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ARTICLE INFO ABSTRACT

Keywords: The genetic identification of different types of natural gas is notably important for assessment of its sources and
Natural gas exploration potential. The chemical and isotopic (C and H, in particular) compositions of natural gas vary sig-
Alkane

nificantly due to the complexity of its generation, migration, and accumulation processes. The “coal-type” gas
generated from humic matter is generally enriched in '>C as compared to "oil-type" gas generated from sapro-
pelic organic matter. However, gas originating from fresh-brackish water environments is depleted in '>C
whereas gas from saline environments is enriched in 'C. Notwithstanding organic precusors and sedimentary
environments, both isotope compositions of alkanes tend to become enriched both in *3C and ?H with prograde
thermal evolution. Therefore, in addition to thermal maturity, source material is the major controlling factor of
carbon isotope compositions, whereas sedimentary environment is predominant in governing hydrogen isotopes.
Secondary processes, including thermochemical sulfate reduction (TSR) and diffusion, result in an enrichment of
the gases in 'C and ?H due to mass-dependent kinetic isotope effect. Microbial degradation causes a decrease in
propane content and an enrichment in '?C and 2H of the residual propane. The abiogenic gases may include
methane from deep mantle and high molecular weight hydrocarbons through Fischer-Tropsch type (FTT)
synthesis. Methane of mantle origin possesses a narrow range of isotope compositions, although it is still a tall
task to determine the exact values. In contrast, isotopes of alkane gases synthesized from FTT processes are in a
wide range. In sedimentary basins, the mixing of gases from multiple sources and/or through different secondary
processes may pose a challenage to identification of their origins. The detailed assessment is provided here with
case studies from major oil and gas basins in China. This review provides identification of misconceptions in
genetic types of natural gas using carbon and hydrogen isotopes of alkanes, and sheds insights into using isotope
geochemistry as an important diagnostic tool for energy exploration as well.

Carbon isotope
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Secondary process

1. Introduction organic matter, biogenic gas can be further divided into “coal-type” gas

and “oil-type” gas (Dai et al., 1985, 1992; Xu, 1994). Coal-type gas, also

Owing to the complexity of formation processes of natural gas, the
classification scheme varies with different criteria, including original
source and thermal maturity. On the basis of sources, there are two
broad categories: biogenic and abiogenic gas. Biogenic gas mainly re-
fers to the natural gas formed by organic matter, while abiogenic gas
includes gas both directly from mantle (mantle-derived gas) and from
abiogenic formation (Fischer-Tropsch type synthesis) in the crust
(Welhan and Craig, 1979; Gold and Soter, 1980; Dai et al., 2005a;
Jenden et al., 1993; Sherwood Lollar et al., 2002). Based on the type of

called coal-formed gas, is formed by thermal decomposition of humic
organic matter (type III kerogen), and coal seams are included in the
source rocks of this type. Oil-type gas is generated from decomposition
of sapropelic organic matter (type I and II kerogen), including gases
from direct decomposition of sapropelic rocks and secondary cracking
of crude oil. On the basis of thermal maturity, natural gas can be
classified into microbial gas, low-mature or immature gas, bio-ther-
mocatalytic transitional zone gas (Liu et al., 1997), and thermal
cracking gas (Xu, 1994). Among them, thermal cracking gas includes
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natural gas (also known as kerogen-cracking gas) formed by primary
cracking of humic (coal-bearing) and sapropelic source rocks, and
secondary cracking gas through thermal decomposition of crude oil (Liu
et al., 2007). The latter can be further divided into three different gases,
depending on burial and thermal history in the basin. They are: (1) oil-
cracking gas, which is generated from secondary cracking of oil; (2) oil-
and-gas-cracking gas, generated from secondary cracking of both oil
and gas; and (3) gas-cracking gas, which is from secondary cracking of
previously formed gas.

Water plays an important role in hydrocarbon generation and evo-
lution, and participates in chemical reactions as source of hydrogen
(Lewan, 1993, 1997; Schimmelmann et al., 2001; Wang et al., 2015;
Yoshinaga and Morita, 1997). Hydrogen atoms in water can undergo
reversible isotope exchanges with hydrogen in kerogen, most of which
are linked to heteroatoms (for example, N—H, S—H, and O—H)
(Hoering, 1984; Seewald et al., 1998). After alkane gases are generated,
however, their hydrogen atoms barely participate exchange reactions
with hydrogen in water (Schimmelmann et al., 2001, 2004).

For gas from sapropelic organic material deposited in marine or
lacustrine environments, distinct chemical and isotope compositions
are observed. Secondary processes during migration and accumulation
may cause changes in the original gas composition. For example, with
increasing thermal maturity, liquid hydrocarbons generated earlier may
be subject to molecular breakdown and thermochemical sulfate re-
duction (TSR) to form natural gas. The involvement of H,S in TSR al-
teration processes causes changes in geochemical characteristics as
compared to typical oil-type gas (Cai et al., 2005; Hao et al., 2008; Liu
et al., 2013; Machel, 2001; Worden and Smalley, 1996). Similarly, with
participation of deep fluids, methane becomes not only enriched in *3C
forming carbon isotopic reversal of alkanes (Dai et al., 2005a), but also
depleted in deuterium (Liu et al., 2016; Sherwood Lollar et al., 2002,
2006).

Thus, the key scientific question for assessing natural gas resource
potential and finding favorable areas for exploration is: How can the
genetic types and sources of natural gas be effectively identified in
different geological backgrounds and secondary alteration processes,
including TSR and water-rock interactions? The alkane gas is composed
of carbon and hydrogen elements. Therefore, the correlation between
chemical compositions and carbon and hydrogen isotopes is the key
approach to identify the origin of natural gas under different geological
conditions. Many scholars have already established numerous geo-
chemical parameters and classic diagrams. However, due to the lim-
itation of analytical data, in particular, hydrogen isotope compositions
of heavy hydrocarbon gases, effective genetic identification has been
hindered in cases that involve complex geological history and sec-
ondary alteration processes.

In recent years, a number of large- and medium-sized natural gas
fields have been discovered in China, which vary significantly in sedi-
mentary environment and gas formation processes. For example, a
series of gas reservoirs have been found in the Sichuan and Ordos ba-
sins, where the source rock kerogen is of type II and IIl in marine,
terrigenous and transitional source rocks. In the reservoirs of the
eastern Sichuan Basin, natural gas is predominantly from marine source
rocks (Puguang and Wolonghe gas fields), and contains various
amounts of H,S (Cai et al., 2003; Hao et al., 2008; Li et al., 2005b).
Natural gas in the Jingbian gas field in Ordos Basin is in marine re-
servoirs and derived from marine and transitional source rocks (Liu
et al., 2009), while natural gas in the Upper Paleozoic strata in Daniudi
gas field is from typical coal measures, with enrichment of heavy
carbon isotopes (Liu et al., 2015). In other petroliferous basins, in-
cluding Liaohe depression and Huanghua depression in Bohai Bay
Basin, Turpan-Hami Basin, Santanghu Basin, and Pearl River Mouth
Basin, natural gas belongs to low-mature oil-type gas in lacustrine en-
vironment (Dai, 2014; Huang et al., 2015, 2017; Wang et al., 2015).
The Tertiary gas in Luliang-Baoshan (Xu et al., 2006) and Quaternary
gas in Qaidam Basin (Ni et al., 2013) have a microbial signature. The
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gas in the Xujiaweizi depression in Songliao Basin is classified as a
mixture of deep-sourced abiogenic gas and lacustrine oil-type gas (Li
et al., 2005a; Liu et al., 2016).

This paper collects the chemical composition, carbon and hydrogen
isotope compositions (methane, ethane and propane) of 431 gas sam-
ples from commercial gas reservoirs in China and northern Appalachian
basin in U.S., in combination with data from water-rock reaction ex-
periments (Fu et al., 2007). By assessing isotope compositions of alkane
gases from different sources, the authors intend to overview the current
knowledge on the impact of different geologic backgrounds (sedimen-
tary environment and source rocks) on isotope compositions of alkane
gases, and re-examine this relationship with newly collected data.
Building on this knowledge base, a new approach for identifying al-
kanes of different origins is established, taking all potential environ-
mental factors into consideration. It would shed insights into deci-
phering the formation of natural gas with isotope geochemistry as a
diagnostic tool and facilitate future energy exploration.

2. Geochemical characteristics of source rocks and natural gas
2.1. Source rocks

At present, natural gas discovered with potential for commercial
exploration is mainly formed by biodegradation or thermal cracking.
Although abiogenic natural gas has been observed/observed, commer-
cial abiogenic gas fields have yet been discovered. Therefore, natural
gas in major gas reservoirs was generated from source rocks with dif-
ferent sedimentary environments, organic matter, and thermal matu-
rities. The geological characteristics of source rocks, carbon and hy-
drogen isotope values of alkane gases (C;_3) from 15 large-scale natural
gas reservoirs in China and northern Appalachian basin in U.S. have
been summarized in Table 1. Their source rocks are made up of a
variety of sedimentary facies, including marine, lacustrine, lagoon, and
transitional facies. The lithology includes carbonate rocks, mudstone or
carbonaceous mudstone, and coal seams. The organic matter displays
all types of kerogen (I, II, and III), and thermal maturity (R,) ranges
from 0.2% (Quaternary gas in Qaidam Basin) to 3.5% (Upper Carbo-
niferous Huanglong Formation (C;h) — Upper Permian Changxing For-
mation (P,ch) — Lower Triassic Feixianguan Formation (T;f) gas in Si-
chuan Basin) (Table 1).

Overall, geological conditions before, during, and after natural gas
formation are in a wide range, which may control and/or contribute to
different geochemical characterisitics of natural gas. Delineation of this
complex relationship is important, not only in evaluating current re-
sources, but aiding in future exploration as well.

2.2. Different types of natural gas

Natural gas in sedimentary basins is generated from microbial ac-
tivities or thermal cracking of organic matter. The microbial gas is
mainly composed of alkane gases, and formed by biochemical CO, re-
duction and acetate fermentation under the actions of anaerobic bac-
teria at low temperatures. The typical characteristics of microbial gases
include methane-dominated chemical composition and its carbon iso-
tope value of less than —60%o or —55%o (Rice and Claypool, 1981;
Schoell, 1980). The thermal maturity (R,) of source rock is < 0.5%, and
kerogen can be either type II or type III. The formation of microbial gas
is unrelated to the type of organic matter, and controlled by tempera-
ture and environment of anaerobic bacteria. In thermal cracking pro-
cesses, however, chemical compositions and stable isotopes of natural
gas generated from different organic precursors vary significantly.

Bernard et al. (1978) established the relationship between chemical
compositions of natural gas and methane carbon isotope values (C1/
(Cy + C3) vs 8'3C,) for different types of kerogen (Fig. 1). Following
this classification, natural gas from Luliang-Baoshan and Qaidam Basin
is of microbial origin. The burial depth of gas zone in the Luliang-
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® - Baoshan gas field is 638 m on average. The carbon isotope value of
S = alkane gases becomes less negative with increasing burial depth, a ty-

8 § z = s —é ::; pical feature observed for thermogenic gas (Schoell, 1983; Xu et al.,

5 o fo S é }50 2006). In Qaidam Basin, the burial depth of gas field is < 2100 m. With

::3 é g % g E S E E increasing burial depth, no tendency of becoming heavier in carbon
isotope is present in alkanes. The overall chemical components and
carbon isotopic compositions indicate typical microbial origin (Ni et al.,
2013).

When the thermal maturity of the source rock is relatively low

(R, = 0.5-1.0%), the abundance and carbon isotope composition of

methane show a transition from microbial gas to thermogenic gas. The

] 82 & carbon isotope composition of methane is low (8'C; < —35%o), and

. l ; ; l natural gas is relatively wet (C;/Cs 4 3<100). The examples are natural

R 53 B8 gas in Liaohe depression (in Tertiary Es3 coal seams and Es, lacustrine

’?i 9 YT T mudstone), Huanghua depression (in lacustrine mudstone), Turpan-
Hami Basin (in coal seams) and Santanghu Basin (in transitional facies
of coal seams). The natural gas in Liaohe and Huanghua depressions
mainly comes from lacustrine source rocks with type I-II organic
matter. Due to low thermal maturity, most data suggest the mixing
between thermogenic and microbial gases (Liu et al., 1997). The mi-

° oo crobial-thermocatalytic transitional gas is mainly formed when bio-
] e o chemical processes come to end while gas generation from thermal
N l ; ; l cracking has yet to develop in large scale. The generated alkanes are

T1g rw g predominantly small molecules that are formed through decarboxyla-

°,:E q YT tion, de-condensation and poly-condensation, under low temperatures,
low pressures, and thermodynamic drive from catalysis of clay minerals
and tectonic stress as well. The R, value is between 0.5% and 0.6% in
general, with 813, value from —55%0 to —45% (Liu et al., 1997).
Although natural gas in Turpan-Hami and Santanghu basins is formed
from coal seams of terrigenous or transitional facies, it still shows light

- o carbon isotope compositions (§'3C; < —35%o) and wet components
5‘: ? EI 2‘ (C1/Ca43 < 100). Therefore, for natural gas with low maturity
-1 ! ) (R, = 0.5-1.0%), the type of organic matter has a minor effect on gas

:i § § § § compositions and carbon isotope values of methane.

% I (I I As thermal maturity increases (R, > 1.0%), the influence of or-
ganic matter on natural gas becomes prominent. As seen in Fig. 1,
natural gas from the foreland in Tarim Basin, the Upper Paleozoic rocks
in Ordos Basin, the Xujiahe Formation in Sichuan Basin, and lacustrine
mudstone in Songliao Basin are apparently related to type II,-III
kerogen. The gas is mainly from terrigenous or transitional facies in

" 29 9 coal-seams. The natural gas in the Ordovician stratum in Tarim Basin,

n aa 9 Csh-P,ch-T4f in Sichuan Basin, O;m in Ordos Basin, and Northern Ap-

A L palachian Basin in United States originates from marine sapropelic
gl g g d kerogen.

w | bl ! In terms of natural gas from marine strata in Tarim, Sichuan and
Ordos basins, the C;/(C, + Cj3) ratio varies in a wide range along with
limited methane carbon isotope compositions. This relationship can be
attributed to the increase of methane content and carbon isotopic ratio
caused by TSR alteration (Hao et al., 2008). Therefore, with the effect
of thermal evolution, the chemical composition and carbon isotopes of

i AT natural gas formed by organic matter in different types vary sig-
9 DN nificantly. For natural gas with similar thermal maturity of source
o dod rocks, the carbon isotope of gas from type II,-III kerogen is heavier than

[l 82 g that from type I-II; kerogen.

W | b ! The abiogenic and abiogenic-thermogenic mixed gas (e.g., deep
mantle origin or from water-rock reaction), however, cannot be iden-
tified effectively in Fig. 1. For instance, natural gas in Kidd Creek Mine
is proposed to be of abiogenic origin (Sherwood Lollar et al., 2002),
while its data fall into the range of thermogenic gas derived from type

_ g III kerogen (Fig. 1). A similar observation has also been obtained in the
§ € 3 Qingshen gas field, Songliao Basin (data of Songliao-mixing in Fig. 1),
g .. s Té where methane is derived from both deep mantle and Fischer-Tropsch
§ § g o E = 2 = type (FTT) reactions (Liu et al., 2016). The gas shows the characteristics
Tlele 2 ;i ;‘f g —?:E & of thermal cracking of type III kerogen (Fig. 1). Therefore, the re-
= | & § é 58 & lationship between C,/(C, + C3) and 8'3C; may be misleading for
& identifying abiogenic gas.
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10000 o Qaidam Fig. 1. The correlation diagram between &'3C; and G/
Kerogen o Luliang-Baoshan (Cy + C3) (modified Bernard diagram) for different types of
type 111 : Turpanilami ) natural gas. Microbial gases generally display low 8'3C; values

% b Keiouen o St (< -55%0) and high C;/(C,+ Cs) ratios, and thermogenic gases
000 - @ .L [ X typchI T display increasing §'°C; values and C,/(C,+Cs) ratios with
o : Tarim-n increasing thermal maturity. Gases from type III kerogen gen-
Microbial gases Ordos-m erally have higher C1/$C2+C3) ratios than those from type II
+ Ordos-n kerogen with similar §'3C; values.
100 \ Sichuan-m ! _m: natural gas derived from marine source rock.
6 "/0’——/1 s Sichuann 2 _n: natural gas derived from non-marine source rock.
T . .. 3 _mixing: mixture of non-marine gas and abiogenic gas.
o) 7 Songliao-mixing
= = Songliao-n
O ) Thermal A Huanghua
10 Mixing gases maturity o Liaohz East
meicdse & Liaohe West
TR e « Northern Appalachian
i Pearl River Mouth
i o Kidd Creek mine
Thermogenic
gases
*
0.1 ! ] L ! l 1 1l 1 !
-80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10
8"C (%o0)

In summary, the C;/(C, + C3)-8'3C; pattern (modified Bernard
diagram) is of significance in identifying microbial gas and natural gas
from different types of kerogen. In some cases, however, the complexity
of organic source and secondary processes, both of which may result in
variations in chemical and isotopic compositions, causes uncertainty in
genetic classification.

3. Carbon and hydrogen isotopes of alkane gases and genetic
identification

3.1. Carbon isotopes of alkanes and genetic types of natural gas

Since the isotope composition of heavy hydrocarbon gases is rela-
tively stable, it provides important information for identifying genetic
types of natural gas. The carbon isotope composition of natural gas
reflects the type of organic source materials and the extent of thermal
evolution (Galimov, 1988; Schoell, 1980; Stahl, 1973; Stahl and Carey,
1975). It has been successfully applied to classify natural gas into “coal-
type” gas and “oil-type” gas (Dai et al., 1985; Xu, 1994). In general,
natural gas with 8'C, value higher than — 28%o and 8'3C5 higher than
—25%o is classified as coal-type gas, while the one with lower values is
referred as oil-type gas (Clayton, 1991; Dai et al., 2005b). For example,
the carbon isotopes of methane and ethane in Luliang-Baoshan and
Qaidam Basin are lighter than other basins, with the §'3C; and §'3C,
values less than —55%o0 and — 35%o, respectively (Fig. 2), suggesting a
different origin of gases in both basins than others. The microbial gas is
characterized by 8§'3C; values significantly less than —55%o (Schoell,
1988), although there is a certain overlap in carbon isotope composi-
tions between microbial ethane and thermogenic ethane from marine
type II organic matter.

The thermogenic gas also shows a wide range of carbon isotopes of
methane and ethane (Fig. 2). The oil-type gas from marine type II or-
ganic matter distributes below gas formed by type II-III kerogen from
terrigenous (lacustrine) or transitional facies in Fig. 2. It suggests, under
similar thermal maturity conditions, carbon isotope compositions of
methane and ethane in oil-type gas from marine type II organic matter
are lighter than in terrigenous (lacustrine) or transitional facies. Based
on the linear correlation between carbon isotope compositions of me-
thane and ethane, natural gas from marine organic matter has a higher
slope than that from type II-III organic matter in terrigenous (lacus-
trine) or transitional facies (Fig. 2). Although alkanes from Qingshen
gas field in Songliao Basin are from lacustrine organic matter (II-IIT)

(Fig. 1), their carbon isotope compositions overlap with natural gas
derived from marine type II organic matter, suggesting the complex
sources of organic materials. Liu et al. (2016) suggested that heavy
hydrocarbon gases in this gas field are mainly formed by thermal
cracking of organic matter, while methane is derived from the combi-
nation of thermal cracking of organic matter, deep mantle source, and
FTT, with methane of mantle origin having less negative carbon iso-
topic compositions. Suda et al. (2014) analyzed the gas associated with
Hakuba Happo hot spring, and suggested that water-rock interaction
can generate methane at temperatures lower than 150 °C. The carbon
isotope value of methane in Hakuba Happo varies between — 38.1%o
and —33.2%o. The distribution of carbon isotope composition of me-
thane formed by low-temperature water-rock interaction overlaps, to
some extent, with that of thermogenic methane in sedimentary basins.
If methane formed by water-rock reactions does exist, its carbon isotope
composition will become more negative when it mixes with thermo-
genic oil-type gases. In intracontinental serpentinized peridotites, re-
actions between H, formed by serpentinization and CO, with mineral
catalysts can generate CH4 through FTT at temperatures below 100 °C
(Etiope, 2017).

Natural gas formed from lacustrine and transitional organic matter,
which is not typical coal-type or oil-type gas, displays similar variations
between carbon isotopes of methane and ethane. It mainly results from
heterogeneity of organic matter formed in lacustrine or transitional
environment, which contains interbedded sapropelic mudstone (type II
kerogen), humic coal, or carbonaceous mudstone (type III kerogen).
The natural gas formed from sapropelic mudstone is predominantly oil-
type gas, whereas that formed from humic coal or carbonaceous mud-
stone is coal-type gas. The extent of mixing between those two types of
natural gas depends on the contribution from two different kerogens.
When coal or carbonaceous mudstone is dominant, natural gas is mostly
composed of coal-type gas. For example, the carbon isotope composi-
tions of methane and ethane in eastern and western Liaohe Depression
are different (Fig. 3). The mudstone and coal seams (coal and carbo-
naceous mudstone) in the third member of Tertiary Shahejie Formation
(Es3) in eastern Liaohe Basin are interbedded. The kerogen in mudstone
is type 11, while the coal and carbonaceous mudstone is of type III. The
natural gas derived from Es; is characterized by mixing between oil-
type and coal-type gas, with coal-type being predominant (Huang et al.,
2017). However, the third and fourth members of Tertiary Shahejie
Formation in western Liaohe Basin are mainly composed of deep-water
and semi-deep lacustrine facies, forming sapropelic organic matter with
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type I-II kerogen. Although in some areas, the developed coal seams
may contribute to the formation of coal-type gas in limited amount, the
generated natural gas is mainly oil-type gas (Huang et al., 2017).
Therefore, the genetic types of natural gas generated from source rocks
in lacustrine or transitional facies are controlled by the distribution of
sapropelic and humic organic matter within those source rocks.

In the diagram that shows carbon isotope compositions of ethane
and propane, there is a good linear relationship for both coal-type and
oil-type gases (Fig. 4). Carbon isotopes of ethane and propane become
heavier with increasing thermal maturity. Moreover, the coal-type gas
displays less negative carbon isotope compositions than oil-type gas.
The values of §'3C, (—28%o) and 8'%C; (—25%0) can be used to dis-
tinguish them. It is noteworthy that those two values may change and
be influenced by the degree of thermal evolution and isotope compo-
sitions of organic precursors (Dai et al., 2005b, 2007a; Liu et al., 2007;
Schoell, 1988; Stahl, 1973). For Luliang area, the propane content in
microbial gas is below the detection limit. Therefore, the gas samples
from Luliang area cannot be displayed in Fig. 4. For Turpan-Hami
Basin, the carbon isotopes of propane become enriched in '*C with
carbon isotopes of ethane, i.e., the 8'3C, and §'3C; values are positively
correlated. The lowest 8'C, and 8'°C; values are —31%o
and — 28.7%o, respectively, and the highest 8'C, and §'3C; values are
—24.2%0 and — 13.9%o, respectively. Following the presumption that
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Fig. 3. The diagram of 8*3C; versus §'3C, for natural gas in eastern and western
Liaohe Basin. They are mainly attributed to different kerogen types: type II-III
in eastern and type I-II in western. Coal-type gas generally displays 8'3C, values
higher than -28%o, whereas oil-type gas mainly has §'3C, values lower than
-28%o.
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Fig. 2. The diagram of §'3C; versus §'°C, for identifying
genetic types of natural gas. Biogenic gas displays sig-
nificantly lower §'°C, values than thermogenic gas, with
both the 8'3C; and 8'3C, values increasing with maturity.
Coal-type gas has higher §'°C, values than oil-type gas
with the same 8'3C; values, suggesting different maturity
trends.

! _m, -n, and —mixing: see Fig. 1.
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81%C, > —28%0 and 8'3C; > —25%0 are for coal-type gas and
813C, < —28%o and 8'3C3 < —25%o for oil-type gas, natural gas in
Turpan-Hami Basin is classified as both coal-type and oil-type gas.
Considered as the source rocks in Turpan-Hami Basin, coal measures
and dark mudstone have thermal maturity of 0.4%-0.9% (Wang et al.,
2015). Therefore, natural gas in the basin was mainly derived from low-
mature humic organic matter with kerogen type III. Several gas samples
are most likely related to low-mature oil-type gas derived from sapro-
pelic-prone organic matter interbedded with coal-measure source rocks.
The extremely heavy carbon isotopes of propane, for example, §'3C;
value of —13.9%o from Bal8 well, might be linked to biodegradation.
The effect of biodegradation on the carbon isotopic composition of al-
kanes is discussed in Section 5.2.

Chung et al. (1988) performed theoretical simulation on decom-
position of crude oils from Monterey and Statfjord in a closed system at
300 °C. The results suggested that the carbon isotope composition of
alkane gases becomes heavier with the carbon number. A linear re-
lationship was proposed between the carbon isotope value of alkane
gases and the reciprocal of carbon number, i.e., §'C, and 1/n. The
premise of this relationship is that the carbon isotope composition of
organic matter in source rocks is homogeneous, and organic matter has
only experienced a single thermal cracking reaction. Because the or-
ganic sources of natural gas are rarely homogeneous, this “ideal” linear
relationship is not observed in most cases. For sapropelic organic
matter, which is mainly composed of long-chain aliphatics, its carbon
isotope composition may be relatively constant. Fig. 5 shows the carbon
isotope values of alkanes in different types of natural gas. The coal-type
gas and oil-type gas at low maturity stages demonstrate more or less
linear characteristics of carbon isotope values between alkanes, in-
cluding coal-type gas with low maturity in eastern Liaohe (Fig. 5a),
Turpan-Hami (Fig. 5b) and Santanghu basins (Fig. 5¢), as well as oil-
type gas in western Liaohe (Fig. 5d) and Pearl River Mouth Basins
(Fig. 5e). At mature to highly-mature stages, the carbon isotopes of
coal-type gas and oil-type gas show different trends with maturity. The
distribution of carbon isotope values for coal-type gas gradually evolves
from a nearly straight line to an upward convex curve. For oil-type gas,
however, the distribution becomes a concave curve. For example, ma-
ture to highly-mature coal-type gas in Ordos (Fig. 5f), Sichuan (Fig. 5g),
Tarim (Fig. 5h) and Songliao (Fig. 5i) basins shows a linear to convex
curve. The highly- to over-mature oil-type gas in Ordos (Fig. 5f), Si-
chuan (Fig. 5g) and Tarim (Fig. 5h) basins shows a concave curve,
which resembles partially reversed carbon isotope trend between
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Fig. 4. The diagram of 8'3C, versus 8'3C; for natural gas of different genetic types.

than coal-type gas.
! _m, —n, and -mixing: see Fig. 1.

methane and ethane due to high carbon isotope values of methane.

Zou et al. (2007) provided a variety of factors that may lead to the
deviation from linear function, including cracking of heavy hydro-
carbon gas, TSR alteration, and mixing between gases from different
sources. The upward convex curve with heavier ethane and propane
indicates thermal cracking of coal-type gas and TSR alteration, while
the concave with large differences in isotopic values of ethane and
propane suggests secondary cracking of oil-type gas. The over-mature
oil-type gas and coal-type gas display concave and convex curves, re-
spectively. The migration and diffusion of methane will increase the
carbon isotope value of residual methane, leading to a concave curve. If
there is a mixing with microbial gas which contains methane with
significantly low carbon isotope values, the overall carbon isotope
value of methane will decrease, showing a convex curve. Depending on
the extent of reaction, TSR can be divided into heavy hydrocarbon-
dominated TSR and methane-dominated TSR. Considering *C is pre-
ferentially involved in reactions, the carbon isotope composition of
residual hydrocarbon gas becomes heavier following TSR. There is a
positive correlation between gas souring index (GSI, H,S/
(H,S + %C1_3)) and 8'3C, values in marine strata of Sichuan Basin.
However, no significant correlation between GSI and §'3C; values is
present, suggesting marine natural gas has experienced heavy hydro-
carbon-dominated TSR, but not reached the stage dominated by me-
thane (Hao et al., 2008; Li et al., 2015; Liu et al., 2011, 2013, 2017).
The role of TSR at the heavy hydrocarbon-dominated stage may not be
the cause of carbon isotope reversal between methane and ethane. In-
stead, it is the reason that transforms the reversal trend into normal
trend (Hao et al., 2008).

Galimov (2006) and Sherwood Lollar et al. (2008) suggested that
the kinetic isotope effect of C—C bond breaking and formation controls
the carbon isotope trend of hydrocarbon gases in sedimentary and
magmatic rocks. The C;—C, gases in sedimentary rocks are generated
from kerogen degradation which involves breakage of C—C bonds,
while the C;-C4 gases in magmatic rocks are generated by continuous
polymerization of small molecules, with exceptions of gases that are
accumulated in magmatic rocks but of organic origin. Therefore, the
former shows the normal carbon isotope trend, i.e., the carbon isotope
value increases with carbon number. The latter shows the reversed
trend of carbon isotopes, i.e., the carbon isotope value decreases with
carbon number. Natural gas mixed with abiogenic alkanes in the

Most oil-type gas displays lower 8'3C, (< -28%o) and §'3C5. (< -25%0) values

Songliao Basin shows a reversed trend (Fig. 5i), which is consistent with
theorectical prediction (Galimov, 2006). It has been reported that
natural gas in the Qingshen gas field of Songliao Basin exhibits carbon
isotope reversal (Liu et al., 2016). Combined with the values of
CH,4/°He and R/Ra ratios, it suggested that mantle-derived abiogenic
gas may contribute 30%—-40% of the total mixed gas (Liu et al., 2016).

3.2. Hydrogen isotopes of alkanes

Although hydrogen isotopes of alkane gases are not used as widely
as carbon, they can provide important information on sedimentary
environment (Dai, 1993; Liu et al., 2008; Schoell, 1980; Shen et al.,
1988; Shen and Xu, 1986; Sherwood Lollar et al., 2002; Wang, 1996).
The hydrogen isotope composition of methane in different sedimentary
environments is varied due to high hydrogen content in freshwater
environment and high deuterium in saline water (Schoell, 1980). The
hydrogen isotope composition of methane derived from source rocks in
terrigenous freshwater is less than —190%o, and that in brackish-water
environment generally varies between —190%o0 and —180%o, while
that in marine saltwater possesses 82H values above —180%o (Schoell,
2011; Shen and Xu, 1986). The value of —190%o (8§°H—G;) is assigned
to distinguish marine from terrigenous facies. The hydrogen isotope
composition of microbial methane from Qaidam Basin and Luliang-
Baoshan area is less than —190%o, and the source rocks are formed in
fresh-brackish water environments (Table 1). Hydrogen isotopic com-
positions of heavy hydrocarbon gases cannot be obtained due to the fact
that their contents (including ethane) are below the detection limit.

Although gases were derived from different depositional environ-
ments and different types of organic matter, hydrogen isotope compo-
sitions of methane and ethane may display a certain linear relationship
(Fig. 6). The hydrogen isotope compositions of coal-type methane and
ethane are less than those of oil-type methane under similar §H values
of ethane (Fig. 6). Due to the different salinities of environments where
source rocks were deposited, coal-type gases display variations in hy-
drogen isotope composition of both methane and ethane, such as coal-
type gases in the Sichuan, Tarim, Ordos, Songliao basins (Fig. 7,
Table 1). The coal-type gas from the Tsx-J reservoirs in the Sichuan
Basin has been considered to be derived from the Upper Triassic Xu-
jiahe Formation in Upper Triassic in transitional and lacustrine facies
(Dai et al., 2009; Wang et al., 2015). Although organic matter contains
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type III kerogen, sediments that are characterized by brackish water
environment have been observed due to transgression. The fresh to
brackish water depositional environments had also been developed in
the foreland of Tarim Basin, the Upper Paleozoic strata in Ordos Basin,
Songliao Basin, Huanghua Depression in Bohai Bay Basin, and Liaohe
Basin.

A variety of terrigenous sedimentary facies, including transitional
facies, lacustrine facies, and swamp facies, have been observed (Dai
et al., 2005b; Huang et al., 2017; Liang et al., 2003; Liu et al., 2015;
Yang et al., 1985). There are discrepancies of hydrogen isotope com-
positions of methane and ethane in different sedimentary environments
(Fig. 7). Natural gas from the Tsx-J gas reservoir in Sichuan Basin has
shown different hydrogen isotope values than other areas, including
marine sapropelic organic matter in the Ordovician stratum in Tarim
Basin, Coh-Poch-Tif in Sichuan Basin, O; in Ordos Basin, Neogene
stratum in Pearl River Mouth Basin, and Northern Appalachian. Al-
though Tsx-J is formed in saltwater depositional environment, organic
matter is mainly consisted of type III kerogen that generates coal-type
gas. Other rock formations, deposited in marine saltwater environ-
ments, contain type II kerogen and generate oil-type gas. The hydrogen
isotope composition of methane in T53x-J in Sichuan Basin is lighter, and
ethane is heavier. Therefore, depositional environment of parent ma-
terials plays a major role in hydrogen isotope compositions of methane.
The values from salt water environments are heavier than brackish
water and fresh water environments.

Hydrogen isotope values of methane from O;m in Ordos Basin
partially fall into the range of coal-type gas (Fig. 7). It may be attributed
to the incorporation of coal-type gas from Paleozoic source rocks (Liu
et al., 2009). As for the Ordovician gas reservoirs in Tarim Basin and
Csh-Poch-Tif in Sichuan Basin, hydrogen isotope composition of me-
thane remains nearly constant with the gradual increase of hydrogen
isotope composition of ethane. The oxidative alteration of hydro-
carbons during TSR may be the reason, and also causes a narrow

fluctuation of hydrogen isotope compositions of methane (Liu et al.,
2014b).

The main factors controlling hydrogen isotope compositions are the
participation of external hydrogen sources during hydrocarbon forma-
tion (Lewan, 1997; Yoneyama et al., 2002), and hydrogen exchange
between organic matter and water (Schimmelmann et al., 2001, 2004;
Wang et al.,, 2011). Water plays an important role in hydrocarbon
generation, and it also participates in chemical reactions forming hy-
drogen (Lewan, 1993; Wang et al., 2011; Yoneyama et al., 2002). The
hydrogen atoms in water can interact with hydrogen in kerogen
through reversible isotope exchange reactions, in which hydrogen is
predominantly linked to heteroatoms (N—H, S—H, and O—H) (Hoering,
1984; Seewald et al., 1998). However, after alkane gas is generated, its
hydrogen atoms barely undergo isotope exchange reactions with hy-
drogens from other sources (Schimmelmann et al., 2001, 2004). La-
boratory experiments have confirmed that methane generation rate is
the dominant factor controlling hydrogen isotope compositions of me-
thane (Wang et al., 2011). The extent of thermal evolution is one of the
important factors that constrain the yield of methane. Moreover, hy-
drogen isotope value of methane varies slightly compared to ethane in
Northern Appalachian reservoirs (Fig. 6). It might be caused by seepage
diffusion leading to the preferential loss of 'H-enriched methane and
accumulation of 2H-enriched methane in reservoirs (Burruss and
Laughrey, 2010; Xiao, 2012).

In Qingshen gas field of Songliao Basin, hydrogen isotope compo-
sition of methane has shown little variation (—205~ —181%o), while
hydrogen isotope composition of ethane varies significantly (—247~
—160%o) (Fig. 6) (Liu et al., 2016). The main reason for the nearly
constant hydrogen isotope values of methane is that besides thermal
cracking of organic matter, mantle source or FTT synthesis may be
another contribution owing to relatively constant hydrogen isotope
compositions of methane in mantle (Liu et al., 2016).

Natural gas from Kidd Creek Mine (Ontario, Canada) is proposed as
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Fig. 7. Diagram of 8°H—C; versus §°H—C, for coal-type gas under different
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vironments.
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abiogenic gas (Sherwood Lollar et al., 2002, 2006). Hydrogen isotope
compositions of methane and ethane are completely different than
those of oil-type and coal-type gases in sedimentary basins (Fig. 6). The
hydrogen isotopes are lighter than microbial gas and thermogenic gas,
with values of methane, ethane and propane ranging from —419%o to
—390%0, —321%0 to —299%o, and —270%o to —262%o, respectively.
In contrast, methane from the CO, well in Salton Sea area (California,
USA), another example of abiogenic gas, has much higher §?H values
(—16%0) (Welhan, 1988). This range for methane formed through low
temperature water-rock reactions, is overlapped with microbial me-
thane. The hydrogen isotope composition of methane in FTT synthesis
experiments ranges from —262%o to —253%o, and ethane from
—288%0 to —276%o, with the values of methane and ethane being
reversed, i.e., 8?H—C; > 8%H—C,, although it depends on the value of
H, source and possibly H,O (Fu et al., 2007).

A positive correlation between hydrogen isotope compositions of
ethane and propane may exist for natural gas regardless of origin
(Fig. 8). There is no clear boundary between coal-type gas and oil-type
gas. As the extent of thermal evolution increases, hydrogen isotope
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Fig. 6. Diagram of 8*H—C, versus 8°H—C, for natural gas
with different genetic types. Oil-type gas displays higher
8%H-C, values than coal-type gas with similar 82H-C,
values. TSR alteration causes large variations of hydrogen
isotope composition for ethane with narraw variations for
methane.
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composition of ethane and propane becomes heavier. The hydrogen
isotopes of abiogenic ethane and propane are significantly lighter than
those of microbial origin. Therefore, hydrogen isotopes of ethane and
propane are not as effective as carbon isotopes in distinguishing coal-
type gas from oil-type gas, but it can serve as an essential means to
identify abiogenic gas. However, there still is a debate on hydrogen
isotope compositions of abiogenic methane, which vary in a wide range
under different geological conditions and present challenges to source
identification.

The hydrogen isotope pattern of alkanes in coal-type gas and oil-
type gas at low maturity stages shows a linear feature, for example,
coal-type gas in eastern Liaohe Basin (Fig. 9a) and Turpan-Hami Basin
(Fig. 9b), as well as oil-type gas from western Liaohe Basin (Fig. 9¢) and
Pearl River Mouth Basin (Fig. 9d). However, hydrogen isotopes of coal
samples with low maturity in Santanghu Basin are different, showing a
convex pattern (Fig. 9e). This is due to higher values of ethane
(> —190%o) in Santanghu Basin and lower values in Turpan-Hami
(< —190%o). At mature to highly mature stages, hydrogen isotope
values of coal-type gas show nearly linear characteristics, as observed in
Ordos (Fig. 9f), Sichuan (Fig. 9g) and Tarim (Fig. Sh) basins. Due to
high values of methane, oil-type gas at highly-mature to over-mature
stages shows a partial reversed trend between methane and ethane. For
example, oil-type gas in Tarim Basin illustrates a concave curve
(Fig. 9h). The alkane gases in Ordos Basin (Fig. 9f) and Songliao Basin
(Fig. 91) even exhibit a continuously reversal trend.

During TSR reactions, hydrogen isotope compositions of alkanes are
also affected. Natural gas from marine strata in Sichuan Basin are
dominated by heavy hydrocarbon compounds with a wide range of
hydrogen isotopic compositions of ethane, some of which are higher
than —100%o (Fig. 9g). There is a positive correlation between GSI and
hydrogen isotopes of ethane (§2°H—C,), but such correlation is not ob-
served between GSI and methane (Liu et al., 2014b). It is most likely
due to preferential participation of 'H in TSR, making hydrogen isotope
compositions of residual alkanes (ethane in particular) heavier. TSR
alteration can increase hydrogen isotope values, even significantly
higher than oil-type gas in Ordos and Tarim basins (Liu et al., 2014b).

In addition to carbon isotope compositions of natural gas, the in-
formation obtained from hydrogen isotope compositions may be of
specific significance to oil and gas exploration. However, compared to
organic carbon precursors, the source of hydrogen is rather compli-
cated. Hydrogen can be derived from kerogen and aquifer media
(Lewan, 1997; Seewald, 2003). The contribution from inorganic sources
(for example, natural gas in Qingshen gas field), is another possibility
(Coveney et al., 1987; Jin et al., 2004; Liu et al., 2016).



Q. Liu et al.

Earth-Science Reviews 190 (2019) 247-272

0
¢ Turpan-Hami
® Santanghu
et Tarim-m
Tarim-n
~ -100 — > Ordos-m
£ e Ordos-n
5} A Sichuan-m
; 0 A Sichuan-n
® o Songliao-mixing
200 = = Songliao-n
A Huanghua
250 — & Liaohe East
& o ¢ Liaohe West
-300 ‘ ‘ \ | \ x OAG _
350 <300 250 =200 -150 <100 -50 0  © KiddCreek mine

§2H-C,(%o)
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exist for natural gas regardless of origin.
1 _m, -n, and —mixing: see Fig. 1.

Wang et al. (2011) conducted three series of laboratory experiments
on thermogenic hydrocarbon generation in closed systems under dif-
ferent aqueous conditions: no water (anhydrous), deionized water
(8°H—H,0 = —58%o), and seawater (§°H—H,O = —4.8%o). The ex-
perimental results have shown that addition of water not only increases
the amount of generated hydrogen and CO, significantly, but also the
yield of methane at high-maturity stages (Fig. 10). There is a positive
relationship between the hydrogen isotope value of methane and its
yield. The results suggest that the aqueous medium is involved in
chemical reactions during hydrocarbon generation and evolution, and
affects the hydrogen isotope composition of gaseous hydrocarbons.

Previous experimental studies have suggested that the formation
mechanism of oil and gas is through free radical reactions (Beltrame
et al., 1989; Eisma and Jury, 1969; Kissin, 1987; Lewan, 1985). Me-
thane is the product of methyl groups reacting with hydrogen atom that
is formed during kerogen cracking, and hydrogen gas is the product of
combination reactions between two hydrogen atoms. High energy is
required for fracturing heavier isotope-containing functional groups
(Sackett, 1978). As thermal maturity increases, carbon and hydrogen
isotope compositions of methyl derived from kerogen cracking become
heavier. Another important factor affecting methane hydrogen isotopes
is the hydrogen atom bound to methyl groups. Since hydrogen mole-
cules are the combination product of two hydrogen atoms, the isotopic
composition of hydrogen atoms has a certain relationship with the
isotope value of hydrogen gas. Because its contribution of hydrogen
atom accounts for only 1/4 of hydrogens in methane molecules, hy-
drogen gas has less effect on hydrogen isotope compositions of methane
than methyl (—CHs). The experimental results have shown a linear
relationship between hydrogen isotope composition of methane and its
yield. With the same methane yield, the hydrogen isotope composition
of methane produced by the anhydrous experiment is the heaviest,
followed by with seawater and deionized water (Wang et al., 2011).

Hydrogen in water can react reversibly with hydrogen atoms in
kerogen with fast reaction rates. The hydrogens in kerogen are mainly
bonded to heteroatoms, as in N—H, S—H, and O—H (Lewan, 1997;
Mastalerz and Schimmelmann, 2002; Schimmelmann et al., 1999,
2001; Schoell, 1984; Seewald, 2003). Hydrogen atoms in alkyl groups
of kerogen can retain their original hydrogen isotopic composition up to
150°C (Lewan, 1997; Schimmelmann et al., 1999). Under natural
conditions, hydrogen isotope exchange between hydrocarbons and
water is very slow, and insignificant even at 200-240 °C for hundreds of
millions of years (Li et al., 2001b; Mastalerz and Schimmelmann, 2002;
Schoell, 1984; Yeh and Epstein, 1981). Therefore, the composition of

hydrogen isotopes of oil and natural gas can still retain signatures from
parent materials.

In summary, the hydrogen isotope composition of source rocks is
the primary factor that influences hydrogen isotope composition of
methane. The source rocks formed in marine environment display
heavier hydrogen isotopes than those formed in terrigenous freshwater
environment (Wang et al., 2015). With same maturation (R,), methane
derived from marine source rocks is heavier than that from terrigenous
freshwater source rocks. On the other hand, methane yield in experi-
ments is positively related to the degree of thermal evolution of source
rocks (i.e., the higher the degree of thermal evolution (R,), the higher
the yield of methane), while the concentration and hydrogen isotope
composition of hydrogen gas are related to the isotope compositions of
both source rocks and aqueous medium during gas formation. There-
fore, factors that affect hydrogen isotopes of methane in natural gas
include: (1) Hydrogen isotope composition of organic matter in source
rocks. (2) Degree of thermal evolution. The higher the thermal evolu-
tion degree, the heavier the hydrogen isotope composition of natural
gas. (3) Ancient water medium during gas formation. Among them,
hydrogen isotope compositions of organic matter in source rocks are
further affected by two factors. One is the water body environment
during the growth of biomatrix that forms organic matter of source
rocks. The hydrogen isotope composition of organisms growing under
terrigenous freshwater conditions is far lighter than that under marine
and lagoon environments. The other factor is depositional environment
of organisms. Changes in hydrogen isotopes can be achieved through
isotope exchange reactions with aqueous media during diagenesis, in-
cluding deposition of terrigenous freshwater organic matter in marine
strata, and transformation of terrigenous organic matter by marine
water during diagenesis.

4. Identification of kerogen-cracking gas and crude oil-cracking
gas

In sedimentary basins, humic organic matter mainly consists of
aromatic and heterocyclic compounds. The products of thermal
cracking are gases with less amount of oil (Behar et al., 1995; Berner
et al., 1995; Lorant et al., 1998; Stahl and Carey, 1975). However, sa-
propelic organic matter is mainly composed of long-chain aliphatic
groups. A small amount of kerogen-cracking gas exist before liquid
hydrocarbons are formed as the major product. Thermal cracking of
both liquid hydrocarbons and kerogen occur at late stages, and the
extent of thermal cracking of crude oil is far greater than that of
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kerogen (Tissot and Welte, 1984). Thus, there are two main pathways
through which sapropelic organic matter can generate oil-type gas:
kerogen-cracking gas generated by direct cracking of kerogen, and oil-
cracking gas derived from thermal cracking of crude oil (Behar et al.,
1995; James, 1990; Prinzhofer and Battani, 2003; Prinzhofer et al.,
2000; Tang et al., 2000; Tian et al., 2012; Zhang et al., 2005).

4.1. Molecular compositions

The diagram, In(C;/Cy) vs. In(Cy/C3), has been established to

distingush kerogen-cracking gas from oil-cracking gas using thermal
simulation in closed system (Behar et al., 1992). The kerogen-cracking
gas displays higher formation rates of methane than heavy hydrocarbon
gases (ethane and propane). The In(C;/C,) value varies, whereas the In
(C,/C3) value remains constant with little variation. Crude oil-cracking
gas shows a relatively rapid increase in production rate of heavy hy-
drocarbon gases. The In(C;/C,) value of oil-cracking gas is constant
with a small range of variation, while In(C,/C3) value varies sig-
nificantly (Prinzhofer and Battani, 2003; Prinzhofer and Huc, 1995).

In Turpan-Hami basin, In(C;/C,) varies from 0.4 to 3.2, while In(C,/
Cs) values are in the range of 0.23 to 2.3, showing a positive correlation
for primitive kerogen-cracking gas (Fig. 11a). Natural gas shows low
thermal maturity (R, = 0.4-0.9%) with type III kerogen that mainly
generates alkane gases (Dai et al., 1985; Stahl and Carey, 1975) through
cleavage of organic side chains and functional groups (Fu et al., 1990;
Liu et al., 2007; Price, 1993). Due to low thermal maturity which is
below the level of cracking crude oil, natural gas in Turpan-Hami basin
has shown geochemical characteristics that correspond well to hydro-
carbon generation processes (Li et al., 2001a).

In Sichuan Basin, the In(C;/C,) value of natural gas from Cyh-Poch-
T,f marine reservoirs varies from 4.2 to 6.4, whereas In(C,/C3) value
varies from 0.16 to 3.8 (Fig. 11b). Natural gas in this area comes from
Sl and P, dark mudstones. The organic matter contains Type II
kerogen, and thermal maturity is at the stage of highly-over mature
(R, = 2.5-3.5%) (Dai, 2014; Hao et al., 2008; Jin et al., 2012; Ma,
2007). The early generated sapropelic organic matter was completely
decomposed into natural gas at higher stages. The wide distribution of
solid bitumen also indicated that the reservoirs underwent early de-
composition of crude oil to generate gases (Dai et al., 2007b; Jin et al.,
2012).

When the source of natural gas in a gas reservoir is simple, either
from kerogen cracking or oil cracking, the values of In(C;/C,) and In
(Cy/Cj) are effective on source identification. However, owing to fur-
ther cracking of crude oil during hydrocarbon generation and mixing
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with kerogen-cracking gas, uncertainty may exist for using both values
to identify source materials (Xu, 1993). For example, the distribution of
isotope values of natural gas from Liaohe Basin exhibits a wide band
with no apparent relationship between In(C;/C,) and In(C,/Cs)
(Fig. 11c). The mixing between methane and gas that is from cracking
of crude oil would preclude rational source identification by using this
relationship only. Because of those limitations, the In(C;/Cs) vs. In(Cy/
C3) diagram has been used for natural gas from same thermal maturity
stages (Li et al., 2017; Liu et al., 2018a).

Discrepancies in In(C;/C,) and In(C,/C3) are present for both types
of gas at different thermal evolution stages (Liu et al., 2018b) (Fig. 12).
With Ro = 0.5%-0.8%, before thermal cracking of crude oil, the In(C;/
C,) and In(C,/C3) values of kerogen-cracking gas increase with thermal
maturity. Moreover, the In(C;/C,) value changes faster than In(C,/Cs),
suggesting the generation rate of methane is higher than that of ethane
and propane at low-mature stage. At R, = 0.8%-1.3%, the increase of
In(C;/C,) value for crude oil-cracking gas shows a higher slope than
kerogen-cracking gas, though it is at the beginning stage of cracking oil.
It suggests that compared to kerogen-cracking gas, methane from crude
oil cracking has a much higher generation rate than ethane. Further-
more, the In(C,/C3) curve of oil-cracking gas exhibits a lower slope,
while In(C,/C3) of kerogen-cracking gas has a higher slope. It indicates
that compared to crude oil-cracking gas, the amount of C,Hg in
kerogen-cracking gas increases faster than CzHg. Within the range of
R, = 1.3% —1.8%, the curve of In(C;/C,) shows a steep increase for
both gases, suggesting that this maturation stage is characterized by fast
generation of methane, with higher rates from crude oil cracking than
kerogen cracking. In terms of ethane and propane, the higher slope of
the In(C,/C3) curve for kerogen-cracking gas than crude oil-cracking
gas suggests that C;Hg and C3Hg share the same characteristics as in the
previous stage. The C,He content in kerogen cracking gas increases
faster than C3Hg, and the increasing trend for oil-cracking gas is rela-
tively gentle. At R, = 1.8% —2.5%, the In(C,/C,) curve of kerogen-
cracking gas is steeper than In(C,/C3), suggesting that source rocks
mainly generate methane at high maturity, and the abundance of CH,4
increases faster than C,Hg. Oil-cracking gas shows a steeper In(C,/C3)
curve than In(C;/C,), which suggests that the gas generation in a large
amount occurs at this high-evolution stage with higher C,He generation
rate than C3Hg. Compared to kerogen-cracking gas, the slope of the In
(C1/Cy) curve for oil-cracking gas is low, while the In(C,/C3) curve is
high. The natural gas generation at this stage is mainly characterized by
crude oil cracking. The In(C;/C,) curve of oil-cracking gas is also
steeper than In(C,/Cs3) at Ro = 2.5%, suggesting that the product of
crude oil cracking at high temperatures is dominated by CHj,.

Based on the relationship between In(C;/C,;) and In(C,/Cs) of
kerogen-cracking gas and oil-cracking gas at different thermal stages, a
modified diagram has been established to allow for effective source
identification (Fig. 13). When R, is < 1.3%, natural gas is pre-
dominately from cracking of kerogen. The basins that contain this type
of gas include Turpan-Hami, Santanghu, Huanghua, Liaohe and Pearl
River Mouth basins. When R, is higher than 1.3%, natural gas is mainly
generated from oil cracking. The gases in C,h-Poch-T:f marine re-
servoirs in Sichuan Basin, Ordovician marine reservoirs in Tarim Basin,
0O, in Ordos Basin, J-K in Songliao Basin and E,s in Liaohe Basin, fall
into this category. The gas generated from coal (coal-type gas) may
show similar chemical characteristics to kerogen-cracking gas, for ex-
ample, T3x-J in Sichuan Basin, T-J in Tarim Basin, C—P in Ordos Basin,
J in Turpan-Hami Basin, C in Santanghu Basin, and some areas in
Huanghua Depression and Liaohe Basin. However, the genetic source of
oil-type gas depends on thermal maturity. When R, reaches 0.8-1.8%,
natural gas is a mixture of products from both crude oil cracking and
kerogen cracking processes. For example, source rocks in Northern
Appalachian Basin are in the Ro range of 0.6 to 1.4% (Burruss and
Laughrey, 2010). The hydrocarbon generation process includes
cracking of kerogen in source rocks and further decomposition of crude
oil that is generated earlier. The chemical abundances of natural gas in
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pidly increasing In(C,/C3) values with nearly constant In(C,/C,) values.

this area have explicitly shown the co-existence of kerogen-cracking
and oil-cracking gases (Fig. 13).

4.2. Carbon isotopes of alkane gases

From the perspective of hydrocarbon generation kinetics, the gas
generation process for large hydrocarbon molecules or crude oil can be
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divided into a series of stages, which coincidentally correspond to dif-
ferent thermal stages. At early stages, large molecules are decomposed
into small hydrocarbons, which are similar to condensate hydrocarbons
and gases. With thermal evolution, these condensate hydrocarbons are
further cracked into light hydrocarbons and gases. When thermal evo-
lution reaches a certain extent, these light hydrocarbons also undergo
thermal cracking and become gases completely. In order to better dis-
tinguish kerogen-cracking gas from crude oil-cracking gas at different
stages, detailed discussion is provided below using the C,/Cz vs
8'3C,—8'3C; diagram (Lorant et al., 1998; Prinzhofer and Battani,
2003; Prinzhofer and Huc, 1995), along with data collected from major
petroliferous basins and experimental results of crude oil decomposi-
tion (Tang et al., 2000; Zhang et al., 2005) (Fig. 14).

Natural gas in Turpan-Hami and Santanghu basins are generated by
kerogen cracking, whereas natural gas in Huanghua, Liaohe, Pearl
River Mouth and Songliao basins contains both kerogen-cracking gas
(P) and oil-cracking gas. Depending on the extent of crude oil cracking,
the gas is divided into three categories: oil-cracking gas (CI), oil-gas-
cracking gas (CII), and gas-cracking gas (CIII). The natural gas in
Ordovician of Tarim, C—P of Ordos, Ts-J of Sichuan, K of Songliao,
Liaohe, Pearl River Mouth and Northern Appalachian basins are mainly
composed of CI and CII, while natural gas in C;h-P5ch-Tf of Sichuan
basin and O; of Ordos basin belong to CII and/or CIII (Fig. 14). The
Ordovician gas in Tarim Basin and gas in Liaohe Basin show a wide
range of content and carbon isotope values of C, and Cs, suggesting
they may include P, CI, CII, and CIII, or mixture of P and CI (Liu et al.,
2007).

The diversity of genetic types of gas in these gas fields is consistent
with the wide range of thermal evolution degree of source rocks. For
example, R, of source rocks in Ordovician gas reservoir in Tarim Basin
is 1.0-3.0%, equivalent to stages at which liquid hydrocarbons are
generated and subsequently cracked under higher temperature condi-
tions. The chemical and isotopic composition of natural gas are con-
sistent with the genetic sources (predicted by R,), including kerogen-
cracking gas and oil-gas-cracking gas (Liu et al., 2018a). Some data of
natural gas from Qingshen gas field in Songliao and Northern Appa-
lachian are on the periphery of the diagram, which indicates the
complexity of genetic types in these fields (Fig. 14). For example, me-
thane in Qingshen gas field may be from deep mantle and FTT synthesis
(Liu et al., 2016). The chemical reactions and isotopic exchange be-
tween methane and other hydrocarbons result in methane content and
carbon isotope values differing from those of thermogenic gas. Natural
gas in Northern Appalachian basin may have been subject to migration
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and diffusion, leading to preferential methane loss and heavier methane
carbon isotopes (Burruss and Laughrey, 2010; Xiao, 2012). Therefore,
for natural gas that has gone through secondary alteration or mixing
with external components, the C,/Cs vs 8'°C,-8'C3 diagram can be
used to distinguish kerogen-cracking gas from crude oil-cracking gas at
different thermal stages. However, the detailed chemical and carbon
isotope compositions of methane, ethane and propane are required for
identification. For highly or over-mature gas, for example, C;h-P5ch-T;f
in Sichuan Basin and O, in Ordos Basin, the propane content may be
extremely low, and the genetic identification using this diagram is in-
conclusive.

5. Effect of secondary alteration on carbon and hydrogen isotope
compositions

5.1. Thermochemical sulfate reduction (TSR)

H,S is acidic non-hydrocarbon gas. Its occurrence is in marine
carbonates, dolomite gas reservoirs, and occasionally clastic rocks.
Most H,S is produced by reduction reactions between sulfate and hy-
drocarbons, under the influence of microorganisms (bacteria) or non-
biological materials (inorganic minerals). With involvement of bacteria,
the whole process is named as bacterial sulfate reduction (BSR), while
when non-biological materials (inorganic minerals) are present, it is
thermochemical sulfate reduction (TSR). Cohn (1867) first discovered
that sulfur bacteria Beggiatoa could generate H,S under certain condi-
tions. Beijerinck (1895) officially named this process BSR, which occurs
in sedimentary basins at low temperatures (60-80 °C) (Machel, 2001;
Orr, 1977). The geological environment where BSR would proceed in-
cludes subterranean aquifer layers, marine sediments, reef carbonate
rocks, dispersed evaporites and clastic sediments. In BSR, H,S is only a
reduction product while nutrients are required for microbial con-
sumption, resulting in a H,S content lower than the level that may
cause poisoning during microbial metabolism. The content of H,S
formed by BSR is generally < 5% (Worden and Smalley, 1996).
Therefore, if there are BSRs in reservoirs and large amounts of H,S are
generated, an open system is needed to allow the generated H,S escape
and ensure no significant H,S present (Krooss et al., 2008). Since BSR
occurs at temperatures below 80 °C and the corresponding R,, of source
rocks is about 0.2-0.3% (Machel and Foght, 2000), the contribution of
BSR to the chemical and isotopic compositions of thermogenic alkane
gases is marginal. The effect of BSR on natural gas generation is not
discussed in this paper.

The TSR reaction was first reported in sulfate and hydrocarbon
dissolution experiments by Toland (1960). It was subsequently found
that TSR can occur at temperatures up to 175 °C in laboratory (Machel,
1998), and in geological environment its optimum temperature is be-
tween 100 and 140 °C (Chung et al., 1988). Although H,S can also be
produced directly by S-bearing kerogen, the content of H,S generated
through cracking barely exceeds 2-3% in crude oil with the total sulfur
content of 3% (Orr, 1974). In TSR, H,S content varies significantly.
According to the statistics from 86 gas samples in Cyh-P,ch-T;f gas
reservoirs in Sichuan Basin, the content of H,S ranges from 0% to
62.17%. Among them, the H,S contents between 5448.3 and 5469 m
and 5423.6-5443 m in Well Puguang 3 are as high as 45.55% and
62.17%, respectively (Liu et al., 2013).

TSR is a redox reaction that consumes hydrocarbons and generates
acidic gases (H,S and CO,) (Cai et al., 2001, 2004, 2013; Krouse et al.,
1988; Machel et al., 1995; Worden et al., 1995). Laboratory experi-
ments have shown that a large amount of CH, can also be formed (Pan
et al., 2006; Zhang et al., 2007, 2008a). The MgS0O, solution is a key
intermediate compound that triggers TSR (Zhang et al., 2008a; Zhang
et al., 2008b). The reactions during TSR can be expressed as follows:

S04~ + HC (Hydrocarbons) + H,O — CH4! + H,S| + CO,
350,42~ + 4n-C4H; + H,0 — 5C052~ + 5H,S + 8CH,4 + 3CO,
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350427 + 2C3Hg — 3C03%~ + 3H,S + 2CH, + CO, + H,0
350,42~ + 4C,Hg — 3C0O3%~ + 3H,S + 4CH, + CO, + H,0
S04~ + CH,4 — CO3%™ + H,S + 2H,0

The generation rate of acid gases (H>S + CO,) is nearly equal to that
of CHy, resulting in a decrease of CH, proportion in natural gas, while
the content of acid gases (H,S + CO,) increases. In marine carbonate
reservoirs, CO, generated by TSR may become supersaturated and
precipitate during burial to form calcite with more negative carbon
isotopes (Zhu et al., 2005). During subsequent uplifting processes, at
lower temperatures and pressures, reactions involving acidic fluids and
carbonate reservoirs would generate CO, with less negative carbon
isotopes (Liu et al., 2014a). In order to assess the effect of TSR on hy-
drocarbon transformation and carbon isotopic composition of alkanes,
the gas souring index (GSI) (H,S/(H.S + X£C;_3)) was introduced to
define the extent of TSR (Worden et al., 1996).

The results collected from the Upper Carboniferous, Upper Permian
and Lower Triassic natural gas (Coh-Poch-T;f) in Sichuan Basin are
discussed here to illustrate the relationship between GSI and carbon and
hydrogen isotopic compositions of alkane gases during TSR (Fig. 15).
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Fig. 13. The diagram of In(C;/C,) versus In(C»/Cs3)
values of different types of natural gas. The ma-

Santanghu turation stage is incorporated for effective source
Tarim-m identification. The kerogen-cracking gas and oil-
Tarim-n cracking gas have different relationships between In
Ordos-m (C1/GC5) and In(C,/Cs) values with maturity, and they
Ordos-n follow different maturity trends in this correlation
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Overall, there is a positive correlation between GSI and the ratio of
(H,S + CO,)/(H,S + COy + £Cy_3). When GSI is higher than 0.01,
(H,S + CO3)/(H,S + CO, + XCy_3) increases significantly, and is in the
range of 0.03-0.78. According to this change, the GSI value of 0.01 was
proposed as the threshold of TSR (Liu et al., 2013). When GSIis < 0.01,
natural gas is mainly generated by cracking of kerogen and crude oil.
When GSI is above 0.01, TSR starts to occur. The TSR intensity in-
creases with GSI. The gas in P,ch and T;f reservoirs has GSI values
higher than 0.01, whereas the gas in Cyh reservoirs has values < 0.01.
Hence, natural gas in C, has not undergone TSR. Alternatively, the TSR
alteration is relatively weak. According to Fig. 13, gas in Cyh-Poch-T;f is
generated by crude oil cracking. Therefore, natural gas in Cyh has
mainly experienced thermal cracking of crude oil, with no apparent TSR
alteration, while gas in P,ch and T;f has been subject to TSR.

The relationship between GSI and carbon isotope compositions of
alkane gases in Sichuan Basin is illustrated in Fig. 16. With increasing
GSI, the variation of carbon isotope compositions of methane becomes
limited (Fig. 16a), with similar average values. This carbon isotope
feature with GSI is not observed for ethane and propane, and is also in
stark contrast to the carbon isotope trend for thermogenic alkanes. For

5 Fig. 14. Diagram showing C,/Cs versus 8'3C,—8'3C;
¢ Turpan-Hami for identification of kerogen-cracking gas and oil-
= Santanghu cracking gas at different thermal evolution stages

Tarim-m (after Lorant et al., 1998). As the extent of cracking
Tarim-n increases, the C,/Cs ratios increase and the §'3C,-
& Ordos-ii 8'3C, values decrease.
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alkane gases generated in a single geological thermal event, with in-
creasing carbon number, the carbon isotope becomes heavier with
narrower variation. Due to involvement of sulfur in TSR, the activation
energy required for the oxidative alteration of alkanes (other than
methane) reduces significantly, and they are altered within a short
period of time (Machel, 2001). That results in carbon isotopic compo-
sitions of methane generated from TSR much close to the value of
original hydrocarbons, which is higher than methane formed by
thermal cracking. Methane in gas reservoirs will be heavier if there is a
mixing between methane from TSR and thermal cracking. The heavier
hydrocarbon gases, ethane and propane, act as reactants in TSR. Their
carbon isotopes are controlled by thermal cracking and oxidative al-
teration by TSR. When GSI is < 0.01, there is no apparent correlation
between GSI and isotopic compositions of ethane and propane
(Fig. 16b, ¢). When GSI is higher than 0.01, it is positively correlated
with the carbon isotopes of ethane and propane. Ethane is substantially
consumed at the GSI value of 0.2 (Fig. 16b), while no propane is ob-
served if GSI is above 0.1 (Fig. 16c). Therefore, with increasing GSI
value, heavier hydrocarbon gases (ethane and propane) are also oxi-
datively altered by TSR. However, this process is prior to similar oxi-
dation reactions of methane (Liu et al., 2013; Worden and Smalley,
1996).

The difference in timing and/or reaction rate of TSR, controls the
carbon isotope values of alkane gases. A model describing carbon iso-
tope fractionation of methane and ethane has been summarized (Liu
et al.,, 2013). When GSI is < 0.01, methane is heavier than ethane
83c; > 8'3¢cy) (Fig. 16d). This carbon isotope reversal between me-
thane and ethane may be associated with weak TSR reactions to pro-
duce heavier methane, or mixing of methane with different thermal
maturities (for example, kerogen-cracking gas or oil-cracking gas). The
temperature range of TSR is between 100 °C and 140 °C, and the cor-
responding R, value is over 1.5% (Machel, 1998). The isotope reversal
between methane and ethane in shale gas also happens in this range
(Xia et al., 2013; Zumberge et al., 2012). The onset temperature of TSR
varies in different reservoirs, due to a number of factors, including
hydrocarbon compositions in the reactions, catalysts, distribution and
dissolution rates of anhydrite, humidity, and transport and diffusion
coefficients of hydrocarbon gases (Machel, 2001). When the H,S/
(H,S + 2C;_3) ratio is above 0.01, TSR plays a major role in alteration
of oil and gas reservoirs. A large amount of hydrocarbons are oxidized
and become heavier in carbon isotopes. The carbon isotope value of
methane tends to be constant with limited variation. With heavier
carbon isotopes of ethane, the trend between methane and ethane be-
comes normal (8'3C; < 83C,). At higher GSI values, the reaction
continues for methane as a reactant. The finding of a large number of
native sulfur in Poch and T;f reservoirs of Sichuan Basin supports the
oxidation and alteration of ethane at late stages of TSR. The formation
of native sulfur can be expressed as:

C,Hg + 280,23~ — 2C0:2~ + H,S + S + H,0

The hydrogen isotope fractionation of alkanes in TSR follows the
similar mass-dependent kinetic principles to carbon. It is related to the
bonding energy between 'H and D (Coleman et al., 1981; Dai, 1990;
Tang et al., 2005). The hydrogen isotope composition of CHy is con-
trolled by organic precursors, water as the external hydrogen source
(Schimmelmann et al.,, 2001; Wang et al.,, 2011; Yoneyama et al.,
2002), and exchange reactions between organic matter and water
(Lewan, 1993; Schimmelmann et al., 2004). Hydrogen atoms in water
participate in chemical reactions with organic matter, and are in-
corporated into hydrocarbon molecules. (Lewan, 1993; Schimmelmann
et al., 2001, 2004, 2009; Yoneyama et al., 2002). Hydrogen isotope
composition of methane, which is directly derived from thermal de-
gradation of kerogen, is mainly affected by water around source rocks.
Other than exchange reactions between hydrogens in water and
kerogen (see Section 3.2), participation of TSR can also affect the hy-
drogen isotope composition of water, which subsequently changes the
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isotope composition of methane.

Similar to carbon isotopes, the hydrogen isotope composition of
methane exhibits a narrow range with increasing GSI (Fig. 17a). Me-
thane from TSR becomes heavier due to kinetic isotope effect (Liu et al.,
2014). It becomes dominant in mixing with gases from thermal
cracking, making the overall hydrogen isotope of methane within a
limited range. The majority of ethane, however, is from thermal
cracking, and acts as a reactant in TSR. When GSI is < 0.01, there is no
apparent correlation between GSI and hydrogen isotope composition of
ethane (Fig. 17b). When GSI is higher than 0.01, the hydrogen isotope
composition of methane ranges from —126%o to —107%o, while ethane
ranges from —165%o to —89%o. There is a positive relationship be-
tween GSI and hydrogen isotope composition of ethane. As TSR in-
tensity increases, ethane tends to become heavier in hydrogen isotope.
This correlation suggests the existence of TSR alteration which is
dominated by consumption of heavy alkanes rather than methane.

When GSI is < 0.01, the hydrogen isotope composition of methane
is heavier than ethane (§°H-C, > 8%H—C,), due to lack of TSR
(Fig. 17c). The reason of this hydrogen isotope reversal may be similar
to that of carbon isotopes, which is mainly associated with mixing of a
small amount of methane produced by TSR, or mixing of methane with
different thermal maturities. In areas that contain gases with different
H,S contents, the possible reason for the variation of §?H-C; values is
that formation water is involved in TSR, and the exchange of hydrogen
between methane and formation water causes hydrogen isotope frac-
tionation. The hydrogen isotope composition of methane gradually
approaches the value of the hydrogen source (Jiang et al., 2015), as
observed in P, and T; gas reservoirs in Sichuan Basin. When H,S con-
tent is low, the effect of TSR is trivial, and the hydrogen isotope com-
position of methane mainly reflects its parent material, such as C, gas
reservoir in Sichuan Basin. Therefore, the large variation of hydrogen
isotopes of methane in P, and T; in eastern Sichuan Basin is mainly
related to water participation during TSR (Liu et al., 2014b).

5.2. Biodegradation and secondary oxidation

When microorganisms have access to hydrocarbons, hydrocarbons
can be degraded by electron acceptors with the carbon atoms on the
secondary end of hydrocarbons (Kniemeyer et al., 2007). Hydrocarbons
have different resistant abilities against microbial degradation, de-
pending on molecular structures. Generally, n-alkanes are preferentially
to be degraded, followed by branched alkanes (i-alkanes), and non-
hydrocarbons (Peters et al., 2005). Compared to macromolecules with
carbon number higher than 5, gaseous alkanes are difficult to be de-
graded by microorganisms. The susceptibility of alkanes to degradation
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follows the order of C3 = nC4 > nCs > iCs > iC4 > > neoCs. It is
difficult for ethane to be degraded due to lack of secondary end carbons
in structure (Boreham and Edwards, 2008; Boreham et al., 2001; Head
et al., 2003; James and Burns, 1984; Meng et al., 2017). It is generally
accepted that methane is hard to be anaerobically oxidized by micro-
organisms and that the oxidation by bacteria causes natural gas com-
ponents to be dry (Head et al., 2003). The distribution of microorgan-
isms in geosphere is controlled by temperature. Bacteria can sustain
temperatures of < 80 °C and burial depths of < 2000 m or even 2400 m
(Meng et al., 2017; Vandré et al., 2007). No H,S or < 5% H,S is present
in bacterial gas pools (Peters et al., 2005; Worden et al., 1995).

The influence of microorganisms on the carbon and hydrogen iso-
topic compositions of alkane gases (methane, ethane and propane) is
summarized here, using natural gas reservoirs (< 2500 m) in Turpan-
Hami, Santanghu, Huanghua and Liaohe basins as examples. With in-
creasing gas dryness (C;/C;_3), the carbon isotopes of methane, ethane
and propane in Turpan-Hami gas field show a slight tendency of be-
coming heavier (Fig. 18). A similar change can be observed for carbon
isotopes of ethane and propane in Santanghu gas field, while the op-
posite is true for methane. In Huanghua and Liaohe, the isotopic
composition of methane tends to decrease, while ethane and propane
become heavier with no apparent trend for ethane in Liaohe gas field.
This isotopic signature is different than the one observed during
thermal evolution: the carbon isotope of alkane gases becomes heavier
with increasing gas dryness. Therefore, microbial degradation may be
lacking in Turpan-Hami, while natural gas in Santanghu, Huanghua and
Liaohe is subject to different degrees of microbial degradation.

Microbial degradation leads to a decrease in content and heavier
carbon isotope compositions of propane, as well as an increase in
content and lighter carbon isotopes of methane. In Santanghu and
Huanghua, ethane may not participate microbial degradation. The co-
existence of ethane with both heavier and lighter carbon isotopes in
natural gas reservoirs in Liaohe Basin may suggest that ethane with
lighter carbon isotopes is produced by microorganisms. Its carbon iso-
tope compositions become heavier due to late stage biodegradation.
Due to preferential degradation of propane by microorganisms, the
carbon isotope compositions of remaining hydrocarbons become hea-
vier with components containing heavy isotopes barely oxidized by
microorganisms (Boreham and Edwards, 2008; Huang et al., 2017;
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Kinnaman et al., 2007; Meng et al., 2017). The changes of hydrogen
isotope composition of alkanes during biodegradation are similar to
carbon isotopes. In summary, microbial degradation is a process that
consumes propane and produces methane, resulting in a decrease in
propane content, heavier carbon and hydrogen isotopes, and lower
content of methane with lighter carbon and hydrogen isotope compo-
sitions.

In order to assess the effect of microbial degradation on the carbon
and hydrogen isotope compositions of alkane, the C3/C;_3 ratio was
used to display compositional changes of alkanes. With decreasing Cs/
Cy_3, or increasing biodegradation intensity, the carbon isotope of
methane becomes lighter (Fig. 19a). This feature is completely different
than the one caused by thermal evolution or TSR alteration. As the C3/
C,_3 index decreases, the carbon isotope of propane tends to be heavier,
due to the fact that '2C is preferentially biodegraded (Fig. 19b) (Vandré
et al., 2007). As a result, propane enriched in '2C is preferentially de-
graded by microorganisms and '?C-enriched methane is formed. The
carbon isotope composition of residual propane in gas reservoirs be-
comes heavier. Other hydrocarbon gases (nCy4, iC4, nCs and iCs) may
also be degraded by microorganisms to form '2C-enriched methane.

With decreasing C3/C;_3 value, the hydrogen isotope composition of
methane shows tendency of becoming lighter (Fig. 19¢), and propane
becoming heavier (Fig. 19d). Methane becomes more enriched in H
with higher intensity of microbial degradation, while propane becomes
more depleted in 'H. Compared to carbon isotopes, there is little change
in hydrogen isotope composition of methane with biodegradation. It
may be related to the intervention of formation water which has a
constant hydrogen isotope value. However, the effect of microbial de-
gradation on hydrogen isotope composition of propane is significant.
Ethane acts as a product or reactant during microbial degradation. The
effect of formation water on hydrogen isotope composition of alkanes
remain to be studied. Recent studies have reported that methane can
undergo microbial anaerobic oxidation in sediments, and this process is
considered as an important pathway to consume methane within the
global carbon cycle (Boetius et al., 2000; Knittel and Boetius, 2009;
Valentine, 2011). However, the role of anaerobic oxidation of methane
(AOM) in natural gas reservoirs is still uncertain.

5.3. Diffusion

In theory, the expulsion of natural gas from source rocks results in
isotopic fractionation and changes in chemical composition. These
changes, however, are often negligible for genetic identification and
gas-source correlation (Lorant et al., 1998; Schoell, 1988). Due to small
molecule sizes, light weights, and high diffusion coefficients, stable
isotope fractionations of alkanes occur in gas reservoirs during diffusion
(Krooss et al., 1992; Prinzhofer and Pernaton, 1997; Zhang and Krooss,
2001). As the molecular weight increases, the diffusion ability of alkane
gas decreases, following the order of methane > ethane > propane
(Krooss et al., 1986). Due to its mass-dependent feature, the diffusion of
isotopes with less mass number is favored for each given element, for
example, '?C to '3C, and 'H to 2H (Krooss et al., 1992; Zhang and
Krooss, 2001).

Prinzhofer and Pernaton (1997) identified gas diffusion using the
C,/C; content ratio and methane isotopic values. As the carbon isotope
of methane increases, the C,/C; ratio in the gas reservoir that is subject
to diffusion increases exponentially, whereas the C,/C; ratio in re-
servoirs without diffusion shows a decreasing trend and is controlled by
maturity. Xiao (2012) demonstrates that the carbon and hydrogen
isotope reversal (8'3C; > 8'*C, and 8%H-C; > 8%H—C,) of the non-
associated gases (NAG) in Northern Appalachian Basin is caused by
diffusion using data from Burruss and Laughrey (2010). As the carbon
isotope value of methane increases, the trend of C,/C; ratio in NAG
differs from that of oil associated gases (OAG) (Fig. 20a). The de-
creasing trend of C,/C; ratio of OAG is most likely related to the in-
crease of thermal maturity, which leads to the increase in content of
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content and lighter carbon isotopes of methane.

methane and its carbon and hydrogen isotope values (Prinzhofer and
Pernaton, 1997). In NAG, however, with increasing carbon isotope
compositions of methane, the ratio of C,/C; shows a dispersed pattern
with a slight increasing trend. This pattern may be related to diffusion
of methane that results in a decrease in methane content and an in-
crease in its carbon isotope value (Prinzhofer and Pernaton, 1997;
Zhang and Krooss, 2001). As the C,/C; ratio decreases, the difference in
carbon isotope values between methane and ethane (8'3C;-8'3C,) in
OAG show a decreasing trend, with partially reversed carbon isotopic
sequence (813C; > 8'3C,) (Fig. 20b). In contrast, the §°C;—8'3C, va-
lues in NAG show an increasing trend, with positive carbon isotope
sequence between methane and ethane 813¢; < 813¢Cy). Laboratory
experiments have shown that the diffusion of methane through mud-
stone leads to an increase of 4%o in carbon isotope compositions (Zhang
and Krooss, 2001).

The effect of diffusion on hydrogen isotopes of methane is similar to
carbon isotopes (Fig. 20c). With increasing hydrogen isotope compo-
sition of methane, the C,/C; ratio of NAG decreases due to changes in
thermal maturity, while variations of C,/C; ratio exist for OAG with a
decreasing trend that are controlled by both maturity and diffusion. In
Fig. 20d, the difference of hydrogen isotope composition between
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isotope compositions of natural gas from petroliferous basins in China (see text).

methane and ethane (§°H—C; — 82H—C,) in NAG shows a decreasing
trend with increasing C,/C; ratio, and the hydrogen isotope pattern
between methane and ethane is positive (i.e., 8°H—C; < §%H—Cy).
However, there is a positive correlation between the §°H—C;—8*H—C,
value and C,/C; ratio in OAG, and the hydrogen isotope pattern be-
tween methane and ethane are positive or negative. In summary, dif-
fusion leads to a lower content of methane. The carbon and hydrogen
isotope compositions of residual methane become heavier, causing the
carbon and hydrogen isotope reversal between methane and ethane.

6. Abiogenic alkane gases (mantle origin and Fischer-Tropsch type
synthesis)

There are two types of abiogenic gases which have inorganic pre-
cursors: (1) small molecular gases, for example, methane from deep
mantle; and (2) natural gas that is formed through processes involving
water-rock interaction or Fischer-Tropsch type (FTT) synthesis. The
analysis of fluid inclusions has shown that mantle-derived gases are
dominated by CH,4, CO or CO,, and noble gases (Giardini et al., 1982;
Pineau and Javoy, 1983; Sugisaki and Mimura, 1994). Heavier hydro-
carbon gas with carbon number > 2 has not been found. The Fischer-
Tropsch synthesis was first developed by German chemists Franz Fi-
scher and Hans Tropsch in 1923. The whole process includes hetero-
geneous catalytic hydrogenation of CO to generate hydrocarbons with
different chain lengths and oxygenated organic compounds. The re-
actants in this synthesis are CO and H,, and the products can be a
number of organic compounds, depending on catalysts and temperature
and pressure conditions (Anderson, 1984). Considering the lack of CO
in geological environment, similar reactions that generate organic
compounds from CO, are called Fischer-Tropsch type (FTT) synthesis.
Combined together, reactions that contribute to formation of abiogenic
alkane gases are listed as follows:

nCO, + (3n+1) H, = CnH2n+2 + 2nH,0

nCO + (2n+1)H2 = CnH2n+2 + l'leo

Compared to CO, the effectiveness of hydrocarbon formation in
COy-involved FTT is much less. It may also be attributed to higher
temperatures and pressures, and availability of transition metal cata-
lysts under geological conditions. Lancet and Anders (1970) first re-
ported the formation of CH4 from CO, and H, using Co as a catalyst.
Horita and Berndt (1999) used Ni—Fe alloy to observe the conversion of
HCO3;™ to methane under subseafloor hydrothermal conditions. The
formation of alkane gases through FTT has been demonstrated in la-
boratory experiments under different temperature, pressure, and con-
stituent conditions (Fu et al., 2007; Fu et al., 2015; Horita and Berndt,
1999; McCollom and Seewald, 2001; Taran et al., 2007; Zhang et al.,
2013).

In mid-ocean ridge hydrothermal systems, the carbon isotope
composition of methane is in the range of —18%o to —15%o (Welhan,
1988). Due to the lack of sedimentary strata in reaction zones, methane
from seafloor hydrothermal vents is considered to be abiogenic. The
carbon isotope compositions of CH4 in gas seeps from Zambales
ophiolite in Philippines are between —7.5%o and —6.1%o, similar to
the values of mantle-derived or original atmospheric CO, (Abrajano
et al., 1988). The gas from hot springs in eastern and southern China is
dominated by CO,, and methane is major organic compound with trace
amounts of heavier hydrocarbon gases (C,.) (Dai et al., 2005a). The
carbon isotope composition of methane varies from —73.2%o to
—19.5%o.

The carbon isotope compositions of CO, and methane from com-
mercial gas wells in petroliferous basins in China and Permian Basin in
U.S. are shown in Fig. 21. Among the reported carbon isotope values of
CO, and methane, the lowest value of methane, —54.4%o, is obtained
from Well Hual7 in Huagou gas field of Bohai Bay Basin (Dai et al.,
2005a). The heaviest value, —17.4%o, is from Fangshen 2 well in
Qingshen gas field of Songliao Basin, where the lowest carbon isotope
value of CO,, —16.5%o, is also reported (Liu et al., 2016). The heaviest
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value of CO, is —2.7%o from the Mitchell 103 No.3 well in Permian
Basin (Ballentine et al., 2001). As the carbon isotope of CO, becomes
heavier, there is a general trend showing that methane becomes lighter.
The lightest hydrogen isotope value of methane is —205%o in Fangshen
6 well from Qingshen gas field in Songliao Basin, while the heaviest is
—181%o from Zhuang 5-2 well in the same basin (Liu et al., 2016).

The abundance and isotopic ratio of noble gases are controlled by
physical processes (dissolution, adsorption and nuclear reactions), but
not by chemical reactions during geological processes. They can be used
effectively as signatures of deep sources. The presence of the mantle-
derived gas can be identified by the °*He/*He ratio, with the
value > 1.0Ra as an indicator of deep origin (Ballentine and O'Nions,
1992; Dai et al., 2005a; Liu et al., 2017; Poreda and Craig, 1989; Wakita
and Sano, 1983; Xu et al., 1995, 1998). Ra represents the *He/*He ratio
of the air, and it is considered to be a constant
(®He/*He,i, = 1.4 x 10~ °). Fig. 22 shows the relationship between R/
Ra and carbon isotopes of methane and CO, in commercial gas re-
servoirs. As the R/Ra ratio increases, the carbon isotope value of CO,
remains unchanged. For example, as R/Ra increases from 0.240 to
0.543 in the CO,-rich gas field in Permian Basin, the carbon isotope
ratio of CO, is constant ranging from —3.1%o to —2.7%o. The R/Ra
ratio of natural gas from Songliao Basin increased from 0.218 to 5.543,
and 8'3Cco, values varied from —16.5%o0 to —4.3%o (Fig. 22a).
Therefore, as the R/Ra ratio increases, the contribution of mantle-de-
rived gas increases. The carbon isotope composition of CO, in different
regions is not constant with the same R/Ra ratio, which may imply the
heterogeneity of carbon isotopic composition of CO, in the mantle.

As the R/Ra ratio increases, the change in carbon isotope value of
methane is complicated. The carbon isotope composition of methane
from the CO»-rich gas reservoir in Permian Basin shows a trend of be-
coming slightly lighter with increasing R/Ra (Fig. 22b). The variation of

8'3Cco values in Songliao Basin (except Fangshen 2 well) and Bohai
Bay Basin is more significant, and there is no apparent correlation with
R/Ra ratio.

The carbon isotope composition of methane becomes depleted in
13¢C with increasing carbon isotope value of CO,, suggesting fractiona-
tions between CO, and methane. Hu et al. (1998) reported that frac-
tionation between CO, and CH, varies significantly, ranging from 5.6%o
to 69.9%o, while the equilibrium fractionation value (1000lna) is be-
tween 28%0—24%o at 270-300 °C (Bottinga, 1969). This carbon isotope
fractionation between CO, and CH, may be attributed to Fischer-
Tropsch synthesis, because upwelling of magma carries large amounts
of thermal energy with Fe-bearing minerals being effective catalysts for
FTT reactions (McCollom et al., 2006). Methane in inclusions of alka-
line volcanic rocks formed by FTT synthesis displays carbon isotope
value of —11.8%o to —3.2%o and hydrogen isotope value of —167%o to
—132%o (Potter et al., 2004). The experimental results have also shown
that as temperature increases, the discrepancy of §'*Cgo,—8'3C; gra-
dually decreases (McCollom and Seewald, 2001; Taran et al., 2007).

The isotope fractionation during the abiotic generation process of
alkane gases which is proposed as polymerization reactions from simple
molecules (CO, CO,, and CHy), is constrained by kinetic isotopic effect.
During polymerization, '2C is favored to form C—C chains. '2C tends to
be enriched in products, which results in **C depletion of ethane re-
lative to methane. Since 'C—?H bonds are more stable than '*C—'H
bonds, ?H preferentially combines with '2C in polymerization, and
ethane is enriched in H compared to methane. It causes that the
formed alkane gas has a lower 8'3C value, which generates the carbon
isotope reversal of alkane gases (8'3C; > 8'°C, > 8'3C; > §'°Cy)
(Dai et al., 2004, 2005a; Des Marais et al., 1981; Galimov, 2006;
Hosgormez et al., 2005; Sherwood Lollar et al., 2002, 2008). The higher
carbon isotope values of methane than ethane (§'3C; > §'3C,) have
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been reported in geological samples (Dai et al., 2005a,b; Liu et al.,
2016), but not in laboratory experiments. Using data from spark dis-
charge experiments in Des Marais (1981), Galimov (2006) suggested
that C;-C3 hydrocarbons synthesized in spark discharge experiments
share the same isotope distribution pattern as in volcanic rocks. The
experiments with different reaction times have shown that the con-
version rate of CO, increases with time. The carbon isotope trend of
alkane gases gradually turns from completely reversal to partial re-
versal, and then to thermogenic trend. The spark discharge experiments
take the shortest time, and the carbon isotopes of alkane gases are in a
reversed order.

Sherwood Lollar et al. (1988, 1997) proposed that the C and H
isotopes of abiogenic methane and ethane in Precambrian shields in
Canada and South Africa are inversely correlated, i.e., §'C; > 8'3C,,
82H—C; > 8°H—C,. However, the reversed trend of C and H isotopes of
short alkanes has not been observed in laboratory experiments (Fu
et al., 2007, 2015). In closed FTT synthesis, reaction time, temperature
and product selectivity may control the isotope fractionation between
hydrocarbons. The kinetic isotope fractionation during polymerization
may be overshadowed by continuous buildup of hydrocarbons on mi-
neral surfaces and reduced thermodynamic drive in closed systems. The
isotope reversal may be observed only at the very beginning stage of
FTT (i.e., spark discharge experiments, short time with low conversion
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rates) or in open systems. The abiogenic gas collected in geological
environment most likely is a mixture of gases from deep mantle and
FTT synthesis, which involves complex reactions that cannot be ob-
served in single laboratory experiments.

Overall, methane formed by FTT synthesis possesses a wide range of
carbon and hydrogen isotopic compositions. It may be overlapped with
thermogenic methane (Horita and Berndt, 1999). However, mantle-
derived gas exists in the region with active deep fluids. Alkane gases,
including methane, can be formed by CO,/CO and H, through FTT
synthesis with the catalysis of Fe-bearing minerals and tremendous
energy carried by deep fluids.

7. Genetic identification of natural gas

Carbon and hydrogen isotope compositions of natural gas are con-
trolled by source rocks (or organic matter). Secondary alteration fol-
lowing accumulation in reservoirs may also change the isotopic values.
Those changes lead to ambiguities and uncertainties in genetic identi-
fication and gas-source correlation, which cannot be resolved using
conventional methods. Here, a series of diagnostic tools are suggested
to effectively pin down this complex cause-effect relationship.

Fig. 22. The diagram showing R/Ra ratio versus 8'3C; (a) and
8'3Cgoz (b) for commercial gas reservoirs. The R/Ra ratios of

-15

Southeast Qiong basin

§13C (%)

(%0)

813CC()

Permian Basin
Bohai Bay basin

Yinggehai basin

O
[m]
O
B
=
o
oo o O e

Songliao
East China Sea

>
>

8| g

O },mm - :I@ﬂﬁgo@ AA
u‘

Ug
] tH
O EE .

R/Ra

266

these gas fields are mainly higher than 0.1 and significantly
higher than those (0.02) of crustal gas. With increasing R/Ra
ratios, the 8'3C, values decrease and the 8'3Cgo, values remain
nearly constant. The increase of both R/Ra ratios and 8'3Ccon
values suggests the increasing contribution of mantle-derived
gas.
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Fig. 23. The diagram of 8§2H-C; versus §'°C, of methane with different origins (after Whiticar, 1999).

1 _m, -n, and —mixing: see Fig. 1.

7.1. Carbon and hydrogen isotopes of methane (§'C; vs. §°H—C;)

To identify origins of CH4, Whiticar (1999) established a diagram
between carbon and hydrogen isotope compositions. Gases generated
by microbial activities, thermocatalytical processes, and from hydro-
thermal, geothermal and crystalline rock systems can be separated
(Fig. 23). For example, natural gas from Qaidam and Luliang-Baoshan is
typical microbial gas. The gas from Qaidam is derived from bacterial
reduction of carbon dioxide, whereas the gas from Luliang-Baoshan
area is from both bacterial reduction of carbon dioxide and methyl-type
fermentation. The gases from Liaohe and Huanghua Depression in
Bohai Bay Basin and Turpan-Hami are low-mature or immature that are
formed at early thermal stages.

However, no clear separation can be observed between humic coal-
type gas and sapropelic oil-type gas, for example, oil-type gas from
Ordovician strata in Tarim Basin, O; in Ordos Basin, Pearl River Mouth
Basin, and Northern Appalachian, and coal-type gas from the foreland
of Tarim Basin, Upper Paleozoic strata in Ordos Basin, and Tsx-J in
Sichuan Basin. Natural gas with TSR alteration from C,h-Poch-T,f strata
in Sichuan Basin displays the characteristics of humic coal-type gas
with high maturity (Fig. 23). In addition, diffusion has not been well
represented in this classification. For example, oil-type gas from the
Northern Appalachian Basin has migrated, resulting in heavier carbon
and hydrogen isotopes of methane (Burruss and Laughrey, 2010; Xiao,
2012).

The characteristics of abiogenic gas can be obtained from Fig. 23.
For example, methane in Qingshen gas field of Songliao Basin is of
hydrothermal origin, although it is uncertain whether methane in hy-
drothermal systems is from deep mantle or other sources (FTT synth-
esis, organic matter, etc.). Methane in Kidd Creek Mine is more likely
synthesized or metamorphosed through FTT than directly from mantle.
Therefore, the classification using carbon and hydrogen isotopes of
methane can identify natural gas from organic matter with different
thermal maturities, but secondary alteration (TSR, microbial degrada-
tion, and diffusion) may cause uncertainties.

7.2. Carbon isotope of ethane and hydrogen isotope of methane (8'3C; vs.
§H-Cy)

As discussed above, hydrogen isotopes of methane are more sensi-
tive to the depositional environment of parent materials, while carbon

isotopes of ethane and propane inherit signatures from parent materials
very well. In Fig. 24, using hydrogen isotopes of methane and carbon
isotopes of ethane, it shows that the carbon isotope composition of
thermogenic ethane (coal-type and oil-type) tends to become heavier as
the hydrogen isotope composition of methane increases. The coal-type
gas formed in fresh-brackish water depositional environments shows
heavier ethane carbon isotopes and lighter methane hydrogen isotopes,
including gas from the foreland of Tarim Basin, C—P of Ordos Basin,
and the Tsx stratum in Sichuan Basin. The oil-type gas formed from
marine saltwater depositional environment has higher methane hy-
drogen isotope values and relatively lower ethane carbon isotope va-
lues, including gas from Ordovician strata in Tarim Basin, Coh-P,ch-T,f
in Sichuan Basin and O; in Ordos Basin. However, natural gas formed in
a brackish lacustrine depositional environment has lighter methane
hydrogen isotopes and relatively low ethane carbon isotope values,
which may also be referred to as oil-type gas, such as a portion of
natural gas from the western and eastern Liaohe. The microbial gas
formed in terrigenous freshwater environments has not only light me-
thane hydrogen isotope compositions, but also light carbon isotope
compositions, which is different than the gas from Luliang-Baoshan and
Qaidam gas reservoirs.

The hydrogen isotopes of methane are strongly affected by both
diffusion and TSR alteration. With increasing extents/intensities of
diffusion and TSR alteration, methane becomes enriched in ?H. The
carbon isotope value of ethane, however, exhibits a decreasing trend
with increasing hydrogen isotope values of methane (Fig. 24), sug-
gesting slightly stronger effects of diffusion and TSR alteration than
thermal maturity. There is no correlation between hydrogen isotopes of
methane and carbon isotopes of ethane formed by metamorphism.
However, the hydrogen isotope composition of methane is obviously
lighter than that of organic matter, but the carbon isotope composition
of ethane is overlapped with that of thermogenic ethane. Natural gas
formed by mixing of thermogenic and abiogenic gas shows that hy-
drogen isotopes of methane remain constant while carbon isotopes of
ethane vary significantly, as in the Qingshen gas field in Songliao Basin.

7.3. Carbon and hydrogen isotopes of ethane and propane (8'3C; vs.
8°H—C; and 8'3C3 vs. 8°’H—C3)

Besides sources, depositional environments, and thermal evolution
stages of organic matter, the isotope signature of methane is also
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Fig. 24. The diagram of §°H—C, versus 8'3C,, for different types of natural gas.
1 _m, -n, and -mixing: see Fig. 1.

affected by microbial degradation, TSR, and diffusion, while heavier
hydrocarbon gases are mainly affected by organic sources and thermal
evolution (with propane being altered mostly by microbial degrada-
tion). As can be seen in Fig. 25, the marine oil-type gas and terrigenous
coal-type gas can be identified using carbon and hydrogen isotopes of
ethane (Fig. 25a) and propane (Fig. 25b). The coal-type gas is dis-
tributed to the lower right area of the oil-type gas, i.e., the carbon
isotope of heavier hydrocarbons in coal-type gas is heavier than oil-type
gas, and the hydrogen isotope follows the same trend as carbon. As the
degree of thermal evolution increases, carbon and hydrogen isotope
compositions of ethane and propane all show a tendency of becoming
heavier. However, there is no apparent correlation between carbon and
hydrogen isotopes of abiogenic hydrocarbon gas (metamorphic origin),
most likely due to lack of data. For natural gas from the Qingshen gas
field in Songliao Basin, the hydrogen isotope composition of propane
has a wide range, while the carbon isotope is limited. Both of them
show no relationship with thermal maturity. It is uncertain whether
large amounts of heat from deep fluids lead to hydrogen isotope ex-
change between propane and formation water. Laboratory experiments
have shown that hydrogen isotope fractionation between alkane gases
and water favors molecules with higher weights as temperature in-
creases (Reeves et al., 2012).

-50 Pearl River Mouth
o Kidd Creek mine

8. Conclusions

In natural gas geochemistry, the carbon and hydrogen isotope
compositions of gaseous alkanes contain ample information on organic
source, along with geological and geochemical processes during hy-
drocarbon generation. In other words, the inheritance of isotope sig-
natures is affected by physical and biochemical reactions in geological
history. Alkane hydrocarbons (CH4, C,Hs, and CsHg) formed from
saltwater sapropelic organic matter are oil-type gas and enriched in '2C
and ?H, while gases from humic organic matter are called coal-type gas
and enriched in '3C and 'H. As the degree of thermal evolution in-
creases, the carbon isotope compositions of oil-type and coal-type al-
kane gases gradually become heavier. The coal-type alkanes are heavier
than oil-type under similar thermal evolution degree. As thermal ma-
turity increases, the hydrogen isotope composition of alkanes also
shows a tendency of becoming heavier. However, the hydrogen isotope
composition of alkanes formed from saltwater sediments is heavier than
that formed from fresh/brackish water sediments. The carbon isotope
composition of alkanes is mainly controlled by organic sources, fol-
lowed by thermal evolution, while the hydrogen isotope is mainly
controlled by salinity of water body when organic matter is deposited,
followed by the extent of thermal evolution. Thermal cracking of hy-
drocarbons under high temperatures does not change the increasing
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trend of carbon and hydrogen isotopes of alkane gases. However, the
differences in generation rate and chemical composition between hy-
drocarbons and kerogen during thermal cracking under high tempera-
tures cause the variation of carbon and hydrogen isotope compositions
of natural gas, in particular, the reversed trend between methane and
ethane. The secondary TSR alteration and diffusion lead to heavier
carbon and hydrogen isotope composition of methane, which may also
cause the carbon and hydrogen isotope reversal between methane and
ethane. Microbial degradation causes a decrease in propane content and
heavier carbon isotopes. Abiogenic gas includes both methane from
deep mantle and alkane gases derived from FTT reactions. Since
mantle-derived fluids carry H,, CO, and energy, gases from FTT may be
accompanied by mantle-derived gases. The carbon and hydrogen iso-
tope compositions of methane from deep mantle have a relatively small
range, while alkane gases from FTT display a wide range of carbon and
hydrogen isotopic compositions.

Due to the complexity of gas accumulation, there is no single pat-
tern or parameter to effectively identify alkane gases from different
origins. The carbon and hydrogen isotope reversal of alkanes is not
unique to abiogenic gases. The geological background, combined with
chemical and isotopic compositions, is important for assessing genetic
types of natural gas.
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