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INTRODUCTION

Coal, which contains more than 50% by weight and 70%
by volume of carbonaceous material including inherent
moisture (Bates and Jackson, 1987), has been and remains
the most abundant energy source in the world. Reserves
are estimated to be in the range of several trillion tons
(Landis, this volume). Thus coal potentially represents a
much larger energy resource than that estimated for crude
oil and natural gas. In addition to minable reserves, coal
has been and is being studied as a source of hydrocarbons,
in particular natural gas. The presence of methane-rich gas
in coal has long been recognized because of explosions that
have occurred during underground mining. Not only is the
gas a hazard, but coal mining contributes to the increasing
amount of atmospheric methane, which is a potent green-
house gas (Boyer et al., 1990). In addition, coal is the source
of hydrocarbons that have accumulated in adjacent reser-
voirs in many basins. Only recently has gas in coal beds
been recognized as a large untapped energy resource with
the coal serving as both the source and reservoir rock.

After burial, plant material is progressively converted to
coal by the process of coalification (Levine, this volume).
Figure 1 shows the rank sequence from peat to anthracite
and common properties for measuring it. The alteration is
controlled by biochemical processes during peat formation
and by temperature and pressure during diagenesis and
metamorphism. In addition to temperature and pressure,
which are usually dependent on depth of burial, the con-
version is determined by geologic time. Coalification
changes physical and chemical properties, including
increased calorific value and fixed carbon, decreased
volatile matter, and moisture content, and also results in
natural gas generation, the subject of this paper. In addi-
tion, coal beds, depending on their composition, are also
source rocks for liquid hydrocarbons (condensate and oil)
{Boreham and Powell; Clayton; Mukhopadhyay; this vol-
ume).

In the United States, there has been active exploration
for coalbed gas because of a federal tax credit given for the
production of gas from coal beds. In-place coalbed gas
resources of about 400 trillion cubic feet (Tcf) have been
estimated for the major U.S. coal-bearing basins shown on
Figure 2 (ICF Resources, 1990). Of this resource, 90 Tcf are
considered to be recoverable (ICF Resources, 1990). In com-
parison, the undiscovered recoverable resources of conven-
tional gas in the United States are estimated to be 399 Tcf
(U. S. Geological Survey and Minerals Management Serv-
ice, 1989). The resulting exploration and production
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activity has resulted in new coalbed gas compositional data
from desorption tests and production. These supplement
compositional data from other parts of the world that were
mainly collected during underground mining activities.

The objectives of this paper are to: (1) describe processes
of natural gas generation, storage, and migration in coal
beds, (2) distinguish the chemical and isotopic composition
of coalbed gas, (3) relate composition to various factors,
such as coal rank and composition, and secondary process-
es, such as mixing, oxidation, and migration and, (4)
describe the occurrence, composition, and origin of coalbed
gas in several areas around the world. An understanding of
the compositional variations of coalbed gas and their con-
trols is important for: (1) evaluating the economic value of
coalbed gas, (2) identifying coal-derived gas that has
migrated into adjacent reservoirs, and (3) resolving legal
problems such as ownership of natural gas or liability for
hazards associated with gas venting.

It is emphasized that this paper is on gases contained in
or produced from coal beds, which are referred to as
coalbed gases, and not gases from adjacent reservoirs that
are interpreted to be coal-derived.

GENERATION OF COALBED
HYDROCARBONS

Natural gas is generated in coal by two distinct process-
es: biogenic and thermogenic. Biogenic gas, primarily
methane and carbon dioxide, is produced by the decompo-
sition of organic matter by microorganisms and is com-
monly generated in peat swamps (Kim and Douglas, 1972).
The breakdown of organic matter leading to methanogene-
sis is performed in a complex series of processes by a
diverse population of microbes, each of which contributes
to the partial oxidation of organic matter. Methanogenic
microorganisms, which belong to the Archaea domain
(Woese et al., 1990), only operate during the final stages of
anaerobic decomposition of organic matter and depend on
other bacteria to convert the complex organic compounds
into simple precursors. The generation and accumulation of
biogenic gas in ancient sequences is described by Rice and
Claypool (1981), Zhang and Chen (1985), and Rice (1992).

The major requirements for the generation of significant
amounts of biogenic gas are: anoxic environment, low sul-
fate concentrations, low temperatures, abundant organic
matter, high pH values, adequate pore space, and rapid
sedimentation (Rice and Claypool, 1981; Zhang and Chen,
1985; Rice, 1992). If these conditions are met, economically
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Figure 1. Stages of coalification and common properties
of measurement. Modified from Stach et al. (1982). D.a.f.=
dry and ash free.

significant amounts of biogenic methane can be generated
over a period of tens of thousands of years after burial
(Claypool and Kaplan, 1974).

Two pathways have been identified for the generation of
biogenic gas: carbon dioxide reduction and methyl-type fer-
mentation (Schoell, 1980; Woltemate et al., 1984; Jenden and
Kaplan, 1986, Whiticar et al., 1986). Most species have the
ability to generate methane by carbon dioxide reduction;
carbon dioxide is available from both early bacterial
processes and thermal decarboxylation of organic matter
(Carothers and Kharaka, 1980). Fermentation is performed
by a few species of bacteria by the decarboxylation of sever-
al substrates, but commonly acetate, whereby the methyl
group is converted to methane and the carboxyl group is
converted to carbon dioxide.

Although both pathways are operating in near-surface,
recent environments, most ancient accumulations have
probably resulted from carbon dioxide reduction based on
chemical and isotopic composition (Rice, 1992). Jenden and
Kaplan (1986), Coleman et al. (1988), and Schoell (1988) sug-
gested that depth of burial and the age of organic-rich sedi-
ments regulate the relative significance of these two
pathways. Fresh, near-surface sediments can generate bio-
genic gas by both pathways, but most of this early-generat-
ed gas is probably lost to the atmosphere and is not a major
contributor of ancient accumulations. In contrast, altered,
more deeply buried sediments can generate biogenic gas
mainly by carbon dioxide reduction and this gas would
have a better chance of being preserved.

Biogenic gas can be generated during two different
stages in coal beds. Biogenic gas is formed early in the bur-
ial history of low-rank coal (peat to subbituminous rank-R,
values <0.5%), and its generation and preservation are
favored by rapid deposition; this biogenic gas is referred to
as early stage. Most accumulations of ancient biogenic gas
were probably generated during this early stage (Rice and
Claypool, 1981; Rice, 1992). In addition, biogenic gas in coal
beds can also be generated in recent geologic time (tens of
thousands to a few million years ago) and is associated
with active groundwater systems; this type of biogenic gas
is referred to as late stage. The generation and occurrence of
biogenic gas in groundwater systems has been documented
by Carothers and Kharaka (1980), Barker and Fritz (1981),
Rice and Threlkeld (1982), Coleman et al. (1988), and
Grossman et al. (1989). Coal beds are commonly regional
aquifers (Kaiser et al., 1991; Tyler et al., 1991), which pro-
vide favorable environments for bacterial activity, includ-
ing methane generation. This late-stage biogenic gas
generation can take place in coal beds of any rank provided
that the requirements outlined previously have been met.
The initial microbial process in the aquifer is probably aero-
bic oxidation, which gives rise to a new food supply for the
anaerobic community that can start functioning when the
dissolved oxygen in the water is eliminated. Late-stage bio-
genic methane generation is due mainly to reduction of car-
bon dioxide produced in previous oxidation phase by
electrons (hydrogen) generated by fermentation of the other
oxidized substrates produced by earlier oxidation.

With increasing coalification resulting from higher tem-
peratures and pressures, coals become enriched in carbon
as large amounts of volatile matter rich in hydrogen and
oxygen are released. Methane, carbon dioxide, and water
are the most important byproducts of this devolatilization
process (Stach et al., 1982) (Figure 3). The generation of
methane and associated hydrocarbons is thermal in origin
and occurs at ranks of high-volatile bituminous and higher
(R, values > 0.6%). The quantities of these main volatile
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Figure 2. Map showing principal coal-bearing basins of the United States and estimates of in-place coalbed gas resources.
Coals in basins of central and eastern United States are of Paleozoic age and those in western U.S. basins are of Cretaceous

and Tertiary age. Modified from ICF Resources (1990).
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Figure 3. Calculated amounts of gases generated from coal
during coalification. Modified from Hunt (1979).

substances (methane, carbon dioxide, and water) can be
estimated using the major elemental composition (C-H-O)
(Juntgen and Karweil, 1966; Karweil, 1969; Jiintgen and
Klein, 1975; Levine, 1987). A van Krevelen diagram (Figure
4) shows the trends for the elimination of carbon dioxide
and water, and for methane generation from different types
of kerogen during progressive stages of coalification.

The four types of kerogen shown in Figure 4 are deter-
mined by elemental analysis (Tissot and Welte, 1984) and
generally correlate with the major maceral groups in coal
identified by petrography. Liptinite-rich coals generally
correspond to types I and II kerogen, vitrinite-rich coals to
type 1II kerogen, and inertinite-rich coals to type IV kero-

en.

& Significant amounts of methane are generated from coals
during the entire coalification process. The estimates are
variable (about 100 to 300 cm3/g of coal) depending on the
elemental data employed, starting rank, and assumptions
made about the products (Jiintgen and Karweil, 1966;
Jiintgen and Klein, 1975; Hunt, 1979; Meissner, 1984; Welte
et al,, 1984; Levine, 1987). In addition, the methane yield is
influenced by the coal composition (Jiintgen and Karweil,
1966; Levine, 1987). The actual yield in nature is probably in
the range of 150 to 200 cm3/g of coal.

The liptinite maceral is generally hydrogen-rich and is
known to be capable of generating oil (Boreham and.
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Figure 4. Van Krevelen diagram showing types of kero-
gen and pathways for generation of methane and elimina-
tion of carbon dioxide and water during coalification.
Liptinite corresponds to types I and I kerogen, vitrinite
to type HII, and inertinite to type IV. Modified from
Levine (1987).

Powell; Mukhopadhyay, this volume). However, most coals
are classified as humic and are composed of more than 80
to 90% of the maceral vitrinite, which is considered to be
composed of oxygen-rich type III kerogen. Recent petro-
graphic and geochemical studies have indicated that certain
components of the vitrinite maceral group are hydrogen-
rich and are also capable of generating liquid hydrocarbons
(Bertrand et al., 1986; Saxby et al., 1986; Saxby and Shi-
baoka, 1986; Khorasani, 1987; Rice et al., 1989a, 1992; Lu
and Kaplan, 1990; Clayton et al., 1991). Because liptinite and
hydrogen-rich vitrinite have been shown to be source rocks
for oil, they are also considered to be the source rocks for
wet gas; that is, gas that contains significant amounts of
heavier hydrocarbons.

Major quantities of carbon dioxide are generated by
thermal decarboxylation or devolatilization of coal particu-
larly prior to the main stage of thermogenic methane pro-
duction (Karweil, 1969; Hunt, 1979; Tissot and Welte, 1984)
{Figure 3). However, carbon dioxide is highly soluble in
water and very reactive and has different origins (Hunt,
1979). As a consequence, the carbon dioxide presently in a
coalbed gas may have an origin other than devolatilization.
Other possible sources of carbon dioxide in coalbed gas are
(1) thermal destruction of carbonates (Hunt, 1979), (2} car-
bonate dissolution linked to silicate hydrolysis (Smith and
Ehrenberg, 1989), (3) bacterial degradation of organic mat-
ter (Carothers and Kharaka, 1980; Whiticar et al., 1986), (4)
bacterial hydrocarbon oxidation (James and Burns, 1984),
and (5) migration from magma chambers or crust (Smith et
al., 1985a; Kotarba, 1988, 1990).
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Figure 5. Plot showing volumes of methane generated
and stored per gram of coal with increasing rank.
Modified from Meissner (1984) and P.D. Jenden (personal

communication, 1992),

STORAGE AND MIGRATION OF
COALBED GAS

Coalbed gas is stored in the coal (1) upon (adsorbed) or
within (absorbed) the molecular structure of the coal or (2)
within the micropores and cleats (Jiintgen and Karweil,
1966). Because coal has large internal surface areas (van
Krevelen, 1981), it is thought that the gas is generally
retained by molecular attraction on these surfaces.
However, the microstructure of the coal has been described
as a molecular sieve or cage (van Krevelen, 1981) within
which the methane molecule can be stored.

As discussed previously, the ability of coal to generate
thermogenic gas is mainly the function of rank, and the
rates of generation rapidly increase with rank. The ability of
coal to store gas is also a function of rank, and the storage
capacity drops off considerably with increasing rank
(Juntgen and Karweil, 1966; Meissner, 1984) (Figure 5). In
addition to rank, total methane storage is affected by pres-
sure and temperature; increasing pressure results in
increased storage capacity, whereas increased temperature
results in decreased storage capacity (Meissner 1984;
Wyman, 1984). At higher ranks (medium-volatile bitumi-
nous rank and higher), coals may have generated more
methane than they can store (Figure 5). This is an important
point to consider when evaluating the gas content and pos-
sible expulsion of the coalbed gas into adjacent reservoirs.

Levine (1991) made the case that the gas storage capacity
of coal with hydrogen-rich kerogen (either liptinite or
hydrogen-rich vitrinite) is adversely affected by the pres-
ence of higher molecular weight volatile constituents, such
as oil. The molecular structure of the coal can generally
accommodate small molecules such as methane, carbon
dioxide, and water. However, the micropore structure may
be “plugged” by liquid hydrocarbons in high-volatile bitu-
minous coals, thus reducing the storage capacity (Thomas
and Damberger, 1976). Removal of these plugs and



increased sorption capacity results from the thermal crack-
ing of these volatiles at higher ranks (low-volatile bitumi-
nous to anthracite) (Thomas and Damberger, 1976).

Because of the strong adsorption affinity for C;, hydro-
carbons relative to methane, liquid hydrocarbons do not
easily migrate out of coals (Wyman, 1984; Saxby and
Shibaoka, 1986; Hunt, 1991; Littke and Leythaeuser, this
volume). These heavier hydrocarbons are probably ther-
mally cracked to lighter hydrocarbons, including natural
gas, and this cracking process has a significant impact on
the composition, both molecular and isotopic, of the natural

as.

& Natural gas is held in the microstructure of coal by reser-
voir pressure. Gas migration by desorption, diffusion, and
free-phase flow takes place when the pressures in the coal
beds are decreased, which can take place either naturally or
by human activities. The natural method of depressuriza-
tion is by uplift and erosion, which commonly happens
along the margins of basins, but can also occur over larger
areas. Pressure reduction in coal beds also results from
either coal mining or from gas production from wells.
Because most coals are characterized by high water satura-
tions, depressurization results from dewatering of the coal
beds. The release and subsequent migration of the gas by
desorption and diffusion processes through the microstruc-
ture of the coal can result in alteration of the coalbed gas
composition as will be discussed later.

The principles of hydrocarbon generation, storage, and
migration in coal, as illustrated in Figure 5, are important
for three reasons. First, the potential in-place resource of
coalbed gas can be estimated. Second, a prediction of the
amount of coal-derived gas that might have migrated out of
the coal beds can be made. This migrated gas has either
accumulated into adjacent reservoirs and is an important
resource, or has been lost to the atmosphere. Finally, migra-
tion of gas within the coal bed can significantly alter the
composition of the gas.

COMPOSITION OF COALBED GAS

Until recently, the source of coalbed gas compositional
data was mostly from underground mines. With the recent
exploration activity for coalbed gas in the United States dri-
ven by a production tax credit, gas composition analyses
are now available from two additional sources away from
mining areas: desorption tests of coal samples and produc-
tion from coalbed reservoirs. Gas desorption tests are con-
ducted for the primary purpose of evaluating the gas
content of the coal. Samples, generally core and sometimes
cuttings, are quickly placed in an air-tight canister and des-
orbed over a period of several days to months (Close and
Erwin, 1989). The released gas is usually measured for vol-
ume and sometimes analyzed for composition.

Available information on the composition of natural gas
from coal beds is given in Table 1 and displayed in Figures
6 through 11. Information is generally provided only where
both molecular and isotopic data are available. Data are for
gas samples collected from coal beds and are not for gas
samples from adjacent reservoirs that are interpreted to
have been coal-derived (for example, Schoell, 1980; Liu et
al., 1987; Shen et al., 1988). The analyzed gases were collect-
ed from coals ranging in age from Pennsylvanian (Late
Carboniferous) to Tertiary and in rank from lignite to
anthracite (R, values of 0.3 to 4.9%). The depth of the
gaseous coals extends from about 400 ft (underground
mines and shallow gas wells) to 14,500 ft (boreholes).
Coalbed gases from the United States are mainly produc-
tion gases, whereas those from Australia, China, Germany,

~
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and Poland are generally associated with underground coal
mines, although a few samples were obtained from deeper
boreholes.

The molecular and isotopic composition of coalbed gases
from all localities is highly variable (Table 1). Methane is
usually the major component with other hydrocarbon gases
and carbon dioxide occurring in lesser amounts. The hydro-
carbon composition of the gases, which is expressed as gas
wetness (C,,) or the percentage of ethane and higher
hydrocarbon gases, ranges from 0 to 70.5% (Table 1). The
wettest gases occur in western Germany where the coal
samples were both desorbed and crushed, and the composi-
tion is undoubtedly affected by the contribution of wet
residual gas from the crushed rock. Carbon dioxide is the
other major component of coalbed gases and varies from
zero to more than 99%. Coalbed gases are also variable in
their isotopic composition; methane 813C values range from
about -80 to -16.8 %o; ethane 813C values range from -32.9 to
-22.8 %o, methane 8D values from -333 to -117 %o, and car-
bon dioxide 8!13C values from -26.6 to +18.6 %0 (Table 1).
The methane §13C values of desorbed gases are isotopically
heavier by several permil than production or “free” gases
(Colombo et al., 1970; Kotarba, 1988). This difference is the
result of the desorption process which will be discussed
later in the paper.

Figure 6 shows the relation between methane 813C val-
ues and gas wetness (C,,) for coalbed gas samples from
Canada and the United States; this relation is considered to
be typical for coalbed gases in other localities. Although
many gas samples in Canada and the United States are
chemically dry over the entire range of methane 813C values
from about -61 to -29%o, the gas samples with intermediate
methane 813C values in the range of -48 to - 34%o are gener-
ally the wettest (Figure 6). In addition, gases from Paleozoic
coals in central and eastern United States (Arkoma and
Black Warrior basins) (Figure 2) are methane-rich at all
ranks, whereas gases from Cretaceous coals of western
basins (Piceance and San Juan basins) (Figure 2) are some-
times wet at intermediate methane 813C values.

The compositional fields for different types of gases as
shown in Schoell (1983), including coal-derived gases, are
plotted on the Figure 6. It is interesting to note that the
coalbed gases from Canada and the United States plot with-
in the field of gases generated from sapropelic organic mat-
ter. None of the samples shown in Figure 6 fall within the
field for gases generated from humic organic matter,
although some samples from China, Germany, and Poland
do. Some of the wettest gases from the Piceance and San
Juan basins are also associated with waxy oil (Clayton, this
volume).

Methane 8D and ethane 813C values are available for
fewer coalbed gas samples than are methane §13C values.
Methane becomes enriched in deuterium (more positive 8D
values) and the heavy isotope 13C (more positive 813C val-
ues) with increasing maturation (Figure 7). The methane
and ethane 813C values for some of the coalbed gas samples
become isotopically heavier with increasing maturation as
predicted (Figure 8). However, many gas samples display a
wide range of methane 313C values over a narrow range of
ethane 813C values suggesting a complex origin for the
gases.

The relation between gas wetness (C,,) and rank of asso-
ciated coal (R,) is illustrated by coalbed gas samples from
Canada, China, and the United States (Figures 9 and 10).
The trends displayed by these figures are similar to that
between methane $13C and gas wetness illustrated in Figure
6. Two observations can be made from the plots. First, there
is a trend for all of the gases being methane-rich at low and
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Figure 6. Methane 313C versus wetness (C,,) for coalbed
gases in Canada and the United States. Sources of data are
listed in Table 1. Compositional fields are from Schoell
(1983). OM, organic matter.

high ranks and for at least some samples being wet at inter-
mediate ranks. The wettest gases in Canada and the United
States occur at R, range of about 0.6 to 0.8%, whereas the
wettest gases in China occur at R, values of about 1.25 to
1.35%. Second, gases from Paleozoic coals (Arkoma and
Black Warrior basins) are methane-rich at all ranks, where-
as gases from Cretaceous coals (Piceance and San Juan
basins) are wet at intermediate ranks. Finally, gases from
Carboniferous, Permian, and Triassic through Tertiary coals
in China from shallow underground mines are methane-
rich at all ranks, whereas those from deeper horizons and
from pyrolysis experiments are wetter in composition at
intermediate ranks.

Figure 11 shows the relation between methane 813C val-
ues of coalbed gas and R, of associated coal from Canada,
China, Germany, Poland, and the United States. In general,
methane 8!3C values are isotopically lighter at lower ranks
and isotopically heavier at higher ranks. However, gases
from coal of a given rank display a wide range of methane
813C values. In addition, the methane §!3C values common-
ly fall above (isotopically lighter) the regression lines
shown in Figure 11 which were determined for gases inter-
preted to have been generated from coal and different types
of dispersed organic matter,

Although methane 813C and wetness (C,,) values of
coalbed gases are scattered when plotted against the rank
(R,) of the associated coal, they illustrate a more systematic
trend when plotted against present-day depth of burial as
illustrated by data from Australia, China, and Germany.

Biogenic
(CO2 recuction}

Biogenic
(Fermentation)

METHANE §13C (%.)
2

-40

METHANE 3D(%.)

EXPLANATION
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+ SanJuanbasin, USA
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Figure 7. Methane 813C versus methane 5D for coalbed
gases in Poland and United States. Sources of data are
listed in Table 1. Compositional fields modified from
Whiticar et al. (1986). Composition of biogenic gases is
also affected by 313C of carbon dioxide substrate for those
gases generated by carbon dioxide reduction and by 8D
of associated water for those gases generated by methyl-
type fermentation.

There appears to be a widespread pattern in which shallow
coalbed gases are composed of isotopically light methane,
as compared with deeper coalbed gases, regardless of rank
(Figures 10, 12, and 13). Also, the lightest methane S13C val-
ues for coalbed gases of a given rank for all countries
shown in Figure 11 generally occur at the shallowest
depths. The methane-rich nature of shallow coalbed gases
has been known for years because the first source of com-
positional data was from underground coal mines, thus the
term coalbed methane came into being. This change in molec-
ular and isotopic composition with depth can take place
over a transition zone, can be abrupt, and can take place at
varying depths, but usually in the range of a few thousand
feet.

Based on the molecular and isotopic composition of the
coalbed gases and the rank of the associated coal (R,), the
coalbed gases from around the world are both biogenic and
thermogenic in origin. The primary controls of the molecu-
lar and isotopic composition of coalbed gases appear to be
rank, composition, and depth/temperature of associated
coal. Direct measurements or extrapolated values of rank
for associated coals are commonly available. However, coal
composition data, including both maceral and geochemical
analyses, are less common, making the interpretation of the
gas more difficult. Secondary controls are also reflected in
the coalbed gas composition and will be discussed later.

Biogenic gas generated from all types of coal consists
mainly of methane (Rice and Claypool, 1981; Schoell, 1983;
Zhang and Chen, 1985; Rice, 1992). The presence of signifi-
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Figure 8, Methane 313C versus ethane 313C for coalbed
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of data are listed in Table 1. Compositional trend for
gases generated from oil-prone source rocks with matura-
tion is estimated from James (1983), Sundberg and
Bennett (1983), Jenden et al. (1988), and Jenden and
Kaplan (1989).

cant amounts of heavier hydrocarbon gases with biogenic
methane indicates the overprint of late-stage biogenic
methane in mature coals that have already generated ther-
mogenic hydrocarbons. Biogenic gas generation is generally
restricted to shallow depths and low temperatures (Rice
and Claypool, 1981; Zhang and Chen, 1985; Rice, 1992) and
can occur in coals ranging in rank from peat to anthracite.
Because methane-rich gases may have origins other than
microbiological processes and biogenic gas can occur in
coals over a wide range of ranks, methane 8!13C values pro-
vide evidence for its biogenic origin. In general, biogenic
methane is isotopically light because of enrichment of the
isotope 12C by microorganisms (methane §13C values gener-
ally in the range of -55 to -90%.) (Rice and Claypool, 1981;
Rice, 1992). Biogenic gases can be further differentiated on
the basis of their generation by the methyl-type fermenta-
tion and carbon dioxide reduction pathways (Jenden and
Kaplan, 1986; Whiticar et al., 1986). However, no absolute
ranges can be given for the 813C and 3D values of methane
resulting from these two pathways. Biogenic methane
resulting from carbon dioxide reduction is generally iso-
topically light in carbon (8§13C values in the range of -55 to
-110%0), whereas methane derived from methyl-type fer-
mentation can be isotopically heavy (813C values in the
range of -40 to -70%.) (Figure 7). However, the §13C values
of methane produced by carbon dioxide reduction are
strongly correlated to the 813C of the carbon dioxide sub-
strate; the isotopic fractionation between the two species
remains relatively constant at about 70 + 10%. (Claypool
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Figure 9. Vitrinite reflectance (R,) versus gas wetness
(C,,) for coalbed gases in Canada and the United States.
Sources of data are listed in Table 1.

and Kaplan, 1974; Jenden and Kaplan, 1986). As a conse-
quence, biogenic methane as heavy as -40 %o can be pro-
duced by the reduction of isotopically heavy carbon dioxide
(see for example, Jenden and Kaplan, 1986). Biogenic
methane produced from carbon dioxide reduction is gener-
ally enriched in deuterium (8D values in range of -150 to
-250%0) and methane derived from methyl-type fermenta-
tion is depleted in deuterium (3D values in range of -250 to
-400%o). However, the source of the hydrogen in biogenic
methane is the associated water, which is variable in iso-
topic composition (Jenden and Kaplan, 1986; Whiticar et al.,
1986). As a result, the methane 3D values are dependent
upon formation water 8D as well as the biochemical path-
way. Based on data displayed in Table 1 and on Figure 7,
some of the coalbed gases are biogenic and appear to have
resulted from generation via both pathways, carbon dioxide
reduction and methyl-type fermentation. However, this
interpretation does not take into consideration the 3D val-
ues of the associated water and 813C values of carbon diox-
ide substrate.

The co-existence of isotopically heavy ethane (ethane
313C values in the range of -28 to -24%.) with isotopically
light methane (methane 813C values more negative than
-55%:), as shown by Figure 8, indicates the mixing of ther-
mogenic ethane and biogenic methane. This type of mixing
is probably a good signature for identifying late-stage bio-
genic gas.

In contrast to biogenic gases, thermogenic coalbed gases
are characterized by (1) common presence of heavier hydro-
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Figure 10. Vitrinite reflectance (R,) versus gas wetness
(C,,) for coals and coalbed gases, respectively, in eastern
China, Line 1 is for coalbed gases from shallow coal
mines, line 2 is from medium-deep coal mines, line 3 is
from deep boreholes, and line 4 is from pyrolysis. From
Dai et al. (1987).

carbons (C,, values can be several percent or greater) at
intermediate ranks of high-volatile and medium-volatile
bituminous coal, (2) enrichment of heavy isotope 13C in
methane and ethane with increasing rank (methane 813C
values more positive than -55%. and ethane 8!13C values
more positive than -33%o¢), and (3) enrichment of deuterium
(methane 8D values more positive than -250%.) with
increasing rank (Figures 6 through 8). Based on data by
Michael et al. (in press), the onset of thermogenic hydrocar-
bon generation in coal beds starts at R, values of about
0.6%. However, economic quantities of thermogenic hydro-
carbons may not be generated until R, values of 0.7% (Tang
et al., 1991). As shown by data from Jiintgen and Karweil
(1966), generation begins at lower levels for sapropelic coals
than for humic coals.

At intermediate ranks (high-volatile to medium-volatile
bituminous coal), sapropelic coals (types I and II kerogen-
liptinite and hydrogen-rich vitrinite) contain both wet gas

and liquids, whereas humic coals (type III kerogen—mostly
vitrinite) contain a drier gas. At high ranks, coalbed gases
are mostly methane, which results from generation of
methane from residual kerogen and cracking of previously
formed heavier hydrocarbons.

Thermogenic methane is isotopically more positive than
biogenic methane because of the smaller kinetic isotope
effects associated with thermal cracking. The principles
governing the kinetic isotopic fractionation of thermogenic
gases, including coalbed gases, are described by Chung et
al. (1988), Clayton (1991), and Berner et al. (1992). In gener-
al, 813C values for thermogenic gases become isotopically
heavier with increasing rank because residual gas-produc-
ing carbon becomes enriched in 13C due to 12C-12C bonds
being broken more frequently by thermal processes than
12C-I3C bonds. However, several authors, including James
(1983, 1990), Rice (1983), Rice et al. (1989a), Johnson and
Rice (1990), and Clayton (1991) have indicated the control
of source rock composition, in addition to thermal maturity,
on the isotopic composition of natural gases. In general,
gases generated from coals with oxygen-rich kerogen
(mostly vitrinite) (1) have more positive methane §13C val-
ues than those generated from coals with more hydrogen-
rich kerogen (liptinite and some hydrogen-rich vitrinite) at
similar levels of thermal maturity, and (2) exhibit less
spread in methane and ethane 313C values. These differ-
ences result from isotopically lighter methane being pro-
duced by thermal cracking of aliphatic-type structures,
which are prevalent in hydrogen-rich kerogen, whereas iso-
topically heavier methane results from the cracking of aro-
matic structures that are predominant in oxygen-rich
kerogen (Galimov, 1988). This effect on isotopic composi-
tion is illustrated by regression lines for different types of
kerogen shown on Figure 11.

Liquid hydrocarbons are generated at early stages of
thermal cracking in coal (Lu and Kaplan, 1990). In noncoal
lithologies with dispersed kerogen, such as shales, these lig-
uid hydrocarbons are commonly expelled from the source
beds and are not a factor in determining the composition of
the gaseous hydrocarbons. In coals, however, these liquid
hydrocarbons are commonly retained within the mic-
rostructure of the coal and are probably thermally cracked
at higher temperatures to form gas. This thermal cracking
process has an effect on the isotopic composition of the
gases which is probably isotopically more negative than
that for gases generated directly from kerogen (Smith et al.,,
1985b; Galimov, 1988).

As discussed previously, coal composition is probably a
primary control on both the molecular and isotopic compo-
sition of coalbed gases. Phillips and Cross (1991) have docu-
mented changes in vegetation in peat swamps during
geologic time with the most prominent change taking place
in the Pennsylvanian (Late Carboniferous). Hunt (1991)
noted that, although most of the world’s ultimate reserves
of coal are of Late Carboniferous and Permian age, most of
the high wax, coal-derived oils are from reservoirs of
Cretaceous and Tertiary age (see Clayton, this volume).
These observations suggest that younger coals are probably
more capable of generating wet gas than those of Paleozoic
age. This conclusion is supported by differences in molecu-
lar composition of gases from the western United States
versus central and eastern U.S. basins shown in Figure 6.

Secondary processes also affect the composition of
coalbed gases, particularly at shallow depths. As discussed
earlier, the main changes resulting from these secondary
processes are that shallow coalbed gases, regardless of the
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Figure 11. Methane 813C versus vitrinite reflectance (R,) for coalbed gases and coals, respectively. (A) Eastern China. Data
from Dai et al. (1987). (B) Western Germany. Data from Colombo et al. (1970). (C) Lower Silesian basin, Poland. Data from
Kotarba (1988, 1990). (D) Canada and United States. Sources of data are listed in Table 1. Regression line 1 is for gases gen-
erated from types IIIII kerogen (Faber, 1987), line 2 is for coalbed and coal pyrolysis gases in China (Dai et al., 1987), line
3 is for coal-derived gases in China (Shen et al., 1988), and stippled area is for coal-derived and coal pyrolysis gases from
several authors as summarized by Whiticar (1992).
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methane §13C for coalbed gases from western Germany.
Data from Colombo et al. (1970).

rank of the associated coal, are composed mainly of isotopi-
cally light methane. The depth interval where these sec-
ondary processes are active and affect the composition of
the gases is termed the zone of alteration and has been
referred to in studies by Colombo et al. (1970) and Dai et al.

(1987). Unaltered gas, generally in the deeper parts of
basins, is referred to as original gas.

At shallow depths, coal beds are commonly aquifers
where microorganisms can thrive. Microbial activity can
affect the composition of coalbed gases in three ways. First,
significant amounts of late-stage anaerobic biogenic gas can
be generated that either can be mixed with previously gen-
erated thermogenic gas or can fill degassed coal beds.
Biogenic gas is composed of isotopically light methane
{Rice and Claypool, 1981; Schoell, 1983; Rice, 1992) and its
mixing with earlier generated thermogenic gas could
account for the compositional changes observed in shallow
coal beds. Second, aerobic bacterial activity can result in the
oxidation and consumption of methane. This process
results in a kinetic isotope shift in the residual methane
whereby both the carbon (813C) and hydrogen (3D) isotopic
ratios become more positive (Coleman et al., 1981; Whiticar
and Faber, 1986; Alperin et al., 1988). Because methane is
being consumed and because of the direction of shift of the
isotope ratios, this process is not considered to be important
in controlling the compositional changes observed in shal-
low coalbed gases. Finally, aerobic bacteria are capable of
preferentially attacking the wet gas components (C,,)
resulting in the destruction of most of the wet gases (James
and Burns, 1984). As a result of the alteration, the §13C val-
ues of the residual propane and other wet gases are much
heavier than expected. Bacterial alteration of the wet gas
components could explain the molecular compositional
changes observed in shallow coalbed gases.

Migration resulting from uplift, erosion, and depressur-
ization is another possible secondary control on the compo-
sition of coalbed gas at shallow depths. Using experimental
results and a mathematical simulation, Fuex (1980) conclud-
ed that there was negligible (<1%¢) fractionation of carbon
and hydrogen isotopic composition associated with migra-
tion of commercial gas accumulations. Fuex (1980) did not,
however, evaluate the possible effects of isotopic fractiona-
tion related to desorption and diffusion of coalbed gas.
Studies by Wyman (1984), Smith et al. (1985b), and Gould et
al. (1987) have documented the significant “chromato-
graphic” effect of desorption and diffusion on both the mo-
lecular and isotopic composition of coalbed gas. Desorbed
gases become enriched in heavier hydrocarbons and carbon
dioxide (if both methane and carbon dioxide are present),
and methane and carbon dioxide 813C become isotopically
heavier (13C-enriched) with increasing time. The magnitude
of the compositional changes caused by desorption and dif-
fusion is affected by the size of the system and the relative
extent of desorption. For example, Hale and Firth (1988)
showed that the molecular composition of a coalbed gas
produced from a well over a period of 27 years remained
essentially unchanged, whereas variation of methane §13C
values during desorption of a lump of coal is significant
(Figure 14). Finally, the changes in both isotopic and molec-
ular composition resulting from desorption and diffusion
are not consistent with the changes generally observed in
shallow coalbed gases. Therefore, migration is not consid-
ered to be an important secondary process. Nevertheless,
migration does result in degassing of the original coalbed
gas, which is commonly thermogenic, and the remaining
gas is commonly mixed with late-stage biogenic gas.

The zone of alteration, in which mixing and oxidation
affect the coalbed gas composition, can extend from depths
of a few hundred to a few thousand feet. The zone is usual-
ly restricted to the margins of basins; however, it can
extend into and throughout a basin under certain condi-
tions. The primary controls of the depth and lateral extent
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Figure 14. Variation in 313C values of methane desorbed
from lump coal. From Smith et al. (1985b).

of the zone of alteration are the physical nature of the coal
beds, burial history, and hydrology. Thick, laterally contin-
uous, permeable coal beds are conducive to the develop-
ment of an aquifer system. Uplift and erosion result in
depressurization of the coal beds and subsequent degassing
of the original gas. In addition, uplift and erosion result in
relaxation of the cleat system and increased permeability,
thus aiding both aquifer development and degassing.
Finally, microorganisms become widely distributed in
active aquifer systems leading to widespread biological
activity, including aerobic oxidation and anaerobic
methanogenesis. The concept of the zone of alteration ver-
sus original gas is diagrammatically illustrated in Figure 15.

In addition to hydrocarbon gases, carbon dioxide is the
other significant component of coalbed gases. Carbon diox-
ide content varies from 0 to greater than 99%, and carbon
dioxide 813C values, where analyses are available in
Australia, Poland, and the United States, range from -26.6
to +18.6%c (Table 1; Figure 16). The wide range in concen-
trations and isotopic composition (813C) suggests that sig-
nificant amounts of carbon dioxide in coalbed gas are
commonly not a product of the coalification process, but
rather of other processes active in localized areas. The con-
centration and isotopic composition (813C) of carbon diox-
ide in coalbed gases vary within a basin and from basin to
basin indicating different origins (Figure 16). In addition,
the concentration and isotopic composition (§!3C) of carbon
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dioxide in coalbed gases is commonly different from those
in gases of adjacent reservoirs suggesting different origins.
Because of complexity of its occurrence and origin, the car-
bon dioxide in coalbed gases can best be interpreted by
studying individual areas.

CHARACTERISTICS OF COALBED
GASES FROM SELECTED AREAS

General interpretations of the composition and origins of
coalbed gases have been made based mainly on the molecu-
lar and isotopic composition of the gases and rank of the
associated coals. Because of the influence both of primary
controls (coal rank and composition and depth/tempera-
ture) and secondary processes (mixing and oxidation) the
coalbed gases can be better understood if individual areas
are studied.

Western Germany

Colombo et al. (1970) conducted one of the first major
studies characterizing the molecular and carbon isotopic
composition of coalbed gases with their samples coming
from the Aachen, Lower Rhine, and Saar coal-mining dis-
tricts of western Germany. Also analyzed were coalbed
gases from an adjacent deep borehole. Both “free” and
“adsorbed” gases were collected and analyzed. “Free”
gases were those collected prior to and during crushing of
coal samples in an airtight container. “Adsorbed” gases
were collected later from the same coal samples subjected
to vacuum and heat in an air-tight container. In general,
“free” methane was about 5% more negative than
“adsorbed” methane.

The coals in western Germany are of Late Carboniferous
age (Westphalian and Stephanian) and range in rank from
high-volatile A bituminous to anthracite (R, values of 0.8 to
4.9%). They are composed mostly of vitrinite (69 to 90%)
with lesser amounts of inertinite (3 to 28%) and liptinite (5
to 26%).

The coalbed gases vary considerably in both molecular
and isotopic composition, which appears to be typical for
mining areas (Table 1) (Colombo et al., 1970). The wetness
(G, ) of the gases varies from 0 to 70.5% and methane §13C
values range from -70.4 to -16.8%o; the methane §13C value
of -16.8%o is the heaviest reported for a coalbed gas. Figure
11B illustrates that there is considerable scatter in methane
813C values versus rank (R,), and many methane §13C val-
ues are isotopically lighter at a given R, value than those
indicated by the regression lines. Coals from the Aachen
and Lower Rhine districts are generally higher in rank, but
commonly contain isotopically lighter methane than those
from the Saar district; this relation would not be expected if
rank were the main control of isotopic composition. Figure
13 shows a plot of methane 813C values versus depth rela-
tive to top of the Carboniferous datum for the coalbed
gases. As demonstrated by Figure 13, methane 8§13C values
generally become isotopically heavier with depth, regard-
less of rank. However, in the Saar district, the methane in
the Ensdorf mine is isotopically lighter than that from the
Gottelborn mine, in spite of the fact that the associated coals
from the two mines are about the same rank and occur at
about the same depth.

Colombo et al. (1970) considered the strong relation
between coalbed gas composition (methane §13C and wet-
ness) and depth to be the result of migration. However, the
author interprets the changes in coalbed gas composition to
be the result of secondary processes, such as mixing of bio-
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genic gas and oxidation of wet gases, in the zone of alter-
ation. In western Germany, the main coalification process
and thermogenic hydrocarbon generation took place in
Carboniferous time. In Early Permian time, folding, uplift,
and erosion resulted in degassing of the coal beds.
Relatively recently, the coalbed gases have probably been
altered in conjunction with groundwater flow. The zone of
alteration is about 600 ft deeper in the Aachen and Lower
Rhine districts, as compared to the Saar district, which
probably explains the isotopically lighter, methane-rich
gases in those districts. The difference in the gas composi-
tion between coalbed gases in the Ensdorf and Gottelborn
mines of the Saar district, where the coals are about the
same rank and depth, can be explained by the presence of
different sealing conditions as described by Colombo et al.
(1970). At Ensdorf, the coal beds are sealed by Triassic clay-
stones, whereas at Gottelborn this seal is missing and
groundwater can easily enter the coal.

A detailed study of different mines showed that the zone
of alteration is not horizontal (Colombo et al., 1970). The
depth of the zone was determined to occur at different
depths and to be controlled by permeability, seals, tecton-
ics, and attitude of the beds.

The coalbed gases from the deep borehole and a couple
of mine locations are characterized by isotopically very
heavy methane §13C values (as much as -16.8%o). This iso-
topically heavy methane could be the result of two factors.
First, degassing of coals by desorption and diffusion in late
Paleozoic time might have resulted in the preferential loss
of the isotopically lighter methane from the deeper hori-
zons. As a result, the residual gas would be isotopically
heavier in methane than the original gas. Second, regenera-
tion of thermogenic methane may have taken place when
the Carboniferous coals were later covered by Triassic sedi-
ments after Permian uplift and erosion. This second-stage
thermogenic methane would be isotopically heavier
because it was generated from residual carbon that was
enriched in 13C because of earlier thermogenic gas genera-
tion.

Bowen and Sydney Basins, Australia

Extensive studies on the molecular and isotopic compo-
sition of coalbed gases in the mining areas of Bowen and
Sydney basins of Australia have been carried out for the
purposes of determining the distribution and origins of the
gas as an aid in predicting outbursts and in utilization.
Summaries of the studies are given by Smith et al. (1985a, b)
and Gould et al. (1987). The gas samples were generally
desorbed from coal cores. The effects of desorption and dif-
fusion on the molecular and isotopic composition of
coalbed gases, as described earlier in this paper, are given
in Smith et al. (1985b) and Gould et al. (1987).

The coals of the Bowen and Sydney basins are of
Permian age and range in rank from high-volatile B bitumi-
nous to medium-volatile bituminous (R, values of 0.7 to
1.2%). The associated coalbed gases vary considerably in
both molecular and isotopic composition (Table 1) (Smith et
al., 1985a, b). Wetness (C,,) values of the gases are as much
as 10% and carbon dioxide contents are as much as 99%.
Methane 813C values range from about -80 to -24%e,
methane 8D values range from -279 to -171%o, and carbon
dioxide 313C values range from -24.9 to +16.7%o.

High carbon dioxide contents characterize the coalbed
gases from both basins. Although the carbon dioxide dis-
p1a1ys a wide isotopic range, the highest concentrations have
a 813C value of about -7%o, which indicates a magmatic ori-
gin (Smith et al., 1985a). The lower amounts in each basin
have a distinctly different isotopic composition indicating
another origin. In the Collinsville mining area of the Bowen
basin, carbon dioxide content increases with depth. In con-
trast, carbon dioxide contents in the southern Sydney basin
vary both laterally and between coal beds penetrated by a
single borehole (Smith et al., 1985a). The highest concentra-
tions of carbon dioxide are localized laterally along major
faults. Smith et al. (1985a) considered the interbed varia-
tions to be a function of faults and varying permeabilities
between coal beds that may be controlled by maceral com-
position. The carbon dioxide first moved vertically along
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Figure 16, Carbon dioxide 813C versus carbon dioxide-
methane index (CDMI) for coalbed gases in Lower
Silesian basin, Poland. From Kotarba (1990).

faults and then migrated along coal beds with higher per-
meability.

In the Collinsville mining area (Bowen basin), trends in
hydrocarbon gas composition, in addition to carbon diox-
ide, are related to depth of the coal beds. For example,
although traces (<0.01%) of ethane occur at many levels,
significant amounts of ethane only occur in the deeper coal
beds. Also, the higher concentrations of ethane are associat-
ed with isotopically heavier methane (§13C values of about
-55 to -35%o).

A vertical change sometimes takes place in the carbon
isotopic composition (313C) of the methane associated with
the coalbed gas in the southern part of the Sydney basin
(Figure 12). In boreholes 1, 6, and 12, the changes in §13C
values of the methane with depth are minor, whereas in
boreholes 3, 4, and 8, the changes are significant (about
15%0) with the shallower coals containing isotopically
lighter methane than do the deeper coals. As demonstrated
by Smith et al. (1985a), this isotopic change can not be
accounted for by thermal maturity, because the calculated
change in vitrinite reflectance over this depth interval
(about 300 ft) is less than 0.05%.

Although Smith et al. (1985a) explained the depth-relat-
ed changes by migration (desorption and diffusion), the
author attributes the changes to alteration of the coalbed
gases by mixing and oxidation in the shallower coals. The
original, or unaltered, thermogenic gas occurs in the deeper
beds, is the wettest, and contains the isotopically heaviest
methane. At shallower depths, these thermogenic gases
have probably degassed to a certain extent, have been
mixed with or been replaced by late stage biogenic gas, and
the heavier hydrocarbons might have undergone oxidation.
The late-stage biogenic gas generation probably took place
by carbon dioxide reduction as indicated by carbon dioxide
data. In addition to the methane 813C values becoming
more positive with depth, the concentration and carbon iso-
topic composition (813C) of the carbon dioxide also change;
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in borehole 8 the concentration of carbon dioxide decreases
from 22.7 to 1.8% and the 813C values become more positive
(-4.8 to +11.1%o) with increasing depth (Smith et al., 1985a).
With increasing depth and carbon dioxide reduction, the
amount of carbon dioxide would be reduced and the iso-
topic composition (§13C) of the carbon dioxide substrate
would become more positive because the methanogenes
preferentially reduce the 12C-enriched carbon dioxide first
(Claypool and Kaplan, 1974). As a consequence, both the
carbon dioxide and resulting methane become isotopically
heavier with depth.

Eastern China

Dai et al. (1987) studied the coalbed gases from coal
mines and deep boreholes from several provinces in eastern
China. The coals vary in age from Carboniferous to Tertiary
and in rank from high-volatile C to anthracite (R, values of
0.5 to 3.8%). They also analyzed the gases generated from a
Tertiary coal in a pyrolysis experiment. Because of the vari-
ation in the age and location of the Chinese samples, it is
difficult to determine the effects of coal composition on gas
composition. However, these analyses form an excellent
data set for observing the effects of secondary alteration on
coalbed gas composition.

The coalbed gases are characterized by wetness (C,,)
values between 0 and 34% and carbon dioxide contents
between 0.1 and 5.1%. Figure 10 shows the good correlation
between gas wetness (C,,) and both rank and depth. The
wettest gases, particularly those from deep boreholes and
the pyrolysis experiment of coal, occur in coals at ranks of
high-volatile A to medium-volatile bituminous (R, values
from about 1.0 to 1.7%). However, coalbed gas samples
from shallower mines are methane-rich in composition
throughout their wide range of thermal maturity.

The methane 8!3C values from eastern China range from
-66.9 to -24.9%¢. As was also observed in western Germany,
no correlation exists between methane 813C values and rank
(R}, when all samples are considered (Figure 11A).
However, the gas samples with the isotopically lightest
methane generally occur at the shallowest depths where the
gases are also methane-rich.

Dai et al. (1987) considered the coalbed gases from the
deep borehole and pyrolysis experiment to be generally
unaltered. These gases plot along their coalbed gas regres-
sion line shown in Figure 11. At a given R, , the methane
from these Chinese coalbed gases has an intermediate $13C
composition; it is several permil lighter than methane from
unaltered German coalbed gases and several permil heavier
than methane generated from type II/1II kerogens (Figure
11A).

Although Dai et al. (1987) interpreted the depth changes
in coalbed gas composition to be mainly the result of migra-
tion, the changes can best be explained by the mixing of
late-stage biogenic gas and oxidation of wet gases in the
zone of alteration. The zone of alteration was determined
by Dai et al. (1987) to occur at different levels in different
locations.

Zhang (1991) identified secondary or late-stage biogenic
gas in coal beds in northeastern China. The identification of
this gas was based on the occurrence of isotopically light
biogenic methane (methane $13C values more negative than
-55%0) with isotopically heavy thermogenic ethane (ethane
d13C values more positive than about -35%o). This late-stage
biogenic gas occurs in thermally mature (with respect to
thermogenic hydrocarbon generation) coals. These coals
experienced late Paleozoic uplift and erosion and there has



174 Rice

been abundant time for alteration of the original coalbed
gas at shallow depths.

Lower Silesian Basin, Poland

The Lower Silesian basin of southwestern Poland is a
major underground coal mining area characterized by fre-
quent outbursts of gases and rocks, and gas explosions. The
Upper Carboniferous Walbrzych and Zacler formations are
the major coal-bearing sequences. Kotarba (1988, 1990) ana-
lyzed coal and associated gas samples from two areas with-
in the Lower Silesian coal basin; these analyses represent
the most extensive data set from underground mines.
Kotarba collected both desorbed and “free” gases. The
“free” gases were collected from 20 ft holes drilled into
fresh coal surfaces and include gases both filling the cracks
and degassed during drilling and sampling. The 813C val-
ues of both methane and carbon dioxide of the desorbed
gases were always more positive by several permil as com-
pared to the “free” gases.

The Upper Carboniferous coals vary in rank from high-
volatile A bituminous to anthracite (R, values between 1.1
and 2.6%) with rank increasing with depth (Kotarba, 1988,
1990). The coalification process, including the generation of
hydrocarbons, was completed about 300 Ma (Westphalian
time) at which time uplift and erosion took place. The coals
contain abundant vitrinite (58 to 97%) and lesser amounts
of liptinite (0 to 14%) and inertinite (3 to 40%).

The coalbed gases are highly variable in both their mole-
cular and isotopic composition (Table 1) (Kotarba, 1988,
1990). Wetness (C,,) values range from 0.1 to 48.5%, where-
as the carbon dioxide content ranges from 0.1 to 99.7%. The
wettest gases are present where the carbon dioxide values
are greater than 90%. In reference to isotopic composition,
methane 813C values range from -66.1 to -24.6%o; methane
8D values from -256 to -117%.; ethane §13C values from
-27.8 to -22.8%o; and carbon dioxide 813C values from -26.6
to +16.8%0. A relatively good correlation appears to exist
between methane 813C and methane 3D values (Figure 7).
In contrast, considerable scatter exists in plots between
methane 813C versus ethane 813C values (Figure 8) and
methane 313C values versus rank (R,) (Figure 11C).

Kotarba (1988, 1990) interpreted the coalbed gases to be
mainly thermogenic. The gases with isotopically heavy
methane (513C values as much as -24.6%0) were probably
modified by migration and/or regeneration similar to the
isotopically heavy methane in western Germany and are
summarized by regression line of Whiticar (1992) (Figure
11C). However, the chemically dry, isotopically light
methane (813C values more negative than -55 ppt) are inter-
preted by the author to be biogenic.

Kotarba (1988, 1990) attributed the lack of strong correla-
tions between methane 813C values and rank (R,) (Figure
11) and between methane and ethane 813C values (Figure 8)
to be the result of cracking of variable amounts of n-alkanes
and migration. These relations are hereby interpreted to be
primarily the result of mixing of biogenic gas and oxidation
of heavier hydrocarbons in the zone of alteration. Late-
stage biogenic gas generation is indicated by isotopically
light biogenic methane being mixed with minor amounts of
isotopically heavy thermogenic ethane (Figure 8). The zone
of alteration is interpreted to extend to depths between 2600
and 3300 ft and to be controlled by seals, faults, and
groundwater movement (Kotarba, 1988).

The largest gas and rock outbursts occur in areas with
the highest concentrations of carbon dioxide. These high
amounts of carbon dioxide are characterized by §13C values
that vary from -5 to -8%o, with an average of about -7%.

(Figure 16). This type of carbon dioxide is interpreted to be
of magmatic and /or upper crust origin and to have migrat-
ed vertically along deep-seated faults (Kotarba, 1988, 1990).
This migrating carbon dioxide preferentially expelled other
hydrocarbon gases, particularly methane, resulting in the
wettest gases in the basin. In contrast, the 813C of carbon
dioxide occurring in lower concentrations is isotopically
lighter (Figure 16) and has a different origin, such as gener-
ation during the coalification process.

San Juan Basin, New Mexico and Colorado, USA

The San Juan basin of northwestern New Mexico and
southwestern Colorado (Figure 2) is a major gas-producing
province in the United States with the main production
coming from low-permeability Cretaceous sandstones.
Recently, there has been active exploration for and produc-
tion of gas from coal beds of the Upper Cretaceous
Fruitland Formation; more coalbed gas has been produced
to date from this basin than any other basin in the United
States. The in-place gas resources in the Fruitland coal beds
are estimated to be about 50 Tcf (ICF Resources, 1990).

Across the central basin, thermal maturity of the
Fruitland coal increases to the northeast with R, values
ranging from about 0.4 to 1.5% (Figure 17), which equates
to coal ranks of about subbituminous C to medium-volatile
bituminous (Rice, 1983; Rice et al., 1989a; Law, 1992).
Hydrocarbons (natural gas and some condensate) are pro-
duced from the Fruitland coal beds over most of this range
of thermal maturity values. Maximum depths of burial for
the Fruitland coal beds are about 4000 ft, but these depths
do not coincide with the maximum levels of thermal matu-
rity. Maximum depth of burial and present-day heat flow
cannot account for the high maturity levels present at the
north end of the basin (Figure 17). Law (1992) concluded
that the high levels of thermal maturity in the northern part
of the basin are the result of either (1) convective heat trans-
fer associated with a deeply buried heat source located
directly below the northern part of the basin, or (2) the cir-
culation of relatively hot fluids into the basin from a heat
source located in the vicinity of the San Juan Mountains to
the north.

The Fruitland coals are composed mostly of vitrinite
(>80%) and can be classified in a general way as humic
(Rice et al.,, 198%9a). Hydrogen indices from Rock-Eval pyrol-
ysis are mostly between 200 and 400 at intermediate levels
of thermal maturity and the atomic H:C ratios are between
0.8 and 1.2 (Rice et al., 1989a; Clayton et al., 1991; Michael et
al., in press). These values are typical for types II and III
kerogen dispersed in shales (Espitalié et al., 1977) and indi-
cate a potential to generate wet gas and liquid hydrocar-
bons at intermediate ranks. In addition, examination of
macerals in etched polished surfaces allows for the identifi-
cation of hydrogen-rich matrix gel, a type of vitrinite (Rice
et al., 1992; R.W. Stanton, personal communication, 1992)
The hydrogen-rich matrix gels and liptinite macerals make
up as much as 30% of the coal and indicate a potential for
the coals to generate oil and wet gas.

Fruitland coalbed gas samples from a large number of
producing wells display a variable composition with gas
wetness (C,,) values ranging from 0 to 23% and carbon
dioxide contents ranging from less than 1 to 13% (Scott et
al., 1991). As shown on Figures 18 and 19, the producing
part of the basin can be divided into two areas based on
coalbed gas composition (Scott et al., 1991). In the south, the
gases are generally wet (C,, values generally greater than
6%) with minor amounts of carbon dioxide (generally less

-than 1%). Oil is produced in association with the wet gases
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Figure 17. Map of San Juan basin, United States, showing isoreflectance (R,) lines on Upper Cretaceous Fruitland

Formation coal beds. From Law (1992).

in part of this area and the oils are described by Rice et al.
(198%a), Clayton et al. (1991), and Clayton (this volume). In
contrast, the gases in the north area are dry (C,, values gen-
erally less than 3%), but contain significant amounts of car-
bon dioxide {generally greater than 6%). The boundary
between these two areas is approximately parallel to the
thermal maturity trends of the basin (Figure 17), and the
change in composition between the two areas is rather
abrupt. The composition and areal distribution of these pro-

duced gases are roughly equivalent to trends using the mol-
ecular composition of desorbed gas from Fruitland coal
samples (Hanson, 1990).

Methane 313C values for the coalbed gases range from
-46.6 to -38.5%c with the isotopically lightest methane
restricted to the southwest part of the basin (Table 1) (Rice
et al., 1989a). However, over most of the productive area
and across the boundary between the two areas character-
ized by distinct molecular gas compositions, the methane
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813C values display little variation and are in the range of
-42 to -43%. (Table 1; Rice et al., 1989a). When plotted ver-
sus rank (R,) on Figure 11D, the methane §13C values form
a relatively tight cluster that generally parallels the regres-
sion line for gases generated from types II/III kerogen.

The composition of the Fruitland coalbed gases is inter-
preted to be controlled by coal rank and composition, mix-
ing, and oxidation. Based on the composition of the gases
and the rank of the associated coal, the coalbed gases
appear to be generally thermogenic in origin. However, at
an R, value of about 0.5% in the southern part of the basin,
coalbed gases from the Fruitland are greater than 99%
methane and the methane component is isotopically light
(methane §13C value of -46.6 to -46.5%0) suggesting possible
biogenic gas (Rice et al., 1989a). At R, values of about 0.6 to
0.8%, wet gas and oil are produced from the coal beds;
studies by Michael et al. (in press) indicate that a R, value
of 0.6% is the threshold for generation of thermogenic
hydrocarbons from the Fruitland coals. The coal beds are
considered to be the source of these thermogenic hydrocar-
bons because of the hydrogen-rich nature of the coals, as
discussed earlier, and the desorption composition of the
gases (Hanson, 1990). Methane 813C versus rank (R,) values
for the coalbed gases fall along the regression line for mixed
type II and III kerogen as defined by Faber (1987) (Figure
11D), further indicating the hydrogen-rich coals as the
source of the gases. In addition, these wet gases are situated
along the maturation pathway for a hydrogen-rich kerogen
on an ethane §!3C versus methane §13C plot (Figure 8).

With increasing rank (R, values of 0.9 to 1.5%) and to the
north, a gradual change to chemically drier gas with iso-
topically heavier methane would be expected because of
the relatively consistent composition of the coals (Rice et al.,
1989a; Clayton et al., 1991; Michael et al,, in press).
However, the change in the molecular composition to a
methane-rich gas with significant amounts of carbon diox-
ide is rather abrupt (Figures 18 and 19), yet the methane
813C values are confined to a narrow range. This rapid
change in molecular composition and insignificant change
in isotopic composition are interpreted to be tied to the
basin hydrology and microbial activity as described by
Kaiser et al. (1991) and Scott et al. (1991). The north area of
distinct gas composition coincides with a region where the
Fruitland coals and upper part of underlying Upper
Cretaceous Pictured Cliffs Sandstone are defined as an
aquifer with recharge occurring along the wet elevated area
to the north. The boundary between the two gas types
occurs along the southern limit of the aquifer resulting from
the pinchout of the thick, continuous coals and /or displace-
ment of coals along faults (Kaiser et al., 1991). The zone of
alteration in the Fruitland, then, is developed over the
entire north end of the basin and along the margins of the
basin elsewhere.

Groundwater flow in the coal beds in this north area
probably led to intensified microbial activity and alteration
of the coalbed gas composition. The methane-rich composi-
tion of the gas in this north area can be explained by the
aerobic bacterial consumption of the heavier gases (Cy,), a
process described by James and Burns (1984). Later anaero-
bic microbial activity in the aquifer also probably led to the
generation of late-stage, isotopically light methane and iso-
topically heavy carbon dioxide (Carothers and Kharaka,
1980; Scott et al., 1991; Kaiser et al., 1991). The relatively
uniform methane 813C values of the coalbed gas over a
wide range of R, values (0.9 to 1.5%) can be explained by
the mixing of late-stage, isotopically light biogenic methane
with predominantly isotopically heavier thermogenic
methane.

The 813C values of the high amounts of carbon dioxide
in the north part of the basin are heavy (carbon dioxide
813C values of +6.8 to +18.6%0); Kaiser et al. (1991) also
reported heavy 8!13C values (+16.7 to +26.0%o) for the total
dissolved carbonate species (mainly bicarbonate) in the for-
mation waters. These heavy carbon dioxide 313C values are
evidence that late-stage biogenic gas generation by carbon
dioxide reduction probably occurred. The reason for heavy
313C values is that methanogenic microbes preferentially
reduce 12C carbon dioxide, resulting in the remaining sub-
strate being enriched in 13C (Claypool and Kaplan, 1974).

Piceance Basin, Colorado, USA

The Piceance basin of northwest Colorado (Figure 2) is a
hydrocarbon-rich basin with large estimated resources of
coalbed gas and gas in low-permeability reservoirs of
Cretaceous age, and oil shales of Tertiary age. The basin has
large estimated coalbed gas resources (84 Tcf) (ICF
Resources, 1990), which are contained in coal beds in the
lower part of the Upper Cretaceous Mesaverde Group.

R, values for the coals in the lower part of the
Mesaverde increase regularly from less than 0.7% around
the margins of the basin to greater than 2.1% along a trough
in the southeastern part of the basin (Johnson and Rice,
1990). Present-day geothermal gradients increase from
north to south across the basin. Paleo-geothermal gradients
are interpreted to have been higher in the south as well,
resulting from Tertiary igneous and volcanic activity associ-
ated with the Colorado mineral belt (Tweto, 1975).

Coals of the Mesaverde Group in the Piceance basin gen-
erally consist mainly of vitrinite (>75%) and lesser amounts
of liptinite and inertinite (Collins, 1976; Law et al., 1989).
Collins (1976) reported that coals in the lower part of the
Mesaverde in the southeastern part of the Piceance basin
have liptinite contents as high as 20%. In the central part of
the basin, Rice et al. (1992) and R.W. Stanton (personal com-
munication, 1992) reported higher amounts of liptinite and
possibly hydrogen-rich vitrinite in the Mesaverde coals.

Coalbed gases from the Mesaverde are quite variable in
both molecular and isotopic compositions over a R, range
of 0.5 to 1.9% (Table 1). Wetness (C,,) values range from 0.1
to 17.8%, carbon dioxide content varies from 0 to 25.4%,
and methane §13C values range from -60.3 to -29.1%o.
Where data are available, less variation is present in ethane
313C (-32.9 to -30.5%0) and carbon dioxide 313C (-7.1 to
-7.0%o) ratios. As illustrated by Figure 11D, coalbed gases
from the Piceance basin display more vertical spread in
methane 313C values over a R, range from 0.5 to 1.9% than
those from any other U.S. basin.

The coalbed gas samples from the Piceance can generally
be clustered into three groups based on composition
(Figure 11D), geographic location, and origin. In the north-
west part of the basin, isotopically light methane (813C val-
ues of -60.3 to -53.5%0) are reported from a shallow well
(<1300 ft) where the coals have R, values in the range of 0.5
to 0.6% (Tremain and Toomey, 1983). These methane-rich
gases are interpreted to be of biogenic origin.

The other two clusters of coalbed gas samples are from
areas of production where gases are interpreted to be of
thermogenic origin. One area is the White River dome
located on the north edge of the basin where both wet gas
and oil are produced from coal beds in the Mesaverde
Group of high-volatile B bituminous rank (R, value of
about 0.7%) (Nuccio and Johnson, 1983). The oil is similar to
that produced from Cretaceous coals in the San Juan basin
(Rice et al., 1989a; Clayton et al., 1991; Clayton, this vol-
ume). In the White River dome, the wetness (C,,) of the gas
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Figure 18. Map of San Juan basin, United States, showing wetness (C,,) of Upper Cretaceous Fruitland Formation coalbed

gases. Modified from Scott et al. (1991).

varies from 11.5 to 17.8% and methane 8!3C values range
from -44.1 to -40.0%0. The wetness of the gases suggests
generation from hydrogen-rich macerals (either liptinite
and/or hydrogen-rich vitrinite). Generation from these
types of macerals is also indicated by the position of the
gases along (1) the mixed type II/III kerogen regression line
on the methane 313C-R,, plot (Figure 11D) and (2) the matu-
ration pathway for oil-prone kerogen on the methane §13C-
ethane 813C plot (Figure 8).

The wet gases on the White River dome are also associat-
ed with large amounts of carbon dioxide (11.5 to 25.4%),
which are also present in gases in the adjacent sandstone
reservoirs (Johnson and Rice, 1990). Both the concentration
and isotopic composition (813C values of -7.1 to -7.0%o) of
the carbon dioxide are distinctly different from the carbon
dioxide in the northern part of the San Juan basin (Table 1),
where the carbon dioxide was interpreted to be of biogenic
origin related to groundwater movement. In the White
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Figure 19. Map of San Juan basin, United States, showing carbon dioxide content of Upper Cretaceous Fruitland

Formation coalbed gases. Modified from Scott et al. (1991).

River dome, the carbon dioxide may have resulted from the
thermal destruction of upper Paleozoic carbonates or from
deep-seated igneous activity. The carbon dioxide, which is
very mobile, migrated upward from the deeper horizons
along numerous deep-seated faults typical of the dome
(R.C. Johnson, personal communication, 1992).

In the central part of the basin, coalbed gas is produced
at depths as much as 6500 ft from low-volatile bituminous
coals (R, values range from 1.5 to 1.9%) (Reinecke et al.,
1991). This is the deepest commercial production of coalbed
gas in the United States. The gases are fairly uniform in
composition with wetness (C,,) values of 3.3 to 5.2% and



methane 813C values of -35.2 to -34.5%o; carbon dioxide con-
centrations are less than 4%. These thermogenic coalbed
gases were generated at high levels of thermal maturity and
the presence of higher hydrocarbon gases indicates their
generation from hydrogen-rich macerals, probably similar
to those that generated the wet gas and oil at lower levels of
thermal maturity at White River dome.

Unlike the San Juan basin, the zone of alteration in the
Piceance basin is probably confined to the margins of the
basin, as is the groundwater flow (Tyler et al., 1991). This
restriction is the result of greater depth of burial and low
permeability of the coals.

Powder River Basin, Montana and Wyoming, USA

The Powder River basin of northeastern Wyoming and
southwestern Montana (Figure 2) contains large resources
of coal (as much as 1.3 trillion short tons (Choate et al.,
1984) in anomalously thick (as much as 200 ft} coal beds of
the Paleocene Fort Union Formation. These coals are sur-
face mined and form some of the most economically impor-
tant deposits in the United States because of their
occurrence in thick beds, depth of occurrence (generally
less than 2500 ft), and low sulfur content (Law et al., 1991).

Because of the large resources of coal, the coal beds are
also considered to contain large gas resources. Gas shows
have been noted for years from the shallow coal beds and
adjacent sandstones, and some economic recovery of the
gas from both types of reservoirs, coal beds and sandstones,
has taken place in the past few years (Law et al., 1991). The
in-place gas resources in these thick coal beds are estimated
to be as much as 39 Tcf (Choate et al., 1984).

The rank of the major Paleocene coal beds is relatively
low over the entire basin, ranging from lignite to subbitu-
minous C (R, values of 0.3 to 0.4%) (Law et al., 1991). These
are the lowest rank coals from which commercial gas pro-
duction has been established in the United States. The lev-
els of thermal maturity are also low in the underlying
Upper Cretaceous shales indicating a relatively low geo-
thermal gradient for the basin (Nuccio, 1990). Burial history
reconstructions indicate that as much as 2000 ft of overbur-
den was eroded over most of the basin about 10 Ma
(Nuecio, 1990), so that the coals have never been buried
deeper than about 4500 ft.

Natural gas desorbed and produced from the Paleocene
coal beds and adjacent sandstones in the Powder River
basin is composed mostly of methane with minor amounts
of carbon dioxide at depths ranging from a few hundred to
more than 1800 ft. Methane makes up more than 99% of the
hydrocarbon fraction. Carbon dioxide is as much as 10% in
the desorbed coalbed gas samples, less than 3% in the pro-
duced gas samples, and less than 1% in gas produced from
adjacent sandstone reservoirs; the variable amounts of car-
bon dioxide are influenced by its reactivity and solubility.

The dominant methane component is enriched in the
light isotope 12C (methane 8!3C values range from -56.5 to
-53. 8%0) and depleted in deuterium (methane 8D values
range from -333 to-307%c) (Table 1). Both the coalbed gas
composition and associated coal rank are very uniform
throughout the basin. The gas in the adjacent sandstone
reservoirs is almost identical in composition to that in the
coal beds, indicating that the coals are the source for both.
Based on the molecular and isotopic composition of the gas
and the low rank of the coal, the gases are interpreted to be
biogenic in origin and to have been generated via the
methyl type fermentation pathway (Figure 7) (Whiticar et
al., 1986). The 8D values for surface and produced waters in
the area of coalbed gas production range from -142 to
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-134%o (P.D. Jenden, personal communication, 1992). Using
these water data, equations and fractionation factors from
Jenden and Kaplan (1986) and Whiticar et al. (1986) suggest
that more than 80% of the gas was derived by carbon diox-
ide reduction.

The big question about the biogenic gas in the Powder
River basin is the timing of its generation. Biogenic gas was
undoubtedly generated and accumulated shortly after
deposition of the peat during a time of rapid subsidence
and deposition. This early-stage gas was trapped by
interbedded shales and compaction folds. However, some
or all of this early-formed biogenic gas probably degassed
from the low-rank coals following regional uplift and ero-
sion about 10 Ma and earlier along the flanks as the basin
was forming. This uplift and erosion also led to the estab-
lishment of a regional aquifer system in the thick coal beds;
some wells completed in the coal beds yield as much as
1700 barrels of water per day (Tyler et al., 1991). Ground-
water flow in the coal beds, at least along the basin’s mar-
gins, led to microbial activity resulting in the generation of
late-stage biogenic gas by carbon dioxide reduction, as sug-
gested by the isotopic composition of the gases and associ-
ated waters. The groundwater in the Paleocene coal beds is
a sodium bicarbonate type (Law et al., 1991; Van Voast,
1991) which, because of the lack of sulfate, is conducive to
methanogenesis. However, the widespread generation in
the basin of late-stage bacterial gas is uncertain because of
the discontinuous nature of the coal beds (Flores, this vol-
ume). Therefore, the zone of alteration for coalbed gases in
the Powder River basin may be limited to the margins of
the basin or possibly extends across the entire basin.

Black Warrior Basin, Alabama and
Mississippi, USA

The Black Warrior basin of Mississippi and Alabama
(Figure 2), a southern extension of the Appalachian basin, is
an important area for commercial coalbed gas production in
conjunction with underground coal mining. The coal beds
are assigned to the Lower and Upper Pennsylvanian
(Upper Carboniferous) Pottsville Formation and their in-
place gas resources are estimated to be about 20 Tcf (ICF
Resources, 1990).

Coalbed gas production is so far restricted to the south-
east part of the basin where coal beds range in rank from
high-volatile A bituminous to low-volatile bituminous (R,
values of 0.8 to 1.4%) (Table 1) (Pashin, 1991). The coal beds
occur at relatively shallow depths (<3000 ft); maximum
depth of burial occurred in late Paleozoic time, which was
followed by uplift and erosion in early Mesozoic time and
subsequent deposition of Cretaceous strata. The high rank
of the coals in the southwestern part of the basin, versus
depth, is postulated to be related to upwelling hot waters
along fractures (Winston, 1990). The average composition of
the productive coals is 80.1% vitrinite, 15.3% inertinite, and
4.6% liptinite (R.B. Winston, personal communication,
1992). However, one of the coal zones averages 12.7% lipti-
nite and contains as much as 19%, which indicates its ability
to generate wet gas.

The produced coalbed gases are generally dry in molec-
ular composition; wetness (C,,) values are generally about
0.1%, although the wetness of one sample was about 4%. In
addition, the coalbed gases are characterized by variable
methane 313C values of -51.0 to -41.9%.. Carbon dioxide
contents are low (<1%).

The gases are interpreted to be thermogenic in origin,
but altered by secondary processes, such as mixing of bio-
genic gas and oxidation of heavier hydrocarbons. If unal-
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tered, these coalbed gases would be expected to plot near
the regression lines of Dai et al. (1987) and Whiticar (1992)
as shown on Figure 11D. On a methane §13C versus rank
(R,) plot (Figure 11D), the coalbed gases from the Black
Warrior basin form a relatively small group in which
methane 813C values are lighter than the values predicted
for generation from any of the types of kerogen. Alteration
by secondary processes are favored by an active groundwa-
ter system and tectonically enhanced cleats (Pashin, 1991),
in addition to shallow depth, and uplift and erosion. The
extent of the zone of alteration for the coalbed gases beyond
the area of present production is not known.

SUMMARY AND CONCLUSIONS

Coal beds have long been known to be source rocks for
major resources of natural gas and liquid hydrocarbons.
Recently, because of a tax credit given for the production of
natural gas from coal beds in the United States, coal beds
have become recognized as reservoirs for hydrocarbons,
mainly natural gas. The molecular and isotopic composition
of coalbed gases, that is, gases generated in and contained
in coal beds, is highly variable, more so than gases generat-
ed from dispersed types [, II, or HI kerogen. This variability
reflects the multiple controls on their composition and ori-

1ns.
® The following conclusions can be made about the com-
position and origins of coalbed gas.

1. Large amounts of natural gas are generated in coal
beds throughout their burial history. The gas is generated
in two main ways: biogenic and thermogenic processes.
Biogenic gas is generated by the degradation of the abun-
dant organic matter in coal at shallow depths and low tem-
peratures in rapidly accumulating sediments during early
stages of coalification and at low ranks. Biogenic gas can
also be generated in coal beds during later stages of geolog-
ic history, commonly after uplift and erosion and in associa-
tion with groundwater flow. This late-stage generation can
take place in coals of any rank. Thermogenic coalbed gas
generation results from devolatilization of the coal beds,
during which time large quantities of hydrocarbons, carbon
dioxide, and water are liberated. Thermogenic generation
of coalbed gas begins at a rank of about high-volatile C
bituminous rank (R, value of 0.6%) and increases with
rank. The thermogenic gas can be generated directly from
kerogen or by cracking of heavier hydrocarbons that are
unable to migrate out of the coal.

2. Large quantities of natural gas are stored in coal beds
on the internal surfaces of the organic matter (adsorption)
or within the molecular structure of the coal (absorption).
Natural gas migrates through the microstructure of the
coal, by desorption and diffusion processes, due to the
reduction of pressure which results from uplift and erosion,
coal mining, and gas production from wells.

3. Coalbed gases are quite variable in their molecular
and isotopic composition. In addition to methane, these
gases can contain significant amounts of heavier hydrocar-
bon gases (C,, values sometimes greater than 20%) and car-
bon dioxide (as much as 99%). Therefore, they should be
referred to as coalbed gas and not coalbed methane. The
primary controls of hydrocarbon coalbed gas composition
are probably rank, composition, and depth/temperature of
the associated coal. Biogenic gases are mostly methane,
whereas thermogenic gases can be wet at intermediate
ranks (high-volatile bituminous to medium volatile bitumi-
nous) and are dry at higher ranks. Methane and ethane 613C
and methane 8D values generally become more positive

with increasing rank (R,). In addition, hydrogen-rich coals
(high in liptinite and/or hydrogen-rich vitrinite) generate
wetter gases at intermediate levels of rank and isotopically
lighter methane, at equivalent levels of rank, than do oxy-
gen-rich coals (mostly vitrinite).

4. A stronger relation exists between coalbed gas compo-
sition and depth, than rank. Shallow coal beds have a ten-
dency to contain relatively dry gases with isotopically light
(813C) methane, as compared to those from deeper coal
beds. This trend is interpreted to be the result of the origi-
nal gases being altered by secondary processes, such as
mixing of biogenic gas and oxidation of the wet gas compo-
nents.

5. The zone of alteration of coalbed gases can occur at
variable depths and is controlled by the physical nature of
the coal beds, burial history, and groundwater flow. It com-
monly occurs at shallow depths (few hundred to thousands
of feet) and along the margins of basins. However, the zone
can extend across basins if proper conditions exist.

6. The significant nonhydrocarbon component of
coalbed gases is carbon dioxide. Because of its reactivity
and solubility in formation waters, the carbon dioxide gen-
erated during devolatilization is commonly not preserved
in present-day coalbed gases. Significant amounts of pres-
ent-day carbon dioxide can be the result of several process-
es not related to coalification, including recent micro-
biological activity, thermal degradation of carbonates, and
migration from magma chambers or the upper mantle.

7. Because of the complexity of controlling factors, both
primary and secondary, coalbed gas composition is difficult
to interpret and only general statements can be made. The
best interpretation can be made by considering all geologic
and geochemical data in relatively small study areas.
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