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Associate Editor—Joseph Curiale Current approaches relating thermogenic gases to either shale source rocks (predominantly type II kerogen) or
coal source rocks (predominantly type III kerogen) are not reliable and not globally applicable. This is because
these mostly empirical approaches were developed using small poorly-constrained datasets from limited loca-
tions. The evaluation of a large global dataset of molecular and isotopic properties of gases from unconventional
shale and coal reservoirs suggests that two genetic diagrams based on stable carbon isotopes of methane and
ethane, 613C—C2H6 versus 613C—CH4 and 513C—CH4 versus A(§13C—C2H6 - 513C—CH4), provide the best separation of
shale-sourced and coal-sourced gases. Newly designated genetic fields and shale/coal separation lines on these
diagrams were tested and validated using data from five petroleum systems with, likely, only shale (class B and A
organofacies) source rocks (the Maracaibo Basin in Venezuela, the Guajira Basin in Colombia and the Rub Al
Khali Basin in Iran) and only coal (class F organofacies) source rocks (the Southern Permian Basin in Germany
and the Sichuan Basin in China). The practical usefulness of this new approach to gas-source correlations was
demonstrated in two case studies from petroleum systems with debated source rock organofacies (the
Mozambique Basin in Mozambique and the Indus Basin in Pakistan). These better constrained and more reliable
diagrams with genetic fields and shale/coal separation lines represent a new tool for the evaluation of petroleum
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systems.

1. Introduction

The correlation of petroleum fluids (oil and gas) to their source rocks
based on molecular and/or isotopic characteristics is an important task
in both fundamental and applied petroleum studies. Oil-source corre-
lations are relatively straightforward because oils contain a large num-
ber of chemical compounds that provide a variety of globally or locally
applicable correlation parameters (Peters et al., 2005; Walters, 2020).
For example, it is universally accepted that if an oil has a pristane (Pr) to
phytane (Ph) ratio Pr/Ph > 3, then that oil likely was expelled from a
coal with organofacies (Pepper and Corvi, 1995) suggesting deposition
in suboxic environments (Evenick, 2016). Biomarkers and carbon and
hydrogen isotopes of compounds in petroleum liquids facilitate corre-
lation of oils and condensates to specific source rock intervals (Boreham
et al., 2004; Gratzer et al., 2011; Yang et al., 2017). However, reliable
gas-source correlations are more challenging. This is because natural
gases contain relatively few compounds - mostly methane to pentane
(CH4-CsHj ), Ng and CO; - and have less geochemical diversity (Whiti-
car, 1994), which limit the ways for interpreting their sources. In spite of
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that, there is a long history of studies attempting to infer source rock
organofacies, maturity and specific geological formations from the
composition of reservoired gases (Bokhoven and Theeuwen, 1966; Fuex,
1977; James, 1983; Ni et al., 2015; Saberi and Rabbani, 2015; Loegering
and Milkov, 2017; Petersen et al., 2019; Feng et al., 2021).

Several diagrams based on molecular and isotopic compositions of
gases were proposed in the 1980-1990s to determine the kerogen types
and source rock organofacies that generated the gases (Schoell, 1983;
Faber et al., 1988; Dai, 1992; Whiticar, 1994; Rooney et al., 1995;
Berner and Faber, 1996). However, these diagrams may be inadequate
and/or not universally applicable because they are based on limited data
from few petroleum systems. Milkov and Etiope (2018) demonstrated
how an analysis of a large global gas dataset led to significant revisions
of three most commonly used gas genetic diagrams CH4/(CoHg + C3Hg)
versus 0'°C-CH4 (Bernard et al., 1977), 6'3C-CH,4 versus o°H-CH,4
(Schoell, 1983; Whiticar et al., 1986) and 8'3C-COy versus 8'°C-CHy
(Gutsalo and Plotnikov, 1981). Milkov and Etiope (2018) re-defined the
boundaries for genetic fields of thermogenic gas, primary microbial gas
from CO; reduction, primary microbial gas from methyl-type
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fermentation, secondary microbial gas and abiotic gas. The revised gas
diagrams of Milkov and Etiope (2018) became new standard tools for
gas interpretations (Buttitta et al., 2020; Wiectaw et al., 2020; Babadi
et al.,, 2021). Here, the updated large (>30,600 samples) dataset of
Milkov and Etiope (2018) and specifically data for shale gases and coal
gases are used to 1) test the previously proposed approaches to deter-
mine kerogen types that generated gases; and 2) develop new gas ge-
netic diagrams to distinguish coal-sourced gases from shale-sourced
gases.

2. Review of approaches to determine gas source rocks

Molecular and isotopic compositions of biotic (generated from
organic matter) natural gases depend on:

1) origin of the gas and the process of gas generation, i.e., primary
microbial, thermogenic or secondary microbial (Bernard et al., 1977;
Schoell, 1988; Whiticar, 1994; Milkov and Etiope, 2018);

2) the type and composition of organic matter (kerogen, oil) from which
the gas is derived (Faber, 1987; Clayton, 1991; Rooney et al., 1995;
Milkov, 2011);

3) the level of thermal stress (maturity) at which the gas is formed
(James, 1983; Sundberg and Benneti, 1983; Chung et al., 1988;
Clayton, 1991; Berner and Faber, 1996; Zhu et al., 2018; Tang et al.,
2000);

4) if the gas is the “instantaneous” expelled portion or if it is “cumu-
lative” gas accumulated from multiple gas charges with different
maturities (Galimov, 1988; Schoell, 1988; Rooney et al., 1995;
Cander, 2012);

5) post-genetic alteration processes such as biodegradation (James and
Burns, 1984; Milkov, 2011; 2018), thermochemical sulfate reduction
(Jenden et al., 2015), fractionation (Sassen et al., 2000; Milkov et al.,
2004) and oxidation (Daskalopoulou et al., 2018); and

6) mixing of gases with different origins (Sassen et al., 2003; Milkov
et al., 2007) or from different source rocks (Goldsmith and Abrams,
2016).

Unraveling the influence of each of the factors listed above on gas
composition is not a straightforward task for many individual gases. This
paper focuses on the factor #2 above, i.e., determining the organofacies
which sourced a specific sampled gas.

One commonly used approach of interpreting the source rock
organic matter based on gas geochemistry is the Bernard diagram as
displayed in Fig. 1A. Faber et al. (1988) first displayed fields of gases
from type II/III kerogen and gases from type III kerogen on the binary
diagram of CH4/(CoHg + CgHg) versus 5'3C-CH,4. However, Faber et al.
(1988) did not provide any empirical or theoretical justification for
outlining these genetic fields. There were four gas samples that plotted
inside the genetic field of type III kerogen and about 90% of that genetic
field had no samples to support such designation. There were no gas
samples inside the designated field of gases from type II/III kerogen (see
Fig. 2 in Faber et al., 1988). Still, Whiticar (1994) added these genetic
fields for type II and type III kerogens to the original Bernard diagram
(Bernard et al., 1977), and that version became a standard genetic di-
agram often used as displayed in Fig. 1A (Whiticar, 1999; Kotarba and
Lewan, 2004; Milkov, 2005; Aali et al., 2006; Hu et al., 2010; Ni et al.,
2015; Saberi and Rabbani, 2015; Liu et al., 2016; Gong et al., 2018; J.
Zhang et al., 2018; Zou et al., 2018; Qin et al., 2019; Wei et al., 2021).
Dai (1992) designated significantly different genetic fields of “oil-type”
and “coal-type” (see below) gases on the same diagram CH4/(CoHg +
CsHg) versus 5'3C-CHy, but his version was not widely used.

Another common approach to identify source rock facies of natural
gases is based on the comparison of carbon isotopic composition of gas
compounds, most commonly 613C—C2H6 versus 513C—CH4. Fig. 1B shows
several proposed trend-lines for gases generated from various types of
source rocks at different levels of thermal maturity. The lines from Faber
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Fig. 1. Genetic diagrams commonly used to interpret source rock kerogen
types. Diagram CHy4/(CoHg + C3Hg) versus 5'3C-CHy4 (A, “Bernard plot™) is after
Liu et al. (2016) based on Whiticar (1994). Diagram 513C-C2H6 versus 513C—CH4
(B) shows lines for gases generated from kerogen types II and III proposed by
Faber (1987), Jenden and Kaplan (1989), Rooney et al. (1995) and Berner and
Faber (1996). Diagrams of §'3C-CH,4 versus 5'°C-CyHg and §'3C-C3Hg (C) are
from Dai (1992).

(1987) and Jenden and Kaplan (1989) are purely empirical, i.e., they are
based on local and regional datasets of gases inferred to originate from
source rocks with kerogen types II and III. Other authors proposed trend-
lines based on theoretical calculations and models calibrated using some
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Fig. 2. Distributions of indices that describe molecular composition of gases from shales and coals. Main statistics are shown (n- number of samples, Av — average

(mean) value, Med — median value).

limited datasets of gases from few petroleum systems (Berner and Faber,
1988; Berner, 1989; Whiticar, 1994; Rooney et al., 1995; Berner and
Faber, 1996). The instantaneous isotope/maturity models for gases from
type II and type III source rocks proposed by Berner and Faber (1996)
(Fig. 1B) are most commonly used mainly to estimate the maturity of
source rocks from which the gases were generated, but also to infer the
type of kerogen that sourced the gases (Aali et al., 2006; Ni et al., 2015;
Saberi and Rabbani, 2015; Loegering and Milkov, 2017). Many authors
in the P.R. China consider that coal/humic-type gases have 5'3C-CyHg
more positive than around —28%. and oil/sapropelic-type gases have
513C-C2H6 more negative than around —28%o (e.g., Dai et al., 2014a; Ni
et al., 2015; Liu et al., 2019; Tian et al., 2021).

Fig. 1A and 1B show approaches to distinguish gases generated from
kerogens of type II (sapropelic, hydrogen-rich, usually dominating in
shale source rocks) and type III (humic, hydrogen-poor, usually domi-
nating in coals). However, the gases used in empirical correlations and
to calibrate theoretical models were mostly from conventional reser-
voirs rather than from shales and coals. The kerogen types in source
rocks that generated these gases were inferred based on geological data.
For example, Jenden et al. (1988) inferred that gases in the Sacramento
Basin (California) discussed by Jenden and Kaplan (1989) were gener-
ated from type III kerogen. Rooney et al. (1995) inferred that gasses
from the Delaware and Val Verde basins in Texas were generated from
type II kerogen, and gases from the Niger Delta were generated from
type III kerogen. The source rocks in the Niger Delta and in the Sacra-
mento Basin are fluvio-deltaic shales (Rooney et al., 1995), which may
be enriched in type III kerogen, but they are not coals.

Dai (1992) proposed to use diagrams of 513C—CH4 versus 513C—C2H6
and §'3C-C3Hg to distinguish gases from various sources (Fig. 1C). His
diagrams are based on a relatively large dataset of natural gases from
around the world (but mostly from China). The diagram included ge-
netic fields for “oil-type” and “coal-type” gases, although Dai (1992) did
not clearly define these terms. “Oil-type” gases likely refer to gases
associated with oil (such as oil-dissolved gases, or gases from gas caps
above oil legs) and perhaps generated from sapropelic (type I/II)
kerogen. “Coal-type” gases apparently refer to gases generated from
coals (humic (type III) kerogen), although it was not clear how many of
these gases were actually sampled in coals. This diagram (as displayed in
Fig. 1C) is now widely used by authors in the P.R. China to distinguish
these “oil-type” and “coal-type” gases (Dai et al., 2014a; Fang et al.,
2016; Gong et al., 2018; Zou et al., 2018; Dai et al., 2019; Feng et al.,
2021).

There are other, less commonly used, approaches to distinguish gases
from different source rock organofacies. Schoell (1980, 1983) proposed
to use the diagram of §'3C-CH, versus 5°H-CH, to distinguish gases
derived from humic (type III kerogen) and from marine (type II kerogen)
organic matter. Whiticar (1994) summarized that gases from kerogen
type I/11 have CHy4/(CoHg + C3Hg) from 1 to 1000, §'3C-CH, from —52%0
to —38%0 and §°H-CH,4 from —300%o to —120%. while gases from
kerogen type III have CH,4/(CyoHg + CsHg) from 50 to 2000, 5'3C-CH,
from —45%o to —30%o and 62H-CH4 from —150%o to —100%o (see Table
16.4 in Whiticar, 1994). More recently, Liu et al. (2019) used carbon and
hydrogen isotopic data for gases predominantly from China and sug-
gested that coal-type and oil-type gases can be distinguished using such



A.V. Milkov

binary diagrams as 513C-CyHg versus 6'3C-C3Hg, 6°H-CHy4 versus 5°H-
CoHe, 6'3C-CoHe versus 5°H-CoHe, 6'°C-C3Hg versus 6°H-CsHs.

There are two common problems with the previously proposed ap-
proaches to infer the source rock organofacies of analyzed gases. First,
while approaches are either fully empirical or calibrated with subsurface
and pyrolysis data, they utilize small and local gas datasets, and this
jeopardizes their global application. Second, those approaches use gases
mostly from conventional reservoirs, and the source rock facies and
kerogen types were often inferred from geological considerations, which
may be inadequate. This study tests the interpretation approaches dis-
cussed above with a global dataset of gases directly sampled from shale
and coal source rocks.

3. Data, assumptions and limitations in the current study

This study utilizes geochemical data on natural gases sampled
directly from shales (n = 2856) and coals (n = 3942) in 23 countries (97
sedimentary basins) on six continents (Fig. S1), and published in 327
papers and reports. The gases were sampled from producing wells (2012
shale gases, 2085 coal gases) or during desorption experiments (806
shale gases, 1535 coal gases). The sampling procedures for some gases
were unclear or unknown (38 shale gases, 322 coal gases). Most gases
are from the USA (n = 2548), China (n = 2389) and Canada (n = 468).
The subsurface depth, when recorded, varies from 2 m to 4702 m for
shale gas samples (n = 1383) and from 10 m to 4424 m for coal gas
samples (n = 2570).

Shale gases come mostly from geological formations with true shale
lithology such as the Marcellus Formation in the USA and the Wufeng-
Longmaxi Formation in China. However, following Tilley and Mueh-
lenbachs (2013) and Milkov et al. (2020a,b), the dataset of shale gases
also includes samples from unconventional “tight” reservoirs composed
of very fine-grained sandstone/siltstone (e.g., the Bakken Formation,
USA) and some mixed clastic/carbonate reservoirs (e.g., the Niobrara
Formation, USA) where gases were generated within these formations or
in immediately surrounding rocks. Coal gases were sampled in coal
mines and from coal seams (known as coal bed methane (CBM) or coal
seam gas (CSG)).

This study relies on several further simplifications and assumptions.
It is assumed that shale gases and coal gases are generated predomi-
nantly in situ with no significant contribution of gases migrated from
other distant sources. Shales are generalized as more oil-prone source
rocks of classes A, B and C (Pepper and Corvi, 1995) with predominantly
sapropelic organic matter (marine origin) composed of liptinite and
alginite macerals (Petersen, 2017) relatively enriched in hydrogen and
often categorized as type I/II kerogen (van Krevelen, 1961; Seewald,
2003). Coals are generalized as more gas-prone source rocks of classes D,
E and F (Pepper and Corvi, 1995) with predominantly coaly humic
organic matter (terrigeneous origin) composed of more carbon-enriched
and aromatic vitrinite and inertinite macerals (Petersen, 2017) rela-
tively depleted in hydrogen and often categorized as type III kerogen
(van Krevelen, 1961; Seewald, 2003). Some coals are relatively rich in
liptinite and some shales are relatively rich in vitrinite (Rice, 1993;
Petersen, 2017), but, at this stage of investigation, no attempts were
made to make in-depth analysis of maceral build-up of each geological
formation that generated natural gases.

The carbon isotopic composition of the gases is significantly influ-
enced by the carbon isotopic composition of the organic matter in the
source rock (Chung et al., 1988; Clayton, 1991), which is controlled not
only by organofacies but also by the age of the source rock (i.e., older
source rocks apparently have organic matter more depleted in 13C,
Degens, 1969; Galimov et al., 1975; Lewan, 1986). In addition, there
may be significant compositional and isotopic variations of heteroge-
neous organic matter even within one source rock (Tissot and Welte,
1984). Furthermore, thermogenic gases form not only from solid organic
matter (kerogen), but also from thermally cracked oil enriched in 2¢
relative to the kerogen (Clayton, 1991). These complications are not
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addressed here.

Natural gases in coals and in shales occur in both free and sorbed
states. Sorbed gases are, in general, more enriched in Cy. and in '3C
(Colombo et al., 1970; Faiz et al., 2018). In addition, there may be
significant temporal changes in gases produced from CBM and shale
wells (Mastalerz et al., 2017; Niemann and Whiticar, 2017; Sharma
et al., 2015; M. Zhang et al., 2018) and desorbed from coal and shale
cores/cuttings (Smith et al., 1985; Dai et al., 1987; Faiz et al., 2018; Ma
et al., 2020). This complexity is poorly captured in this study. Gases
produced from wells and desorbed gases are distinguished, but no
attempt was made to investigate if produced gases are mostly free gases
or desorbed gases. Further, most gases are characterized either at spe-
cific time of production/sampling or as total desorbed gas, not at various
periods of production or desorption.

Gases in this study are the cumulative residual gases that remained in
shale and coal source rocks after the expulsion of some generated gases.
At first thought, this may compromise applicability of findings to source
interpretation of gases in conventional reservoirs because those are
cumulative expelled gases (minus gases lost during migration, Milkov,
2015; He and Murray, 2020). However, this study utilizes a large global
dataset of gases from source rocks with a wide range of maturities
(discussed below), which should eliminate this issue.

All shale and coal gases were sampled onshore because, at the time of
writing, only conventional reservoirs are explored and produced in
offshore settings. This means that the source rocks hosting studied gases
experienced depressurization by uplift and erosion. Such natural
depressurization leads to additional gas expulsion and molecular and
isotopic fractionations in the residual gas, especially in significantly
uplifted (>2 km) very mature rocks (vitrinite reflectance R, > 2%) (Faiz
et al., 2018; Milkov et al., 2020a). This complication is not explicitly
considered in this study.

Finally, this study utilizes molecular and isotopic gas data produced
by a large number of different laboratories using various instruments,
sample preparation techniques, standards, and practices regarding
calibration and normalization of raw § values (Meier-Augenstein and
Schimmelmann, 2019) over a period from 1966 to 2021. All values used
in this study have related uncertainties and some may have significant
measurement errors. Although this problem is acknowledged, it is
perhaps not large enough to greatly affect the methodology of this study.

4. Characteristics and origins of shale and coal gases
4.1. Geochemical characteristics

Distributions of main geochemical properties in studied shale and
coal gases are shown in Figs. 2 and 3. Although there are some molecular
and isotopic differences between produced and desorbed gases, they are
not large enough to affect the methodology in this study. This is because
compositions of the desorbed gases used here are either for the total
desorbed gas or for the initial portion of the desorbed gas (usually most
quantitatively significant). Data from detailed desorption experiments
demonstrating significant molecular and isotopic changes of progres-
sively smaller portions of desorbed gases (e.g., Li et al., 2021) are not
considered here.

Hydrocarbon gases from coals are more enriched in methane (i.e.,
they are “drier”) than hydrocarbon gases from shales. Further, on
average, coal gases contain more CO; and N than shale gases (Fig. 2).
These findings from our large dataset of gases are consistent with pre-
vious studies of smaller datasets (Rice, 1993; Clayton, 1998).

On average, coal gases contain methane more depleted in '3C than
methane from shales (Fig. 3). In contrast, ethane and propane in coal
gases are more enriched in '3C than in shale gases. The vast majority of
coal gases have 5'3C-C3Hg > —32%o, but this sharp boundary (Fig. 3)
may be related to difficulties of isotope measurements on very small
concentrations of propane in microbial and early-mature thermogenic
coal gases (note that the dataset of 5'3C-C3Hg for coal gases is relatively
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Fig. 3. Distributions of isotopic compositions of gases from shales and coals.
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small). Methane in shale gases, on average, is more enriched in deute-
rium than methane in coal gases. In contrast, the average values §'°C-
CO; in shale and coal gases are similar.

4.2. Origins of gases

Differences in molecular and isotopic compositions of shale and coal
gases highlighted above arise initially from the origin and the generation
processes for these gases. Thermogenic, primary microbial and sec-
ondary microbial gases can be distinguished using the gas genetic dia-
grams of Milkov and Etiope (2018). Most shale gases are thermogenic,
some have secondary microbial origin and only a few have a primary
microbial origin from CO2 reduction (Fig. 4). Milkov et al. (2020a)
studied the origin of shale gases in detail and suggested that the greatest
portion of shale gas endowment is thermogenic.

In contrast, coal gases are significantly more variable in their origins.
Fig. 4 shows how coal gases plot in the genetic fields of thermogenic,
primary microbial from CO; reduction, primary microbial from methyl-
type fermentation, and secondary microbial gases. Simple visual in-
spection of the genetic plots does not allow us to conclude that gases of
any of these origins are dominant. Furthermore, detailed study of en-
dowments for coal gases with different origins is needed to understand
the relative volumetric significance of gases generated by different
processes, and that is a topic of future research.

Theoretically, gases accumulated in conventional reservoirs can
migrate from shales and coals that generated gases through a variety of
processes. Still, it is prudent to assume that only the thermogenic process
generates volumes of gases large enough to be expelled and effectively
migrate through the overburden and into conventional reservoirs.
Therefore, genetic diagrams derived solely from pure thermogenic gases
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may be more applicable to the task of determining the organofacies of
source rocks. Following Milkov and Etiope (2018), gases were assigned
as purely thermogenic based on the following criteria: 1) presence of
higher carbon number gases (alkane homologues) from CoHg to CsHjo;
2) linear or semi-linear plot of 513Cn values versus 1/n (Chung et al.,
1988); 3) geological consideration such as maximum burial depth and
thermal maturity of the geological formation from which the gases were
sampled.

5. Tests of existing interpretation approaches

Fig. 5A is a genetic diagram of CH4/(CoHg + C3Hg) versus s'3c-cH,
(“Bernard plot” as modified by Whiticar, 1994) displaying shale and coal
gases from the global dataset. It is apparent that the shale-sourced gases
and coal-sourced gases do not plot just in the genetic fields originally
designated by Faber et al. (1988). Shale gases (predominantly from type
II kerogen) plot mostly in the area of thermogenic gases, and occur both
within the genetic fields of type II and type III kerogens and in between
them. Coal gases (predominantly from type III kerogen) plot all over the
diagram, which suggests that coal-derived gases can have different or-
igins (primary microbial, secondary microbial, thermogenic) or are
mixed (see Fig. 4). The plot of only thermogenic gases (Fig. 5B) further
highlights that the genetic fields of kerogen types II and III designated by
Faber et al. (1988) are inadequate and should not be used to infer source
organofacies of natural gases.

Fig. 6A displays the relationship between 5'3C-C,Hg and 5'3C-CH, in
coal and shale gases. The lines of Berner and Faber (1996) designed to
demonstrate maturity trends for gases from type II and type III kerogens
(also see Fig. 1B) clearly are not aligned with global shales and coal
gases, even when only thermogenic gases are included on this diagram
(Fig. 6B). These lines are most commonly utilized in research papers
(Aali et al., 2006; Loegering and Milkov, 2017) and in industry reports,
but they are inadequate and should not be used to infer source orga-
nofacies of natural gases. The lines of Rooney et al. (1995) (also see
Fig. 1B) are aligned with at least some shale and coal gases, but clearly
not with all of them. There is a relatively good separation of coal and
shale gases on this diagram, and this will be explored below.

Fig. 7 shows genetic diagrams of 5'°C-CHy4 versus 5'C-CyHpg and 5'3C-
CsHg with fields of coal-derived and oil-associated gases proposed by
Dai (1992). Global coal and shale gases are not confined to the genetic
fields designated on these diagrams.

It follows from the above that the currently used interpretative
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approaches relying on genetic fields and separation lines as displayed in
Fig. 1 inadequately distinguish between coal-sourced and shale-sourced
gases. This may lead to incorrect gas-source correlations, wrong in-
terpretations of petroleum systems and, potentially, poor exploration
decisions. It is important to develop new, better justified and more
reliable interpretation schemes to distinguish shale-sourced and coal-
sourced gases.

6. Diagrams to distinguish shale-derived versus coal-derived
gases

Table 1 lists fifteen molecular and isotopic relationships of hydro-
carbon gases evaluated in this study and used as potential genetic dia-
grams. Non-hydrocarbon gases such as CO, and Ny are not included
because they often come not only from organic matter but also from
external sources (Gyore et al., 2021), especially in conventional reser-
voirs (Idris, 1992; Imbus et al., 1998). Some tested diagrams did not
show significant separation between shale-sourced and coal-sourced
gases (Figs. S2 and S3). For some other diagrams, there were not
enough data to make any substantiated conclusions (Figs. S2 and S3).
However, two diagrams discussed below may be useful in distinguishing
shale-sourced from coal-sourced gases.

6.1. Diagram 5'3C-C3Hg versus 513C-CH,

Rooney et al. (1995) observed that thermogenic gases from terrige-
neous (kerogen type III) organic matter have a larger difference between
5*3C-CH4 and 5'3C-CyHg than gases from marine (kerogen type II)
kerogen. Fig. 3 supports this observation for global coal and shale gases.
Based on global average (mean) values, the difference between 613C-CH4
and 5'3C-CyHg is ~6%o in shale gases and ~22%o in coal gases (Fig. 3).
Figs. 6 and 8A show how coal-sourced and shale-sourced gases are well
separated on the diagram 5'3C-CyHg versus 8'3C-CH,. However, orga-
nofacies of source rocks are only one of the factors that affect how coal
and shale gases plot on this diagram. Other factors include the origin of
gases, maturity and post-genetic processes.

Fig. 9 is the proposed genetic diagram of natural gases based on
carbon isotopic compositions of methane and ethane. To build it, not
only shale and coal gases were utilized, but also natural gases from
conventional reservoirs (9917 samples with available values of 513C—CH4
and 513C-C2H6) and other geological habitats (1259 samples) (Fig. 8A)
with assigned origins (Fig. 8B). This diagram distinguishes primary

108 v

108

v ., v = .,
104—1 =, .-.. °e 't-',i“ Kerogen 104 — A ol Kerogen
" 'h;" type Il ,:":-:;?::;.. type Il
. . YT
— 10— L., Kerogen 10% — ° Kerogen
© .2 type lll 3 type lll
O 2 . .
¥
Q' 102 102 — )
{ o
S 1o —]
100 — 100 —
o1 A - 101 —-B
I I I I I [ I [ [ [ [ I ! [
9 80 -70 60 -50 -40 -30 -20 -10 9 80 -70 60 -50 -40 -30 -20 -10

5'13C-CHy (%o)

513C-CHy (%o)

Fig. 5. Shale and coal gases plotted on the “Bernard plot” with genetic fields of biogenic (B, same as bacterial and microbial) and thermogenic (T) gases as outlined in
Whiticar (1994). Shale gases are red and coal gases are black (symbols are the same as in Fig. 4). Panel A displays the entire dataset of shale and coal gases, and panel
B shows only thermogenic gases. The data points that line up horizontally at CH,4/(CHe + C3Hg) value 100,000 are gases with mostly methane and only traces of
ethane and/or propane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Shale and coal gases plotted on the diagrams of 5'>C-CH, versus §'°C-CoHg and 5'°C-C3Hg (C) from Dai (1992). Shale gases are red and coal gases are black
(symbols are the same as in Fig. 4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

microbial (from COg reduction), thermogenic, secondary microbial and macerals and shales relatively enriched in vitrinite macerals. Some
abiotic gases. In addition, there is a field of mixed gases that contain source rock intervals are composed of interbedded shales and coals, and
predominantly microbial methane and predominantly thermogenic both organofacies may generate gases which migrate for short distances,
ethane. mix and accumulate in both lithologies and in conventional reservoirs.

The genetic field of thermogenic gases includes sub-fields of coal- As mentioned above, many geoscientists in the P.R. China consider
sourced and shale-sourced gases for mid-to-late mature thermogenic that coal/humic-type gases have 5'3C-CyHg > —28%0 and oil/sapropelic-

gases. The line that separates these gases is empirical and is based on type gases have §°C-CoHg < —28%o (e.g., Dai et al., 2014a; Ni et al.,
data in Fig. 8A. It should be used with caution because there are many 2015; Liu et al., 2019; Tian et al., 2021). Based on data from Fig. 8 and
limitations and caveats in this study as outlined above. Most impor- the interpretation scheme in Fig. 9, this consideration may be true for
tantly, gases can be generated by coals relatively enriched in lipid more mature gases (with 5'3C-CH; > —40%) but not for less mature
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Table 1
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Relationships between gas geochemical parameters tested in this study to distinguish shale-sourced and coal-sourced gases. Some of them have been previously
proposed in cited references. See Figures S2 and S3 in the Appendix A for all-against-all scatter plots of discussed parameters.

Relationship Original studies

Findings from this study

Previously proposed and tested in this study based on a global dataset

CH./(CoHs + C3Hg) versus 6'3C- Faber et al. (1988), Whiticar (1994) (Fig. 1A)
CH4

513C-C2H6 versus 613C-CH4 Faber (1987); Jenden and Kaplan (1989), Rooney

et al. (1995), Berner and Faber (1996) (Fig. 1B).

5'3C-CH,4 versus 5'3C-CoHg and
5'3C-C3Hg

Dai (1992) (Fig. 1C)

5'3C-CH, versus 5*H-CH, Schoell (1980, 1983)

513C-C3Hg versus 5'3C-CoHg

Berner and Faber (1996),Liu et al. (2019)

52H-C,Hg versus 5°H-CH,
513C-CoHe versus 5°H-CH,4

Liu et al. (2019)
Liu et al. (2019)

Liu et al. (2019)
Liu et al. (2019)

52H-CoHg versus 8'3C-CoHg
5%H-C3Hg versus 5'3C-C3Hg

Tested in this study

5'3C-CH, versus A(8'3C-CoHg -
5'3C-CHy)

52H-CH, versus A(5*3C-CoHg -
5'3C-CHy)

5%C-CyHg versus A(8*3C-CoHg -
513C-CHy)

52C-C3Hg versus A(8'3C-CoH -
5'3C-CHy)

A(5*3C-C3Hg - 5'3C-CH,) versus
A(8'3C-CoHg - 6'°C-CHy)

CH,4/(CoHs + C3Hg) versus 5°C-
CoHg

Originally-defined genetic fields do not distinguish shale-sourced and coal-sourced
gases (Fig. 5)

Not diagnostic

Originally-defined maturity trends for gases from kerogens of type I and type III are not
robust or universally applicable (Fig. 6)

Diagnostic

New genetic fields and shale/coal separation line are proposed in this study (Fig. 9)
Originally-defined genetic fields do not distinguish shale-sourced and coal-sourced
gases (Fig. 7)

5'3C-CH, vs §'3C-C,Hg is diagnostic but §'3C-CH, vs 5'°C-C3Hs is not diagnostic (Figs.
S2 and S3)

Originally-defined genetic fields do not distinguish shale-sourced and coal-sourced
gases

Not diagnostic (Figs. 4, S2 and S3)

Originally-defined genetic fields do not distinguish shale-sourced and coal-sourced
gases

Not diagnostic (Figs. S2 and S3)

Insufficient data from coal gases to test this relationship (Figs. S2 and S3)
Originally-defined genetic fields do not distinguish shale-sourced and coal-sourced
gases

e Not diagnostic (Figs. S2 and S3)

Insufficient data from coal gases to test this relationship
Insufficient data from coal gases to test this relationship

Good separation of shale-sourced and coal-sourced gases but only for mid-to-late-
mature thermogenic gases (Fig. 10)
Not diagnostic (Figs. S2 and S3)

Partially diagnostic (Figs. S2 and S3)

Not diagnostic (Figs. S2 and S3)

Not diagnostic (Figs. S2 and S3)

There is partial separation of shale-sourced and coal-sourced gases, but their genetic
fields significantly overlap with fields of gases of other origins and mixed gases (Figs. S2

and S3)
Not diagnostic

gases. The less-mature thermogenic coal gases have 5'3C-C,Hg as
negative as —37%o (Fig. S3).

There is no detailed theoretical explanation for the larger difference
between 5'3C-CH, and 5'3C-C,Hg in gases from shales (kerogen type II)
than from coals (kerogen type III). Rooney et al. (1995) suggested that it
may result from greater molecular or isotopic heterogeneity in type III
kerogens or from different generation/accumulation of gases from
varying kerogen types.

6.2. Diagram §'3C-CHy versus A(5'3C-C3Hg - 513C-CHy)

James (1983), Sundberg and Benneti (1983) and Clayton (1991)
suggested using the carbon isotopic differences between hydrocarbon
compounds to understand the maturity of gases. In general, more mature
gases have smaller isotopic differences between hydrocarbon gases.
However, the isotopic differences are also affected by source orga-
nofacies (Chung et al., 1988; Rooney et al., 1995). The diagram of 5'3C-
CH4 versus A(613C—C2H6 - 513C—CH4) shows reasonably good separation
of coal-sourced and shale-sourced gases for mid-late mature thermo-
genic gases with 8'3C-CH4 > —55%o (Fig. 10). In general, shale gases
have a smaller carbon isotopic separation between methane and ethane
than coal gases. In addition, few coal gases (and none of the produced
ones) have isotopic reversal (when 613C—C2H6 < 613C—CH4 and A < 0)
that is common in late-mature shale gases (Zumberge et al., 2012; Tilley
and Muehlenbachs, 2013; Dai et al., 2014b; Milkov et al., 2020a).

Fig. 11 is the generalized diagram that may be useful to distinguish
thermogenic shale-sourced and coal-sourced gases. It is recommended
that the shale/coal separation line be used for mid-to-late mature ther-
mogenic gases (based on holistic geochemical and geological criteria
and, most importantly, with no biodegradation and addition of sec-
ondary microbial gas). This diagram also has genetic fields for primary
microbial (from CO; reduction), secondary microbial, abiotic gases and
mixed thermogenic/microbial gases.

7. Validation of the proposed diagrams

Many natural gases are mixtures of hydrocarbons and non-
hydrocarbons of various origins, from several sources and modified as
a result of post-genetic processes (Chung et al., 1988; Milkov et al.,
2007; Milkov, 2010; Jenden et al., 2015; Mastalerz et al., 2017). Still,
there are relatively simple petroleum systems with predominantly
thermogenic gases generated from source rocks with known orga-
nofacies. Gases from such simpler conventional petroleum systems can
be used to test and validate the gas diagrams proposed in this study.

Diagrams in Fig. 12 display thermogenic gases that have been reli-
ably related to either coal or shale source rock organofacies. Samples
from the Southern Permian Basin in Germany (Boigk et al., 1976;
Schoell, 1984; Mueller and Scholz, 2004; Douglas et al., 2017) were
produced from sandstone reservoirs in the Rotliegend Formation
(Permian). Free gases and condensates in these reservoirs are sourced
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from Carboniferous coal measures (source rocks with organofacies F)
(Gautier, 2003). Samples from the Sichuan Basin in China come from
sandstone reservoirs interbedded with coal source rocks in the Triassic
Xujiahe Formation (Dai et al., 2009, 2014; Xiong et al., 2004; Zhu et al.,
2011; Qin et al., 2018, 2019; Su et al., 2018). These gases plot in the
designated areas of “coal-sourced thermogenic gases” on the diagrams
513C-CoHg versus §'3C-CH, (Fig. 12A) and 6'3C-CH, versus A(5'3C-CoHg .
5'3C-CHy) (Fig. 12B).

Samples from the Maracaibo Basin in Venezuela come from oil/
condensate accumulations in sandstone reservoirs in the Eocene-
Miocene Misoa, Lagunillas and La Rosaceom formations (Marquez
et al., 2013). The Cenomanian-Campanian La Luna Formation, pre-
dominantly composed of shales and limestones (organofacies A/B) is the
main source rock in that area (Erlich et al., 2000). The La Luna For-
mation is also the source of gases sampled from free gas accumulations
in Miocene sandstone reservoirs in the Guajira Basin in Colombia

(Rangel et al., 2003; Gonzalez-Penagos et al., 2019). Samples from the
Rub Al Khali Basin in Iran come from Dalan-Kangan (Permian-Triassic)
carbonate reservoirs in the giant South Pars gas field (Aali et al., 2006;
Saberi and Rabbani, 2015). These thermogenic gases are sourced from
shales (organofacies B) in the Lower Silurian Sarchahan Formation.
Available geological and geochemical data from the Maracaibo, Guajira
and Rub Al Khali basins indicate that there are no coals in these basins.
Most gases from these basins plot in the designated areas of “shale-
sourced thermogenic gases” on the diagrams 5*>C-CyHg versus §'3C-CHy
(Fig. 12A) and §'3C-CH, versus A(8*3C-CoHg - 513C-CHy) (Fig. 12B). Two
samples from the offshore Ballena and the onshore Rio Hacha gas fields
in Colombia may be mixtures of early-mature thermogenic and primary
microbial gases.

8. Implications and case studies

New interpretation approaches developed in this study can be
applied to solve various problems across the petroleum industry value
chain. Here are some specific examples of how these diagrams can be
used:

1) Petroleum explorers can establish robust gas-source correlations,
better determine source rock intervals, improve their petroleum
system models (Petersen et al., 2019) and risk assessments (Milkov,
2015), and make better drilling decisions, eventually leading to
better economics of petroleum exploration.

Production geoscientists can more effectively determine the intervals

from which the wells produce and improve production allocation

(Jokanola et al., 2010; Goldsmith and Abrams, 2016).

Environmental scientists evaluating source of leakage from plugged

and abandoned wells (Schout et al., 2019; Wisen et al., 2020) can

correctly identify the potentially leaking formation and help design
more effective programs to reduce or eliminate gas leakage. Further,
they can better interpret the dissolved hydrocarbon gases in

groundwater and aquifers (Botner et al., 2018).

4) Atmospheric scientists can better determine the sources and impor-
tance of fossil hydrocarbon gases in the atmosphere (Townsend-
Small et al., 2015; Schaefer et al., 2016; Schwietzke et al., 2016;
Milkov et al., 2020b).

2

—

3

-

Two case studies below demonstrate the application of the proposed
diagrams for gas-source correlations.
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8.1. Case study: Mozambique Basin

There is a controversy about source rocks in the Mozambique Basin
(onshore Mozambique). Coal measures in the Late Carboniferous - Early
Jurassic Karoo Supergroup and shales in the Cretaceous and Paleogene-
Neogene sections have been suggested as source candidates (Kihle,
1983; De Buyl and Flores, 1986; Coster et al., 1989). Loegering and
Milkov (2017) studied geochemical composition of gases and conden-
sates from the Pande, Temane and Inhassoro fields and suggested that
the Aptian-Coniacian Domo Shale is the likely source rock for reser-
voired petroleum fluids. They specifically ruled out any contribution
from the Karoo coals.

However, plotting of gas data from the Pande, Temane and Inhassoro
fields on the diagrams developed in this study (Fig. 13) reveals a pos-
sibility that gases in the Pande field are sourced from coals, while gases
in the Temane and the Inhassoro fields are sourced from shales. This
interpretation appears consistent with the geological setting of the area.
The Pande field is located immediately south and east of the Karoo rift
system as mapped by Davison and Steel (2017) and can be charged with

10

gases from the Karoo-age coals (organofacies F). Well Aguia Dourada-1
in the Pande field is perhaps most proximal to the rift system (see Fig. 1
in Loegering and Milkov (2017) and Fig. 1 in Davison and Steel (2017)),
and it has gas with the most “coal-sourced” carbon isotopic signatures
(Fig. 13). On the other hand, the Temane and the Inhassoro fields are
located further away from the Karoo rifts and are more likely to be
sourced from shales in the Domo Formation.

Loegering and Milkov (2017) made their interpretations using the
older versions of gas genetic diagrams (Berner and Faber, 1996; Whiti-
car, 1999). They attributed isotopic differences between the Pande and
the Temane-Inhassoro fields exclusively to the maturity variations. The
new genetic diagrams 513C—C2H6 versus 513C—CH4 and 513C—CH4 versus
A(5'3C-CoHg - 5'3C-CH,) created specifically to distinguish coal-sourced
and shale-sourced gases provide a different and perhaps more geologi-
cally reasonable interpretation of effective source rocks in the
Mozambique Basin.

8.2. Case study: Indus Basin

Battani et al. (2000) discussed the origin of Np-rich and CO»-rich
gases produced from the conventional Eocene reservoirs in the Middle
(Central) Indus and in the Southern Indus basins onshore Pakistan. Ac-
cording to these authors, the potential source rocks in the Middle
(Central) Indus Basin include mainly shales (with type II kerogen) in the
Jurassic, Cretaceous and Eocene sequences, although coals (with type III
kerogen) are present in the Eocene formations. The main potential
source rocks in the Southern Indus Basin are “the Eocene formations of
Ghazij and Laki, which contain coals (type III organic matter)” (p. 231 in
Battani et al., 2000).

However, plotting gas data from the Indus Basin on the diagrams
developed in this study (Fig. 14) reveals a possibility that gases sampled
in the Middle (Central) Indus Basin are sourced mostly from coals, while
gases in the Southern Indus Basin are sourced mostly from shales. This
interpretation of source rock organofacies is completely opposite to
what was presented by Battani et al. (2000) but it is consistent with the
geological data. Kadri (1995) described various potential coal source
rocks in the Middle (Central) Indus Basin, including Triassic “thin coal
beds at places which have good potential for gas generation” (p. 172)
and Jurassic coal beds that “have very good potential for gas generation”
(p. 172). Then, in the Southern Indus Basin, Kadri (1995) emphasized
the importance of Eocene Kirthar, Laki and Ghazij formations as likely
source rocks, but described them as shales and did not mention any coal
measures in them.

The geochemical interpretation of source rock organofacies based on
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(A) and §*3C-CH, versus A(5*3C-CoHg - 5'3C-CHy) (B). AD-1 is the well Aguia Dourada-1 in the Pande field.

-10 -10
@ Middle Indus Thermogenic
® Southern Indus 20 mid-to-late
g -20 A Coal-sourced mature
o [ ] 'Y —
e\o/ ®) ate-mature o\g 30
f 30 ' 4 <
~ Shale-sourced I 40 -
S 3
(_') | B R Thermogenic O
7 50
0 o]
50 ; P .
nﬁ{;’:;igl E A 0 B \\\‘ Primary microbial
=0 T T T T 1 - T | I T
80 -70 60 -50 -40 -30 -20 -10 -20 -10 0 10 20 30
513C-CH, (%o) A(5'3C-C,H - 613C-CH,)

Fig. 14. Gases from the Middle Indus and Southern Indus basins in Pakistan (Battani et al., 2000) plotted on diagrams §'3C-C,Hs versus §'>C-CH, (A) and §'3C-CH,
versus A(5'°C-CoHs - 5'°C-CH,) (B).
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the geochemistry of produced gases in the Indus Basin using the dia-
grams developed in this study (Fig. 14) is aligned with the source rocks
as described by Kadri (1995) but not as inferred by Battani et al. (2000).
It is unclear how Battani et al. (2000) made their inferences about source
organofacies, especially since they were also informed by the work of
Kadri (1995) about the source rocks in the basin. This case study high-
lights the usefulness of newly developed genetic diagrams to justify a
more accurate determination of source rock organofacies for sampled
natural gases.

9. Conclusions

The presented study serves two purposes. First, it tests the existing
approaches earth scientists use to determine if natural gases are sourced
from shale (organofacies A,B,C with predominantly type II kerogen) or
from coal (organofacies D,E,F with predominantly type III kerogen)
source rocks. Results indicate that the existing commonly used dia-
grams, or the genetic fields on them, are not robust, and the in-
terpretations from them may be erroneous. Second, this study uses a
comprehensive global dataset of natural gases to develop new ap-
proaches to distinguish shale-sourced and coal-sourced gases. Focusing
on gases from shale reservoirs and from coal beds, and after trying
numerous binary combinations of geochemical parameters, it was found
that diagrams 513C-C2H6 versus 513C-CH4 and 513C-CH4 versus A(6'3C-
CoHg - §'3C-CH,) display the best separation of shale-sourced and coal-
sourced gases. Newly designed genetic fields and shale/coal separation
lines on these diagrams were tested and validated using data from five
petroleum systems with known shale and coal source rock organofacies.
Two case studies from petroleum systems with debated source rock
organofacies demonstrate the usefulness of new genetic diagrams in gas-
source correlations. The learnings from this study should be incorpo-
rated into a new generation of gas interpretation tools that utilize
multiple geochemical parameters at once using machine learning algo-
rithms (Snodgrass and Milkov, 2020).
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