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ABSTRACT 

Over 2400 core and cuttings samples of U~per 
Devonian shales from wells in the Appalachian, Illinois, 
and Michigan Basins have been characterized by organic 
geochemical methods to provide a basis for accelerat­
ing the exploitation of this unconventional, gas-rich 
tesource. This work, sponsored by the United .State 1

S 

Department of Energy 1 s :·lorgantown Energy Techno logy 
Center, ~:as part of a program initiated to provide 
industry with criteria for locating the best areas 
for future drilling and for the development of stimu­
lation methods that will make recovery of the resource 
economically attractive. 

The geochemical assessment shows that the shale, 
in much of the Appalachian, Illinois, and Michican 
Basins is source rock that is capable of generating 
enormous quantities of gas. In some areas the shales 
are also capable of generating large quantities of oil 
as well. The limiting factors preventing these sources 
from realizing most of their potential are their very 
low permeabilities and the paucity of potential reser­
voir rocks. 

Low permeability has prevented migration of most 
of the free hydrocarbons from their site of origin in 
the shale matrix into nearby reservoirs. This reten­
tion of generated hydrocarbons has retarded the further 
generation of hydrocarbons v1ithin the shale, partic­
ularly the liquid (oil) - ones, over much of the basin. 
Where there is fracturing, the shales themselves pro­
vide both source rock ·and the reservoir, and allow 
generation to proceed. In some cases, contiguous or 
interbedded siltstones provide small reservoirs, and 
the fractures provide migration channels through which 
the hydrocarbons move for relatively short distances. 

This geochemical data synthesis gives direction to 
future selection of s.ites for stimulation research 
projects in the Appalachian Basin by pinpointing those 
areas where the greatest volumes of gas are contained 
in the shale ·matrix. · 

Another accomplishment of the geochemical data 
synthesis is a new estimate of the total resource of 
the Appalachian Basin. The new estimate of -2,500 TCF 
is 25 percent greater than the highest prev1ous esti­
mates. This gives greater incentive to gov~rnment 
and industry to continue the search for imp ~oved stim­

. ulatton meth6ds, as well as for improved me•hods fbr 
locating the sites where those improved stimulation 
methods can be most effectively applied. , 

INTRO:JUCTION 

"l)uring the course of the Eastern Gas Shale Program 
(EGSP) sponsored by DOE 1 s Morgantovm Energy Techno 1 ogy 
Center (METC) more than 2400 individual core samples, 
as ~1e-ll as several hundred cuttings samples, were taken 
from Devonian Shale Wells drilled in the Appalachian 
Basin (Figure 1). These samples were submitted to a 
rather comprehensive suite of geochemical analyses 
(Figu~e 2). The analyses were performed 1) to iden­
tify the original hydrocarbon source· potential of the 
dark shales, 2) to assess the source potential that 
has been realized, 3) to identify the nature of the 
product, i.e., dry gas, wet gas, oil, or any combina­
tion of these. that has been qenerated reqionally and 
locally within the potential source rock, and 4) to 
ultimately estimate the gas in place. 

This paper reviews the organic geoc~emical data, 
illustrates the interrelationships of the data and 
identifies the parameters which have exploration 
significance and which can be used for an assessment 
of gas in pl~e . . . The identified diagnostic parameters, 
which ·i nc1ucfe or·ganic carbon content, biofacies and 
thermal alteration, are mapped to pinpoint the richest 
sediment wedges which could serve as future explora­
tion targets. 

Of course, the fact that a rock has hydrocarbon 
source potential does not necessarily mean that contig 
uous reservoirs will contain any oil or gas, but shows 
that the rock does satisfy one of the three major re­
quirements for the presence of pooled hydrocarbons. 

**Mound Facility is operated by the Monsanto Research Co poration for the U.S. D~partment of Energy under 
Contract No. DE-AC04-76-DP00053. 
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The other requirement~ 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. 
If these two other requirements are met, migration of 
the hydrocarbons from the source to·the reservoir 
must also take place. In classical reservoirs hydro­
carbons may migrate m~ny miles, but in the case of 
the dark shales, the ~arne rock that generates the bulk 
of the hydrocarbon can also serve as the reservoir, 
i.e., where it is fractured or interbedded with thin 
silt stringers. An assessment of these requirements 
must be made to deter~ine future drilling sites. 

BACKGROUND 

Total Organic Carbon _ 

The source of virtually all the petroleum in all 
the sedimentary basin$ of the world is the remains of 
living organisms whichwere incorporated in the fine­
grained rocks of·thosc basins at the time they were 
deposited (1,2). Th~ primary criteria in any basin 
assessment should be the amount and distribution of 
this material which ~s called "organic matter". The 
amount of this primar·y source material would be dimin­
ished by the fraction converted to mobile products 
that have moved or have been displaced from the rock 
by physico-chemical processes, called migration, but 
fortunately, the majority of the organic matter depos­
ited in petroleum source rocks still reamins in the 
mineral matrix, i.e., rock wit~in whicli it was­
deposited. It is estimated both empirically and in 
laboratory experiments that less than a third df the 
original organic carbon is converted to mobile pro­
ducts~ oil and gas (3), and only a portion of this 
can move from the rock. Therefore, a measurement of 
the amount of organic matter in an unmetamorphosed 
sedimentary rock is a semiquantitative indicator of 
the.amount of organic matter that was origin~lly pres­
ent. 

Geochemists estimate the organic matter contents 
of rocks by determining the amount of organic carbon 
they contain. Organic carbon is defined as the carbon 
incorporated into the carbon-carbon and carbon-hydro­
gen structures of organic molecules, and excludes the 
carbon 1n mlru:!r·dl l..c:ifuO•lates. Thc:;c l<Jttcr forms, 
which may be the remains of skeletons or protective 
shells of living organisms, are technically "organic", 
but are not so labeled by petroleum geochemists be­
cause they do not enter into the oil or gas-forming 
processes. In many studies, the amount of organic 
matter was calculated from organic carbon contents, 

. using a conversion factor, but the experimentally 
determined factor varied so greatly from rock to rock 
(about 1.07 to 1.40) in the few rocks in which the 
detailed composition of the organic matter was meas­
ured (4), that organic carbon became the accepted 
reporting parameter. 

As a first step in an exploration or basin assess 
ment program, organic carbon data provide a means of 
high-grading the more favorable petroleum areas with­
in the basin. Ronov (5) was the first to map organic 
contents regionally, and showed that on the Russian 
Platform, excellent potential reservoirs were filled 
or partially fill~d with oil and gas only if the near­
by Devonian shales contained greater than 0.5 percent 
organic carbon. large areas of ·the province, which 
were investigated, were found barren, ~nd in all of 

these the organic carbon contents were beneath the 
minimum value. 

Ronov's research also revealed that the amount of 
organic carbon was controlled to a large degree by the 
environment of deposition in various parts of the basin 
but the major conclusion was that there was a minimum 
content of organic carbon that had to be exc~eded 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 relation-· 
ships (6,7,8) confirmed this concept, i.e., that the 
organic carbon contents of rocks must exceed somethresh 
old amount before they can begin to act as significant 
sources of petroleum hydrocarbons. Some geochemists 
feel that 0.4 percent represents the cutoff for shales. 
Others prefer 1.0 percent. For carbonates reeks, a 
lower limit was established, i.e., about 0.3.percent 
organic carbon (9). Beyond these lower 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" .. 

In many cases, organic carbon determinations are 
made on rocks extracted exhaustively with organic sol­
vents to remove the soluble organic matter, called 
"bitumen". The values, thus determined 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 resi­
dual organic matter that cannot be extracted has been 
labeled by petroleum geochemists as "kerogen". This 
term expands the earlier .definition in 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 more 
inert forms. 

Biofacies 

Organic carbon is usually the first parameter 
determined in a geochemical evaluation of the oil and J 
gas potential of a basin, play, or formation. It is 
often used as a screening step because it gives a 
relative picture·of the potential of a rock, and it is a 
inexpensive <~nrl rt'lpid analysis. The next step is usuall 
to determine whether that organic matter is of the 
correct type to produce gas and/or oil under subsurface 
conditions. 

Very early in the development of organic geochemis 
try, the nature of the organic·matter was recognized as 
being equally as important as the amount. It was ob­
vious from coal chemistry that bituminous coal containe< 
more liquid hydrocarbons, and would produce more on 
heating, than anthracite coal (12). 

The organic matter of fine-grained rocks, i.e., 
the kerogen, could be similarly divided into more and 
less bituminous types, which have been called sapro­
pelic and humic, respectively (13). With time, these· 
types have·been further subdivided and defined. Curren 
descriptions include identification and estimation of 
relative proportions of structured or cellular material, 
called "woody", or shiny, angular opaque material, 
called "coaly", or spores. pollen, plant cuticle frag­
ments. All other membraneous plant remains are 
described by the term "herbaceous", remains of algae, 
called "algal", and nondescript, fluffy material, 
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"amorphous". These distinctions are.made by examina­
tion, under the microscope, or mineral acid-insoluble 
residues from fine-grained rocks being studied for· 
their source potential. 

Organic matter of the algal and amorphous types 
has a greater potential to generate hydrocarbons than 
that derived from plants which grow in the shallow 
water near the shore line or on land masses surround­
ing the seas and lake~ where the host rocks are depos­
ited (14). The materials from plants, the herbaceous 
type, has greater potentia 1 to generate gas tha"n does 
the woody-coaly types. Not only does the potential 
quantity of associated· hydrocarbon decrease in order 
from the amorphous ty~e. through the·algal, herbaceous, 
and wo9dy varieties, to the coaly types, but the 
tendency to generate liquid hydrocarbons (oil) also 
decreases in the same sequence, ·i.e., the amorphous 
kerogen has the greatest tendency to generate hydro­
carbons, the coaly types, virtually none. Moreover, 
oil derived from these kerogen types tends to be more 
napthenic with algal, amorphous kerogen, more para­
ffinic with herbaceou3-woody types, and more aromatic 
with ~oaly types. · 

about 50°C,· the chemical bonds of the contained organic 
mattlr 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 fanned by this process which continues 
until the temperature of the rock reaches about 150 to 
200°C .. At higher temperatures, the process, now called 
metamorphism, begins to destroy petroleum hydrocarbons. 

.Temperature estimates for the onset and completion 
of petroleum hydrocarbon production are only approxi­
mate·because the rock organic matter system is so vari­
able and complex. Moreover, because the organic matter 
is a:chemical system, the rate of reactions must in­
crease with temperature. Therefore, there should.be 
a-trade-off of temperature for time, i.e., rocks buried 
for longer periods at lower temperature should expe­
rience the same degree of catagenesis as those buried 
at higher temperatures for shorter periods of time. 

·In an exploration venture, it is important to know 
whether the organic matter has undergone sufficient 
catagenesis to produce commercial quantities of petro­
leum, but not so much alteration that the hydrocarbon 
has been destroyed. This is not always easy to deter-

Another method of.classifying sediments according mine from the present day geological setting of the 
to their relative hydrocarbon potential and their rela- rock or its present temperature because the rock may 
tive oil vs gas-genera•:ing pGtential is provided by have had a complex history of several episodes ofburial 
the palynologist. Palynology is the study of pollen, uplift, and erosion of the overlying rocks. 
spores and other ~icrofossils in the acid-insoluble 
rock residues. Microfossils exist in many·different Fortunately, the kerogen itself, immobilized in 
shapes and forms (call~d ·their morphology) which have the rock matrix since deposition, carries a record of 
been classified and cataloged, they are so different its 01~ time-temperature history. The degree of the~~l 
and distinctive that they can be used for age determina alteration, catagenesis, can be estimated from the color 
tion, for stratigraphic correlation, and for identify- of spores, pollen, or plant cuticle fragments (13), or 
ing the nature of the environment of deposition that from the optical reflectivity of specific carbonized 
existed at the time the host rock was deposited. This particles, called virtinite (17). 
environmental interpretation is called the paleoenviron 
mental analysis. The determination of the most abun­
dant· type of organic m<!tter is known as biofacies an-
alysis. . 

• Maturity 

Organic matter laid down at the time of deposi­
tion contains only traces of. free petroleum hydro­
carbons, far too little for even an organic-rich rock 
to act as a source rock without further change. Some 

Kerogen coloration is reported on a scale of from 
1 to 5. These values are also called Thermal Altera­
tion Index (TAl) values. Fresh, unaltered pollen, spore 
and cut.icle fragments are light yellow or light green­
ish yellow, this unaltered kerogen is assigned a TAl of 
1. Such a rating indicates that the rock has not been 
exposed to tempera-tures above 50°C. Rocks ~tith this 
low a TAl are sometimes associated with methane gas of 
biogenic origin. 

changes, such as oxidation destroy some or all of the The onset of catagenesis, between 50 and 100°C, 
source potential, but in a normal source-producing is detected by the loss of the greenish tinge and a 
environment, the.bulk of the organic matter is preserved slight intensification of the yellow coloration of the 
becaus~ the conditions at or shortly after deposition appropriate type of herbaceous kerogen. TAl's of rocks 
are anerobic, or reducing. with kerogen exhibiting this coloration are rated at 

· 1+. These rocks are associated with dry (methane only) 
Organic matter in potential source rocks under- gas and sometimes with heavy oil. Rocks with these very 

goes a sequence of changes that conv.erts as much as 30 light colors are said to be "immature". 
to 35 percent of its original mass to petroleum hydro­
carbons. ·The first process, a low temperature one, is 
called diagenesis. This term refers to the combined 
effects of biological, physical, and chemical altera­
tion before heat begins to "crack" the organic matter. 
The only potential petroleum-producing reaction operat­
ing during diagenesis is the microbial formation of 
methane, large quantities of which may form and be 
trapped in reservoirs that are formed early. It is 
estimated that 20% of the world's gas reserves are made 
up of this biogenic gas (16). This gas can be identi­
fied by its carbon isotopic composition (i.e., it is 
enriched in t~e lighter isotope). 

When the temperature of a rock rises to above 

Orange colors indicate that the rock's organic 
matter is moderately altered, it has probably been 
exposed to temperatures in the range 100 to 150°. Light 
orange kerogen (TAl = 2) is sometimes associated with 
gas with a large percentage of ethane, propane, the 
butanes and some light hydrocarbon liquids. TAl's of 
2 generally indicate that the rock is in its most pro-
lific oil generating stage. · 

' 

Brown colors (TAl = 3) indicate that the organic 
fractions of the rock have been strongly altered, prob­
ably haveing experienced temperatures above 150°C. At 
these temperatures, kerogen has realized most of its 
potential to give up hydrocarbons, the free hydrocarbons 
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have been converted to light liquid and gaseous hydro­
carbons. Deep brown or brownish black {TAl =·4) 
coloration denotes severly altered kerogen with dry 
methane gas .the only associated hydrocarbon. 

When the kerogen is black {TAl = 5), the rock has 
been exposed to relatively high subsurface temperatures 
(200°C) and there is l~ttle possibility of associated 
hydro~arbon except for a small amount of methane. 

These colorations are not always clear cut. Dif­
ferent spores and pollen grains from the same rock 
sample may have somewhat different colorations. There­
fore, ratings should be made with other samples from 
the same well or outcrop sri that subtle trends and 
relative colorations can be detected. The colors 
should be checked freqJently against standard kerogen 
s 1 ides. Of course, the met.hod is a 1 so somewhat sub­
jective because of the different perception of color 
by different individua~s. but it has the advantage of 
being rapid and requirjng only a microscope. 

Vitrinite reflectance is measured with a photo­
multiplier detector Cdpable of accurately measuring 
the percent of a colli~ated beam light that is reflect­
ed from a· polished surface of a ·minute vitrinite par­
ticle imbedded in a plastic matrix. While. the measure­
ment can be done accurately on a single particle. one 
of the dra1~backs is thut is 1t not always easy to rec­
ognize vitrinite. Other macerals, or kerogen types, 
that can be confused with vitrinite have quite differ­
ent reflectance values at the same stage of thermal 
alteration. Another limitation is that even vitrinite 
particles that have experienced exactly the same his­
tories may vary in reflectance because of small varia­
tions in the method of sample preparation: oxidation 
of the surface, texture, etc. Therefore, the reflec­
tance of a large number of particles must be measured 
to derive a statistica11y significant estimate of 
alteration. In cases where the vitrinite is very uni­
form, this may require· only 30 readings, in other case~ 
where the rock has a heterogeneous organic population, 
it .may require over a nundred. In addition, the pro-

• cedure is time-consumir:g and expensive relative to 
determination of TAl's. 

Skillful interpretation of the data not only gives 
an estimate of extent uf thermal maturation, but also 
may provide valuable information on possible uncon­
formities in the section, on the amount of reworked 
kerogen jntroduced into the basins from eroding older 
rocks, and on the proportion of cavings in the well 
(14). 

ASSESSMENT. PROGRAM 

Over 2400 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. The over­
all core was examined, its lithology described, the 
fracture distribution noted, and the gamma radiation 
measured. After the examination a 3 to 6 inch cylinder 
of core is broken from the core and sealed in a gas­
tight container to retain the released gas while the 
samples are transported to the laboratory for further 
analyses. 

A flow chart for the sequence of a·nalyses is given 

in figure 2. Generally, at any level fn the chart, 
the-determination on the left was the first one per­
formed. 

Gas volume and composition in the free-gas space 
was determined first. A correction is made for the 
gas pressure in the container. Then, the volume and 
compos~tion of the gas still retained in the core was 
measured, and total gas volume calculated. The sa~ple 
was then dried and its detailed lithology recorded . 
before subdividing into samples for the analytical 
determinations scheduled. The analyses were performed 
using standard organic geochemical procedures ~1hich are 
'wid~ly used. in industry. . 

~ From regional plots and cross correlations of the 
various parameters it became apparent that the three 
preViously discussed were the most useful ones for geochem -
cal assessment of the Eastern Gas Shale Basins: 1) The 
amount of total organic carbon; 2) The nature of the 
organic matter a.s described in the biofacies deter­
minations; and 3) The degree of thermal alteration as 
des€:ribed by the vi sua.l therma 1 a ltera ti on index. 
Th(S~ three could be combined for an estimate of maxi­
mum: indigenous gas expected in a zero-permeability 
shaie. Another supporting parameter, but of more 
limited utility, was the residual gas determined in the 
initial screening analysis of the overall analytical 
scheme. 

·Total. Organic Carbon 

From the beginning in the Eastern Gas Program, it 
was apparent that the organic carbon content varied 
widely from one ten-foot interval to the r.ext in many 
of the wells. This was not surprising considering that 
the environment of d~position of sediments can change 
abruptly with changes in sea level, with tectonism, 
with circulation, etc., and that a ten-foot section·of 
Devonian shale rnight represent the sediments deposited 
over 5,000 to 10,000 years. The distribution of organi< 
carbon in the samples analyzed is shown in histogram 
form in Figure 3. The· range of values measured 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 associat 
ed with vario~s ranqes. It is obvious that, based on 
this criterion alone, much of the dark Devonian shale 
must be considered arr exceptional potential source of 
hydrocarbons. Orginally it was intended to map the 
values of organic carbon to show·the regional trends. 
However, with the observation of 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 supple­
ment the mapping with a series of cross sections on 
which the stratigraphic and·regional distribution of 
the organic carbon would be illustrated. 

To prepare the cross sections, strip logs of 
total organic carbon vs depth were prepared for each 
well. 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 
some stratigraphic marker common to two neighboring 
logs was aligned horizontally. 

··---.·· ----
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Because the data were so highly variable, it was 
not possible to cprrelate the detailed layers.of alter­
nating rich and lean organic carbon; however,· general 
wedges of rich and very rich potential source rocks 
were outlined on each of the se~tions. 

·The rich organic carbon wedges bore a striking 
resemblance to the dark shale zones delineated in the 
stratigraphic column shown in Figure 4 and with the 
dark shale units presented in summary form in Potter's 
summary report (11}. This correspondence was antici­
pated. However, the organic carbon data show that the 
"dark shale zones" are not necessarily uniformily dark 
they just contain more consistent and more closely 
spaced layers rich in organjc carbon. 

The organic carbon cross sections did show that 
there probably is rich gas potential over virtually 
the entire Appalachian Basin. Along the Cincinnati 
and Findlay Arches almost the entire sectioij 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 become less 
rich and more widely separated by poor source quality 
intervals. · 

In this assessment of exploration potential and 
gas-in-place, several parameters, including the organic 
carbon, had to be crossplotted. This could only be 
done on maps of the area. It is difficult to summarize 
the potential based on organic carbon and show it geo­
graphically on but one map of the·basin or even on 
s.ingle maps for sin'gle formations since the organic 
carbon is quite variable ~1ithin the formation. There­
~ore, the stratigraphic column was divided into seven­
teen separate units chosen because of their somewhat 
greater uniformity in organic carbon contents through­
out. These seventeen units are identified on the 
generalized stratigraphic column in Figure 4. 

-The average values of organic carbon in each of 
these map units were then contoured across the basin 
study area. 

Bioracies 

In the Eastern Gas Shale geochemical study, it was 
found that the kerogen was made up of more of the algal 
forms ~1est of the Appalachian Basin axis, and more of 
the woody/coaly forms east of that axis. Herbaceous 
matter was ubiquitous. The relative quantities of the 
major kerogen types varied so widely from sample to 
sample within single rock units, that average composi­
tion of thick sequences of rock was obviously not a 
useful parameter for showing regional contrasts in 
organic contents or seq~ence potential. 

In this study, the most useful method for showing 

A
regional and stratigraphic contrasts was the palynology. 
lthough this technique revealed four distinctly 

different assemblages, o.r facies, or acid-resistant 
'"icrotossns (15), the three major ones were selected 
~s the primary parameters to be used for the assess­
~nt phase of the project. 

The most important facies that.emerged from paly­
~ological examination was one labeled "Tasmanites". 
It fs charac1;erized by very large numbers of .the green 
~lgae, Tasmanites, in many cases to the exclusion .of 
pther marlrie-·forliis such as acritarchs (algal origin)' 
jscolecodonts .(polychaete worm teeth), a!'ld chitinozoans 
(flask-shaped forms of indeterminate origin). Because 

in w~ny of the samples the distribution of palynomorph5 
was limited, or restricted, entirelY or almost entirel) 
to Tasmanites, 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 
~ther connotations in consideration of the environ­
ment of deposition, namely in referring to depositional 
areas or basins with restricted water circulation, ·that 
term was dropped in favor of the more descriptive term, 
Tasmanites facies. 

Tasmanites obviously were deposited in a marine en 
vironment, but their presence apparently hindered or 
even prevented the growth of other marine algae. Per­
haps like present-day red tides, their metabolism way 
have ~reduced toxic products that were lethal to other 
life forms. Meam1hile, detrital material s·uch 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 incorporated into.the sediment. 

The second major facies is a "marine" facies which 
implies a normal assemblage of marine microfossils 
that ar.e found in marine Devonian shales elsewhere in 
the world. Among the forms found in sediments deposit­
ed in this environment in the Eastern Gas Shale basins 
are chitinozoans (which became extinct in the Upper 
Devonian}, acritarchs, scolecodonts, leisosoheres, 

·and spaeromorphs (distinctive, thin-walled sperical 
palynomorphs}, a few Tasmanites, and the usual herb­
aceous material. 

The third major facies is labeled "terrestrial" 
because of the preQominance of nonmarine or terrestrial 
debris and a very small or insignificant contribution 
of marine palynomorphs to the organic matter. The 
terre stria 1 kerogen is made up of both fresh ~1oody . 
debris and oxidized and reworked 110ody material. There 
are also small quantities of normal marine forms, as 
well as the ever-present herbaceous kerogen. The 
description as terrestrial refers to the predominant 
sourc~ of the organic material deposited with the 
mineral matter in these rocks, and not to the environ­
ment· of deposition. 

~--~~- . . . "";~· 

c·.~·-.Th~re is little question but that all of the Upper 
:Devon._ian sediments of the Appalachian Basin weredeposit­
.e~.'.in_~-~ normal, aibeit relatively shallow marine enviror­
rr.ent.:c·:·:·Fiowever;''.'Je .o}ganic matter varied in both bio­
logical ~nd geogrlphi~'origin. There were times and 
areas where.normal marine forms grew, died, and their 
remains were·jncorporated into the sediments. There 
were other times when the green algae, Tasmanites, 
flourished and at periods of maximum growth, actually 
cro~1ded out other marine organisms. When erosional 
slopes of the emergent land masses and their stream 
gradients were steep enough, large quantities of partie 
ulate woody material from primitive forests would flood 
portions of the basin, particularly the_eastern parts, 
to. such an extent that the marine forms were virtually 
obscured. And, superimposed on all possible combina­
tions of these organic-matter types, herbaceous mate­
rial, primarily in the form of saccate and zonatespores, 
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 an~lysis was 
dnnP nn rro.;c; .;pr-tionc; ·the same 0""" nn whir:h nrni\nir 
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·carbon was presented. To assist in plotting thefacies 
each sample was labeled depending on its position on a 
triangular diagram corresponding to its relative con­
tent of each. of the three major facies types of organic 
matter. 

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) were placed ·on separate maps. 
These maps revealed a:sequence of events in the deposi­
tion of organic matter from which local tectonism and 
direction of drainage:could be inferred. 

Maturity 

The Thermal Alteration Index {TAl) measurements 
on the samples from the Eastern Gas Shale Program 
appear to be more useful for the purposes of assess­
ment than reflectance .estimates. TAl data more closely 
parallel the geology.qnd show trends from top to bottorr 
in some wells in which reflectance values were inex­
plicably uniform from top to bottom. Therefore, in 
this assessment, the ~AI's are the factor used in the 
calculations and mappi.ng. 

To show regional .trends in maturity, TAl values 
were spotted on the appropriate map {of t~e seven-
teen subdivisions selected f.or this study). Comparison 
of these maps showed that some of the TAl contours of 
adjacent intervals were identical and the maps could 
be combined into five maps. 

These maps reveal that not all portions of the 
basin are as favorable for the generation of hydro­
·carbons as others. s~~e sediments are too immature 
to have realized a significant fraction of their enor­
mous potential and son;e have experienced such exten­
sive thermal cracking .that the hydrocarbon is probably 
destroyed. The former case probably applies to the 
extreme north~1estern and western portions of the study 
area where TAl's are less than 2. In spite of thick 
sections rich in organic carbon, the rocks can only 
be.considered poor to .fair sources of gas, and much 
of this may be microbi~lly, not thermally, produced. 

Source shales located in the areas where TAl's 
are between 2 and 3+ are in the optimum range for 
hydrocarbon generation, and this will be reflected in 
the hydrocarbon potential maps that will be presented 
later. Rocks exposed to temperatures such that their 
TAl's at•e 3+ or greater, are considered too mature. 
Most of their hydrocarbon has probably been dissipated 
or destroyed. 

REGIONAL HYDROCARBON SOURCE POTENTIAL 

The next step of the assessment was to combine the 
data on the organic r.~rhon.content, the biofacies 
(organic) type, and the thermal alteration index into 
a rating system that shows the relative source charac­
ter of each of the seventeen study intervals as well 
as for the Appalachian Basin as a whole. This then 
was combined with the thickness of each unit to give 
the source potential of each unit, and a combined 
potential for the entire Upper Devonian. 

For this purpose an arbitrary rating sy'stem, 
shown in Table 1, was set up. In this chart, relative 
ratings of source and potential wet·e assigned to 
various comb.inations of organic carbon· contents and 

the~al alteration indices. The absolute values were 
based on petroleum geochemical considerations, biased 
sorr.P.what by the observation that in this basin, the 
low permeability Devonian shales apparently-retain 
most of the gas that they generate, and because of 
this. maximum generation of hydrocarbons, and partic­
ularly of liquid hydrocarbons (oil), is held back 
until higher temperat~res 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 amorphous 
kerogens begin to crack at lower temperatures than 
terrestrial organic matter, and that algal and amor-

'phous kerogen gives up more hydrocarbon liquids (oil 
or condensate) than does the terrestrial types. 

A set of source quality maps was derived by first 
cross plotting TAl against organic carbon content to 
obtain a relative numerical ranking in each small 
uniform field on the map. This map was then super­
imposed on the biofacies map of the same interval, 
and the qualifying statements at the bottom of Table 
were used to label the relative nature of the hydro­
carbon expected from the kerogen in each field. 

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, 
with the thickness of each unit. The numerical value 
of the relatjve 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 
moderate. source character would have an excellent 
potential. 

First it was necessary to construct isopach maps 
for the limited stratigraphic units into which the· 
Upper Devonian was divided for this study.· The strati 
graphic data interpreted from well logs from each of 
the study wells was used, and the contours·were 
smoothed by referring·to the published isopach maps of 
the basin {18, 19, 20). 

Next,· to show overall source potential for gas 
·and for oil in the basin, the numerical rating from 
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 same 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 indi­
vidually 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 composite grids were contoured, and the 
absolute values reduced by·a factor of ten, to produce 
the two overall source quality maps shown in Figure 5 
and 6, 

It is important to keep in mind that all of the 
·areas within the 1 or 2 contour lines contain what 
would be considere~ 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 more typical sand or car­
bonate reservoir rocks in formations immediately above 
or below the rich source units. commercial production 
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would be expected. 

This exercise in geochemistry testifies to the 
face that the primary control on oil and gas occurrence 
in the Upper Devonian (in the portion of the basin 
studied) is something other than the distribution of 
source rocks. Obviously, the paucity of porosity and 
permeability 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. 

GAS CONTENTS 

One of the most recent estimates of the magnitude 
of the resource in t~c Eastern Gas Shale Basins has 
been based on the thickness of the dark and the gray 
shale, the relative ~roportions of which in turn were 
based on the gamma-ra·y log response, and the estimated 
average volumes of gas associated with each of these . 
{21). It was an either-or 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 (22); 
others seem to be even more.subjective (23). 

The geochemical program has made it possible to 
make more accurate estimates of gas-in-place in the 
shales because one of the analyses is a direct measure­
ment of gas contained in freshly taken cores from dif­
ferent parts of the basin. The measurement, as orig­
inally applied to well samples in the early part of the 
program, gave low est~mates of the gas in place, because 
gas was lost as the care 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 this prograll\ a· controlled off­
gassing procedure was developed, and the accuracy of 
the gas-in-place estimates derived from it were cor­
related with the pressure-retaining core barrel (24). 
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 each rock unit at 
each well location. 

The term "indigenous gas" means the gas produced 
by kerogen during the entire natural thermal evo"lu­
tionary process before natural migration or loss during 
core retrieval and samp·le handling. These values are 
probably the most accurate estimates of gas-in-place 
available today. 

The indigenous gas contents values calculated from 
the algorithms were described in map form. These maps 
gave a more accurate picture of the richness of the 
~ndisturbed shale, and the regional distribution of 
that richness. These values are also presented as 
~F/A-F). 

The next step in the.assessment was to combine the 
~chness of the rock in each interval with the thick­
ness of each interval to obtain the distribution of the 
~otal quantities of gas in each unit. 

With the data and maps available, the total acre­
~ge contained within each contour area on each of the 
~p5 of il"•d·iyenou~ gd:> wa~. iut~yr·dLt!c.l fnlu une Interval 
~nd the total gas in-place in that interval wascomputed 
~he total resource for that unit was exoressed on each 

map as TCF (trillion cubic feet). 

The maps provided the basis for. a new assessment 
of the resource in .the basin. The total resource from 
these units is approximately 2,500 TCF of gas. The 
distribution of the gas for the entire unit basinwide 
is shown in Figure 7. This map was prepared by summ­
ing the values on 9-mile grid 1 ines for eac.h of the 17 
units. The matrix of totals for each of the grid inter 
sections, over 1000 in number, were then contoured to 
produce the final map shown here; 

The trend of greatest gas volumes is along an 
arcuate line extending from TENN - 9 through western 
Kentucky, southeastern Ohio~ northwestern Pennsylvania, 
and to the area of the New York wells. The areas with 
the greatest volumes ~f gas are in Eastern uhio and 
extreme west south-central New York where gas volumes 
reach 80 MMCF per acre dispersed through the entire 
upper Devonian. 

CONCLUSIONS :":.· 

From the perspective of petroleum geochemistry, 
the Upper Devonian rocks of the Appalachian Basin have 
exceptionally good potential to generate (i.e., source) 
large volumes of oil and gas. There is an abundance o~ 
algal organic matter, either Tasmanites or other marine 
algae as well as large quantities of herbaceous organic 
derivatives. In other basins, ·the former type of kero­
gen has been used as 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 encouri:!ging as 
the algal kerogen, is still often associaterl with large 
commercial oil and gas fields, the oil usually being of 
a more paraffinic type. · 

Various amounts of more woody terrestrial organic 
matter also characterized parts of many of the units. 
And, while this type of organic matter is net as 
encouraging a sign, it can still generate significant 
quantities of gas, and small quantities of oil which 
tends to be of a more aromatic or paraffinic nature. 

Based on the geochemical data, and particularly 
the algorithms for the calculation of in-place gas 
contents (which also make use of the controlled off­
gassing results), a new estimate of total gas-in-place, 
both in matrix and porosity of the Upper Devonian shale 
of the Appalachian Basin, is set at approximately 2,500 
TCF. . 

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

These more typical geological relationships do not 
occur in the geological setting of interest. Therefore 
the future likelihood of exploitation of this resource 
depends on two improvements in t~chnoloqy, The first o 
these will require the sharpening of our ability to 
locate naturally occurring porosity within the rich 
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shale deposits'themselves. This porosity is made up 
of networks of natural fractures and/or thin silt 
stringers, the 1 ocat ion of which may be fac i1 ita ted by 
detailed lithofacies studies. improved well log anal­
ysis, structural geology, and aerial photo analysis. 

The second technological improvement that will 
increase the realization from thi·s vast resource wi11 
be in stimulation methodology. Industry needs a 
documented stimulation program for every situation 
enco~ntered in the shale; i.e., what current methods 
should be employed and what modifications need· to be 
made for shale depth, thickness, lithology, mineral­
ogy, p,hysical and mechanical- properties, organic rich­
ness, gas content, etc. The very magnitude of the 
resource itself justifies.a continui~g effort toward 
these·ends. 
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