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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 dD 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
dDCH4 , while natural gases generated from humic organic matter have relatively more negative dDCH4 .
The other factor is thermal maturity. Increased thermal maturity leads to dDCH4 becoming less negative
and there exists a two stage linear relationship between the dDCH4 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 dDCH4 after formation of natural
gases can be ignored. Among these factors, the aqueous medium is the key constraining factor. The
dDCH4 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.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Methane and its stable carbon isotopic composition (d13CCH4 )
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 d13CCH4 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 1H and deuterium (2H 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 dDCH4 in nature
(�470‰ to �16‰; Dai, 1993). Since the pioneering work of
Schoell (1980), dDCH4 has been used widely in studies of
biogenic gas sources (Whiticar et al., 1986; Whiticar, 1999).
Whiticar (1999) proposed that hydrogen isotope effects during
methanogenesis of methylated substrates can lead to D depletion
as large as dDCH4 = �531‰ VSMOW, whereas bacterial hydrogen
isotope fractionation for the CO2 reduction pathway is significantly
less (dDCH4 = �250‰ to �170‰).

Li et al. (2001) proposed that the dD values of alkanes in crude
oils are determined by three factors, including the isotopic
compositions of the biosynthetic precursors, source water dD
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 dD in thermogenic natural
gases were insufficiently understood. In the late 1990s, the
application of gas chromatography–thermal conversion–isotope
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ratio mass spectrometry made online analysis of the dD in natural
gases possible (Hilkert et al., 1999; Shouakar et al., 2000; Dai et al.,
2012a). The d13C and dD 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 5890II 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 � 0.32 mm � 20 lm) 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 H2. The C
was bound in the furnace and H2 entered the isotope mass spec-
trometer for dD 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
C2–C5 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 5890II gas chromatograph. Gas components
were separated on the gas chromatograph using helium as the car-
rier gas, converted into CO2 in a combustion interface and then
introduced into the mass spectrometer. Individual hydrocarbon
gas components (C1–C5) and CO2 were initially separated using a
fused silica capillary column (PLOT Q 30 m � 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
C2–C5 was very low. Stable isotope ratios for carbon are reported
in d notation in permil (‰) relative to VPDB. The measurement
precision was estimated to be ± 0.5‰ for d13C.

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 C1 to C5 were separated using a capillary
column (PLOT Al2O3 50 m � 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 C2–C3 isotope compositional data was not available for some
gas samples because of low concentrations. The dD ranges for
methane, ethane and propane were �271‰ to �111‰ (mean
�188‰), �249‰ to �105‰ (mean �164‰) and �237‰ to
�75‰ (mean �151‰), 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
(dDCH4 < dDC2H6 < dDC3H8 ) (Barker and Pollock, 1984; Dai, 1993).
However, the normal sequence of hydrogen isotopes could be
inverted in some situations (Dai, 1993). First, the dD 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 dD 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 dD values of the alkane gases showed the opposite sequence
(dDCH4 > dDC2H6 or dDC2H6 > dDC3H8 ), 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 d13CCH4 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 d13CCH4 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 d13CCH4 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 d13CCH4 , the fac-
tors influencing the dD in natural gases are more complex. The
dDCH4 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 dD of natural gases.

3.2.1. Effect of inheritance
The dDCH4 of the natural gas is primarily determined by the dD

of the organic matter in the source rocks and the dD 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 dD characteristics.
Generally, organisms partly inherit the dD characteristics from host
water. Organisms are depleted in D compared with the host water
(Whiticar, 1996) and higher dD values in the aqueous media result
in higher dD values for the organisms. Additionally, the dD 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 dD 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 dD characteristics are reflected in the dDCH4 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 II1

organic matter) are enriched in D compared with those derived
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Northwestern part of Sichuan Basin
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(A): δ13C series of Taibei sag in the Turpan-Hami Basin
(B): δD series of Taibei sag in the Turpan-Hami Basin
(C): δ13C series of Kuche depression in Tarim Basin
(D): δD series of Kuche depression in Tarim Basin
(E): δ13C series of Platform area in Tarim Basin
(F): δD series of Platform area in Tarim Basin
(G): δ13C series of Northwestern part in Sichuan Basin
(H): δD series of Northwestern part in Sichuan Basin 
( I ): δ13C series of Bohai Gulf Basin
( J ): δD series of Bohai Gulf Basin

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.
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from freshwater lacustrine and freshwater swamp facies hydrocar-
bon source rocks (generally type II2 and type III organic matter).
Shen and Xu (1993) suggested a dDCH4 value of –190‰ to discrimi-
nate depositional environments, natural gases from marine source
rocks show dDCH4 > –190‰ and gases from terrigenous freshwater
sources show dDCH4 < –190‰. However, this value is unsuitable
because some highly mature gases from terrigenous freshwater
sources have dDCH4 values less negative than –150‰, such as natu-
ral gases from the northwestern Sichuan Basin.
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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 d13CCH4 and dDCH4 in the natural gases.
3.2.2. Thermal maturity
Schoell (1980) found that the bond energy of the C–C bond of

R-CH2D in parent material of hydrocarbons is much higher than that
of the C–C bond of R-CH3. As a result, the C–CH2D 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
dDCH4 = 35.5logRo – 152 (‰). Nevertheless, there is a relatively large
difference in the relationship between the dDCH4 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 dDCH4 values obtained for samples from China’s typical
coal-type gas fields range from –271‰ to –142‰ (Fig. 2). There
was a linear relationship between the d13CCH4 and the dDCH4 values
for these samples. This relationship between d13C and the dD can
be expressed as dDCH4 (‰) = 5.6247d13CCH4 + 3.013‰ (R2 = 0.82,
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Fig. 4. Relationship between the gas dryness index and dDCH4 in typical coal-type
natural gases in Chinese sedimentary basins.
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n = 97). The relationship between d13CCH4 and dDCH4 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 d13CCH4 and the Ro. Liu and Xu (1999) established a
two-stage model for the d13CCH4 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 dDCH4 values:

dDCH4 (‰) = 289.99lgRo � 183.58 R2 = 0.7371 (Ro < 1.0%), n = 50,
dDCH4 (‰) = 55.71lgRo � 182.22 R2 = 0.5027 (Ro > 1.0%), n = 47.

It shows that the dDCH4 change with Ro can be divided into two
phases: the dDCH4 increases rapidly when Ro is less than 1% and the
increasing rate of dDCH4 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
dDCH4 indicate that dDCH4 becomes less negative as the gas dryness
index increases (Fig. 4). This suggests that dDCH4 is also influenced
by maturity.

3.2.3. Aqueous medium conditions
The aqueous medium is an important factor in determining the

dDCH4 . 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 dD of the organism is influenced by aqueous medium and this
is reflected in the dD of sedimentary organic matter. Secondly, the
dD 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 dDCH4 has hardly changed (Yeh
and Epstein, 1981; Schoell, 1984; Schimmelmann et al., 2001).
Therefore, the influence of the aqueous medium on dD after
formation of natural gases can be ignored.

During the process from sedimentation to diagenesis, the aque-
ous medium conditions influence the dD of kerogen by hydrogen
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Fig. 3. Two-stage model of dDCH4 and the Ro in typical coal-type natural gases in
Chinese sedimentary basins. The Ro is calculated by the ‘‘two-stage model’’ for
d13CCH4 in China’s typical coal-type gas fields (Liu and Xu, 1999).
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 (dDH2O = –58‰) and seawater (dDH2O =
–4.8‰). 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 dD characteristics of paleo-aqueous
media during the natural gas formation have some influence on the
dD of natural gases.
250 300 350 400 450 500 550
-400

-350

-300

-250

-200

-150

-100

-50

Adding deionized water
Adding standard seawater

δD
C

H
4(

‰
)

Temperature(ºC)

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 d13CCH4 and dDCH4 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 d13CCH4 and dDCH4 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 dDCH4 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 dD 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 dD 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 dDCH4 values in this region are range from –271‰ to
–220‰, 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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Fig. 6. Plot of dDCH4 versus d13CCH4 for thermogenic methane in Chinese sedimentary bas
maturity and hydrocarbon source characteristics. Aqueous media is also a very importa
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 dDCH4 values are range
from –235‰ and –207‰. 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 dDCH4 are range from –214‰

to –162‰ (average –184‰). 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 II2–III and the paleo-aqueous
media are dominantly freshwater. The dD 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 dDCH4 in the natural gases are range from –191‰ to –154‰,
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 III) and the sedimentary aqueous media are domi-
nantly freshwater. It yielded a significant positive linear relation-
ship between the d13CCH4 and dDCH4 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 dDCH4 of the natural gases are relatively less negative
with a range of –173‰ to –144‰. These results deviate from the
linear relationship between the d13CCH4 and dDCH4 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 dD of natural gases.
-30 -28 -26

Aqueous media becoming saline 

 matter

drocarb
on source 

rocks

crea
sing

g

Increasing organic matter quality

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
Taibei sag of the Turpan-Hami Basin
Upper Paleozoic of Ordos Basin
Kuche depression of Tarim Basin
Santanghu Basin
Northwestern part of Sichuan Basin
Lower Paleozoic of Ordos Basin

ins. The influence of factors affecting dDCH4 is greater than on d13CCH4 , in addition to
nt factor.



Table 1
Geological background of natural gas reservoirs in Chinese sedimentary basins.

Region Hydrocarbon
source rocks

Sedimentary
facies of
hydrocarbon-
source
rocks

Salinity of
sedimentary
waterbody

Characteristics of
hydrocarbon source rocks

Natural gas type dDCH4

(‰)
d13CCH4

(‰)
d13CC2 H6

(‰)

Taibei sag of the
Turpan-Hami
Basin

J1+2sh Terrestrial
swamp

Freshwater Coal series, type III organic
matter, Ro = 0.4% to 0.9%

Low mature coal-
type gas

�271 to
�220/
�241
(46)

�44.8 to
�36.9/
�40.7
(46)

�31.0 to
�24.2/
�27.5
(46)

Santanghu Basin C Marine/
terrestrial
transition-facies

Freshwater Dark mudstone and coal, type
II2–III organic matter, Ro = 0.5%
to 1.6%

Mature coal-type
gas

�235 to
�207/
�218
(12)

�38.7 to
�33.8/
�36.0
(12)

�28.5 to
�23.6/
�27.0
(12)

Upper Paleozoic
of Ordos Basin

C + P Marine/
terrestrial
transition-facies

Freshwater Coal and dark mudstone, type
II2–III organic matter, Ro = 0.7%
to 2.0%

Mature-highly
mature coal-type
gas

�214 to
�162/
�184
(29)

�36.7 to
�28.1/
�33.0
(29)

�29.3 to
�20.8/
�25.0
(29)

Lower Paleozoic
of Ordos Basin

O? Marine facies Saline water Carbonate rock, type I organic
matter, Ro = 1.0% to 3.0%

Mixture? �193 to
�160/
�171
(17)

�36.2 to
�30.9/
�33.7
(17)

�34.1 to
�23.7/
�29.0
(17)

Kuche Depression
of Tarim Basin

T + J Terrestrial-
facies swamp

Freshwater Coal series, type III organic
mater, Ro = 1.0% to 2.2%

Mature-highly
mature coal-type
gas

�191 to
�154/
�172
(32)

�35.4 to
�27.0/
�31.7
(32)

�24.3 to
�17.5/
�21.7
(32)

Northwestern
part of
Sichuan Basin

T3x Marine/
terrestrial
transition facies

Saline water Coal series, type III organic
matter, Ro = 0.8% to 2.6%

Mature-highly
mature coal-type
gas

�173 to
�144/
�160
(46)

�36.9 to
�30.8/
�34.0
(46)

�26.8 to
�22.4/
�24.4
(46)

Platform Area of
the Tarim
Basin

2 + O Marine facies Saline water Carbonate rock, type I organic
matter, Ro = 1.0% to 3.0%

Highly mature-
over mature oil-
type gas

�190 to
�125/
�154
(37)

�45.4 to
�32.0/
�37.9
(37)

�41.8 to
�31.4/
�36.4
(37)

Northeastern part
of the Sichuan
Basin

S Marine facies Saline water Black shale, type I organic
matter, Ro � 2.5% to 3.5%

Over mature oil-
type gas

�128 to
�111/
�118
(19)

�32.5 to
�27.0/
�30.5
(19)

�32.2 to
�24.0/
�29.5
(19)

Huanghua
depression of
the Bohai Gulf
Basin

Es Lacustrine facies Semi-saline
water

Dark mudstone, organic matter
type is complicated and diverse,
type II and type III organic
matter being dominant

Low mature coal-
type gas

�258 to
�170/
�215
(26)

�47.3 to
�36.8/
�42.8
(26)

�31.3 to
�21.5/
�28.2
(26)

Liaohe
depression of
the Bohai Gulf
Basin

Es Lacustrine facies Brackish
water

Dark mudstone, organic matter
type is complicated and diverse,
type II and type III organic
matter being dominant

Mainly composed
of low mature
coal-type gas

�267 to
�173/
�216
(49)

�49.4 to
�31.0/
�41.4
(49)

�38.7 to
�23.4/
�28.0
(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.
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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 (III) 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 d13CCH4 values in natural gases from two regions
are relatively more negative, but the d13C 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 dDCH4 values are relatively more negative. As shown in
Fig. 6, the d13CCH4 and dDCH4 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 dDCH4

values in some natural gas samples are slightly less negative and
deviate from this linear relationship. The relationship between
the d13CCH4 and dDCH4 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 dDCH4 values are less
negative (–190‰ and –111‰) than that generated from terrige-
nous hydrocarbon source rocks. It shows a linear relationship
between the d13CCH4 and dDCH4 values with both becoming less
negative with increasing maturity (Fig. 6). The dDCH4 of marine
natural gases in the Tarim Basin were range from –190‰ to
–125‰, 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 dDCH4

values in marine natural gases from the northeastern Sichuan
Basin are relatively less negative (–128‰ 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).

d13CCH4 values are unable to constrain the origin of natural gases
because the range of d13CCH4 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 d13C of ethane,
parameters for light hydrocarbon compounds and the parameters
for biomarker compounds of natural gases. But the C2–C5 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‰ 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),
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Fig. 7. Plot of dDCH4 versus d13CC2 H6 for thermogenic natural gases in Chinese sedimentar
hydrocarbon source which determines the type of organic matter and aqueous conditions
type III to type I and methane shows more enrichment of D when the aqueous media beco
matter occurs in the upper left of the figure and those mainly generated from humic or
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 dDCH4 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 dDCH4 values in natural gases are closely related to the sedi-
mentary environment and the d13C of ethane in natural gases is a
reflection of the type of organic matter. The relationship between
the dDCH4 and the d13C 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 13C, the dDCH4 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 dDCH4 and
relatively negative d13C for ethane, while natural gases generated
from humic organic matter have relatively negative dDCH4 and rela-
tively less negative d13C 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
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brackish water. This leads to the d13C values of ethane in natural
gases are less than –29‰ and the dDCH4 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 dDCH4 values in thermogenic natu-
ral gases from sedimentary basins of China. The first is the parent
material, the dD of the organic matter in the hydrocarbon source
rocks can influence the dDCH4 value of the natural gas and the dD
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 dDCH4 values and the logRo for natural gases generated from
type III kerogen in sedimentary basins of China. Finally, the
environmental conditions of the aqueous medium influence the
dDCH4 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 dDCH4 in sedimentary basins of China, while
natural gases generated from humic organic matter have relatively
negative dDCH4 . 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 dDCH4 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 dDCH4 values in natural gases are geologically significant
and a combination of dD and d13C values can be used to identify the
origins of natural gases and to aid gas-source correlations.
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