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The hydrogen isotope composition of methane is an important parameter in natural gas research and pro-
vides complementary information to that provided by carbon isotopes. The stable hydrogen isotope ratios
of 313 natural gas samples from six of China’s sedimentary basins are used to evaluate the factors that
influence the stable hydrogen isotopic composition of methane. An important factor is the 5D of organic
matter in hydrocarbon source rocks, which is influenced by the sedimentary environment and type of
organic matter. Natural gases generated from sapropelic organic matter have relatively less negative
dDcn,, while natural gases generated from humic organic matter have relatively more negative 8Dcy,.
The other factor is thermal maturity. Increased thermal maturity leads to 8Dy, becoming less negative
and there exists a two stage linear relationship between the 3D¢y, and the logarithm of the vitrinite
reflectance (Ro) value for natural gases generated from type III kerogen. The third factor is the environ-
mental conditions of the aqueous medium in the original depositional environment and after sedi-
mentation. Elemental hydrogen from water participates in biochemical processes as organisms grow
and is exchanged during the sedimentation and diagenesis of organic matter as well as maturity process
of kerogen to generate gases. The influence of the aqueous medium on 8Dy, after formation of natural
gases can be ignored. Among these factors, the aqueous medium is the key constraining factor. The
8Dcy, in natural gases can be combined with the use of stable carbon isotopic composition to identify
the origins of natural gases and to aid gas-source correlations.
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1. Introduction Whiticar (1999) proposed that hydrogen isotope effects during

methanogenesis of methylated substrates can lead to D depletion

Methane and its stable carbon isotopic composition (5'*Ccy, )
are of wide concern in studying the origin of natural gas because
methane is the main component of the hydrocarbon gases in natu-
ral gas. Values of §'3Ccy, are a useful diagnostic tool in identifying
the origins of natural gases and gas-source correlations (Stahl and
Carey, 1975; Stahl et al., 1977; Schoell, 1980, 1983, 1984, 1988;
Whiticar et al., 1986; Whiticar, 1999; Dai, 1992; Xu, 1994; Liu
et al., 2007). Hydrogen, the other element of methane, composed
of 'H and deuterium (?H or D) stable isotopes, has the largest
isotopic mass difference of any stable isotope pair (Bigeleisen,
1965). This results in a wide range of the 8Dcy, in nature
(—470%0 to —16%0; Dai, 1993). Since the pioneering work of
Schoell (1980), 8Dcy, has been used widely in studies of
biogenic gas sources (Whiticar et al.,, 1986; Whiticar, 1999).
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as large as 8Dcy, = —531% VSMOW, whereas bacterial hydrogen
isotope fractionation for the CO, reduction pathway is significantly
less (8Dcy, = —250%0 to —170%o).

Li et al. (2001) proposed that the 8D values of alkanes in crude
oils are determined by three factors, including the isotopic
compositions of the biosynthetic precursors, source water 3D
values and post-depositional processes. Sessions et al. (1999) have
established that the isotopic compositions of biosynthetic
precursors, fractionation and isotope exchange accompanying
biosynthesis and hydrogenation during biosynthesis are all
important in determining hydrogen isotope abundance. However,
hydrogen isotope research on the origins of thermogenic natural
gases is relatively delayed compared with carbon isotope because
hydrogen isotope analytical techniques were not sophisticated or
online and the factors influencing the 8D in thermogenic natural
gases were insufficiently understood. In the late 1990s, the
application of gas chromatography-thermal conversion-isotope


http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2015.03.010&domain=pdf
http://dx.doi.org/10.1016/j.orggeochem.2015.03.010
mailto:wangxf@lzb.ac.cn
http://dx.doi.org/10.1016/j.orggeochem.2015.03.010
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem

X. Wang et al./ Organic Geochemistry 83-84 (2015) 178-189 179

ratio mass spectrometry made online analysis of the 3D in natural
gases possible (Hilkert et al., 1999; Shouakar et al., 2000; Dai et al.,
2012a). The 8'3C and 8D values can be combined for problem
solving in oil and gas exploration.

2. Samples and experiments

Geochemical data for 313 gas samples from six of China’s sedi-
mentary basins are used in this study, including literature data for
112 samples and additional data for 201 samples collected specifi-
cally for this study. All gas samples were analyzed in the Key
Laboratory of Petroleum Resources Research, Institute of Geology
and Geophysics, Chinese Academy of Sciences at Lanzhou.

Compound specific hydrogen stable isotope ratios were deter-
mined using a Finnigan Mat Delta Plus mass spectrometer inter-
faced with a HP 58901l gas chromatograph. In this method,
online hydrogen isotope analysis was achieved for oil and natural
gas hydrocarbons. Gas components were separated on a HP-PLOT
Q column (30 m x 0.32 mm x 20 um) with helium as the carrier
gas (1.5 ml/min). A split injection was used for methane with a
split ratio of 1:7 at 40 °C. Ethane and propane were introduced
via splitless injection. The GC oven temperature was initially
40 °C for 4 min, then increased to 80°C at 10°C/min, then to
140 °C at 5 °C/min and finally to 260 °C at 30 °C/min. Natural gas
was separated into its constituent hydrocarbons by gas chro-
matography and these entered the high temperature conversion
interface at 1450 °C and were decomposed into C and H,. The C
was bound in the furnace and H, entered the isotope mass spec-
trometer for 8D analysis. Relatively high measurement precision
was due to no requirement of zinc or uranium reduction. Gas sam-
ples were analyzed in duplicate or triplicate when the content of
C,-Cs was very low. The precision was 3%, with respect to
VSMOW.

Compound specific stable carbon isotope ratios were deter-
mined using a Finnigan Mat Delta Plus mass spectrometer inter-
faced with a HP 5890Il gas chromatograph. Gas components
were separated on the gas chromatograph using helium as the car-
rier gas, converted into CO, in a combustion interface and then
introduced into the mass spectrometer. Individual hydrocarbon
gas components (C;-Cs) and CO, were initially separated using a
fused silica capillary column (PLOT Q 30 m x 0.32 mm). The GC
oven temperature was increased from 35 °C to 80 °C at 8 °C/min,
then to 260 °C at 5°C/min and held at 260 °C for 10 min. Gas
samples were analyzed in duplicate or triplicate if the content of
C,-Cs was very low. Stable isotope ratios for carbon are reported
in & notation in permil (%.) relative to VPDB. The measurement
precision was estimated to be * 0.5%o for 5'3C.

Gas chemical compositions were determined on an Agilent
6890N gas chromatograph equipped with a flame ionization detec-
tor and a thermal conductivity detector. Individual hydrocarbon
gas components from C; to Cs were separated using a capillary
column (PLOT Al,03 50 m x 0.53 mm). The GC oven temperature
was initially held at 30°C for 10 min and then increased to
180 °C at 10 °C/min and held at this temperature for 20-30 min.

3. Results and discussion
3.1. Experimental results

The chemical compositions and stable carbon/hydrogen isotope
composition of 313 natural gas samples are listed in Appendix A.
The C,-C; isotope compositional data was not available for some
gas samples because of low concentrations. The 3D ranges for
methane, ethane and propane were —271%0 to —111%. (mean

—188%0), —249%c to —105%c (mean —-164%.) and —237%. to
—75%0 (mean —151%o), respectively.

Hydrogen isotope tends to become heavier with the increasing
carbon number in typical thermogenic gases. That is, it has a posi-
tive sequence distribution characteristic in hydrogen isotopes
(8Dcp, < 8Dc,h < 8Dcyng) (Barker and Pollock, 1984; Dai, 1993).
However, the normal sequence of hydrogen isotopes could be
inverted in some situations (Dai, 1993). First, the 8D values can
be changed by biodegradation and oxidation and C-H bonds are
oxidized more easily than C-D bonds due to the lower energy of
C-H bonds (Coleman and Risatti, 1981). For example, propane
molecule with a C-H bond is preferentially degraded and this leads
the 3D of the residual propane to become more positive. Second,
the normal sequence of hydrogen isotopes can be changed by the
mixture of different types of gases (Dai, 1990, 1993). The experi-
mental result shows that D enrichment occurred as n-alkanes
increased in length (Fig. 1). For some samples in the Tarim Basin,
the 3D values of the alkane gases showed the opposite sequence
(8Dcp, > 8Dc,ng OF 8Dc,h > 8D,y ), Where this may be caused by
mixing of natural gases. It shows a similar sequence of carbon iso-
topes compared with hydrogen isotopes, a reversal or a partial
reversal of 313Ccy, was observed in the samples from Tarim Basin
(Fig. 1E).

3.2. Factors influencing the hydrogen isotope composition of natural
gases

Because the carbon in thermogenic natural gases is single
source, the influencing factors of 5'*Ccy, are mainly type of organic
matter in the source rocks and thermal maturity. Natural gases
derived from the same type of organic matter show an obvious
corresponding relation between the reflectance of vitrinite (Ro)
and 8"3Cy, and this relationship plays an important role in gas-
source correlations (Stahl and Carey, 1975; Stahl et al., 1977;
Schoell, 1983; Liu and Xu, 1999). Compared with 3!3Ccy,, the fac-
tors influencing the 3D in natural gases are more complex. The
dDcy, value increases with increasing maturity (Schoell, 1980;
Dai, 1993). In addition, the type of organic matter, sedimentary
environment and conditions in the aqueous medium may influence
the 3D of natural gases.

3.2.1. Effect of inheritance

The D¢y, of the natural gas is primarily determined by the 8D
of the organic matter in the source rocks and the 3D of the organic
matter is determined by the sedimentary environment and the
type of organic matter. Biochemical reactions tend to enrich H so
that different organisms have different 8D characteristics.
Generally, organisms partly inherit the 8D characteristics from host
water. Organisms are depleted in D compared with the host water
(Whiticar, 1996) and higher 3D values in the aqueous media result
in higher 8D values for the organisms. Additionally, the D values
of aqueous media are related to salinity, higher salinity of aqueous
media leads to D enrichment because of Rayleigh fractionation
caused by evaporation. Therefore, aquatic organisms are more
enriched in D than terrigenous organisms and marine organisms
are more enriched in D than freshwater lacustrine organisms.

Hydrocarbon source rocks inherit the 8D characteristics from
organisms. Hydrocarbon source rocks formed in marine and saline
lacustrine environments are relatively enriched in D, while those
formed in terrigenous freshwater are relatively depleted in D.
The inherited 3D characteristics are reflected in the 8Dcy, values
of thermogenic natural gases. For example, for natural gases of
the same maturity, those derived from marine and saline water
lacustrine hydrocarbon source rocks (generally type I and type II;
organic matter) are enriched in D compared with those derived
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Fig. 1. Plot of C and H isotope composition of methane, ethane and propane versus the reciprocal C number of gas samples. D enrichment occurred as the amount of paraffin
increased in thermogenic methane of Chinese sedimentary basins. The hydrogen isotope distribution characteristics of alkane gases is similar to that of the carbon isotopes.

from freshwater lacustrine and freshwater swamp facies hydrocar-
bon source rocks (generally type II, and type IIl organic matter).
Shen and Xu (1993) suggested a 3Dy, value of -190%o to discrimi-
nate depositional environments, natural gases from marine source
rocks show 8Dcy, > -190%0 and gases from terrigenous freshwater
sources show &Dcy, < -190%.. However, this value is unsuitable
because some highly mature gases from terrigenous freshwater
sources have 8Dcy, values less negative than —150%., such as natu-
ral gases from the northwestern Sichuan Basin.

3.2.2. Thermal maturity

Schoell (1980) found that the bond energy of the C-C bond of
R-CH,D in parent material of hydrocarbons is much higher than that
of the C-C bond of R-CHs. As a result, the C-CH,D bond cleavage
reactions happened when thermal stress increased to a fairly
high level. So D is enriched in methane gradually with the
maturity increase. Schoell (1980) developed the equation
8Dcy, = 35.5logRo - 152 (%0). Nevertheless, there is a relatively large
difference in the relationship between the 8Dy, and the thermal
maturity as indicated by the Ro of vitrinite because source rocks
contain different types of organic matter. Thus the model has not
found wide application.

The &D¢y, values obtained for samples from China’s typical
coal-type gas fields range from -271%0 to -142%o (Fig. 2). There
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Fig. 2. Plot of H isotope composition of methane in natural gases from typical coal-
type gas fields in China versus C isotope values. Note the positive linear relationship
between the §'*Ccy, and 8Dcy, in the natural gases.

was a linear relationship between the §!3Ccyy, and the 3Dcy, values
for these samples. This relationship between §'3C and the 3D can
be expressed as 8Dy, (%o)=5.62475"3Ccy, +3.013% (R*>=0.82,
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n=97). The relationship between 5'*Ccy, and D¢y, in coal-type
gases from the northwestern Sichuan Basin deviate from this equa-
tion and this may be explained by the aqueous medium conditions
of the gas source rocks as discussed below.

A series of models have been proposed for the relationship
between §'3Cqy, and the Ro. Liu and Xu (1999) established a
two-stage model for the §'3Ccy, from typical coal-type gas fields
in China and this model has found wide application in China (Xu
et al.,, 2006; Shi et al., 2012). According to this model, the following
equations can be obtained for the 3Dcy, values:

6D, (%o) = 289.991gRo — 183.58 R* = 0.7371 (Ro < 1.0%), n = 50,
6De, (%0) = 55.711gRo — 182.22 R = 0.5027 (Ro > 1.0%), n = 47.

It shows that the 8Dy, change with Ro can be divided into two
phases: the D¢y, increases rapidly when Ro is less than 1% and the
increasing rate of 8Dcy, is slow when Ro exceeds 1% (Fig. 3).
Generally, the dryness index of natural gas is related to the
maturity. The relationship between the gas dryness index and
8Dcy, indicate that 8D¢y, becomes less negative as the gas dryness
index increases (Fig. 4). This suggests that 8D¢y, is also influenced
by maturity.

3.2.3. Aqueous medium conditions

The aqueous medium is an important factor in determining the
8Dcy,. It is involved in the entire process from organism to natural
gas and influences the hydrogen isotope composition of methane.
The influencing mechanism is embodied in three aspects. Firstly,
the 3D of the organism is influenced by aqueous medium and this
is reflected in the 8D of sedimentary organic matter. Secondly, the
3D of kerogen is influenced by the aqueous medium conditions
from deposition to diagenesis. Finally, the aqueous medium condi-
tions during the process of gas generation from kerogen, influence
the hydrogen isotope composition of methane. Generally, hydrogen
isotope exchange between gaseous hydrocarbon and water is very
slow under natural conditions. At temperatures of 200-240 °C over
one hundred million years, the D¢y, has hardly changed (Yeh
and Epstein, 1981; Schoell, 1984; Schimmelmann et al., 2001).
Therefore, the influence of the aqueous medium on 8D after
formation of natural gases can be ignored.

During the process from sedimentation to diagenesis, the aque-
ous medium conditions influence the 3D of kerogen by hydrogen
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Fig. 3. Two-stage model of D¢y, and the Ro in typical coal-type natural gases in
Chinese sedimentary basins. The Ro is calculated by the “two-stage model” for
3'3Ccy, in China’s typical coal-type gas fields (Liu and Xu, 1999).
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Fig. 4. Relationship between the gas dryness index and 8D¢y, in typical coal-type
natural gases in Chinese sedimentary basins.

isotope exchange reaction between the aqueous medium and the
organic matter. Rapid reversible hydrogen isotope exchange reac-
tions can occur between hydrogen in the water and hydrogen in
the sedimentary organic matter that is bound to heteroatoms
(i.e. N-H, S-H, O-H) (Schimmelmann et al., 1999, 2001).
Hydrogen atoms on alkyl radicals in sedimentary organic matter
can preserve their original hydrogen isotope composition until
the temperature rises above 150°C (Lewan, 1997,
Schimmelmann et al, 1999; Mastalerz and Schimmelmann,
2002). Therefore, the hydrogen isotope composition has been less
influenced by the process from sedimentation to diagenesis.

Wang et al. (2008, 2011) performed coal pyrolysis experiments
with deionized water (8Du,0=-58%0) and seawater (8Du,o =
-4.8%o0). The gas produced with deionized water was depleted in
deuterium compared to the gas produced with seawater (Fig. 5)
and the average difference between values from two experiments
was 20%.. This indicates that the 8D characteristics of paleo-aqueous
media during the natural gas formation have some influence on the
3D of natural gases.
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Fig. 5. The role of water in chemical reactions during hydrocarbon generation and
its influence on the hydrogen isotopic composition of methane. Note that the
hydrogen isotopic composition of the methane produced in the seawater-added
experiments were enriched in D compared to that in the deionized water-added
experiments.
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The relationship between the §'3Cey, and 8Dcy, in coal-type
gases from six basins in China are shown in Fig. 2. The sedimentary
environments of the gas source rocks in the basins are dominantly
terrigenous freshwater except Sichuan Basin. It shows an evidently
linear relationship between the §'*Ccy, and 8Dcy, in the coal-type
gases from basins except Sichuan Basin. By contrast, the coal-type
gas samples from the Sichuan Basin obviously deviate from the lin-
ear relationship and the 8Dy, values are less negative.

The coal-type gas samples from the Sichuan Basin are located in
the northwest of the basin and the gas source rocks are coal series
strata of transitional facies in the Triassic Xujiahe Formation
(Zhang et al., 2009; Dai et al., 2012b). The Xujiahe Formation sedi-
mentary strata are indicative of a transformation from a marine
high salinity water to terrigenous low salinity water. In the sedi-
mentation stages of the Xujiahe Formation, stages Xu-1 to Xu-4
occurred under relatively high paleosalinity with lower values for
Xu-5 and Xu-6 indicative of a terrigenous environment (Lin et al.,
2006; Jin et al., 2010). Consequently, in northwest Sichuan Basin,
the enrichment of D in the coal-type gases can be caused by the
high paleosalinity of the water body in which the hydrocarbon
source rocks were deposited.

Additionally, alteration after formation of the natural gas
reservoirs may also influence the 3D values of the natural gases,
including natural gas mixing, bacterial transformation and
thermochemical sulfate reduction.

3.3. Hydrogen isotope geochemical characteristics of China’s natural
gases and their geological implications

Fig. 6 shows statistical data for the 8D characteristics of the
natural gas samples collected from six sedimentary basins of
China. The geological background data for these basins are given
in Table 1. Natural gases in the Taibei sag of the Turpan-Hami
Basin are immature coal-type gases (Xu et al., 2006, 2009; Dai
et al.,, 2009) and the hydrocarbon source rocks are freshwater
swamp-facies coal-series rocks of Middle-Lower Jurassic. The Ro
of these hydrocarbon source rocks are mainly between 0.4% and
0.9%. The 8Dcy, values in this region are range from -271%o to
-220%o, that is, they are relatively depleted in D. Natural gases in
the Santanghu Basin are distributed in the Malang sag. The gas
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source rocks are dark colored mudstone and coal of Upper
Carboniferous. The sedimentary environment of the Upper
Carboniferous is dominantly terrigenous and the paleo-aqueous
media are generally represented by freshwater. In this basin, the
Ro is mainly between 0.5% and 1.6% and the 8Dy, values are range
from -235%0 and -207%e.. This indicates that the natural gases from
the Santanghu Basin are slightly enriched in D compared with
those from the Turpan-Hami Basin.

The Upper Paleozoic natural gases in the Ordos Basin are high
maturity coal-type gases and their 8Dcy, are range from -214%o
to -162%. (average -184%0). The source rocks of this gas field
are carbonaceous mudstone and coal measures formed in the
Upper Paleozoic peat bog system. The organic matter of the
source rocks is dominated by types II,-III and the paleo-aqueous
media are dominantly freshwater. The 3D values for Upper
Paleozoic natural gases from the Ordos Basin are slightly more
enriched in D than those for the coal-type gases from the
Santanghu Basin.

Natural gases in the Kuche depression of the Tarim Basin are
over mature coal-type gases and the hydrocarbon source rocks
are freshwater swamp facies, coal series rocks of Triassic-Jurassic.
The Ro values are between 1.0% and 2.2% (Qin et al., 2007) and
the 8Dcy, in the natural gases are range from -191%o to —154%o,
which indicates that the samples are especially enriched in D.

Natural gases in the regions mentioned above are all typical
coal-type gases. The organic matter of gas source rocks are mainly
humic type (type IlI) and the sedimentary aqueous media are domi-
nantly freshwater. It yielded a significant positive linear relation-
ship between the 3'3Ccy, and 8Dcy, of the natural gases (Fig. 2).

Natural gases mainly from the Xinchang gas field, which located
in the northwest of the Sichuan Basin, are mature coal-type gases.
The Xujiahe Formation hydrocarbon source rocks contain type III
organic matter. Because the sedimentary environment of Xujiahe
Formation is dominantly saline water (Lin et al., 2006; Jin et al.,
2010), the 8Dcy, of the natural gases are relatively less negative
with a range of —173%0 to —144%o.. These results deviate from the
linear relationship between the §'3Ccy, and D¢y, in natural gases
derived from typical freshwater swamp facies, coal series hydro-
carbon source rocks, indicating that the salinity of aqueous media
can influence the 3D of natural gases.
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Fig. 6. Plot of 6Dcy, versus §'*Ccy, for thermogenic methane in Chinese sedimentary basins. The influence of factors affecting 8Dcy, is greater than on §'3Cy,, in addition to
maturity and hydrocarbon source characteristics. Aqueous media is also a very important factor.
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Table 1
Geological background of natural gas reservoirs in Chinese sedimentary basins.
Region Hydrocarbon  Sedimentary Salinity of Characteristics of Natural gas type 8Dch, 313 Cen, 313Ce,n,
source rocks facies of sedimentary hydrocarbon source rocks (%o) (%0) (%0)
hydrocarbon- waterbody
source
rocks
Taibei sag of the  Jj.psh Terrestrial Freshwater Coal series, type III organic Low mature coal- —271 to —44.8 to —-31.0 to
Turpan-Hami swamp matter, Ro = 0.4% to 0.9% type gas —220/ -36.9/ —24.2/
Basin -241 —40.7 -27.5
(46) (46) (46)
Santanghu Basin ~ C Marine/ Freshwater Dark mudstone and coal, type Mature coal-type -235 to —38.7 to —28.5 to
terrestrial II,-III organic matter, Ro = 0.5% gas -207/ -33.8/ -23.6/
transition-facies to 1.6% -218 -36.0 -27.0
(12) (12) (12)
Upper Paleozoic C+P Marine/ Freshwater Coal and dark mudstone, type Mature-highly —214 to —36.7 to -29.3 to
of Ordos Basin terrestrial II,-11I organic matter, Ro = 0.7% mature coal-type -162/ -28.1/ -20.8/
transition-facies to 2.0% gas -184 -33.0 -25.0
(29) (29) (29)
Lower Paleozoic 0? Marine facies Saline water ~ Carbonate rock, type I organic Mixture? -193 to —36.2 to —34.1 to
of Ordos Basin matter, Ro = 1.0% to 3.0% -160/ -30.9/ -23.7/
-171 -33.7 -29.0
(17) (17) (17)
Kuche Depression T+] Terrestrial- Freshwater Coal series, type III organic Mature-highly -191 to -354 to -24.3 to
of Tarim Basin facies swamp mater, Ro = 1.0% to 2.2% mature coal-type —154/ -27.0/ -17.5/
gas -172 -31.7 -21.7
(32) (32) (32)
Northwestern Tsx Marine/ Saline water  Coal series, type IIl organic Mature-highly -173 to -36.9 to -26.8 to
part of terrestrial matter, Ro = 0.8% to 2.6% mature coal-type —144/ -30.8/ —224/
Sichuan Basin transition facies gas -160 -34.0 -24.4
(46) (46) (46)
Platform Area of €+0 Marine facies Saline water  Carbonate rock, type I organic Highly mature- —190 to —45.4 to —41.8 to
the Tarim matter, Ro = 1.0% to 3.0% over mature oil- -125/ -32.0/ -31.4/
Basin type gas -154 -37.9 -36.4
(37) (37) (37)
Northeastern part S Marine facies Saline water  Black shale, type I organic Over mature oil- —128 to —-32.5to —-32.2 to
of the Sichuan matter, Ro ~ 2.5% to 3.5% type gas -111/ -27.0/ -24.0/
Basin -118 -30.5 -29.5
(19) (19) (19)
Huanghua Es Lacustrine facies Semi-saline Dark mudstone, organic matter ~ Low mature coal- —258 to —47.3 to -313to
depression of water type is complicated and diverse, type gas -170/ -36.8/ -21.5/
the Bohai Gulf type II and type III organic -215 —42.8 -28.2
Basin matter being dominant (26) (26) (26)
Liaohe Es Lacustrine facies  Brackish Dark mudstone, organic matter ~ Mainly composed  —267 to —49.4 to —38.7 to
depression of water type is complicated and diverse, of low mature -173/ -31.0/ —23.4/
the Bohai Gulf type II and type III organic coal-type gas -216 —-41.4 -28.0
Basin matter being dominant (49) (49) (49)

Remarks: in a ~ b/c (d) pattern, a represents the minimum value, b represents the maximum value, c represents the average value, d represents the number of samples.

A series of gas fields have been discovered in the Liaohe depres-

sion and Huanghua depression of the Bohai Gulf Basin in eastern
China. The characteristics of the Shahejie Formation hydrocarbon
source rocks are complicated and diversified, but organic matter
is dominantly mixed type (II) and humic type (IlI) kerogen. The
hydrocarbon source rocks in most regions have relatively low ther-
mal maturity (Ro < 1.0%). Hydrocarbon source rocks in the Liaohe
depression are mainly deposited in fresh water and brackish water,
while those in the Huanghua depression are deposited in semi-
saline water. The §'3Ccy, values in natural gases from two regions
are relatively more negative, but the §'3C values of ethane are rela-
tively less negative. The carbon stable isotope composition are gen-
erally consistent with those of natural gases from the Turpan-Hami
Basin, which shows the characteristics of immature coal-type gases
and the 3Dcy, values are relatively more negative. As shown in
Fig. 6, the 3'3Ccy, and 3Dcy, values in some gas samples from the
Liaohe depression are generally consistent with the linear relation-
ship of natural gases generated from typical freshwater swamp
facies, coal series hydrocarbon source rocks. However, the 8Dcy,
values in some natural gas samples are slightly less negative and
deviate from this linear relationship. The relationship between

the 83Cqy, and 8Dcy, values in natural gases from the Huanghua
depression obviously deviates from that for the natural gases gen-
erated from typical freshwater swamp facies, coal series hydrocar-
bon source rocks, this may be attributed to the fact that the
sedimentary water body of hydrocarbon source rocks is relatively
saline (Lin, 2011).

The natural gases of the northeastern part of the Sichuan Basin
and platform area of the Tarim Basin are generated from typical
marine hydrocarbon-source rocks. Their 8Dcy, values are less
negative (-190%0 and -111%o.) than that generated from terrige-
nous hydrocarbon source rocks. It shows a linear relationship
between the §'3Cy, and 8Dcy, values with both becoming less
negative with increasing maturity (Fig. 6). The 8Dcy, of marine
natural gases in the Tarim Basin were range from -190%. to
-125%0, which indicates that the natural gases are high maturity,
oil associated gases, which is consistent with high maturity
Cambrian-Ordovician marine carbonate source rocks. The 8Dcy,
values in marine natural gases from the northeastern Sichuan
Basin are relatively less negative (-128%c and -111%.), which
indicates that the natural gases are over mature, oil associated
gases.
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Many studies have been carried out in Ordos Basin since the
Central Gas Field was found in this area. However, the gas source
rocks of the Central Gas Field are a problem that is not completely
solved. It is generally accepted that natural gases from the Upper
Paleozoic gas generating layers are dominated by coal derived
gases. Nevertheless, the origin of Lower Paleozoic Ordovician
weathering crust is controversial. It is generally thought that these
natural gases are two-source mixture of coal generated gases by
Upper Paleozoic and oil associated gases by Lower Paleozoic, but
the dominant gas source is still controversial. Some argue that
natural gases in the Ordovician weathering crust of the Central
Gas Field are mainly derived from Carboniferous-Permian coal ser-
ies hydrocarbon source rocks (Guan et al., 1993; Zhang et al., 1993;
Dai et al.,, 2005; Hu et al., 2010), whereas others maintain that
natural gases in the Ordovician weathering crust are mainly
derived from the Lower Paleozoic marine carbonate rocks (Chen,
1994; Huang et al., 1996; Hao et al., 1997; Cai et al., 2005; Liu
et al., 2009).

813Ccy, values are unable to constrain the origin of natural gases
because the range of §'>Cy, values in Lower Paleozoic and Upper
Paleozoic natural gases are overlapping. The evidence for the
derivation of Lower Paleozoic natural gases mainly from
Ordovician hydrocarbon source rocks includes the §'3C of ethane,
parameters for light hydrocarbon compounds and the parameters
for biomarker compounds of natural gases. But the C;—-Cs contents
are generally lower than 1% in Lower Paleozoic natural gases and
the contents of light hydrocarbon compounds and biomarker com-
pounds are even lower. Therefore, the geochemical parameters for
this kind of trace gas in natural gases used to constrain the origin of
natural gases may lead to an incorrect interpretation.

The hydrogen stable isotope compositions of methane in Lower
Paleozoic natural gases from the Ordos Basin are range from
-193%0 to -160%. and the average value is -170%. (Li et al.,
2008). The average value is obviously less negative than that of
methane in the Upper Paleozoic natural gases (-191%., Fig. 6),

which indicates that the Lower Paleozoic natural gases in the
Ordos Basin derived from a mixed source and Lower Paleozoic mar-
ine carbonate rocks have made some contributions to hydrocarbon
generation. However, the average value of 3Dy, is quite different
compared with the values of natural gases derived from typical
marine sapropelic organic matter in China. It shows that the
Lower Paleozoic natural gases are derived from Carboniferous-
Permian coal series and mixed with a minor amount of gas
generated from Lower Paleozoic marine carbonate rocks.

The 8Dcy, values in natural gases are closely related to the sedi-
mentary environment and the 5!3C of ethane in natural gases is a
reflection of the type of organic matter. The relationship between
the 8Dcy, and the 813C values of ethane in natural gases from
China are shown in Fig. 7. The Lower Paleozoic natural gases in
the Ordos Basin lie in the range between natural gases generated
from marine sapropelic organic matter and those generated
from humic organic matter, which is indicative of mixed source.
With the ethane in Lower Paleozoic natural gases in the Ordos
Basin become enriched in '3C, the 8Dcn, shows unobvious change,
which indicates that the origin of ethane is inconsistent with that
of methane. Therefore, the geochemical parameters for ethane and
other trace gases are used to identify the origins of natural gases
dominated by methane may lead to an incorrect interpretation.

A significant difference exists in the distribution characteristics
between natural gases generated from sapropelic organic matter
and humic organic matter (Fig. 7). Natural gases generated from
sapropelic organic matter have relatively less negative 8D¢y, and
relatively negative 3'3C for ethane, while natural gases generated
from humic organic matter have relatively negative D¢y, and rela-
tively less negative 8'3C for ethane. The organic matter of the gas-
source rocks in northwest Sichuan Basin, is type III but the sedi-
mentary water medium is highly saline, which leads to deuterium
enrichment in the methane. Natural gases in the Huanghua depres-
sion of Bohai Gulf Basin are generated principally from mixed type
hydrocarbon source rocks and their sedimentary environment is

Platform area of the Tarim Basin
Northeastern part of the Sichuan Basin
Huanghua depression of the Bohai Gulf Basin
& Liaohe depression of the Bohai Gulf Basin

W Taibei sag of the Turpan-Hami Basin

% Upper Paleozoic of Ordos Basin

@® Kuche depression of Tarim Basin

A Santanghu Basin

& Northwestern part of Sichuan Basin

B Lower Paleozoic of Ordos Basin

280 +————
42 40

8"CC H,(%o)
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Fig. 7. Plot of 8Dcy, versus 8'>C,y, for thermogenic natural gases in Chinese sedimentary basins. The 8Dcy, and 3'3Cc,y, are related to the sedimentary environment of the
hydrocarbon source which determines the type of organic matter and aqueous conditions. The §'3Cc,;;, shows more negative values when the organic matter type turns from
type III to type [ and methane shows more enrichment of D when the aqueous media becomes more saline. Therefore, natural gases generated from marine sapropelic organic
matter occurs in the upper left of the figure and those mainly generated from humic organic matter occurs in the lower right.
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brackish water. This leads to the 3'3C values of ethane in natural
gases are less than -29%. and the 8Dcy, values are slightly less
negative than those in natural gases generated from typical
freshwater swamp facies, coal series hydrocarbon source rocks
(Fig. 7).

4. Conclusions

Three main factors influence 8Dy, values in thermogenic natu-
ral gases from sedimentary basins of China. The first is the parent
material, the 8D of the organic matter in the hydrocarbon source
rocks can influence the 8Dcy, value of the natural gas and the 3D
of the organic matter in the hydrocarbon source rocks reflect the
sedimentary environment and the type of organic matter.
Second, higher thermal maturity will result in D enrichment in
the natural gases. A two-stage linear relationship exists between
the 8Dcy, values and the logRo for natural gases generated from
type Il kerogen in sedimentary basins of China. Finally, the
environmental conditions of the aqueous medium influence the
dDcy, values in natural gases because elemental hydrogen from
water participates in biochemical processes and exchanged during
the sedimentation and diagenesis of organic matter, as well as dur-
ing maturation of kerogen to generate gases. Among these factors,
the aqueous medium is the key constraining factor and thermal
maturity is the next.

Natural gases generated from sapropelic organic matter have
relatively less negative D¢y, in sedimentary basins of China, while

natural gases generated from humic organic matter have relatively
negative 3Dcy,. Methane from the Xinchang gas field in northwest-
ern Sichuan Basin is relatively enriched in D compared to other
natural gases generated from type III kerogen because the aqueous
media in which the hydrocarbon source rocks were deposited is
quite saline. The 8D¢y, in Lower Paleozoic natural gases from the
Ordos Basin show that these gases are derived from
Carboniferous-Permian coal series and interfused with a minor
amount of gas generated from Lower Paleozoic marine carbonate
rocks. The 8Dcy, values in natural gases are geologically significant
and a combination of 8D and §'3C values can be used to identify the
origins of natural gases and to aid gas-source correlations.
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Appendix A. Chemical and isotopic composition of natural gases
from Chinese sedimentary basins

Basin Sample Fomation Depthim) Hydrogen isotopic cumpomtio{\(%n) H -(Tarbun isuu‘)?i‘c compusiﬁm?ﬁ%u‘) i i ‘Gas chc.m‘icul composition (‘ % ) ] i Data source
SDcHy 3Dcatlg 3Dcstg 8 Ceiiy 8 Ceatig §"Caestg Ci [ G iCy nCy iCs nCs CO, N>
P10-6 J2q n.d. -236 -200 n.d. -40.7 -27.3 -25.0 67.43 13.12 9.14 3.70 n.d. n.d. n.d. 0.11 6.31
PB6 J2q 3547.8 -235 -195 -196 -39.9 -28.4 -26.1 68.28 11.32 745 2.17 2.05 0.61 0.51 0.41 6.71
P701 12q 2256-2260 -240 -197 -194 -41.4 -28.6 -26.2 60.80 18.91 10.60 2.72 n.d. n.d. n.d. 0.43 6.34
P15-x J2q 2432.4-2435.4 -236 -194 -198 -39.6 -28.8 -26.2 70.71 11.76 6.19 1.56 n.d. n.d. n.d. 0.24 9.39
Y17 Kls 1770-1797 -229 -189 -195 -39.6 -27.1 -254 53.83 17.80 | 1240 3.63 n.d. n.d. n.d. 0.26 | 11.98
QD7 12x 3107-3198 -257 -212 n.d. -394 -28.5 -26.9 84.14 8.92 372 1.09 n.d. n.d. n.d. 0.10 1.95
QD9 J2x 3182-3217 -253 -209 n.d. -40.5 -28.9 -27.0 84.95 8.65 3.28 0.91 n.d. n.d. n.d. 0.11 2.01
L7-20 J2s 2744-2785 -247 -221 -220 -42.2 -29.6 =272 75.53 11.88 7.02 2.32 n.d. n.d. n.d. 0.16 2.98
B27 J2x 1593-1900 -224 n.d. n.d. -39.8 n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d.
W8-35 J2s 2350-2409.5 -255 -217 -201 -39.3 -28.5 -26.4 82.99 8.93 3.98 1.41 n.d. n.d. n.d. 0.13 2.47
WS311 J2s 2626.17-2714 -241 -223 -223 -42.4 -29.2 -26.4 70.89 13.24 7.16 2.83 n.d. n.d. n.d. 0.65 5.13
L101 J2x 2707.5-2808.8 -258 n.d. n.d. -41.6 -29.8 -27.5 77.10 10.70 5.18 1.57 n.d. n.d. n.d. 2.84 232
HN901 Kl1s2 1854.0-1870.5 -230 -198 -214 -40.6 -28.1 -26.0 74.97 11.13 6.00 2.19 n.d. n.d. n.d. 0.26 5.26
HN901 J3k 1908-1928 -226 -197 -203 -42.0 -27.9 -25.8 63.93 17.51 9.92 3.41 n.d. n.d. n.d. 0.31 4.78
H801 Jls 4120-4140 -257 -224 -200 -43.1 -31.0 -28.7 61.52 14.53 | 1116 4.18 n.d. n.d. n.d. 0.40 4.81
HT2-1 J2s 2321-2341 -242 -213 -166 -39.1 -28.2 -26.0 78.14 7.10 4.46 1.60 n.d. n.d. n.d. 1.04 7.52
HT2-10 J2s 2321-2341 -239 -207 n.d. -37.6 -27.8 -25.8 83.66 7.79 3.61 1.01 n.d. n.d. n.d. 0.05 3.81
; Gl1-1 J2s 3642.6-3589 -241 -203 -206 -41.2 -28.9 -26.5 68.47 12.40 7.88 247 n.d. n.d. n.d. 1.73 6.56
g Mi2 J2x 3100-3105 -252 -223 -207 -40.4 -26.7 -26.0 80.97 8.71 4.57 1.48 1.13 0.55 0.36 0.11 1.50
@ QD26 J2x 3403-3450 -260 -223 -188 -41.8 -27.1 -26.4 44.16 14.38 16.06 7.65 6.54 3.95 2.54 0.11 0.08
% L615 J2x 3030.4-3145.4 -256 -229 n.d. -44.0 -28.2 -26.4 37.38 16.61 | 22.13 9.31 7.17 2.85 1.73 0.38 0.67
: L3 J2s 2405.4-2420.4 -227 -200 -172 -41.5 -26.2 -23.8 n.d n.d. nd. nd. n.d. n.d. n.d. n.d. n.d. This paper
.5 BI18 J2x 1706-930 -247 -179 n.d. -40.8 -24.2 -13.9 86.55 9.25 0.91 0.63 0.16 0.14 0.04 1.62 0.02 s pap
H S8-151 J2x 3235.5-3266 -254 -230 -224 -43.3 -28.5 -274 56.15 1136 | 13.54 6.77 5.04 233 1.47 0.07 1.57
g S3-241 J2q 2933-2948 -245 -219 -207 -41.4 -27.5 -25.9 67.64 11.52 8.87 3.11 2.38 1.05 0.71 0.19 3.30
; S13-15 J2s 3086 -220 -190 -161 -41.9 -27.7 -25.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
g Wi J2s 2341-2362 -240 -184 -114 -39.9 -26.6 -254 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
WXI1 J2s 2619.3-2627.1 -265 -249 -204 -43.0 -28.7 -24.7 80.75 8.42 3.53 0.91 0.74 0.34 0.30 0.11 3.29
WXI1 J2x 2843-2860 -271 -249 -194 -43.4 -28.8 -24.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
K7 J2x 41.3-1848.3 -229 n.d. n.d. -41.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
TCl J2s 2808-3247.4 -242 n.d. n.d. -44.8 -29.1 -22.1 n.d. n.d. nd. nd. nd. n.d. n.d. n.d. nd.
WX8 J2q 2830-2817 -255 -220 -213 -393 -26.7 -25.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
L10 Esh 663-706 -230 -210 n.d. -43.1 -27.7 -22.6 78.69 10.04 4.86 1.34 1.01 0.42 0.26 2.08 0.82
SN2-1 J2s n.d. -232 -200 -186 -39.1 -26.3 -24.9 56.23 11.08 13.15 597 5.85 1.90 1.02 0.10 3.97
PB103 J2s 3484.5-3520.1 -239 -200 -175 -40.2 -26.9 -253 6.44 0.26 0.08 0.02 0.01 0.01 n.d. 0.22 92.95
P6-1 J2q 2406.5-2409.5 -235 -194 -174 -39.2 -25.5 -243 62.85 7.49 9.05 3.55 3.15 0.98 0.70 0.21 11.34
S118 K 2031.3-2051.2 -233 -197 -182 -39.0 -26.6 -25.1 65.24 15.07 9.43 2.35 2.09 0.57 0.35 0.13 4.50
S110 Esh 1898-1902.6 -238 -192 -183 -39.4 -26.2 -24.7 10.71 19.97 | 35.40 12.78 | 11.86 | 3.62 2.52 0.04 0.66
S233 J2s 2434.7-2629.6 -234 -198 -192 -38.7 -26.4 -24.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SN8 12q 2624-2634 -239 -192 -167 -39.6 -26.9 -25.2 38.68 25.98 | 20.69 5.54 4.86 0.83 0.46 0.11 2.57
Gl J2s 3576-3589 -236 -201 -184 -40.0 -26.6 -25.2 78.89 9.86 4.54 0.95 0.72 0.19 0.13 0.18 4.39
SB402 K 1784.6-1792 -220 -189 -174 -39.0 -25.7 -23.6 66.69 14.51 9.49 2.01 1.86 0.48 0.36 0.02 3.51
LI12 K 1627.6-1637.6 -236 -201 -184 -42.6 -26.2 -245 n.d. n.d. nd. nd. n.d. n.d. n.d. n.d. n.d.
LN1 J3k 2009-2017 -238 -203 -176 -41.7 -26.7 -25.1 79.84 8.92 5.08 1.33 1.13 0.38 0.27 n.d. 2.84
HT202 J3q 1687.6-1700 -235 -205 -199 -37.2 -25.9 -24.8 80.27 7.44 3.96 1.18 1.08 0.42 0.29 0.56 4.24
HT204 J2s 2306.2-2322.8 -237 -205 -199 -36.9 -25.7 -244 83.02 7.90 3.69 1.00 0.94 0.35 0.24 0.09 242
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. . Hydrogen isotopic composition(%o) Carbon isotopic composition(%o) Gas chemical composition ( % )
Basin Sample | Formation Depth(m) 3D DGt DGt 3°Ccis | 8"Caatte 3°Costts C G [ G [ G [ nC | G | nGs [ Cos [ N, | PDasouree
$33-18 nd. nd. -185 -164 nd. 349 245 259 7272 | 341 | 050 | 007 | 012 | 004 [ 002 [ 075 [ 1694
$35-17 nd. 3313 -187 -159 -158 -35.1 242 252 9044 | 460 | 079 | o011 [ 05 [ 005 [ 003 [ 114 [ 194
$38-14 nd. 33223373 -190 -169 227 -35.6 252 253 8933 | 587 [ 123 [ 049 | 02l [T007 [ 004 [103 | 118 | paper
$38-16 nd. 3313.5 -188 -164 204 -35.6 258 255 89.96 [ 464 [ 096 | 016 | 017 | 006 | 003 [ 201 | 127
$22-15 nd. 3304 -182 -164 n.d. 325 245 264 8266 | 3.2 [ 072 [ 012 | 015 [ 005 | 003 [ 1.03 | 5.04
S13-16 nd. nd. -186 -156 nd. 326 256 235 89.90 | 467 | 087 | 014 | 015 [ 006 | 003 [ 143 | 192
Shan215 c-p nd. -193 -167 -155 -30.0 258 242 9360 | 379 | 055 | 008 [ 008 [ 008 [ nd. [ 076 [ 086
Shanl17 &3 nd. -197 -163 -156 322 -26.0 249 9260 | 399 | 063 | 010 [ o1 [ 015 [ nd [ 151 [ 071
Zhaod c-p nd. -200 -164 -163 313 237 -23.0 9070 | 546 | 109 | 021 [ 021 [ 025 [ nd. [ 045 [ 135 Cai et
Qi2 C-P nd. -177 -163 -156 316 252 228 9130 | 3.02 | 046 | 007 | 007 | 009 [ nd. | 267 | 1.90 al..2005
Yul7-2 &3 nd. -191 -157 -147 342 255 23.1 9120 | 531 | 084 | 014 [ 004 [ 015 [ nd [ nd [ nd
Yul2 c-p nd. -178 -148 -140 342 263 240 9120 | 581 | 084 | 017 [ 006 [ 024 [ nd. [ nd [ nd
g Mi4 c-p n.d. -176 -155 -160 -28.1 22,0 227 nd. nd. [ nd [ nd | nd | nd | nd [ nd | nd
2 Mengs nd. nd. 214 -158 -158 -36.2 -28.1 248 nd. nd. | nd | nd | nd | nd | nd [ nd [ nd
2| susas nd. nd. -190 -173 -181 317 231 234 nd. nd | nd | nd | nd | nd | nd | nd | nd | © C"Z%gga‘-*
g Sud0-16 nd. nd. -198 -162 -173 302 272 255 nd. nd. [ nd | nd | nd | nd | nd [ nd | nd
S Yul7-1 nd. nd. 203 -150 -135 -36.7 -28.1 232 nd. nd. | nd | nd | nd | nd | nd [ nd [ nd
Shanl0 Plx nd. -169 n.d. n.d. 310 267 286 8526 | 283 [ 027 [ 002 | 004 | nd | nd | 105 | 1047
Shan19 Pix nd. -167 nd. nd. 35,1 248 245 9491 | 141 [ 014 [ 002 [ 002 [ 001 | nd [ 129 [ 190
Shan65 Plx nd. -178 n.d. n.d. -29.1 234 254 9574 | 254 | 029 | 003 [ 004 [ 003 [ nd. [ 013 [ Ll0o
Shanl6 Pls nd. -162 n.d. n.d. 313 253 258 8584 [ 099 [ 011 [ 001 [ 00l [ nd | nd | 090 | 1086
g Shan 3 Pls nd. -170 nd. nd. 336 248 -26.0 9524 | 136 [ 027 [ 011 [ 017 [ nd | nd [ 007 [ 146
Z Shan 41 Pls nd. -177 n.d. n.d. 334 246 -25.0 9502 | 3.06 | 045 | 005 [ 005 [ nd. [ nd [ nd [ LIs
2. Shan 46 Pls nd. -183 n.d. n.d. 310 227 213 8580 [ 767 | 207 [ 049 | 038 | nd | nd. [ 120 | 133
° Shan 56 Pls nd. -185 nd. nd. 333 220 207 8504 | 603 | 156 [ 052 [ 035 [ nd [ nd [ nd [ 320
Shan 68 Pls nd. -172 nd. nd. 348 293 278 9097 | 591 | 111 | 025 [ 06 | nd. [ nd [ 406 [ 0.90
Shan 83 Pls nd. -183 n.d. n.d. 326 208 -19.6 9332 | 339 | 045 | 017 [ 007 | nd. [ nd. [ 080 [ 1570
Shan 26 C3t nd. -181 nd. nd. 335 232 23.0 8722 | 184 | 017 [ 002 [ 002 [ nd. [ nd [ 705 | 3.03
Shan 19 C2b nd. -175 nd. n.d. 354 258 249 9495 | 1.86 | 024 | 004 [ 003 | nd [ nd [ 269 [ 0.12
Shan 5 Olms nd. -172 n.d. n.d. -33.8 313 271 9725 | 049 | 006 | 001 [ 001 [ nd [ nd [ 165 [ 033
Shancanl Olms nd. -169 nd. nd. 339 276 -26.0 9333 | 067 | 008 | 001 [ 001 [ nd [ nd [ 271 [ 319 Lietal,
Shan 12 Olms nd. -170 nd. nd. 342 255 264 9679 | 078 | 010 | 001 [ 001 [ nd [ nd [ 165 [ 0.63 2008
Shan 17 Olms nd. -169 n.d. n.d. 332 -30.7 269 9387 | 072 | 008 | 001 [ 001 [ nd [ nd [ 455 [ 062
Shan 6 Olms nd. -193 nd. nd. 339 -34.1 244 9260 | 032 | 003 | nd [ nd [ nd [ nd [ 486 [ 222
- Lin2 Olms nd. -176 nd. nd. 352 259 254 9534 | 140 | 018 | 002 [ 003 | nd [ nd [ 262 [ 039
] Shan 33 Olms nd. -172 nd. n.d. 340 267 255 9887 | 098 | oa1 | 002 [ 001 [ nd [ nd [ nd [ nd
g Shan 34 Olms nd. -177 nd. nd. 353 255 244 9402 | 128 | 015 | 004 [ 002 [ nd [ nd [ 036 [ 41
& Shan 45 Olms nd. -168 nd. nd. -33.5 -30.6 229 9492 | 016 | 004 | nd. [ nd [ nd [ nd [ 444 [ 025
s Shan 49 Olms nd. -166 nd. n.d. 334 318 nd. 9464 | 031 | 003 | nd [ nd [ nd [ nd [ 452 [ 047
° Shan 61 Olms nd. -162 nd. nd. 340 277 284 9750 | 077 | 010 | 001 [ 001 [ nd [ nd [ 161 [ nd
Shan 81 Olms nd. -160 nd. nd. -30.9 -28.7 -25.1 9324 | 081 [ 013 | 002 [ 002 | nd [ nd [ 257 [ 319
Shan 84 Olms nd. -168 nd. n.d. 318 285 242 9240 [ 081 | 012 | 001 [ 001 [ nd [ nd [ 500 [ 099
Shan 62 Olms nd. -171 nd. nd. 327 331 -30.0 9655 | 054 | 007 | 001 [ 001 [ nd [ nd [ 215 [ 064
Shan 30 Olms n.d. -169 nd. nd. 328 -33.0 -25.0 9523 | 043 | 005 | nd [ nd [ nd [ nd [ 281 [ 144
Shan 28 Olms nd. -173 nd. nd. -34.1 283 273 9596 | 074 | 009 | 001 [ 001 [ nd [ nd [ 284 [ 025
Shan 7 Olms nd. -167 nd. nd. 362 237 235 9367 | 128 | 017 | 003 | 003 | nd | nd. | 467 | 0.I5
YH701 E 5160-5168 -180 -134 -131 3438 242 21.6 8257 | 879 | 262 | 050 [ 067 [ 018 [ 020 [ 0.63 [ 3.19
YH2 N 49534957 -181 -133 -134 344 243 218 8159 [ 921 [ 272 [ 050 | 063 [ 016 | 016 [ 144 | 317
YHI E 5451-5466 -179 -113 -126 334 219 175 84.53 | 758 | 089 | 036 | 051 | 018 | 026 [ 012 | 375
DN22 E 4748-4774 -177 -126 -147 -35.1 225 205 8818 | 7.06 | 149 | 031 [ 034 [ 012 [ oa1 [ 050 [ 0.99
DN201 E 4980-4990 -177 -125 -142 352 231 -19.7 87.53 [ 757 [ 160 | 031 | 034 [ 011 | 010 [ 065 | 096
YH23-2-10 EK 5134-5189 -183 134 -145 344 242 215 82.16 | 886 | 261 | 048 | 059 [ 015 | 015 [ 071 | 334
YH23-1-5 N 49464957 -185 -139 -123 307 211 -19.2 8295 | 872 [ 155 | 044 [ 060 [ 018 | 021 [ 046 [ 394 )
DWI105-25 N 367395 156 nd. nd. 285 196 132 5929 | 340 | 039 | 013 | 017 | 007 | 008 | nd. | 125 | |Meperer
YTKS E 5310-5315 -169 n.d. n.d. 334 232 235 83.97 [ 735 [ 124 [ 049 | 074 [ 023 | 023 [ nd. | 505
DN202 K 5192-5280 -182 nd. nd. 344 230 -20.1 8770 | 746 [ 155 [ 031 [ 034 [012 | o1 [ 045 [ 096
KL2-4 E nd. -163 nd. nd. 274 -175 -20.1 9756 | 052 | 007 | nd. [ 002 [ nd [ nd [ 057 [ 113
KL2-7 E nd. -163 n.d. n.d. 273 177 211 9794 | 052 | 006 | nd. [ 002 | nd [ nd [ 064 [ 0.79
KL2-8 E nd. -164 nd. nd. 273 -18.1 -20.0 97.61 | 052 [ 007 [ nd. [ 002 [ nd | nd [ 064 [ 104
=~ KL205 E nd. -162 nd. nd. 270 -183 -25.1 9734 | 053 | 008 | nd. [ 002 [ nd [ nd [ 066 [ 119
g YH701 E 6000 -180 -137 -104 328 233 210 8260 | 566 | 224 | nd | 168 | nd | nd [ 022 | 4.00
S | yH23-1-18 E+K nd. -181 -135 -106 317 230 206 8646 | 580 [ 217 | nd. [ 137 [ nd | nd [ 047 [ 374
§ YH23-1-14 E+K nd. -180 -132 -103 323 232 204 8589 | 623 | 224 | nd. [ 161 [ nd [ nd [ 026 [ 377
£ YHI K 5600 -179 -135 -106 -30.9 218 223 7765 | 791 | 292 | nd. | 261 | nd [ nd [ 159 [ 3.6
s YTKS3 EK nd. -168 -126 -104 347 236 216 8597 | 691 | 276 | nd. | 175 | nd | nd [ 032 | 229
YTK5-2 E nd. -166 -130 -106 342 241 228 8310 | 694 | 367 | nd. [ 308 [ nd [ nd [ 014 [ 3.09
KL2-8 E nd. -156 -119 -100 273 -18.5 195 9796 | 082 | 005 | nd. [ 002 [ nd [ nd [ 054 [ 0.62
o KL2-7 E nd. -154 -118 -100 276 -18.0 -19.9 9841 | 080 | 005 | nd | 002 | nd [ nd [ 005 [ 0.69
ES KL203 E 4050 -155 -117 97 213 -18.5 -19.0 97.86 | 082 | 005 | nd. [ 003 | nd [ nd [ 066 [ 058
I HQ!I nd. nd. -167 -112 -104 324 223 214 5595 | 1155 | 1253 | nd. | 722 | nd. [ nd. [ 020 [ 496
El HQ2 nd. 5540 -167 -112 -104 324 223 214 5595 | 1155 | 1253 | nd. | 722 | nd [ nd. [ 020 [ 496
DW117-3 N 285-518 -178 -122 -85 328 216 212 8831 | 472 | 153 | nd. [ 091 [ nd [ nd [ nd [ 453
DN102 N 5768.11 -179 -120 -110 335 211 -19.7 7424 [ 1046 | 490 | nd. [ 184 [ nd [ nd [ 150 [ 558
QLI K 5930 -163 -130 -111 312 239 228 8438 | 680 | 323 | nd | 292 | nd | nd [ 017 | 250
TRG1 E 4836.5-4839.5 -189 -134 -107 354 227 209 8536 | 703 | 298 | nd. [ 225 | nd. [ nd. [ 028 [ 2.10
TRG101 K 5208 -191 -133 -111 328 234 211 8665 | 631 [ 274 [ nd. [ 176 [ nd. | nd. [ 031 [ 222 | puietal,
YM7-H1 E n.d. -160 -112 -75 -324 -22.7 -19.8 90.14 | 4.62 1.27 n.d. 125 | nd. nd. | 012 | 258 2008
DW109-19 N 456-461 -160 -123 -81 -29.7 219 212 90.04 | 549 | 150 | nd. | 095 [ nd. [ nd [ nd [ 201
DH20 nd. nd. -168 -122 -101 -40.5 314 29.8 7930 | 936 | 327 | nd. | 183 [ nd. [ nd [ 041 [ 489
DH23 P 5700 -176 -128 -109 -40.0 323 303 8292 [ 652 | 265 | nd | 068 | nd | nd | 238 | 429
JLK102 T 4336-4342 -141 -136 -113 349 -394 -32.0 87.03 | 318 | 145 | nd. [ 136 [ nd. [ nd. [ 016 [ 683
JFQI-134 T nd. -155 -155 -130 354 -36.1 -33.8 7363 | 371 | 198 | nd. [ 079 | nd. [ nd. [ 1.02 [ 18.04
IN4-H2 T nd. -142 -137 -117 -35.8 -36.1 332 8094 | 386 | 246 | nd | 120 | nd | nd [ 134 | 862
= TZ117 S 4510 -162 -129 -119 -40.0 -38.8 332 6968 | 616 | 375 | nd. | 222 | nd. [ nd. [ 057 [ 1435
§" TZ16-6 o nd. -160 -173 -149 412 405 -33.0 4100 | 516 | 864 | nd. [ 907 | nd. [ nd [ 356 [ 2597
s TZ242 o nd. -125 -145 -130 -37.1 353 321 8988 | 164 | 056 | nd | 035 | nd | nd | 184 | 559
g | 174187 C nd. -156 -164 -131 -42.6 404 -33.6 7242 | 503 | 238 | nd. | 086 | nd. [ nd. [ 074 [ 1747
TZ62 C 4758 -126 -121 -115 371 316 -30.1 90.03 | 152 | 068 | nd. [ 046 [ nd. [ nd. [ 276 [ 441
TZ621 o 4885 -131 -135 -120 -36.6 317 292 8731 [ 187 | L1l | nd | 117 | nd | nd [ 191 | 416
LN59-HI C nd. -130 -124 95 -38.9 377 -34.6 9445 | 114 | 020 | nd. | 021 | nd [ nd [ 366 [ 034
LGI3 o 5685 -134 -128 -100 -33.8 332 292 9512 | 150 | 033 | nd. [ 031 [ nd [ nd [ 160 [ 114
LG201 o 5400 -140 -160 142 -35.6 371 340 86.06 | 221 | 126 | nd. | 071 | nd | nd. | 486 | 4.09
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Hydrogen isotopic composition(%o)

Carbon isotopic composition(%o)

Gas chemical composition ( % )

Basin Sample | Formation Depth(m) 3D DGt DG 3°Can, | 8"Coane 5" Caatts C G [ G [ G [ nG | G | ncs [ Cos [ N, | Pasouree
LG16-2 (6] n.d. -138 -143 -121 -34.3 -36.1 -33.4 92.80 2.05 0.89 n.d. 0.38 n.d. n.d. 1.64 1.71
LGI5-18 0 nd. -190 -191 142 413 379 345 6196 | 737 | 602 | nd. | 408 | nd. | nd | 7.4 | 702
LN2-33-1 T n.d. -147 -154 -123 -32.0 -358 -31.9 81.83 3.48 225 n.d. 122 n.d. n.d. 0.64 8.47
TZ16-13 N 4009.5-4057 -157 =217 -208 -41.1 -41.8 -38.5 n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. nd.
TZ4-37-HI8 C 3590.66 -163 nd. nd. 454 392 264 6793 | 370 | 112 | 046 | 096 | 030 | 049 | 025 | 22561
TZ4-401-H2 C 3724 -163 nd. nd. 427 386 353 7479 | 286 | 064 | 0.4 | 025 [ 005 | 007 2033
TZ4-7-24 C 3608-3626 -154 nd. nd. -42.7 -40.3 -32.6 74.86 3.49 1.11 0.38 0.79 0.14 0.20 1.18 17.11
LK1 n.d. n.d. -168 -181 -168 -40.2 -394 -33.3 n.d. n.d. nd. nd. n.d. n.d. n.d. nd. n.d.
YN2¢ J 3613.5-3705.03 <151 122 “102 359 336 284 nd. nd. | nd | nd | nd | nd | nd | nd | nd
YN2 N 3534-3555 -154 -105 -84 -35.6 -32.8 =279 76.76 5.99 1.84 n.d. 0.95 n.d. n.d. 0.13 13.83
LN3-H1 n.d. 4870-5314 -172 -181 -141 -37.3 -36.8 -34.5 71.74 2.15 0.62 0.15 0.24 0.07 0.09 16.52
LN3-H5 nd. 5182.55-5383.0 <153 -187 <155 353 36,6 374 8465 | 292 | 089 | 032 | 070 [ 024 | 037 | 006 | 852
JFI32 nd. 4419.5-4422 -155 -145 -143 36.6 357 330 nd. nd [ nd [ nd [od Tod [Tad [od Tad ) o0 o
LG17 nd. 5400-5468 -140 nd. nd. 354 334 315 nd. nd. | nd | nd | nd | nd | nd | nd | nd
LN15-2 nd. nd. <186 nd. nd. 414 39.6 -36.0 nd. nd. | nd | nd | nd | nd | nd | nd | nd
LN10-2 n.d. n.d. -163 -152 nd. -37.1 -35.6 =322 77.67 447 1.10 0.36 0.67 0.21 031 3.88 10.37
JFQ132 T 4419.5-4422 -155 -145 -148 -36.3 -33.1 -32.3 88.12 2.01 1.61 nd. 249 n.d. n.d. 0.18 6.05
JFQI38 T 45564563 <153 -157 -132 353 316 286 7318 | 356 | 105 | nd. | 119 [ nd. | nd | 105 | 1868
LN204 nd. 48674871 “146 -183 -153 354 380 344 nd. nd. | nd | nd | nd | nd | nd | nd | nd
LN2-25-H1 n.d. 4944.0-5260.3 -146 -180 -154 -34.1 -36.7 -32.5 90.55 1.71 0.57 0.13 0.24 0.05 0.07 0.88 4.94
HDI-TH nd. 5112.7-5448.62 <185 -154 -130 416 381 338 5886 | 489 | 129 | 033 | 055 [ 009 [ o1 3227
MA4 5] nd. <155 nd. nd. 376 377 337 8490 | 151 | 058 | nd. | 027 | nd. | nd | 153 | 1085
MA4-H1 (6] n.d. -158 nd. nd. -38.0 -37.6 -32.7 83.88 1.55 0.67 nd. 0.32 n.d. n.d. 0.09 13.08
PG7 Tf 5571.7-5590 114 nd. nd. 308 308 nd. 7666 | 041 | 001 | nd. | nd [ nd | nd | 845 [ 057
PG7 T 5484.7-5546.7 115 nd. nd. 311 301 nd. 7766 | 038 | 001 | nd. | nd | nd. | nd | 852 | 0.60
PG7C1 Tyf 5421.4-5464.2 -120 nd. nd. -30.7 -30.1 nd. 78.83 0.03 nd. nd. nd. n.d. n.d. 9.83 0.30
PG8 Py 5614-5625.5 119 nd. nd. 309 306 nd. 8202 | 002 | nd | nd | nd [ nd | nd | 948 [ 144
. PGY Tf 5739.0-5852.3 115 nd. nd. 309 28.1 nd. 7628 | 041 | 002 | nd. | nd. | nd. | nd. | 866 | 050
g PGY TI3-TIfl 5915.8-5993 -114 nd. n.d. =311 -30.5 nd. 77.06 0.02 nd. nd. nd. n.d. n.d. 8.30 0.90
g PGY Pxch 6110.0-6130.0 -124 nd. nd. 309 287 nd. 7296 | 003 | nd. [ nd | nd [ nd [ nd [ 1154 [ 105
§ PGY Pch 6151.0-6175.0 122 nd. nd. 309 322 nd. 7267 | 003 | nd. | nd | nd [ nd | nd [ 118 [ 112
=l PG101 Tyf2 5775.7-5786.4 -114 nd. n.d. -27.8 -30.3 nd. 76.24 041 0.02 nd. nd. n.d. n.d. 8.45 0.38
3 DWI TIBTIR | 5029.0-5130.0 <120 nd. nd. 325 304 nd. 7342 | 045 | 002 [ nd. | nd [ nd. [ nd | 886 | 124 | Thispaper
2 a DWI Tf 5153.0-5279.0 117 nd. nd. 300 313 nd. 5000 | 040 | 033 | nd. | 004 [ nd. | nd | 3226 | 336
55 %‘ DW1 Pych 5320.0-5382 -111 n.d. n.d. -31.3 -24.0 nd. 66.68 041 0.06 nd. 0.01 n.d. n.d. 11.70 3.21
gj i DW2 Tif 4804.4-4900.0 -123 nd. nd. 289 307 nd. 7495 | 003 | nd. [ nd | nd [ nd [ nd | 1004 [ 089
g |8 QX1 TIR-TIR 4285 -128 nd. nd. 270 317 nd. 9852 | 030 | nd. | nd. | nd [ nd | nd | 003 [ 101
= MB4 Tyf‘ 4049.6-4102.0 -117 n.d. n.d. -31.2 -31.1 nd. 67.31 0.37 0.01 nd. nd. n.d. n.d. 16.31 3.15
MB6 TIR-TIfI | 3857.83970.0 <126 nd. nd. 319 279 nd. 7385 | 041 | 001 [ nd. | nd [ nd [ nd | 767 [ 128
MB6 Tf 4744.9-4841.0 -121 nd. nd. 321 303 nd. 7517 | 043 | 001 | nd. | nd [ nd. | nd | 845 | 087
YBI Tyf3 6787.0-6799.0 -111 nd. nd. -28.7 -25.0 n.d. 75.65 0.07 0.03 nd. n.d. n.d. n.d. 14.05 9.27
YBI Pxch 7081.0-7150.0 -116 nd. nd. 302 276 nd. 5006 | 040 | 034 [ nd. | 004 [ nd. [ nd [ 3210 [ 311
2 Z|  Zhong 19 T3x2 2602 170 -144 -135 350 24.0 225 9036 | 581 | 153 | 031 | 036 [ 002 | 0.09 | 045 | 0.63
E %‘ Zhong 34 T3x2 2408 -170 -143 -135 -35.4 245 -22.8 90.80 5.70 1.43 0.30 0.34 0.11 0.08 0.48 0.53 .
E2[ Zhong36 T3x2 2628 -171 -143 -136 354 244 229 9090 | 575 | 149 | 031 | 035 [ o1 | 008 | 052 | 021 Dglo?z:l"
g2 [ Zhongt T3x2 2510 171 -145 137 350 24.0 227 90.19 | 579 | 155 | 032 | 036 [ 01 | 008 | 047 | 091
g Y Zhong 63 T3x2 2366 -170 -145 -136 -35.5 -24.4 -23.0 91.00 5.75 143 0.31 0.35 0.11 0.08 0.46 0.28
Zhong 2 T3x2 2578.5 -171 -146 -137 -35.3 -24.3 -23.0 90.53 5.75 1.46 0.32 0.36 0.13 0.09 0.54 0.46
Zhong 16 T3x2 2446 171 147 -138 356 243 2238 8980 | 6.0 | 1.65 | 038 | 043 | 0.4 | 0.1 | 056 | 049
Zhong 2 T3x2 2400 -170 -144 -136 -35.5 -243 229 90.82 5.77 1.44 0.31 0.36 0.12 0.09 0.47 0.27
Zhong 29 T3x2 2269-2361 -171 -133 n.d. -34.8 -24.8 -23.7 87.86 6.53 2.10 0.60 0.83 n.d. n.d. 0.39 0.28
Zhong 39 T3x2 24229 173 147 nd. 369 256 232 8782 | 636 | 270 | 093 | 139 | nd. | nd. | 032 | 0.03
QX 006-X 1 T3x2 3605.1 -157 -132 -139 -31.6 =224 224 93.17 4.12 0.71 0.13 0.11 0.02 0.01 1.36 0.26
QX6 T3x2 3360 -158 -132 -118 -31.2 -23.2 -23.1 95.95 248 0.30 0.04 0.04 0.01 n.d. 0.92 0.21
QX 16 T3x2 33742 -159 “134 139 308 238 nd. 9646 | 174 | 06 | 002 | 002 [ nd. | nd | 139 [ 020
QX4 T3x2 3682 -157 -133 137 329 232 230 9352 | 391 | 062 | 000 | 0.08 [ 001 | 001 | 147 [ 024
QX 13 T3x2 39345 -158 -134 -137 -33.7 -24.1 234 93.49 3.90 0.63 0.11 0.08 0.02 0.01 1.47 0.25
QX3 T3x2 35245 -157 -133 -135 331 230 227 9330 | 391 | 0.63 | 0.0 | 0.08 [ 001 | 001 | 167 [ 025
Xin 882 T3xd 3383.6-3405.6 <166 -139 -132 343 231 214 nd. nd. | nd | nd | nd | nd | nd | nd | nd
XQ 105 J n.d. -162 -135 -122 -33.4 -24.4 -22.1 85.38 4.87 125 0.21 0.26 0.05 0.03 n.d. 7.93
CX 480-1 J nd. -166 <135 -102 348 237 20.1 9165 | 570 | 134 | 027 | 030 [ 007 | 005 | nd. | 032
CX 4802 ] nd. 162 <135 -132 346 244 2.1 9262 | 494 | 123 | 026 | 026 | 007 | 004 | nd. | 032
CX 263 J n.d. -162 -131 -122 -33.4 -24.8 -22.3 91.95 5.20 1.46 0.26 0.35 0.08 0.06 nd. 0.36
JS12 J 1658-1670 -162 -135 -110 -34.4 -25.2 -22.3 88.82 5.66 1.95 0.42 0.51 0.13 0.10 nd. 2.01
S 17 ] 1524-1557 “164 -133 -117 347 248 221 8960 | 566 | 1.89 | 041 | 049 [ 043 | 000 | nd. | 120
Long 3 J 980 -157 -131 -128 -34.0 -23.0 -21.0 86.41 5.00 1.76 0.39 0.51 0.12 0.10 nd. 533
LS 35 J 1489 -161 -133 -102 -33.5 -24.0 -21.5 88.72 6.00 2.03 0.41 0.52 0.12 0.10 nd. 1.70
Long 45-1 1 610 -157 -130 121 337 230 210 8614 | 472 | 166 | 038 | 050 [043 [ oa1 | nd. [ 592
Long 42 ] 770 -157 132 128 329 24.0 212 9052 | 496 | 150 | 032 | 039 | 0.0 | 008 | nd. | 1.80
LS 17D J 1680 -156 -130 -102 -32.7 -24.1 -21.6 90.66 547 1.46 0.19 0.33 0.07 0.04 nd. 1.59
LS 12D 1 1744 <161 -132 -107 329 240 209 8994 | 587 | 172 | 030 | 043 [ 009 [ 008 | nd. [ 121
Long 75 ] 1570 -158 129 -110 325 237 209 89.69 | 598 | 1.85 | 032 | 045 | 0.09 | 008 | nd. | 124
Long 5 J 1150 -158 -126 nd. -34.5 -24.1 -21.4 85.57 6.48 2.81 0.63 0.77 0.19 0.16 nd. 2.86
LS3 J 1737 “164 134 -111 337 243 214 8965 | 587 | 190 | 041 | 050 [ 042 [ 0.0 | nd. [ 096
DS 18 ] 1889-1944.5 “164 -136 121 333 248 2.1 9181 | 523 | 140 | 029 | 032 | 0.08 | 006 | nd. | 048
DS 11 J 1856-1911 -157 -125 -107 -31.9 -23.9 -21.1 88.93 5.46 1.77 0.37 0.47 0.12 0.10 n.d. 236
DP 33 J 1117-1127 -160 -133 124 340 246 220 9195 | 485 | 136 | 030 | 032 [ 008 | 006 | nd. | 089
DS 1 ] 18979-1912.9 -160 137 -119 327 252 22 9103 | 494 | 140 | 031 | 034 [ 009 | 006 | nd. | 149
DP 16 J 942.5-946.5 -155 -129 -119 -32.8 -24.5 -22.0 91.58 4.35 1.14 0.25 0.27 0.07 0.05 n.d. 2.07
Ls27 J 1735.5-1758.5 <155 -136 nd. 341 252 226 8480 | 1192 | 131 [ 027 | 023 [ nd. | nd | 004 [ 132
L9 ] 667.5-676 -148 -120 nd. 346 250 2238 9196 | 3.99 | 156 | 022 | 021 | nd. | nd. | 004 | 1.90
DS8 J 2662-2672 -149 -136 -115 -34.1 -24.7 -22.1 89.57 5.50 2.08 0.32 0.24 n.d. n.d. 0.04 2.12
MS1 J 3151.23175 -146 -141 -128 334 262 229 9236 | 402 | 155 | 021 | 026 [ nd. | nd. | 005 [ 136
CMG602 K 1850.02-1862.02 148 143 nd. 340 258 234 9537 | 2.67 | O8I | 0.9 | 0.08 | nd. | nd. | 0.09 | 069 | Thispaper
CX455 J 2287-2406 <166 -135 “141 364 246 217 8889 | 7.14 | 235 | 037 | 039 [ nd. | nd. | 001 [ 071
CHI127 T 4388.39-4644.87 -144 n.d. nd. -32.1 -26.8 -27.0 97.09 0.94 0.22 nd. n.d. n.d. n.d. 1.11 0.45
HPI J 12033-1211.7 -148 -142 -111 368 262 238 9459 | 336 | 123 [ 003 | 002 [ nd. [ nd | 010 [ 064
X882 T 3383.58-3405.58 -152 -143 nd. 352 243 229 9464 | 2.63 | 085 | 0.8 | 0.6 | nd. | nd. | 049 | 0.65
M17 J3q 512.4-524.2 -235 n.d. n.d. -36.4 -28.5 -30.1 2.00 0.22 0.48 0.21 0.27 n.d. n.d. 0.22 52.56
MI8 12x 1151-1154 212 173 -195 35.1 279 279 6540 | 3.99 | 344 | ro1 | 138 [ 028 | 054 | 005 [ 21.69
MI8 PIk 1423-1445 214 -170 -182 356 282 280 3281 [ 615 [ 492 | 177 [ 296 [ 067 [ 052 [ 048 [4953 ] .
= M8 Plk 1625-1644 -207 -169 -184 -35.3 -27.8 -25.5 72.88 8.25 6.47 135 2.16 0.66 0.16 0.16 7.75
£ M8 PIk nd. 208 216 nd. 350 263 268 7307 [ 818 | 605 | 119 | 187 [ nd. | nd | 024 [ 879
: MI3 PIk 1326 - 1353 216 172 214 365 275 2738 4799 | 810 | 1032 | 353 | 523 | 161 | 246 | 0.06 | 1832

187
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. . Hydrogen isotopic composition(%o) Carbon isotopic composition(%o) Gas chemical composition ( % )

Basin Sample | Formation Depth(m) 3D DGt DG °Cans | 8"Caato 5°Castts C G [ G [ G [ nC | iG | aGs [ Cos [ N, | Duasouree

M8 J2t 721-726 -234 -168 -146 -38.1 -24.5 -25.2 89.71 5.16 2.03 0.64 nd. n.d. n.d. n.d. n.d.

M8 J3q 535.0-543.4 -220 -159 -182 -38.7 -23.6 -24.6 70.95 3.75 1.13 0.29 n.d. n.d. n.d. n.d. n.d.

M8 I3q 337-367 -223 -157 -189 -37.9 -26.4 <233 77.40 345 1.05 0.30 0.12 0.04 0.02 0.32 | 17.33

M17 Plk 1515-1543 -220 -182 -188 -34.7 -27.9 -27.0 75.40 8.13 2.60 0.55 0.65 0.20 0.30 0.19 11.15

MI18 Plk 1423-1445 -212 -144 -177 -33.8 -27.3 -26.8 62.80 7.39 5.20 2.05 1.70 0.61 0.50 0.01 17.90

M801 Plk 2029-2050 2215 -185 -184 -34.9 -28.0 -26.6 66.70 10.85 5.17 1.08 1.50 | 022 0.36 3.58 6.78

ZH13-251 E n.d. -215 -190 -184 -41.7 -29.5 -28.6 70.57 7.96 5.92 1.30 3.72 1.50 2.00 3.45 0.89

ZH14-251 E n.d. -212 -195 -183 -40.7 -29.9 -28.6 80.14 8.85 3.74 0.51 1.30 0.54 0.79 2.53 0.34

ZH21-231 E n.d. -207 -195 -180 -43.6 -313 -28.8 76.33 9.71 4.94 0.72 1.77 0.61 0.88 245 1.17

ZH8Nm-H2 N n.d. -214 -133 n.d. -44.2 n.d. n.d. 79.21 0.41 4.36 1.61 5.19 2.51 3.40 n.d. n.d.

ZHBEs-H1 E n.d. -218 -156 -111 -44.5 -27.8 -22.1 96.44 1.32 0.49 0.09 0.14 0.04 0.01 0.14 1.32

ZHS8Es-H2 E n.d. =227 -164 -134 -43.3 -27.7 -22.9 92.49 1.87 1.14 0.32 0.86 0.53 0.74 0.19 0.82

ZHBEs-H3 E n.d. -219 -137 n.d. -45.7 -29.8 nd. 98.41 0.97 0.10 nd. 0.01 n.d. n.d. 0.14 0.37

GS20 Nm 1250.2-1531.8 -224 -148 n.d. -42.4 -21.5 -17.2 97.05 0.52 0.05 0.01 0.02 0.01 n.d. 0.07 1.71

GS77 Edy 2616.8-2628.9 -205 -199 n.d. -42.3 -29.7 -28.2 82.89 7.19 3.81 0.65 1.27 0.31 0.41 0.51 0.81

T30 Es; 3126.5-3672.5 -181 -164 -204 -37.0 -26.2 -24.0 84.05 8.11 2.81 0.52 0.75 0.26 0.33 0.70 0.38

:=F G24 Ngs 2472-2503 -258 -197 -187 -46.0 -29.8 -28.4 85.17 5.50 3.49 0.68 1.13 0.32 0.26 0.21 1.14

qi G562 Ed; 2180-2560 2211 -188 n.d. -42.4 -29.2 -27.7 84.77 6.66 3.01 0.46 0.72 0.18 0.21 0.45 1.98
i G561 Ed; 2440.8-2517.0 -187 -172 2211 -38.2 -27.3 -254 83.15 8.06 3.27 0.57 0.96 0.29 0.37 0.22 0.76 This paper

8 G528 Ed; 2540.8-2606.6 -190 -172 -162 -37.6 -27.3 -25.6 85.61 6.89 2.71 0.45 0.74 0.21 0.28 0.40 0.81

g MG1 Es, 3270.1-3284.3 -220 -171 -173 -44.9 -27.0 -26.1 77.17 9.51 4.73 0.97 140 | 0.54 0.65 0.23 0.69

g GSI12-18 E 3854.4-3871.3 -201 -194 -207 -40.4 -29.0 -26.7 80.52 8.57 3.86 0.66 1.41 0.39 0.60 1.00 0.72

GS14-18 E 3499.3-3763.6 -222 -206 -206 -43.7 -30.2 -29.8 84.77 6.05 3.68 0.50 1.38 0.29 0.41 1.08 0.79

QX24 Ess 3062.2-3113.7 -246 -200 -185 -44.9 -27.7 -26.6 75.70 837 4.72 1.20 237 0.73 0.90 0.61 0.13

@ Q443 Esy 2407.1-2440.6 -237 -198 -180 -47.3 -28.8 -27.6 71.79 7.70 4.55 0.85 2.02 0.54 0.77 0.27 1.85

g X3-7-1 Ng 1045.0-1207.0 -220 -160 n.d. -47.2 -26.4 -25.8 94.52 1.80 0.44 0.08 0.12 0.03 0.04 1.58 0.89

2 Q664 Ess 2150.4-2215.0 -230 -180 -170 -44.0 -28.7 -25.2 89.01 3.54 1.56 0.42 0.83 0.34 0.32 0.27 1.24

§ B64-32 Ed 1907.1-1912.9 -230 -171 -193 -47.0 -26.9 -23.2 84.39 6.00 3.02 0.84 0.80 | 0.32 0.10 0.16 1.56

g ZH19-1 Ed, 2885.6-2994.1 -226 -206 -195 -43.2 -29.5 -28.6 77.65 7.68 4.03 0.73 1.70 0.52 0.81 0.41 1.33

ZH20-30 Ed, 3096.5-3150.9 -234 -212 -237 -45.8 -29.8 -28.8 74.90 7.68 4.81 1.21 2.35 0.62 0.82 0.61 1.18

BH28 Esl 4328.9-4338.9 -178 -176 -151 -37.6 -27.6 -26.1 86.72 5.98 3.04 0.91 1.01 0.35 0.30 1.01 0.19

BH24 Ed3 3445.2-3450.8 -170 -161 -142 -36.8 -26.7 -25.0 86.47 6.94 3.03 0.43 0.73 0.12 0.13 0.10 1.92

N22-022 E 1893.8-1907.9 -240 -186 -163 -42.1 -26.4 -24.9 87.74 8.26 1.28 0.14 0.44 0.09 0.16 0.19 1.62

N2721 E 1593.4-1620.4 -227 n.d. n.d. -43.4 n.d. n.d. 98.40 0.20 n.d. n.d. n.d. n.d. n.d. n.d. 1.34

C48-G84 E 2182.9-2363.8 -247 -206 -188 -42.4 -28.1 -26.7 82.07 12.02 1.74 0.22 0.56 0.08 0.09 0.45 2.75

Q2-22-3017 E 1404.5-2065.6 -221 n.d. n.d. -40.4 n.d. n.d. 99.64 0.03 0.01 n.d. 0.02 0.01 0.02 0.04 0.21

Q2-22-208C E n.d. -214 n.d. n.d. -43.9 n.d. n.d. 98.97 0.34 0.02 n.d. 0.03 0.01 0.03 0.02 0.54

E- SH32-24 E 2351.0-2404.0 -208 -174 -165 -45.0 -28.8 -25.9 84.81 10.68 1.25 0.15 0.51 0.12 0.20 0.62 1.43

f:v- SH34-18 E 2909.8-2920.0 -210 -176 -165 -40.2 -27.0 -25.5 86.84 8.95 1.25 0.13 0.46 0.17 0.06 0.43 1.57
_@‘ SH39-K12 E 2636.2-2888.6 -207 -169 -161 -40.5 273 -25.9 85.53 9.82 1.28 0.17 0.51 0.13 0.20 0.78 1.53 This paper

g SH36-16 E 2909.8-2920.0 -209 -162 -161 -39.6 -27.1 -25.3 82.20 791 4.55 0.65 1.95 0.60 0.94 0.34 0.09

é' SH9-5C E n.d. -236 -180 -166 -48.9 -28.4 -24.5 88.18 8.40 0.62 0.27 0.47 0.19 0.21 0.70 0.82

F53-46 E n.d. -267 -208 -178 -44.3 -28.5 -25.1 85.57 10.13 1.39 0.20 046 | 0.08 0.11 0.10 1.93

R66 E 2286.6-2891.1 -213 -188 -155 -38.3 -28.6 -25.4 96.59 0.91 1.26 0.21 0.45 0.12 0.15 0.01 0.27

DA40 E 2079.1-2094.9 -191 -154 -131 -36.2 -26.1 -23.4 89.40 7.76 0.94 0.12 0.31 0.07 0.10 0.05 1.22

X140 E 1490.2-1498.8 -224 -130 n.d. -43.2 -26.2 -16.1 97.33 1.04 0.04 0.09 0.01 n.d. n.d. 0.05 1.41

XG7-H301 Ar n.d. -194 -166 -145 -37.2 -27.2 -24.7 62.65 4.76 0.56 0.06 0.14 | 0.02 0.03 0.15 | 31.17

XG7-5 Mz 3185.0-3243.4 -186 -165 -145 -36.3 -26.6 -24.5 63.39 4.63 0.70 0.12 0.28 0.07 0.12 0.07 | 30.16

MGl Ar 3844.83-4081.02 -173 -142 -133 -31.0 -24.8 -23.8 91.77 4.80 0.70 0.12 0.26 0.06 0.10 0.16 2.00

H23 E 1700.4-1876 -235 -163 n.d. -41.5 -26.5 -25.8 93.93 4.93 0.14 0.04 0.05 0.03 0.02 0.07 0.78

H105 E 1380-1383.4 -221 n.d. n.d. -44.0 n.d. n.d. 99.51 0.10 n.d. n.d. n.d. n.d. n.d. 0.02 0.38

RQ2 E 1593.51661.4 -234 -193 n.d. -49.4 -38.7 -27.2 98.63 0.80 0.05 0.01 0.01 n.d. n.d. 0.04 0.46

RI1 E 1415.9-1486.6 -231 -157 n.d. -45.7 -26.6 -27.5 98.68 0.93 0.05 0.02 0.01 n.d. 0.01 0.01 0.28

H24 E 2287.3-2502.3 -224 n.d. n.d. -41.1 -26.0 -27.5 98.26 0.48 0.03 0.01 0.01 0.07 0.29 0.09 0.67

Y22 E 1934.6-2792 -255 -229 -181 -46.4 -31.1 -26.9 89.05 6.70 1.19 0.24 0.42 0.07 0.09 0.51 1.71

HY E 2477.4-2997.6 =212 -176 n.d. -40.1 -27.5 -25.3 87.27 9.53 1.16 0.09 0.24 0.02 0.03 0.21 145

H202 E 2767.8-3152 -250 -209 -106 -44.6 -29.5 <235 89.05 8.80 0.27 n.d. 0.02 0.02 0.09 0.85 0.83

0U25-21 E 2176-2270 -225 -199 -176 -38.6 -27.6 -25.9 90.57 5.09 127 0.20 0.38 0.06 0.08 0.12 2.20

12-10-22 E 2103.9-2116.0 -224 -165 n.d. -41.3 -28.1 -24.0 89.25 5.96 2.07 047 0.58 0.22 0.20 0.28 0.59

1323 E 3149.9-3184.8 -205 -156 n.d. -40.2 -29.5 -28.5 66.91 9.56 9.08 1.95 4.09 1.24 1.34 312 2.05

J2-6-127 E 1415.2-1439.9 -219 nd. nd. -41.0 -23.4 -19.6 88.80 1.22 0.98 0.12 0.25 0.03 0.03 5.63 245

CGS Ar 4447.3-4529 -200 -157 n.d. -42.7 274 -24.8 79.26 9.40 4.22 0.71 1.15 0.28 0.28 1.82 235

CG2 Ar 4103-4240.4 -202 -164 n.d. -43.3 -27.7 -25.1 78.09 9.82 4.46 0.70 111 0.26 0.25 1.49 2.98

CGlc Ar 4584-4634 -206 -170 n.d. -41.6 -28.4 -21.0 81.93 6.96 0.55 0.54 n.d. 0.14 0.16 1.14 4.35

L64 E 2042-2174 -240 -174 n.d. -48.9 =312 -29.8 87.62 5.54 3.10 0.49 0.89 0.24 0.23 0.18 1.39

SH227 E 3938.7-3987.2 -200 -173 n.d. -39.4 -28.4 -25.9 83.19 7.58 1.30 0.11 0.20 0.05 0.06 0.89 5.06

M70-1 E n.d. -229 -188 nd. -45.4 -31.1 -28.0 82.46 8.81 4.59 0.58 1.09 0.27 0.28 1.50 0.13

M256 E n.d. -231 -195 n.d. -45.7 -30.4 -27.8 84.75 7.89 4.34 0.52 0.95 0.18 0.16 0.76 0.25

M726¢ Ar n.d. 2219 n.d. n.d. -45.8 -26.7 -25.6 91.90 0.52 0.81 0.54 0.80 0.38 031 0.26 3.90

X86¢c Ar 2073.2-2486.0 -193 -164 nd. -37.2 -27.0 -25.9 85.70 7.14 3.16 0.84 1.04 0.29 0.28 0.45 0.83

X4-20 E 2278-2351.6 -223 -159 n.d. -42.0 -27.0 -26.8 84.51 5.46 3.84 1.12 1.57 0.59 0.57 0.70 1.02

XQ9 Ar 3214.0-3258.0 -193 -173 n.d. -36.8 -27.6 -25.8 85.51 737 331 0.77 0.90 0.22 0.20 0.19 131

XQ8 Ar 2967.1-3022.1 -190 -171 nd. -36.6 -274 -25.6 83.49 9.00 3.57 0.77 0.85 0.21 0.26 0.46 0.80

MG7 Ar n.d. -173 -160 n.d. -31.9 -26.2 -25.7 85.21 5.08 2.80 1.01 1.29 0.60 0.63 0.28 2.12

T601 Ar n.d. -197 -143 n.d. -38.6 -27.6 -25.3 88.74 3.98 2.36 0.61 0.84 0.31 0.29 0.45 1.87

W609 Ar n.d. -235 n.d. n.d. -42.3 -29.9 -26.7 91.80 371 1.83 0.35 047 0.14 0.12 0.20 1.15

ZG1 Ar n.d. -189 -138 n.d. -38.1 -25.1 -24.5 81.38 6.93 3.81 2.18 1.43 0.48 0.38 0.24 2.39

QG63 Ar n.d. -229 n.d. n.d. -42.6 -30.1 -26.9 75.54 1127 6.17 1.04 2.15 0.58 0.74 1.34 042

SH100 E 3252-3271 -202 -166 n.d. -41.3 -28.3 -26.5 74.55 10.17 4.62 0.72 1.43 0.34 0.35 2.95 4.15

SH208 E 3441.5-3474.5 -201 -169 n.d. -41.4 -28.5 -26.6 73.21 12.37 6.41 1.04 2.18 0.57 0.64 2.28 0.66

SH118 E 3385.4-3396.4 -200 -178 n.d. -39.5 -28.9 -273 78.68 9.51 4.78 0.86 1.80 0.56 0.66 2.04 0.24

Associate Editor—Maowen Li
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