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We studied a large dataset of ~2600 shale gas samples from 76 geological formations in 38 sedimentary
basins located in eleven countries. Shale gases contain mostly hydrocarbons dominated by methane.
Shale gases can have primary microbial, secondary microbial and thermogenic origin. However, gases
produced from most commercially successful shale plays (e.g., the Marcellus, Haynesville, Eagle Ford
and Barnett in the USA, the Vaca Muerta in Argentina and the Wufeng-Longmaxi in China) are thermo-
genic. It appears that formations with greater gas endowment such as the Marcellus and the Haynesville

g(fﬁa' ‘l"éords" contain late-mature thermogenic gas. Shale plays with early-mature thermogenic and secondary micro-
Gas bial gas such as the Antrim (USA) and the New Albany (USA) formations have relatively low endowments
Petroleum of recoverable gas. Shale plays with primary microbial gas are not significant from commercial explo-
Isotopes ration perspective. Isotope reversals (5'3C of methane > §'3C of ethane) are observed in shale plays with
Methane mature organic matter (vitrinite reflectance > 2%) that experienced significant uplift (>2 km). It appears
Thermogenic that isotope fractionation during desorption from depressurized late-mature shales leads to isotope
Microbial reversal in the residual gas produced from shale formations (e.g., the Wufeng-Longmaxi). Significant

contribution of adsorbed gas (enriched in '>C-rich C,, hydrocarbons relative to the co-occurring free

gas) in the production from some plays (e.g., the Fayetteville, USA) may result in isotope rollovers.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Shales play an important role in petroleum (gas and oil) sys-
tems. They serve as source rocks and seals for conventional petro-
leum accumulations, and as reservoirs in unconventional systems
where fracturing is required to enable sustainable petroleum flow.
Production of natural gas from shales dates back to at least 1821,
when the first commercial gas well in the USA was completed in
the Devonian Dunkirk Shale (Peebles, 1980), and the gas was used
to illuminate the town of Fredonia, New York (Roen, 1993). Produc-
tion of gas from naturally fractured shales grew in the Appalachian
Basin in the 19th and early 20th century (Curtis, 2002), but then
was rapidly surpassed by production from conventional (sand-
stones and carbonates with relatively high permeability) reser-
voirs. Commercial production of shale gas in the USA started to
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increase in the late 1970s (Hill and Nelson, 2000), but the total vol-
umes of produced gases at the end of the 20th century were still
<2% of the total USA production (Curtis, 2002). This changed in
the early 21st century when advanced hydraulic fracturing of long
horizontal wells led to a rapid growth of shale gas production.
Since 2010, >20% of annual gas production in the USA come from
shales, and the contribution of shales to total gas production is
constantly growing. In 2018, about 23.6 trillion cubic feet (TCF,
667 billion m>) of natural gas was withdrawn from shale gas wells
in the USA, which accounted for about 64% of total gas withdrawals
in the country (Energy Information Administration, 2019). Around
the world, significant gas volumes are now produced from shale
formations in Canada, China and Argentina.

The amount of available geochemical data on gas and oil from
shales exponentially increased along with the growing production
of petroleum from shale reservoirs. Fig. 1 illustrates the growth of
published data on molecular and/or isotopic composition from
shale gas samples from around the world over time. While many
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Fig. 1. Exponential growth of published shale gas samples with molecular and/or
isotopic compositions. The main developments in shale gas production through
time are described.

authors discussed the composition and origin of gases from specific
shale plays (e.g., Martini et al., 2003; Tilley et al., 2011; Zumberge
etal, 2012; Liu et al., 2016a, 2016b), there are no recent studies on
the origin of shale gas on the global scale.

Here, we study a global dataset of molecular and isotopic com-
position of shale gases from around the world. Our main objective
is to interpret the origins of gases in shales and establish common-
alities and differences between various shale plays. We will discuss
isotope reversals and rollovers as these phenomena previously
attracted special attention of many geochemists (Tilley and
Muehlenbachs, 2013; Curiale and Curtis, 2016). Finally, we will
discuss the implications of our findings for global exploration of
shale gas resources.

2. Global dataset

The dataset includes molecular and isotopic composition of
2617 samples of gases from shale formations. This shale gas data-
set is a subset of a larger global inventory of gas samples from con-
ventional reservoirs, shales, coals, seeps and other geological
habitats discussed by Milkov and Etiope (2018). However, the
studied dataset includes additional 912 shale gas samples that
became available to us since that publication. Gas data were col-
lected from more than 110 peer-reviewed papers, government
databases, research theses and reports. Most samples come from
the USA (n=1482), China (n=567) and Canada (n=367), and a
smaller number of samples come from Sweden (n = 47), Argentina
(n=41), Saudi Arabia (n=33), Australia (n = 30), Poland (n =23),
United Kingdom (n = 14), France (n =9) and Russia (n =4).

Most samples (n = 1847) are produced gases taken from well-
heads or separators at the sites of shale gas production. There are
also many gases desorbed at the surface from shale cores and cut-
tings (n=575) and gases collected from the mudline during dril-
ling through shale formations (n=152). Most gases come from
shales with established commercial gas production, such as Mar-
cellus (e.g., Reese et al, 2014) and Barnett (Zumberge et al.,
2012) formations in the USA. The produced gas may be free gas
associated with relatively little condensate liquids (e.g., in the Hay-
nesville Formation, Nicot et al., 2017) or oil-dissolved gas (e.g., in
the Eagle Ford Formation, Byrne et al., 2018a, 2018b). There are
also samples from shales that are not currently productive reser-
voirs (e.g., the Alum Formation in Sweden, Schovsbo and Nielsen,
2017).

The dataset includes samples from 38 sedimentary basins and
76 different formations (Fig. 2) ranging in age from Proterozoic
(Kyalla and Velkerri formations, Australia, Faiz et al., 2018a,
2018b) to Miocene (e.g., Monterey and Antelope formations, USA,
Lillis et al., 2007). Although most gas samples come from forma-
tions dominated by true shale lithology (e.g., the Marcellus Forma-
tion, USA), we, following Tilley and Muehlenbachs (2013), also
include samples collected from unconventional “tight” plays
where lithologies include very fine grained sandstone or siltstone
(e.g., the Bakken Formation, USA) and some mixed clastic/carbon-
ate reservoirs (e.g., the Niobrara Formation, USA and the Tuwaiq
Formation, Saudi Arabia) where gases were generated within these
formations or in immediately surrounding rocks. Formations with
the largest number of gas samples in the dataset include Barnett
(USA, n = 450) and Wufeng-Longmaxi (China, n = 319). The subsur-
face depth of shale gas samples varies from 2 m to 4600 m.

3. Results

The molecular and isotopic compositions of shale gases in the
dataset vary widely (Table 1; Figs. 3-5). The composition of shale
gases depends predominantly on the origin of gases, but can also
be affected by the modality of gas occurrence (free gas, oil-
dissolved gas, water-dissolved gas, adsorbed gas), the sampling
technique, the degree of air contamination and other factors. Sta-
tistical data (especially the average values) reported below should
be interpreted and used with caution because many gas samples
have incomplete compositional data and the distribution of sam-
ples between different shale formations is highly uneven. The
volume-weighted average shale gas composition discussed later
in this paper better reflects the typical shale gas composition.

Another caveat is that gas measurements reported in published
papers and reports used in this study may be not fully representa-
tive of gases within shale formations. Conventional petroleum
reservoirs contain oil-dissolved or free gas in pore space, and
molecular and isotopic composition of gas produced from conven-
tional wells do not vary significantly with time (although such
time-lapse gas studies are not common). Unconventional gas sys-
tems are more complex. For example, hydrate-bearing reservoirs
may have varying molecular gas composition due to gas fractiona-
tion during gas hydrate formation (Sassen et al.,, 2000; Milkov
et al., 2004). Both molecular and isotopic composition of coalbed
gases may change during production (Mastalerz et al., 2017;
Niemann and Whiticar, 2017) due to desorption, mixing and diffu-
sion. Shales contain both free gas and gas adsorbed on the surface
of clay minerals and organic matter. This introduces a potentially
significant variability in gases partially extracted from the shale
interval. Molecular and isotopic compositions of gases produced
from shale formations may change over time (Sharma et al,
2015; Norville and Muehlenbachs, 2018; Zhang et al., 2018),
presumably due to changing proportions of free and desorbed
gases in the withdrawn gas. Gases liberated from shale cores and
cuttings during degassing and desorption experiments at the
surface have progressively different compositions (e.g., Ma et al.,
2020) due to molecular and isotopic fractionation. In conventional
systems, mud gases collected during drilling through petroleum-
bearing reservoirs have many characteristics (such as ratio
CH,/(C,Hg + C3Hg) and 6'3C-CH,) largely similar to gases later
produced from those reservoirs (Ellis et al., 2007; Milkov et al.,
2007; Petersen et al., 2019). However, in unconventional shale
systems mud gases collected during drilling may differ from
produced formation gases. These caveats must be considered in
case- and location-specific studies of shale gas geochemistry. Still,
they are less important for the purpose of this paper, which is to
interpret the origins of shale gases on a global scale.
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Fig. 2. Number of shale gas samples in the dataset coming from formations of different ages.

3.1. Molecular composition

Based on the measured gas composition, C;—-Cs hydrocarbons
(methane to pentanes) dominate in most shale gases (Fig. 3).
Among hydrocarbons, methane (CH,4 or Cy) is the main component,
followed by ethane (C,Hg or C,) and propane (CsHg or C3). Methane
is more abundant in produced shale gases (wellhead and separator
samples) than in mud gases sampled during drilling and in gases
released from shale cores and cuttings (Table 1). Gases released
from shales during degassing experiments at the surface are, on
average, significantly enriched in C,. hydrocarbon gases relative
to produced gases (Table 1).

Nitrogen (N,) is an important non-hydrocarbon component in
shale gas samples (Fig. 3). However, highly elevated N, often
comes from sample treatment (e.g., Schulz et al., 2015) and from
air contamination during sampling (e.g., Osborn and McIntosh,
2010; Reese et al., 2014). The average N, content in all available
samples is 5.8 vol%, but the median N, content is only 1 vol% indi-
cating that the average value is significantly affected by a relatively
small number of samples with very high N, content (Fig. 3D). Shale
gases from producing wells (from wellheads and separators) have
average N, 2.2 vol% (median 0.6%) (including some samples with

air contamination). In contrast, desorbed gases often have elevated
concentration of N, and its average is 22 vol% (median 11.8 vol%)
(Table 1). It is possible that extra N, in cores and cuttings is derived
through air contamination and oxidation while samples remain in
desorption canisters over long periods (several weeks to months).
However, the vast majority of these N,-rich shale gases come from
core desorption experiments in China (Liu et al., 2016a,b, 2018;
Meng et al., 2017; Sun et al., 2017). These shale gases are signifi-
cantly enriched in N, apparently by natural subsurface processes.
For example, gases from the thermally over-mature Cambrian
shale formations (Niutitang, Wangyinpu, Guanyintang) with com-
plex tectonic history in the Yangtze platform (China) have 8-97 vol
% of N, resulting presumably from thermal transformation of
organic matter, ammonium in clay minerals, air from surface
waters, and/or contribution from deep crust and mantle (Liu
et al.,, 2016a; Wang et al., 2020).

Carbon dioxide (CO,) is present in most shale gases. Its concen-
tration averages 2.4 vol% (median 1.3 vol%) in all samples in the
dataset (Fig. 3) and 2.1 vol% (median 1.3 vol%) in producing wells
(Table 1). Elevated CO, concentrations are present in shales where
oil biodegradation and secondary methanogenesis apparently
occur, e.g., in the Monterey Formation, USA (Lillis et al., 2007)
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Table 1

Mean (average) and median values for molecular and isotopic composition (selected characteristics) for shale gases sampled during production, drilling and degassing at the

surface. NA - not available.

Type of shale gases

Produced gases

Mud gas Released from core or cuttings

Wellhead or separator

n of samples 1548
Mean 87.1
Median 91.0
n of samples 1304
Mean 7.5
Median 23
n of samples 809
Mean 2.2
Median 0.6
n of samples 1210
Mean 2.1
Median 1.3
n of samples 1656
Mean —-41.1
Median -41.1
n of samples 1227
Mean -36.0
Median -35.2
n of samples 937
Mean -33.1
Median -33.2

Where sampled
Formation (during drilling)
Concentration of methane (%)

Formation (at the surface)

44 411

824 71.8

771 77.0

Concentration of Cy. gases (%)

44 425

134 145

8.9 8.3

Concentration of nitrogen (%)
1 187

NA 22.0

NA 11.8

Concentration of CO, (%)

27 211

33 4.4

1.7 1.6

5'3C of methane (%o)

149 526
—40.8 —-44.0
—-439 —44.7

813C of ethane (%o)

144 440
-31.7 —35.8
—34.3 —34.8

5'3C of propane (%o)

144 339
—28.7 -31.9
-30.7 -31.5

and in the Antrim Formation, USA (Wen et al., 2015). Other pro-
cesses that may lead to elevated CO, in shale gases include ther-
mochemical sulfate reduction (TSR) (e.g., the Pardonett-Baldonell
play, Canada; Tilley et al., 2011) and supply of CO, from deep mag-
matic sources (e.g., the Vaca Muerta Formation, Argentina; Gysre
et al.,, 2017).

Hydrogen sulfide (H,S) is not common in shales. However, H,S
is present in very high concentrations (up to 29.5vol%) in the
Pardonet-Baldonell play where it is a product of TSR reactions in
shales interbedded with anhydrites (Tilley et al., 2011).

Helium (He) is present in shale gases in relatively low concen-
trations. There are 509 available measurements of He, and the
average concentration is about 0.02 vol% (median 0.012 vol%).
Shale gases, on average, have considerably lower content of He
than gases from conventional petroleum reservoirs and gases from
coals (Fig. 4). It appears that He in conventional reservoirs does not
derive from the source rocks (mostly shales) as the hydrocarbons.
This is a key demonstration that methane and helium in reservoir
rocks are genetically untied; accordingly, interpretative parame-
ters like CH4/>He (e.g., Dai et al., 2008) can be misleading when
applied to assess gas origin and migration in conventional petro-
leum systems.

3.2. Isotopic composition

Fig. 5 summarizes isotopic composition of carbon in methane,
ethane, propane and CO, and isotopic composition of hydrogen
in methane for available shale gas samples. Values of §>C of C;,
C, and C3 have semi-normal distributions. However, values of
513C of CO, have a bi-modal distribution, and the distribution of
5°H of C; is generally skewed towards the more positive values.
These features result mostly from the origins of shale gases as dis-
cussed below.

4. Discussion
4.1. Origins of shale gases

Petroleum geochemists interpret molecular and isotopic com-
position of natural gases to understand their origins (primary or
secondary microbial, thermogenic, abiotic), source rocks organofa-
cies (marine shales, coals etc.) and post-generation processes (mix-
ing, biodegradation, TSR etc.). These interpretations are commonly
based on empirical binary gas genetic diagrams. The most utilized
gas genetic diagrams include the diagram of ¢'3C-C; versus
C1/(C, + C3) first presented by Bernard et al. (1976, 1977), 6'3C-C;
versus 0?H-C; proposed by Schoell (1983) and Whiticar et al.
(1986), and ¢'3C-C; versus §'3C-CO, proposed by Gutsalo and
Plotnikov (1981). Recently, Milkov and Etiope (2018) revised these
three genetic diagrams using a global gas dataset of >20,000
samples from a wide variety of geological habitats.

All available C;/(C, + Cs), 6'3C-Cy, 6*°H-C; and 6'3C-CO, data for
shale gases are plotted on the revised gas genetic diagrams in
Fig. 6. It appears that the vast majority of shale gases have thermo-
genic origin. The maturity of these thermogenic gases varies
widely from early-mature to late-mature gases, but most gases
appear to be mid-mature (oil-associated) and late-mature. While
secondary microbial gases formed during petroleum biodegrada-
tion are abundant in some shales, there are few shale gases with
pure primary microbial origin. Produced shale gases have a nar-
rower range of §'>C-C; than gases produced from conventional
and coal gas reservoirs (Fig. 7), further supporting predominantly
pure thermogenic origin and lower importance of gases with other
origins or gases affected by post-generation processes.

Fig. 8 displays gas genetic diagrams for some of the main pro-
ducing shale plays in the USA (Barnett, Eagle Ford, Fayetteville,
Haynesville, Marcellus and Woodford), China (Wufeng-Longmaxi)
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Fig. 3. Histograms showing measured concentrations (vol.%) of (A) methane (CHy), (B) ethane (C,Hs), (C) propane (C3Hg), (D) nitrogen (N,) and (E) carbon dioxide (CO;) in
shale gases from the studied dataset. Abbreviations: n - number of samples, Min - minimum, Max - maximum, Av - average (mean), Med- median.

and Argentina (Vaca Muerta). It is clear that gases from these most
productive and commercially successful shale plays have pure
thermogenic origin and vary in maturity from mid-mature (oil-
associated) to late-mature gases.

Fig. 9 shows gas genetic diagrams for selected shale plays with
secondary microbial gases. Such gases are especially prevalent in
the Antrim Formation (Michigan Basin, USA) and the New Albany
Formation (Illinois Basin, USA). Gases from the Antrim and the
New Albany formations have often been considered as biogenic
(primary microbial) or early-mature thermogenic (Dolton and
Quinn, 1995; Martini et al., 2003; Nuttall, 2013). However, based
on the revised genetic diagrams, we suggest that these gases are
mixtures of early mature thermogenic gases and secondary micro-
bial gases generated from biodegraded petroleum fluids. The main
reason for such interpretation is that these gases have CO, highly
enriched in '3C, which is typical for secondary microbial gases
(Milkov, 2011, 2018). The geological settings and evolutions of
the Antrim Formation and the New Albany Formation are consis-
tent with this interpretation of gas origin. Both shale formations
experienced sufficient burial and thermal stress to generate oil
(at least in some parts of the plays, East et al., 2012). During the
uplift, they were brought to relatively shallow depth, where abun-
dant fractures, low temperatures, and meteoric water from overly-
ing aquifers (Formolo et al., 2008; Wen et al., 2015; Strapoc et al.,
2010) enabled microbial activity, oil biodegradation and secondary
methanogenesis.

Fig. 10 displays gas genetic diagrams for shale plays with clear
evidence of pure primary microbial gases in some samples from
the Nicolet Formation (Canada) and the Alum Formation (Sweden).
However, not all gases in these formations have primary microbial
origin. Some gas samples have secondary microbial origin, early-
mature thermogenic origin or are mixtures of primary microbial
and early-mature thermogenic gases. The case of the Alum Forma-
tion demonstrates that shale gas can have different origins within
one play, depending on the maturity and present-day burial depth
of sample locations within the play (Schulz et al., 2015).

The concept of early-mature thermogenic gases is not new (e.g.,
Rowe and Muehlenbachs, 1999a,b; Coleman, 2001). However,
gases recently sampled from several relatively low-mature shales
provide clear evidence that early mature thermogenic gases indeed
occur in the subsurface. They are drier (relatively more enriched in
C;) than oil-associated (mid-mature) thermogenic gases and have
C, relatively enriched in 'C (6'3C-C; as negative as —71%0). The
main evidence that these gases have thermogenic origin comes
from their semi-linear isotope profiles on the Chung’s plot
(Fig. 11, Chung et al., 1988). Such early-mature thermogenic gases
are rarely found in conventional gas accumulations because they
are not generated in large enough amounts to migrate and form
separate accumulations. However, shale formations such as Color-
ado (Canada, Rowe and Muehlenbachs, 1999a,b), Green River (USA,
Coleman, 2001), New Albany (USA, McIntosh et al., 2002) and
Jurassic argillites in the Paris Basin (France, Prinzhofer et al.,



6 A.V. Milkov et al./Organic Geochemistry 143 (2020) 103997

8
7 * e
6
< 5 .
—_ L)
3 :
E 4 .4' — Outliers
3 o
2 3
I [
2 .-‘ L] ...
1 K
l *
0 . _ 4 P
Conventional reservoirs Coal beds Shales
n of samples 2466 328 509
Min 0 0 0
Max 711 2.28 0.16
Mean 0.13 0.08 0.02
Median 0.02 0.01 0.012

Fig. 4. Measured concentration of helium (He, vol.%) in gases from conventional reservoirs, coal beds and shales (the great majority of samples are produced gases sampled
from wellheads). Data come from the global dataset of natural gases collected and described by Milkov and Etiope (2018), with additions. The data are displayed using box
plots, which show average (mean) values as black stars, first quartile, third quartile, lower adjacent value, upper adjacent value, and outliers. The vast majority of values are
located in the lower part of the distributions, and displayed statistical boundaries are poorly distinguished on these plots. They are better defined in Fig. 7 and the reader is

encouraged to study that figure for the definitions of statistical parameters.

2009) do contain early-mature thermogenic gases, mostly formed
in situ in relatively small amounts.

Mixing of natural gases is a common process in the subsur-
face (e.g., Milkov and Etiope, 2018). Gases in shales are usually
regarded as generated in situ within the given shale formation
with insignificant contribution of gases from other sources (other
source rocks or non-sedimentary rocks and mantle). Although
contribution from other sources is certainly possible in specific
cases (e.g., Gyore et al., 2017), our review of global geochemical
data supports the idea that in general shales do not receive sig-
nificant amounts of external gas. Fig. 6 shows that most shale
gases generated through thermogenic processes and follow
maturity trends very well, suggesting lack of significant mixing
from different sources. Additional support for this comes from
data on helium. Shale gases contain much less He than conven-
tional reservoirs or coals (Fig. 4), and that He is of crustal and
atmospheric origin (Fig. 12) (with an exception of some
CO,-enriched shale gases from the Vaca Muerta Formation,
Argentina, where He apparently has mantle origin; Gysre et al.,
2017). Such relatively small concentration of He and its predom-
inantly crustal/atmospheric origin suggest that shales are largely
closed systems, where the lack of interaction with aquifers limits
supply of external He (Byrne et al., 2018a, 2018b).

Still, gases within a given relatively small shale volume can
originate from different processes. For example, many gases in
the New Albany Formation are probably mixtures of early mature
thermogenic gas and secondary microbial gas from biodegraded oil
with a minor portion of primary microbial gas (Fig. 9). This com-
plex gas origin reflects the geological history of the New Albany
Formation with burial to oil window (East et al., 2012) around
280 Ma and subsequent uplift to present-day temperatures of
30-40 °C ideally suited for oil biodegradation (e.g., see Fig. 6 in
Strapoc et al., 2010).

4.2. Isotope reversals

Many papers discussing the geochemistry of shale gases
address the observations and interpretations of isotope reversals
(e.g., Zumberge et al., 2012; Tilley and Muehlenbachs, 2013; Dai
et al., 2014; Xia et al,, 2013; Cao et al,, 2015; Faiz et al., 2018a,
2018b). However, most studies focus on individual shale plays or
a selection of plays. In this section, we will discuss isotope rever-
sals using our global dataset of shale gases as well as gases from
other natural habitats.

Most individual natural gases have a “normal” carbon isotope
trend for hydrocarbons, where §'3C; <5'3C, < 613C5<613Cy, <
613Cs,,. This trend is typical for thermogenic gases and is consistent
with the models of kinetic isotope effects (KIE) and laboratory gas
generation experiments (e.g., Chung et al., 1988). Natural gases
can also have isotope reversals, either partial (e.g., §'3C; > §13C, <
813C3) or full (6'3C; > 6'3C, > 813C3). Such gases have been found
in abiotic systems (e.g., Sherwood Lollar et al., 2002), conventional
petroleum reservoirs (e.g., Saadati et al., 2016; Shuai et al., 2018),
fractured carbonate and tight sandstone reservoirs (e.g., Burrus
and Laughrey, 2010) and desorbed coal gases (e.g., Faiz et al.,
2018a, 2018b). The discussion and interpretation of isotope rever-
sals intensified with the growing availability of shale gas data as
many shale gases display such reversals. Fig. 13 demonstrates
examples of normal isotope trend (also Fig. 11), full isotope rever-
sal and various partial isotope reversals from shale plays around
the world. Fig. 14 shows specific shale plays with and without iso-
tope reversals.

Although some believe that isotope reversals are not commonly
encountered in conventional petroleum reservoirs (e.g., Curiale
and Curtis, 2016), data from the global gas dataset of Milkov and
Etiope (2018) suggest that this is not the case. Fig. 15 shows that
isotope reversals between methane and ethane (§'3C of C; > 6'3C
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of C,) as well as ethane and propane (5'3C of C, > §'3C of C3) are
common both in conventional reservoirs and in shale formations.
Reversed isotope trends appear to be mostly confined to mature
gases with §3C of C; exceeding approximately —43%. and dryness
ratio C;/(>_C;-Cs) commonly exceeding 0.95 (Fig. 16).

There are shale plays where all currently available gas samples
display isotope reversals, such as the Wufeng-Longmaxi Formation

(Liu et al., 2018) and the Velkerri Formation (Faiz et al., 2018a,
2018b). In other shale plays such as the Eagle Ford (Byrne et al.,
2018a, 2018b) and the Haynesville Formation (Stolper et al,,
2014; Byrne et al., 2020) all currently available samples have nor-
mal isotope trends. There are also shale plays where less mature
areas have gases with normal isotope trends and more mature
areas have gases with reversed isotope trends. This is the case,
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for example, in the Marcellus Formation (Reese et al., 2014; Osborn
and McIntosh, 2010) and in the Barnett Formation (Rodriquez and
Philp, 2010).

Various hypotheses have been proposed to explain isotope
reversals observed in shale gas reservoirs. Mixing of gases with dif-
ferent origins (for example, biotic and abiotic, Jenden et al., 1993)
or from different source rocks (Dai et al., 2004) is one such hypoth-
esis. Mixing of gasses generated from one shale formation at differ-
ent stages of thermal maturity is also possible. For example, Xia
et al. (2013) postulated that isotope reversal in low permeable
shale reservoirs behaving as closed systems result from mixing of

primary gases generated from cracking of kerogen and secondary
gases generated through cracking of oil. They suggested that at
maturities equivalent to R, > 2%, C; is largely produced through
primary cracking of kerogen, while C, and C3 come from secondary
cracking of liquid petroleum. Although experimental evidence was
not shown, they suggested that isotope fractionation during sec-
ondary cracking is stronger than during primary cracking and
results in the production of isotopically light C; and Cs. Consequent
mixing of gases from these two fractionation processes, within a
low permeable over-pressured shales, leads to isotope reversal
(Xia et al., 2013; Tilley et al., 2011).
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Other hypotheses explaining isotope reversal and potentially
relevant for shale reservoirs (Laughrey, 2014) include Rayleigh-
type fractionation (Burruss and Laughrey, 2010; Pan et al., 2006),
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Fig. 12. Concentration of helium (vol.%) and its isotopic composition (expressed as
R/R,) in conventional reservoirs, coals and shales. Data come from the global
dataset of natural gases collected and described by Milkov and Etiope (2018), with
additions.

water-kerogen redox reactions (Burruss and Laughrey, 2010;
Lewan, 1997; Price, 2001), carbon exchange at high temperature
(Vinogradov and Galimov, 1970; Dai et al., 2016; Yang et al,,
2017), water-reforming followed by Fischer-Tropsch synthesis
(Tang and Xia, 2011) and destruction of C,. alkanes followed by
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reforming via gas-phase radical recombination reactions (Telling
et al., 2013). Isotope reversal may also result from aerobic and
anaerobic microbial oxidation of some alkane components (Dai
et al.,, 2004; James and Burns, 1984) and TSR (Hao et al., 2008;
Krouse et al., 1988), but these processes are probably not common
in thermally mature shales.

Another hypothesis for isotope reversal in shale and coal gas
reservoirs is based on differential rates of molecular and isotope
fractionation due to variations in adsorption and diffusivity prop-
erties of molecules. Numerous laboratory desorption studies have
demonstrated that C; is released from carbonaceous rocks at a sig-
nificantly faster rate than C, and Cs, causing an enrichment of C,.
components in the residual gas (Xia and Tang, 2012; Qin et al.,
2017; Faiz et al., 2018a, 2018b; C. Liu et al., 2019; Z. Liu et al.,
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2019; Cao et al., 2019; Ma et al., 2020). These studies also showed
that hydrocarbons enriched in '2C are released from shales more
readily than those enriched in 'C. As desorption progresses, iso-
topic enrichment (i.e., '>C value becoming less negative) in C;
accelerates in accordance with the Rayleigh fractionation phe-
nomenon (Faiz et al.,, 2018a, 2018b; C. Liu et al., 2019; Z. Liu
et al., 2019). Therefore, due to the higher mobility of C; and '2C,
the isotope trend of the remaining gas in the shale becomes
reversed. Such reversed isotope trends can be established in shale
reservoirs that have reached dry gas maturity through deep burial
and have subsequently desorbed gas during extensive basin inver-
sion and depressurization. For example, relatively dry shale gas in
the Mesoproterozoic Velkerri Formation (Beetaloo basin, Australia)
was generated during the Paleozoic time when the shale was bur-
ied to depths exceeding 4 km. Subsequently, a significant amount
of gas was expelled during the post-Paleozoic uplift of the shale
to the current depth of about 2 km (Hoffman, 2016; Faiz et al.,
2018b). Gas currently reservoired in the Velkerri shale shows a
strongly reversed isotope trend suggesting that isotope fractiona-
tion has occurred through preferential desorption of lower molec-
ular hydrocarbons and '?>C during >20 MPa of depressurization
associated with basin inversion (Faiz et al., 2018a, 2018Db).

Fig. 17 shows that isotope reversals between methane and
ethane (6'3C of C; > 9'3C of C,) in conventional reservoirs occurs
almost exclusively in onshore geological settings and are not com-
mon in gases sampled offshore. While most onshore petroleum
systems experienced uplift and depressurization, most offshore
petroleum systems are characterized by continuous burial with
no or little depressurization. This may support the critical role of
depressurization in the formation of gases with isotope reversals
in late-mature source rocks.

To test this hypothesis, we compiled the dataset of thermal
maturity and the amount of uplift for shale plays with and without
isotope reversal between methane and ethane (Table 2). It appears
that shale gas from plays that have lower maturity (vitrinite reflec-
tance or VR < 2%) and relatively less uplift (<2 km) show no isotope
reversal (e.g., the Eagle Ford and the Woodford (Anadarko basin)
formations). In contrast, gases from mature shales (VR > 2%) that
experienced significant uplift (>2 km) have isotope reversal (e.g.,
the Fayetteville and the Wufeng-Longmaxi formations). Gases from
the relatively mature but not greatly uplifted Haynesville Forma-
tion do not have isotope reversal (based on data available so far),
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in most mature gases in the Marcellus and Wufeng-Longmaxi formations.
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which suggests that amount of uplift and related depressurization
plays a more critical role in the creation of isotope reversal than
thermal maturity. This is further supported by laboratory desorp-
tion experiments showing that later desorbed gases have isotope
reversal even in relatively low mature (VR < 1%) rocks (e.g., Faiz
et al., 2018b). As different parts of the play can have different
maturity and uplift, gases with and without isotope reversals can
occur in different parts of one play, as observed in the Marcellus
and the Barnett formations. In the Barnett Formation, it appears
that gases with isotope reversal occur in areas of greater thermal
maturity and greater uplift (south and east), while there is no
reversal in areas of less maturity and less uplift (north and west)
(e.g., Rodriguez and Philp, 2010).

Our holistic geochemical and geological observations suggest
that isotope reversals may be related to molecular and isotopic
fractionation during differential desorption due to basin depressur-
ization related to significant (>2 km) uplift of mature (VR > 2%)
shale source rocks. The initial gas generated in the shale has nor-
mal isotope trend with §'3C of C; < §'3C of C,. After the generation
of the new gas essentially stops at high maturities (VR > 2%) and
the uplift and depressurization begin, methane enriched in 2C des-
orbs from the source rock more rapidly than methane enriched in
13C. The residual methane becomes enriched in *C more rapidly
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Table 2
Characteristics of shale plays with and without isotope reversal between §'3C of methane and ethane. VR is vitrinite reflectance (or equivalent).
Formation name and type of gas Approximate  Average 5'3C-  Average §'>-  Amount of References
maturity, VR~ CHy (%o, C,Heg (%o, uplift (km,
(%) rounded) rounded) approximate)
Shale plays with no isotope reversal
Colorado (formation gas) 0.25-0.4 —65 —48 0.45-1.5 Rowe and Muehlenbachs (1999a,b)
Bazhenov (formation gas) 0.6-0.7 -53 —42 0.5 Krasnova et al. (2019); uplift estimated from Ulmichek
(2003) and Milkov (2010)
New Albany (formation gas) 0.52-0.68 -52 -43 1.5 Strapoc et al. (2010)
New Albany (produced gas) 0.5-0.7 -53 —47 1.5 McIntosh et al. (2002), Nuttall et al. (2015), Salehi (2010),
Schlegel et al. (2011); uplift estimated from Strapoc et al.
(2010)
Yanchang (formation gas) 1.2 —48 -34 1.5 Chen et al. (2016), Meng et al. (2017), Li et al. (2019); uplift
estimated from Meng et al. (2017)
Yanchang (produced gas) 0.9-1.1 -49 -37 1.5 Dai et al. (2016), Chen et al. (2016); uplift estimated from
Meng et al. (2017)
Eagle Ford (produced gas) 0.7-1.5 —43 -32 0.5-2 Byrne et al. (2018a), Clog et al. (2018), Douglas et al. (2017),
He (2017), Piasecki et al. (2018); uplift estimated from
Cander (2012)
Haynesville (produced gas) 1.7-2.5 -39 -25 0.3-1.2 (Late K)  Stolper et al. (2014), Nicot et al. (2017), Darling (2015),
and 0-0.4 Byrne et al., (2020); uplift estimated from Williams (2013)
(recent) and Nunn (2012)
Woodford, Anadarko basin 0.8-1.5 —49 -39 1.5 Zumberge et al. (2016), Kornacki and Dahl (2016), Abrams
(produced gas) and Thomas (2020); uplift estimated from Cander (2012)
Shale plays with isotope reversal
Velkerri (formation gas) 2.5 —34 —43 2.2 (Late Pz) Faiz et al. (2018a, 2018b)
and 1 (recent)
Velkerri (produced gas) 2.5 -38 -40 2.2 (Late Pz) Faiz et al. (2018a, 2018b)
and 1 (recent)
Fayetteville, Arkoma basin 2.5 —38 —43 >3 Zumberge et al. (2012); uplift estimated from Cander
(produced gas) (2012) and Lamb (2014)
Wufeng-Longmaxi (produced gas) 2.5-33 -30 -35 35 Wei et al. (2016), Feng et al. (2017), Yang et al. (2017); Zhao
et al. (2018); uplift estimated from Yang et al. (2017)
Shale plays with and without isotope reversal
Marcellus (produced gas) with 2to4 -31 -38 3-5 Reese et al. (2014), Molofsky et al. (2013), Laughrey (2014);
reversal (most Marcellus uplift estimated from Rowan (2006)
samples in the dataset)
Marcellus (produced gas) without 1-2 —43 -34 1-2 Osborn and McIntosh (2010), Jenden et al. (1993); uplift
reversal estimated from Rowan (2006)
Barnett (produced gas) with >1.65 -38 -39 2.1 (T-]) and 2 Rodriguez and Philp (2010), Zumberge et al. (2012); uplift
reversal (recent) estimated from Jarvie (2004)
Barnett (produced gas) without <1.65 —43 -35 1.5(T-J)and 1.5 Rodriguez and Philp (2010), Zumberge et al. (2012), Nicot
reversal (most Barnett samples (recent) et al. (2017); uplift estimated from Jarvie (2004)

in the dataset)

than residual ethane, which leads to isotope reversal of the resid-
ual gas in rocks that experienced significant uplift (>2 km) and
depressurization (Faiz et al., 2018b). This residual gas with isotope
reversal is produced, for example, from the Wufeng-Longmaxi
Formation.

4.3. Isotope rollovers

It is generally accepted that as thermogenic gases become more
mature, their wetness decreases (C,+ gases decrease, and dryness
ratios such as C;/(C; + C3) and Cq/(>-C4-Cs) increase) while values
of #'3C of C;-Cs gases increase. This normal trend is observed
within a group of gas from a single source, for example, within
one petroleum system with a source rock of varying maturity. Iso-
tope rollovers describe situations when this maturity trend “rolls
over” and selected gas components become isotopically lighter
(more negative values of §'C) with increasing maturity (Curiale
and Curtis, 2016). Classic examples of isotope rollover for ethane
were presented by Zumberge et al. (2012) in the Barnett play
(USA) and by Tilley and Muehlenbachs (2013) in the Montney-
Doig play (Canada).

Fig. 18 shows the relationship between wetness (total C,. gases)
and 6'3C of C;-C5 in shale gases. There is no isotope rollover for
methane. The maturity trend starts with the relatively dry gas
(0.1-1vol% C,,) and methane enriched in '>C (§'3C; around

—70%o), although the data describing this low-maturity stage are
still relatively sparse (Fig. 18A). As maturity increases, the gas
becomes progressively enriched in C,, and '*C-C; (mid-mature or
oil-associated gas), and then becomes depleted in C,. but even
more enriched in '*C-C; at the late-mature stage. This is a normal
isotope trend of maturity increase, and it also occurs in both
onshore and offshore conventional reservoirs (Fig. 18D).
However, ethane and propane in many shale gases show iso-
tope rollovers (Fig. 18B and C). While some shale gases become
more enriched in '3C-C, and '3C-C; after the mid-mature stage (i.
e, they follow normal trend of maturity increase), most gases in
shale formations become depleted in '>C-C, and '3C-C; (e.g., the
Barnett Formation) and have §'3C-C, values as low as —46%o
(e.g., the Fayetteville Formation) and §'3C-C; values as low as
—50%o (e.g., the Wufeng-Longmaxi Formations). Then, at the very
late-mature stage when C,. gases are < 1 vol%, ethane and propane
become again enriched in '3C (e.g., the Wufeng-Longmaxi Forma-
tion). That behavior of carbon isotopes of ethane and propane in
shale gases is not normal. For example, the vast majority of ther-
mogenic gases in conventional offshore accumulations follow the
expected maturity trends and do not have rollovers for ethane
and propane (Fig. 18E and F). This rollover trend is also not obvious
in onshore conventional accumulations of thermogenic gas, but
this may be because of mixing of gases from different source rocks
with different maturities in relatively open petroleum systems.
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Fig. 18. Total volume of C,. (ethane-pentane) hydrocarbons versus carbon isotopic composition (5'3C) of methane (A,D), ethane (B,E), and propane (C,F) in thermogenic gases
produced from shale reservoirs (A-C) and from onshore and offshore conventional reservoirs (D-F).

Tilley and Muehlenbachs (2013) studied isotope rollovers in the
North American sealed self-contained (shale) petroleum systems
and demonstrated that rollover results from increasing thermal
maturity. They also established that gases isotopically reversed
with respect to methane and ethane occur in the latest stage of
the rollover zone and in the post-rollover zone, which we confirm
here. Still, they concluded that “the processes that cause the roll-
over are not well understood” (p. 204).

We observe that isotope reversals occur in both conventional
(onshore, but not offshore) accumulations and in shale formations
(Fig. 15). However, rollovers occur predominantly in shales
(Fig. 18). Shale gases are residual gases left in source rocks after
most of the generated gas (especially in late-mature shales)
migrated into the overburden and conventional accumulations.
This residual gas remains in free and adsorbed state in the shales
before it is removed through production.

Wells in mid-mature shale formations with no isotope reversal
produce mostly free gas, for example in the Eagle Ford Formation
(about 80% free gas and 20% adsorbed gas) (De Silva et al., 2015; Li

etal., 2016). In contrast, wells in late-mature shale formations with
isotope reversal produce a large portion of the adsorbed gas, for
example, in the Fayetteville Formation (about 20% free gas and
80% adsorbed gas), Wufeng-Longmaxi Formation (about 60-80% of
adsorbed gas, Caoetal.,2019)and in the Marcellus Formation (about
60% free gas and 40% adsorbed gas) (De Silva et al., 2015; Li et al,,
2016). Experiments suggests that the amount of adsorbed methane
is generally greater for shales that are richer in total organic carbon
(TOC), are more thermally mature and have less moisture (Zhang
et al,, 2012). Within the same formation, the free gas is more
enriched in methane (also relatively '?>C-rich) than in C,. gases,
while the adsorbed gas is more enriched in C;. gases (also relatively
12C_rich) and has methane significantly depleted in '2C (Faiz et al.,
2018a, 2018b). When produced, shales with dominant proportion
of free gas have molecular and isotopic characteristics similar to
conventional reservoirs and do not display rollovers in produced
gases. However, shales with significant amount of adsorbed gas pro-
duce gas that is somewhat enriched in '?C-rich C,. gases relative to
their maturity, resulting in isotope rollover.
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It is possible to further test this hypothesis by studying molec-
ular and isotopic composition of gases produced from the same
shale well for a long time, but such time-lapse geochemical data
are not common yet. Data for three wells each producing for
3.5 years from the Wufeng-Longmaxi formation indicate that gas
becomes generally enriched in C,. alkanes (C;/(C; + C3) decreases)
and its methane becomes more enriched in 3C (5'3C-C; increases)
as production progresses (Zhang et al., 2018). Norville and
Muehlenbachs (2018) observed significant variations in §'C-C;
during about 3-4 years of production from shales of the Horn River
Group, with a general enrichment in '3C during production. These
examples may suggest greater contribution of adsorbed (desorbed
during production) gas with increasing production. In contrast,
Sharma et al. (2015) presented data from two wells producing
from the Marcellus Formation, in which §'3C-C; slightly but consis-
tently decreased during 14 months following hydraulic fracturing.
Although other geochemical processes can lead to isotope reversals
and rollovers as reviewed above, it is possible that molecular and
isotopic fractionation during desorption after depressurization —
first, from the uplift and then from production - is the leading
mechanism in shale plays.

4.4. Volume-weighted average shale gas composition and origin in the
USA

Before discussing the molecular and isotopic composition of
shale gases above, we cautioned that the statistical distributions
and parameters like mean (average) values for the entire global
dataset are not very meaningful. This is because the distribution
of samples among shale formations is not even, e.g, we have 450
samples from the Barnett Formation (USA) and 319 samples from
the Wufeng-Longmaxi Formation (China) but only one sample
from each of the Amelund (Sweden), Canadaway (USA), Huron
(USA), Phosphoria (USA), and Xujiahe (China) formations. In addi-
tion, the amount of shale gas stored in different plays varies widely
as the result of shale gas origin, thermal maturity, rock volumes
(area, thickness) and other factors. In this section, we attempt to
overcome these problems and estimate the volume-weighted aver-
age composition and origin of shale gas in the USA. Such estimates
may serve as useful inputs in various regional and global models
involving natural gas composition, e.g., in models of methane
emissions from shale gas developments to the atmosphere
(Schwietzke et al., 2016; Howarth, 2019; Milkov et al., 2020). We
included only shale plays from the USA in this exercise because

Table 3

the gas endowment (production, reserves and resources) data from
non-USA shale plays are less available, less certain and more con-
troversial. For example, Potter (2018) reported the range of Paleo-
zoic shale gas recoverable resources in the Sichuan Basin, China
(largely in the Wufeng-Longmaxi Formation) from 93 to 626 tcf,
and provided his own mean estimate of 23.9 tcf.

We estimated the volume-weighted average shale gas composi-
tion in the USA in two steps. First, we calculated the average
molecular and isotopic composition for the main productive shale
plays (Table 3). Then, we used the published estimates of gas
endowment in those shale plays to weight the relative volumetric
significance of each play (Table 3). The volume-weighted average
shale gas in the USA is dominated by methane (89 vol%) and Ca.
hydrocarbons (6.6 vol%) and has little non-hydrocarbon gases. This
average gas has thermogenic origin and mid-to-late thermal matu-
rity. This result is influenced by the volumetric dominance (60% of
the total gas endowment) of relatively dry late-mature shale gas
from the Marcellus Formation and the absence from the analysis
of volumetrically significant shale plays with relatively wetter
gas from the Permian Basin where little published gas data are
available to date.

In the previous review of shale gases, Curtis (2002) studied five
fractured shale plays in the USA and concluded that the shale gas
has predominantly biogenic (microbial) origin. In contrast, our
results based on a large number of gas samples recently collected
from the largest and most productive shale plays clearly suggest
that shale gases are predominantly thermogenic. Secondary micro-
bial and primary microbial gases are volumetrically not significant
in currently known commercially successful shale plays. This is
similar to gases in global conventional petroleum accumulations,
where thermogenic gases predominate (~85-92% of global gas
endowment), followed by secondary microbial (~5-11%) and pri-
mary microbial (~3-4%) gases (Milkov, 2011).

4.5, Implications for exploration of shale plays

Shale gas exploration is driven, to a large extent, by the resource
size of the shale plays, productivity of shale reservoirs (Initial Pro-
duction (IP) and Expected Ultimate Recovery (EUR) of wells) and
their commerciality. Our geochemical study of shale gases from
around the world suggests that the best shale plays (i.e., those with
largest resources and greatest productivity) contain gas of thermo-
genic origin. Examples include main shale plays in the USA such as
Marcellus, Haynesville, Eagle Ford, and Barnett and commercially

Gas endowment, play parameters and average gas composition for key shale plays in the USA. Gas endowment includes production to date, reserves (from Energy Information
Administration, 2019) and resources of technically recoverable gas (from Potental Gas Agency, 2019). The approximate area of the plays was estimated from Energy Information
Administration play map. Approximate average net thickness was estimated based on available play-specific publications and reports. Gas samples used for average gas
composition calculations include mostly produced gases, but also some formation (desorbed gases and mud gases) gases. NA - not available.

Shale Play Gas Approximate  Approximate Normalized gas Number Average gas composition
endowment area, km? average net endowment, of gas 13 2
(volume), bem/ thickness, m 10% x m*/km?/m samples 021' ;2*' gz' ;Oz' (Cclﬁ +Cy) if g]v Zf]-él,
tcf
Yoo %o
Marcellus 28,487/1006 220,000 46 2815 106 93.0 28 34 00 51 -324 -166
Haynesville 5343/189 28,000 40 4771 34 889 72 22 22 238 -38.8 -155
Eagle Ford 4058/143 50,000 70 1159 95 663 236 02 14 5 -429 -202
Barnett 3775/133 70,000 90 599 450 88.8 93 1.0 15 32 -42.7 -153
Fayetteville 2396/85 15,000 41 3895 101 969 12 00 20 85 -382 -133
Woodford 2036/72 17,000 49 2444 49 752 209 25 07 5 -49.0 NA
(Anadarko)
Woodford 813/29 8,000 50 2032 18 771 220 NA 09 4 -494 -183
(Arkoma)
Antrim 279/10 109,000 30 85 114 839 29 78 64 2254 -513 -240
New Albany 103/4 32,000 23 140 122 880 24 26 39 218 -523 -202
Volume-weighted average gas composition 890 6.6 25 0.7 79 -36.3 -167
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Fig. 19. Relationship between the average values of 4'>C of methane in produced
gases from selected commercially successful plays and their total (A, in billion cubic
meters) and normalized for area and thickness (B) gas endowments (the sum of
produced gases (Energy Information Administration, 2019), reserves (Energy
Information Administration, 2019) and technically recoverable resources
(Potential Gas Agency, 2019)).

successful overseas plays such as Vaca Muerta (Argentina) and
Waufeng-Longmaxi (China). Fig. 19A suggests that shale plays in
the USA with more mature thermogenic gases have larger total
gas endowments. Gas endowment depends on the area of the play,
net thickness, porosity, gas saturation, amount of adsorbed gas, gas
expansion factor, and gas recovery factor. Still, the larger gas
endowment normalized for area and net thickness of the formation
(data in Table 3) is typical for more thermally mature plays
(Fig. 19B). Clearly, more mature shales generated and retained
more volumes of natural gas. The implication from data in
Fig. 19 is that most commercially successful shale plays should
contain mid-mature (oil-associated) and late-mature mature ther-
mogenic gases (8'3C-C; > —50%.), which can serve as a useful
screening criteria in shale play evaluations. Still, we note that this
conclusion is based only on a limited dataset from nine shale plays
in the USA. Also, it is likely that the gas endowment of shale plays
becomes smaller in very mature shale plays. Fig. 19B hints that the
normalized gas endowment may start decreasing at 5'3C-C; about
—35%o (as in the Marcellus Formation), and more data is necessary
to test this hypothesis.

Shale gases with early-mature thermogenic origin and sec-
ondary microbial origin have been produced from naturally frac-
tured shales in the New Albany Formation (Illinois Basin, USA)
since 1858 (Nuttall, 2013) and from the Antrim Formation (Michi-
gan Basin, USA) since at least 1980s (Dolton and Quinn, 1995;

Goodman and Maness, 2008). However, total gas production from
these plays (Energy Information Administration, 2019) and their
total gas endowment (Table 3) are much lower than in shale plays
with mature thermogenic gases. This is, at least partially, because
the process of secondary microbial gas generation and preservation
from biodegraded petroleum fluids is less efficient than the process
of thermogenic gas generation and preservation from kerogen and
results in relatively lower gas content in shales.

To date, there are few examples of gas production from shale
reservoirs containing primary microbial gases. Rice and Claypool
(1981) reported production from shallow (328-647 m below sur-
face) naturally fractured marl and chalk Niobrara Formation in Col-
orado and Kansas. The relatively dry gas (C;/(3°C;-Cs) between
0.976 and 0.999) and methane enriched in '2C (8'3C-C; between
—70.2 and —54.7%0) indicate various contributions of primary
microbial, early-mature thermogenic and perhaps secondary
microbial gases in these accumulations. However, these accumula-
tions are not in the main commercial area of the Niobrara play
where oil and associated thermogenic gas are produced via
hydraulic fracturing in the deeper parts of the Denver Basin
(Sonnenberg, 2013). It appears that the process of primary micro-
bial gas generation is least efficient in formation and preservation
of gases in shale reservoirs.

5. Conclusions

Gases from shale formations contain mostly methane and can
have primary microbial, secondary microbial and thermogenic ori-
gins. It appears that most shale gases have thermogenic origin. This
is especially true for gases from the most productive shale plays,
both in the USA (e.g., Marcellus, Haynesville, Eagle Ford, Barnett)
and overseas (e.g., Vaca Muerta in Argentina and Wufeng-
Longmaxi in China). Shallower naturally fractured shales show evi-
dence of oil biodegradation and secondary methanogenesis, due to
infiltration of meteoric water from overlying aquifers. Plays with
early mature thermogenic and secondary microbial gases (e.g.,
Antrim and New Albany in the USA) appear to be less productive
than plays with mature thermogenic gases. There are few plays
with primary microbial gases and they are, likely, not commer-
cially viable due to low gas content. Reversed compound-specific
carbon isotope trends are common in highly productive late-
mature (VR > 2%) shales that experienced significant (>2 km) uplift.
Although many processes can lead to isotope reversals and roll-
overs in mature shale, we found that molecular and isotopic frac-
tionation related to differential gas desorption during significant
depressurization - first, from basin uplift and then from produc-
tion - may be the leading mechanism in shale plays.
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