80 

189.59 
168.45 
469.49 
493.83 
62.63 
21.16 
37.24 
29.26· 
45.83 



TABLE 7 (Continued) 
Mass Balance Assay Results 

For Thermal Evolution Studies 

Map 
Unit 

12 
Well 
WV-5 

VA-1 

KY-2 

R-109 

Organic Carbon 
~wt %}

Pre Post 
Test Test 
0.50 0.38 
5.43 3.30 
0.63 0.60 
2.27 2.09 
0.27 0.22 
0.85 0.63 
1.64 1.60 

Carbon 
Transfer 
Ratio 

24.00 
39.23 
4.76 
7.93 

18.52 
25.88 
2.44 

Oil 
Yield 

ful/Ton) 
0.50 
6.20 

< 0.5 
< 0.5 

0.14 
0.19 
0.50 

API 
Gravit~ 

27.30 

31.89 
31.89 

Water 
Yield 

~GalLTonl 
4.30 
3.00 
3.50 
3.20 
2.21 
4.06 
2.80 

Total 
Hydrocarbon 

Gas Yield 
(CFLTon) 
104.82 

11 .61 
1.72 
4.44 
2.34 

10.47 
26.14 

Gas 
Wetness 

{%) 
65.91 
52.18 
42.31 
25.37 
50.00 
42.80 
46.84 

H2 
Gas 

Yield 
~CFLTon) 

10.03 
65.41 
6.04 
6.04 
9.24 
5.05 

14.72 

H2 S 
Yield 

(CFLTon) 
9.91 

86.32 
1.72 

12.81 
0.37 

15.65 
10.31 

CO~
Yie d 

(CF/Ton) 
21.40 
40.74 
27.93 
22.30 
87.23 
59.26 
9.94 

13 R-109 

KY-2 

0.29 
0.21 
0.55 
3.30 

0.29 
0.21 
0.54 
1. 99 

1.82 
39.70 

< 0.5 
< 0.5 

0.13 
0.82 

31.89 
36.31 

3.00 
2.30 
5.51 
4.46 

3.07 
1.96 
5.79 

54.08 

30.11 
48.28 
47.00 
46.70 

5.03 
5.03 

11.21 
30.18 

0.25 
0.25 
1.85 

110.39 

38.65 
26.63 

102.75 
31. 79 

14 KY-2 

OH-3 
WV-5 

1. 70 
1. 90 
3.20 
0.80 

1. 18 
1.25 
2.10 
0.60 

30.59 
34.21 
34.38 
25.00 

1.01 
1.11 
3.23 
0.50 

31.89 
31.89 

4.70 
4.54 
6.20 
3.55 

26.00 
27.60 

145.14 
76.53 

47.40 
48.10 
51.30 
65.95 

11.83 
12.44 
0.90 
8.34 

39.79 
53.10 
82.62 
35.91 

42.01 
34.00 

212.26 
9.07 

15 OH-l 
WV-5 

KY-2 

4.23 
3.71 
4.96 
1. 91 
0.25 
3.98 
4.72 
4.06 
3.50 

2.59 
2.00 
2.70 
1.48 
0.23 
2.72 
3.19 
2.49 
2.20 

38.77 
46.09 
45.56 
22.51 
8.00 

31.66 
32.42 
38.67 
37.14 

4.00 
4.10 
4.80 
0.33 
0.12 
2.87 
3.90 
3.11 
2.39 

32.30 
27.7 
27.1 

3.30 
2.70 
4.20 
4.11 
3.84 
3.74 
4.17 
4.26 
7.00 

73.57 
73.63 
97.08 
32.89 
1. 23 

63.69 
80.70 
65.54 

129.61 

46.72 
5~ .. 07'; 
54.14 
42.50 
44.70 
44.70 
46.30 
45.30 
48.80 

43.00 
45.10 
59.97 
22.79 
4.93 

36.47 
46.94 
38.68 
1.23 

122.53 
95.39 

148.10 
73.55 
0.12 

84.76 
111 .99 
97.20 

123.69 

11 .21 
30.83 
37.72 
14.04 
34.25 
36.59 
47.19 
56.92 

119.38 

w 
(Jl 



recovered in the fonn of free hydrogen and hydrogen sulfide, but these values 
are small relative to the BTU's recovered in the fonn of hydrocarbon gases. 

The results show conclusively that material balance· retorting with 
recovery and analysis of all products will give a much :m::>re accurate, and 
encouraging assessment of the products of retorting; and will allow. a much 
:m::>re accurate economic analysis to be made. 

The quantities of hydrogen sulfide and carbon dioxide were also sorrewhat 
of a s~rise.",,--..The variability of hydrogen sulfide yields may reflect the 
variable pyrite 'contents of the samples; the carbon dioxide could be both 
organicand~.inol."ganic .in origin. . 

From the standpoint of maturation, the volures of the products did not 
correlate well with degree of organic maturity. For example, the few samples 
from Ohio would have been expected to give much higher yields of both liquid 
and gaseous hydrocarbons; the samples from VA-I would not have been expected 
to give up as much hydrocarbon gas. 

This work nay l:e considered a pilot st~t merits additional effort. 
Detailed data on mineralogy,· geology and 9 . stry need to be correlated 
with the results of this new naterial-balance retort nethod. 
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CCNCWSIOOS AND RECOt-MENDATIOOS 

This study has served to establish the fact that the Devonian Shales of 
the Appalachian Basin are organically very rich and should, on the basis of 
comronly accepted first principles, be a prodigious hydrocarl::x:m source. In 
fact, from classical geochemistry, the Devonian Shales should be one of the 
rrore prolific oil sources of the world•. However, the unusual history of the 
Devonian Shales precludes the application of classical organic geochemical 
interpretations. 

The rocks are rich in gas and have a relative· paucity of liquid 
hydrocarl::x:ms. The unique history of the rocks has not only affected the 
source potential but significantly influenced resource production. 
Unfortunately there is no known analog for the Devonian Shales of the 
Appalachian Basin and any information useful to the solution of the dilemna of 
the shales must come from the shales themselves. 

This study has shown that three parameters are the rrost diagnostic in 
describing the source potential of the shales. These reveal the quantity of 
hydrocaroon generated by the source and whether it is gas or oil prone. The 
parameters include: organic carbon, thermal maturity, and the origin of the 
organic matter. The' interrelationship of these parameters control the 
production of hydrocaroons in the shales. 

These factors were integrated together and for seventeen stratigraphic 
zones, maps were created to identify high potential areas. The seventeen 
stratigraphic zones represent a subdivision of the major stratigraphic units 
on the basis of consistent data for each subdivision. . 

Following· the assessrrent of the high potential areas of the basin, the 
sensitivities of the organic matter type were employed to yield information on 
whether the hydrocaroon potential was oil or gas prone. The majority of the 
kerogen sourced in the basin is oil prone but without the proper maturity or 
sufficient initial porosity and permeability, liquid hydrocaroon sourcing is 
rerrote. 

In areas where all standard organic geochemical factors would imply 
prodigious liquid hydrocarbons, little or none have been observed and this is 
a major dilemma from the standpoint of classical organic geochemistry. This 
dilemna is· the result of the fact that the natural open porosity and 
permeability of the shales, because of their depositional history, are such 
that. primary migration of the liquid hydrocarbon progenitor cannot occw::. 
This situation consequently affects the kinetics of hydrocarbon generation and 
qlassical aSSllIIptions must be rrodified. Only in those areas where sufficient 
initial porosity and permeability existed via natural f.ractures or siltstone 
lenses is classical geochemistry applicable. In the other areas rrore thermal 
energy must be expended to produce corrparable products. 

Gas contents of the shales were examined and, because of the 
comprehensive organic geochemical program and the application of the presSUre 
core barrel and controlled off gassing techniques, it was possible to derive· 
algorithms to rrore directly address indigenous gas. This phase of the study 
had an advantage over previous estimates of gas-in-place because it was a 
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direct consequence of the experimental program. Previous studies were based 
upon secondary indicators that in thero.selves were averaged over broad areas 
and ignored the inherent variability of the shales. The estimated indigenous 
gas was detennined for the sam: seventeen stratigraphic zones for which the 
experirrentally detennined organic geochemical factors were available. The 
total indigenous gas value of the Devonian Shales in the study area was 
estimated at 2579 'ICF, a trerrendous resource by any standard . This number was 
m::xlified downward by the consideration of "available drilling area". "tfI.is 
revision resulted in a value of 1440 'ICF of gas-in-place. 

Problems were encountered in trying to estimate the recoverable resource 
since sufficient data do not exist to adequately address this issue. However , 
a prelim:inary estimate of 30 to 50 'ICF recoverable evolved for the states of 
West Virginia, Ohio and Kentucky. This estimate is for shot wells on 160 acre 
spacings and it is thought that closer well spacings and improved stimulation 
technologies can significantly increase recoverable resource. However, 
because basic data are not available for the shales, no statistically relevant 
value can be put forth for improved stimulation technologies since the number 
of assumptions that \>."Quld have to be made would inmediately qualify the value 
to such a degree that a randan guess \>."Quld be just as good. Suffice it to say 
that a trerre.ndous resource does exist in the shales and it is left to direct 
research and technology development to maximize recovery of that resource. 

Structural evolution of the basin was also studied in an attempt to fix 
the depositional controls of the organic matter types. While this was not 
possible, this phase of the study did serve to help delineate, on a regional 
basis, those areas where fracture porosity might be favored. 

Complete sets. of maps and cross sections were .prepared to aid the 
explorationist to determine probable regional favorability from a geochemical 
and fracture porosity point of view by means of standard geochemical analyses 
and photogeology respectively. While this study does have regional 
applicability, the explorationist should enploy local confinnation prior to 
actual drilling. This can be accomplished with a minimum of effort from a 
geochemical and fracture porosity point of view. 

After the detailed examination of the data was completed, it was obvious 
that scm::: of the objectives of the study were satisfied, nam:ly the 
delineation of the Il'Ost favorable regional geochemical trends, the 
discrimination of the Il'Ost useful criteria to assess shale sections locally, 
characterization of the regions where fracture porosity is Il'Ost likely, and a 
new estimate of gas-in-place in the basin based on actual geochemical data. 
Values of minimum recoverable gas were also quantified. On the other hand, 
the problems of effective recovery of the gas, once discovered, and 
elucidation of the behavior of the gas Il'Oving through and from the rock, and 
the develop.rrent of a nore representative reservoir rrodel, were not addressed. 
Data to address these problems will not care from the geochemical or 
geological param:ters collected thus far. Applicable data can only care fran 
gas-release data from shales still resident in the subsurface, i.e., where 
stimulations can be carried out and gas release can be observed in-situ. 

Therefore, if the ma.ximum recovery' of the trerre.ndous potential resource 
of the dark Devonian shales of this basin is to be realized in the near-tenn, 
a program similar in scope and design to the proposed Mineback Program will be 
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required. This type of program will allow the elimination of numerous 
assumptions required thus far in rrodeling production and stimulation. It will 
pennit the interaction of the numerous variables to be observed· and 
quantified. Only through successful completion of such a concerted effort 
will shale-gas recoveries be increased ufMard from the recent two percent to a 
value that will stimulate industry activity and consequently result in n:ore 
gas being n:ade available to the consuner. 
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WELL r..cx:::ATIONS 
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Detailed Description of EGSP Appalachian Basin Core Well IDeation"s 

Mound Well Well Narre 

7239 Kentucky-West Virginia Gas Co.I 
Nicholas COmbs #7239 

KY-2 Columbia Gas Transmission Corp.1 
Columbia Gas #20336 

KY-4 Ashland Oil Co. I 
Skaggs-Kelley Unit #3-RS 

NY-I National Fuel Gas Supply Corp. I 
#5213 (Jo) EGSP NY #1 

NY-3 Arlington Exploration Co.I 
Ambrose Scudder unit No. 1 

NY-4 Arlington Exploration Co.I 
Valley Vista View, Inc. #1 

NY-5 Gustavson & Associates 

OH-l Canton Oil &Gas Co.I 
Glen;Gery #5-74S 

R-l09 River Gas CompanyI 
Florence L. House #R-l09 
(00-2) 

OH-3 Thurlow W€ed & Associates/ 
Louise Beckhol t #1 

OH-4 Monsanto Research Corp. /Bessemar 
and Lake Erie Railroad Co. #3 

OH-5 Columbia Gas Transmission Corp. I 
D. M. Wakefield #10148-7 

00-6-1 Mitchell Energy Corp. 1#1-5 Ca:tpenter 

OH-6-2 Mitchell Energy Corp. 

00-6-3 Mitchell Energy Corp ./L. McCorrbs 
#1-6 

OH-6-4 Mitchell Energy Corp.I#1-8 straight 

00-6-5 Mitchell EnergyCorp.ICarter #1-9 

A·2 

State 

Kentucky 

County 

pen:y 

Kentucky Martin 

Kentucky Johnson 

New York Allegany 

New York Steuben 

New York Steuben 

New York 

Ohio 

Steuben 

carroll 

Ohio Washington 

Ohio Knox 

Ohio . Ashtabula 

Ohio Lorain 

Ohio 

Ohio 

Ohio 

Gallia 

Gallia 

Gallia 

Ohio 

Ohio 

Gallia. 

Gallia 



Mound Well Well Narre 

OH-7 Columbia Gas Transmission Corp./ 
Anna Meleski #20143 

OH-8 Donohue, Austey & Morrill/Schockling 
#1 

OH-9 Gruy Federal, Inc./OOE/Columbia 
Gas Co. #10056-A 

PA-l Minard Run Oil Co./ 
Minard Run Exploration #1 

PA-2 C. E. Power Systems/ 
C. E. Power Systems # 1 

PA-3 Monsanto Research Corp. Pennsylvania 
DER/Presque Isle State Park #1 

PA-4 Gruy Federal, Inc./OOE/Glen McCall #5 

PA-5 Peoples Natural Gas/C. Sokevitz #1 

TENN-9 Gruy Federal, Inc. /OOE/Gruy Federal #1 

VA-l Columbia Gas Transmission Corp./ 
Penn Va. Corp. Fann Well #20338 

11940 Consolidated Gas Supply Corp./ 
L. A. Bales #11940 

WV-5 Reel Drilling Co./ 
D/K Fann #3 

WV-6 u. S. Dept• .of Energy 
MERe #1 

WV-7 Mcbay Chemical Corp. / 
H. EIrch & A. Pyles unit #1 

State 

Ohio 

Countx 

Trumbull 

Ohio Noble 

Ohio Meigs 

Pennsylvania McKean 

Pennsylvania Allegheny 

.Pennsylvania Erie 

Pennsylvania 

Pennsylvania 

Tennessee 

Virginia 

Indiana 

Lawrence 

Grainger 

Wise 

West Virginia Jackson 

West Virginia Mason 

West Virginia .Monongalia 

West Virginia Wetzel 
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EGSP KY-2, MARTIN CO. 
Well: Columbia Gas #20336 
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WelL 3·RS 

EGSP KY·4, JOHNSON CO. 
A.P.I.No.16·115·33985 

Drilling Completed: December 1978 
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EGSP NY·1, ALLEGANY CO. 
Well: 6213(JO) A.P.I. No. 31·003·13549 

Drilling Completed: October 20, 1978 
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EGSp·NEW YORK #3, STEUBEN COUNTY 
Well: Ambrose E. Scudder Unit No 1 A.P.I. No. 31-003-15382 
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EGSP·NEW YORK 4, STEUBEN CO. 
Well: Valley Vista View #1 A.P.I. No. 31-010-15268 
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EGSP NY-5, STEUBEN CO. 
Well: Fee #1 A.P.I. No. 

Drilling Completed: March 7, 1981 
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EGSP OH·1 CARROLL CO. 
Well: Glen-Gery #5-748 
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EGSP R·109 WASHINGTON CO. 
Well: Florence L. House #R-109 
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EGSP OH·3, KNOX CO. 
Well: Louise Beckholt #1 A.P.I. No. 34-083·225 99 

Drilling Completed: April 1979 
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EGSP OH·4, ASHTABULA CO. 
Well: Ohio #4 
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, 
.1-

1 -
i -
f -
1-

i -

i -
I '1'-
I f -
i i-

I 

I • 
II 

A.P.I. No. 34·007·21087 
Drilling Completed: August 12, 1979 
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EGSP OH·5, LORAIN CO 
Well: B&R McGuire 20149·T A.P.I. No. 34·093·21103 

~GE & fO~"ATIO N LITHOLOGY 

1 

Drilling Completed: September 11,1979 
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EGSP OH·6 SERIES, GALLIA CO. 
Well: OH-6/1 [Carpenter #1-5] A_P_I. No. 34-053-20482 

"~"''''A (AP' UN ITS) 
L ITHOLOGY 
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Drilling Completed: December 5, 1979 

ORGANIC FACIES C,· C, HYDROCARBONS PERCENT WETNESS 
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EGSP OH·6 SERIES, GALLIA CO. 
Well: OH-6/2 [White Price Newberry Unit #1-7] A.P.I. No. 34-053-20479 
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Drilling Completed: December 5, 1979 

ORGANIC FACIES C, - C1 HYDROCARBONS PERCENT WETNESS 
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EGSP OH·6 SERIES, GALLIA CO. 
Well: OH-6/3 [L. McCombs #1-6] A.P.I. No. 34-053-20474 

AGE & FOAMATIOI-I 
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LITHOLOGY 

NATURAL FRACTURES 
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Drilling Completed: December 5, 1979 

ORGANIC FACIES C,-C,HYDROCARBONS PERCENT WETNESS 
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EGSP OH·6 SERIES, GALLIA CO. 
Well: OH·6/4 [Straight·Wisemandle Unit #1·8] A.P.1. No. 34·053·20477 
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Drilling Completed: December 5, 1979 
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EGSP OH·6 SERIES, GALLIA CO. 
We ll : OH-6/5 [M. Carter #1-9] A.P.1. No. 34-053-20478 

....... M .. I"P' UN ITS, 
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Drilling Completed: December 5, 1979 
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EGSP OH·7 TRUMBULL CO. 
Well :Ohio·7 
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A. P.I. No. 34·155·21238 
Dri lling Completed: October 3, 1979 
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EGSp·OHIO #8, NOBLE CO. 
Well : Schockling #1 A.P.I. No.34-121-22255 

Drilling Completed: March 1980 
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EGSP OH·9, MEIGS CO. 
Well: Columbia Gas #10056·A A.P.I. No. 34-105-22058 

AGE &. FORMATION LITHOLOGY 

I 

Drilling Completed: February 10, 1981 
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EGSP PA·1, MCKEAN CO. 
Well : M.R. Ex. #1 A.P.I. No. 37-083-37291 
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Drilling Completed: February 22, 1979 
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Well: C.E. #1 

AGE ~ .oRMATION 

:1 

h , 

i! .r 

EGSP PA·2, ALLEGHENY CO. 
A.P.I. No. 37·003·20980 

Drilling Completed: March 1979 
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EGSp·PENNSYLVANIA 3, ERIE CO. 
Well: Presque Isle State Park #1 A.P.I. No. 37-049-20846 
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Drilling Completed: October 1979 
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EGSP·PENNSYLVANIA NO.4, INDIANA CO. 
Well: Glenn McCall #5 A.P.I. No. 37-06d3-25073 
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Drilling Comp leted: November 20, 1979 
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EGSp·PENNSYLVANIA NO.5, LAWRENCE CO. 
Well : C. Sokev itz No.1 A. P.I. No.: 37·073·20022 
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Drill ing Comp leted: December 14, 1979 
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EGSP TENN·9, GRAINGER CO. 
Well: Gruy Federal #1 
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Drilling Completed: Jan. 1,1980 
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Well: #20338 
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EGSP WV·S, MASON CO. 
Well: D/K Farm #3 A.P.I. No. 47·053·20146 
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Drilling Completed: January 6, 1978 
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EGSP WV·6, MONONGALIA CO. 
Well: M.E.R.C. #1 
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A.P.1. No. 47-061 -20370 
Drilling Comp leted: April, 1978 
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EGSP WV·6, MONONGALIA CO. Sheet 2 of 2 
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EGSP·WEST VIRGINIA NO.7, WETZEL CO. 
Well: Emch & Pyles No. 1 A. P.I. No. 47-103-20645 
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Drill ing Completed ; October 17, 1978 
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APPENDIX C 


INDIGENOUS GAS AIroRITHMS 


C-1 



Algorithms for Indigenous Gas Values include: 

Map Unit 1 - Early Marcellus Titre: 

IG (MCF/A·F) = -126.58 + 43.66 (OC) + 37.24 (TAI), R2 = 0.99 

Map Unit 2 - Late Marcellus Titre: 


IG (MCF/A·F) = -174.23 + 39.14 (OC) + 54.38 (TAI), R2 = 0.95 


Map Unit 3 - Hamilton Group/Post Marcellus Titre: 

IG (MCF/A'F) = -40.15 + 41.95 (OC) + 12.27 (TAI), R2 = 0.99 

Map Unit 4 - Genesee/Geneseo Titre: 


IG (~/A'F) = -41.10 + 39.41 (OC) + 15.13 (TAI), R2 = 1.00 


Map Unit 5 - Sonyea;M.iddlesex Titre: 

IG (MCF/A·F) = -43.72 + 43.83 (OC) + 12.80 (TAI), R2 = 1.00 

Map Unit 6 - Early I.Dwer 01entangyjEar1y Rhinestreet Titre: 

IG (MCF/A'F) = -111.86 + 33.07 (OC) + 42.72 (TAI), R 2 = 0.98 

Map Unit 7 - Late lDwer 01entangy/Late Rhinestreet Titre: 

IG (MCF/A'F) ~ -43.21 + 29.84 (OC) + 18.41 (TAI), R2 = 0.98 

Map Unit 8 - Middle 01entangy/Ango1a Shale Titre: 

IG (MCF/A·F) = -17.59 + 32.14 (OC) + 6.85 (TAI) , R2 = 0.97 

Map 'Unit 9 - Upper 01entangy/Java PM. Hanover Shale Titre: 
2 . . 

IG (MCF/A'F) = -16.54 + 27.25 (OC) + 7.64 (TAI), R = 1.00 
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Map Unit 10 - Early I.Dwer HuronjEar1y Dunkirk Tine: 


IG (lJ.CF/A·F) = -109.93 + 24.99 (OC) + 56.79 (TAI), R2 = 0.98 


Map Unit 11 - Late IDwer Huron/Late Dunkirk Tine: 


IG (lJ.CF/A.F) = -59.68 + 28.70 (OC) + 25.45 (TAI), R2 = 0.97 


Map Unit 12 - Early Middle Huron Tine: 


IG (lJ.CF/A·F) = -29.40 + 27.63 (OC) + 12.81 (TAI), R2 = 0.99 


Map Unit 13 - Late Middle Huron Tine: 


IG (lJ.CF/A·F) = -16.53 + 27.16 (OC) + 6.43 (TAI), R2 = 0.99 


Map Unit 14 - Early Upper Huron Tine: 


IG (lJ.CF/A·F) = -60.39 + 22.79 (OC) + 34.87 (TAI), R2 = 0.99 


Map Unit 15 - Late Upper Huron Tine: 


IG (lJ.CF/A·F) = -83.78 + 24.84 (OC) + 43.77 (TAI), R2 = 0.99 


Map Unit 16 - Chagrin Tine: 
. 2

IG (lJ.CF/A·F) = -5.92 + 20.66 (OC) + 4.46 (TAI), R= 0.98 

Map Unit 17 - Cleveland Tine: 


IG (lJ.CF/A·F) = -118.97 + 27.15 (OC) + 56.93 (TAI), R2 = 1.00 
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