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a b s t r a c t

The different reservoirs in deep Songliao Basin have non-homogeneous lithologies and include multiple
layers with a high content of hydrogen gas. The gas composition and stable isotope characteristics vary
significantly, but the origin analysis of different gas types has previously been weak. Based on the
geochemical parameters of gas samples from different depths and the analysis of geological settings, this
research covers the diverse origins of natural gas in different strata. The gas components are mainly
methane with a small amount of C2þ, and non-hydrocarbon gases, including nitrogen (N2), hydrogen
(H2), carbon dioxide (CO2), and helium (He). At greater depth, the carbon isotope of methane becomes
heavier, and the hydrogen isotope points to a lacustrine sedimentary environment. With increasing
depth, the origins of N2 and CO2 change gradually from a mixture of organic and inorganic to inorganic.
The origins of hydrogen gas are complex and include organic sources, water radiolysis, water-rock (Fe2þ-
containing minerals) reactions, and mantle-derived. The shales of Denglouku and Shahezi Formations, as
source rocks, provide the premise for generation and occurrence of organic gas. Furthermore, the deep
faults and fluid activities in Basement Formation control the generation and migration of mantle-derived
gas. The discovery of a high content of H2 in study area not only reveals the organic and inorganic as-
sociation of natural-gas generation, but also provides a scientific basis for the exploration of deep
hydrogen-rich gas.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Hydrogen (H2), as a non-polluting energy source with high en-
ergy density, has attracted more and more attention as the world
moves away from its dependence on fossil fuels (Boreham et al.,
2021). Currently, artificially produced is the main way to get
hydrogen, and is used almost entirely for industrial purposes (It is
mainly used for ammonia production and oil recovery and
refining), with approximately 70 million metric tons produced
globally each year (Nikolaidis and Poullikkas, 2017). In addition to
hydrogen production from fossil energy reforming and industrial
by-product purification (“grey hydrogen”), it can also be produced
y Elsevier B.V. on behalf of KeAi Co
using steam reforming from natural gas with carbon capture and
storage (“blue hydrogen”) and by water electrolysis using renew-
able energy (“green hydrogen”) (Chi and Yu, 2018; Nuttall and
Bakenne, 2020; Oni et al., 2022). However, the cost of green
hydrogen needs to be reduced, and the technology of blue
hydrogen has not yet achieved key breakthroughs. Perhaps, the
natural hydrogen found subterranean is an alternative energy
source for promoting the replacement of grey hydrogen by blue
hydrogen and green hydrogen.

H2 has the physicochemical characteristics of high reactivity,
high mobility, and small molecular size, so the traditional view is
that hydrogen is easily oxidized and is difficult to exist in elemental
form on the surface. But the distribution of hydrogen on the surface
further confirms the existence of free hydrogen in nature, its con-
tent in nature varies greatly from one region to another (Vacquand
et al., 2018). H2 with a purity of up to 98% was found in northern
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Mali (Prinzhofer et al., 2018). The CFA oil company drilled the Scott
well in the North American rift system valley in 1982 and obtained
gas with an H2 content of approximately 50% (Goebel et al., 1983).
Gas with more than 40% hydrogen has been found in New Cale-
donia, located in the structurally active belt of the Indo-Australian
plate (Vacquand et al., 2018). The occurrence of high-purity H2 in
nature is significant for helping to reduce the consumption of non-
renewable resources. Nevertheless, the current understanding of
geological H2 is still rather limited, and the main reaction mecha-
nisms and contributions to the geochemistry process of H2 gener-
ation are not clear, and the migration and fractionation of H2 in
different lithology are missing.

Hydrogen has been discovered in different areas of the Songliao
Basin. The hydrogen content in the Xujiaweizi fault depression is
particularly significant and varies widely. The strata have good
natural-gas cap-rock conditions, which are conducive to the pres-
ervation of a high hydrogen content. Stable isotope characteristics
are essential for the study of sedimentary environments, deep
source rocks, and natural gas origins (Whiticar, 1999; Etiope et al.,
2009). In this study, the well Songke 2 (SK-2) of the International
Continental Scientific Drilling Program (ICDP) and the adjacent
region are adopted as the study area, using the chemical compo-
sition and stable isotopic characteristics of different gases to
determine the origin of hydrocarbon and non-hydrocarbon gases.
The research of the origin and content variation of H2 provides a
geochemistry explanation for H2 accumulation in deep strata and a
practical basis for the exploration and development of deep
hydrogen-rich natural gas.

2. Geological setting

The Songliao Basin, located in northeast China, is a very large
lacustrine basin with the world’s longest development history in
Cretaceous time (Wang et al., 2013), and has a total area of about
2.6� 105 km2 (Fig. 1a). It is adjacent to the Da Xing’anmountains in
the west, the Xiao Xing’an mountains in the northeast, the Zhang
Guangcai mountains in the southeast, and the Kangping-Faku hill
region in the south. In its multi-stage tectonic evolution, Songliao
Basin has formed a complex mosaic of superimposed tectonic belts
and deposited Mesozoic-Cenozoic continental strata, mainly
lacustrine and clastic deposits (Feng et al., 2010; Yang et al., 2021).
There are six first-order tectonic units: the north tilting zone, the
west slope zone, the central depression zone, the northeast uplift
zone, the southeast uplift zone, and the southwest uplift zone. The
main oil and gas producing area is located in the central depression
(Meng et al., 2016; Cai et al., 2017). SK-2 is situated in the Xujiaweizi
fault depression in the northern Songliao Basin and has reached a
drilling depth of 7018 m. A complete Cretaceous continental stra-
tum has been revealed, and provides important basic data for the
study of deep natural gas resources in Songliao Basin (Fig. 1b).

SK-2 has drilled sedimentary rocks, volcanic rocks, and meta-
morphic rocks, and the lithology varies with depth. The Denglouku
Formation is fluvial sedimentary facies, mainly shale and silty shale,
followed by conglomerate and glutenite. The Yingcheng Formation
began to deposit at the end of the fault basin, and has undergone
the stage of fault-depression transformation. The sedimentary
facies are mainly fluvial facies, alluvial fan facies, and volcanic
facies, and the lithology shows shale, conglomerate, and rhyolite
tuff. The Shahezi Formation was deposited in the intense period of
the fault basin, and experienced continued deposition and burial
for a long time. It developed mainly fan delta sedimentary facies,
characterized by multi-stage superposition (Liu et al., 2021). The
Shahezi Formation is characterized by rock layers, and the reservoir
lithology is relatively complex: it is mainly shale, sandstone, and
siltstone, interspersed with coal seams. The bottom of Shahezi
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Formation is bounded by Basement Formation and is mostly glu-
tenite and sandstone. The lithology of Basement Formation in-
cludes principally low-metamorphic glutenite, metamorphic rock,
and andesite. Hydrocarbon and non-hydrocarbon gases were
detected by logging at different depths, and abnormal gas logging
occurred many times. The Denglouku Formation and Basement
Formation have shown abnormal H2 gas logging, with a logging
value as high as 2.39% (Fig. 1b). The gas is distributed in various
lithologies such as shale, sandstone, volcanic rock, and meta-
morphic rock. In the Xujiaweizi fault depression, natural gas wells
such as Shengshen Geng 2 (SS-G2), Xushen 9 (XS-9), and Fangshen
7 (FS-7) are found to havewidely varying content of H2 (Fig.1a). The
H2 content is more than 10% in FS-7 (Dai et al., 2009; Han et al.,
2022). These findings provide an ideal basis for pursuing a series
of scientific investigations of H2-rich natural gas in Songliao Basin.

3. Samples and methods

Using the continental scientific drilling sampling standard and
collection process for natural gas samples, 30 gas samples at
different depths were collected continuously from SK-2 in this
study. The sampling covered strata of about 4 km from Denglouku
Formation to Basement Formation and is the basis for studying
geochemical characteristics of deep natural gas in Songliao Basin.
An Agilent7890A gas chromatograph was used for gas component
analysis. According to the China GB/T 13610-2014 analysis and test
standard, gas samples were separated into six chromatographic
columns with a high-purity carrier gas. The molecular composi-
tions of natural gases (CH4, C2þ (including ethane and propane),
CO2, N2, He, and H2) were determined. CH4, CO2, H2, and N2 were
analyzed by a MAT-253 gas isotope mass spectrometer. According
to V-PDB and V-SMOW standards, five isotopes (d13CCH4

; d13CCO2
;

dDCH4
;dDH2

;and d15N) were analyzed. The measurement precision
of the stable carbon isotope is estimated to be ±0.5‰. Those of
stable hydrogen and nitrogen isotope are estimated to be ±3‰ and
±0.4‰, respectively. He, as a noble gas, was isolated by TieZr get-
ters at approximately 800 �C, and was analyzed by a Fisons In-
strument VG 5400 sector-type mass spectrometer.

4. Results and discussion

4.1. Gas composition characteristics

The hydrocarbon gas content of SK-2 is more than 70.19%, some
non-hydrocarbon gases, such as CO2, H2, N2, and the rare gas He are
also present (Table 1). Hydrocarbon gas is dominated by methane,
with a content ranging from 60.42% to 89.68%, its average being
77.80%. The content of ethane and propane is small, and the content
of C2þ lies between 0.74% and 3.89%, with an average of 1.75%. The
percentage of methane content has no significant relationship with
depth, while the content of C2þ gradually decreases as depth in-
creases (Fig. 2). The lacustrine shale in SK-2 is deeply buried,
varying from high maturity to over-maturity. A large number of
gases such as ethane, propane, and butane have been cracked,
resulting in the production of dry gas.

CO2 content of the SK-2 gas ranges from 0.28% to 26.70%, with an
average value of 7.34%. In the 4079�4500 m interval, CO2 is
somewhat enriched, with an average content of more than 13% and
a maximum content of 26.70%. In the 6225�6630 m interval, the
CO2 content is above 9% on average. The abnormally high content of
CO2 in Basement Formation is attributable to mantle-derived gas of
inorganic origin, mainly associated with deep fault activities and
hydrothermal fluids (Lu et al., 2009; Zhang et al., 2010). The N2
content is between 1.05% and 8.47%, with an average of 3.45%. The
3630�3810 m interval of Shahezi Formation and the 6110�6230 m



Fig. 1. The location, tectonic units and distribution of hydrogen-rich wells in Songliao Basin (a), lithologic profile and gas logging of SK-2 well in Songliao Basin (b), and geological
profile of SK-2 well in Songliao Basin (c). The (a) modified after Han et al. (2022). The (c) modified after Hou et al. (2018).
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interval of Basement Formation have high N2 content, with an
average in the former of 5.69%, and an average in the latter of 8.14%.
N2 is of both organic and inorganic origin. The organic origins are
mainly thermal ammonification and thermal degradation/thermal
cracking in the high maturity stage. The inorganic origins are
mainly mantle-derived gas and high-temperature metamorphism
of nitrogen-bearing rocks (Liu, 2017).

The deep stratum of SK-2 contains some He gas resources. The
6110�6630 m interval of the Basement Formation is relatively rich
in He, with a maximum of 0.13%; the He gas content in this interval
reaches the standard of industrial He gas reservoirs (Dai et al.,
2017). The content of He is generally high at deeper levels, mainly
from the deep crust and upper mantle. The decay of radioactive
elements produces large amounts of additional He in the crustal
environment. He is mostly of crustal origin, associated with natural
gas (Liu et al., 2022). As shown in Fig. 2, there is a positive corre-
lation between the concentration trends of H2 and He in all gases
present. This may indicate that they are generated, migrated, and
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saved in a similar pattern.
The deep interval of SK-2 also contains a large amount of H2.

During the drilling, hydrogen gas anomalies were found in different
formations. On the whole, there is no sharp trend that H2 content
increases or decreases with the increase of underground depth. The
H2 content in the deep interval of SK-2 shows the distribution
characteristics of “high-low-high”. In the 2808�3150 m interval, H2
is present with an average content of 11.78% and a maximum of
20.16%. H2 content in the middle of Shahezi Formation is slightly
lower, ranging from 1.36% to 5.45%. In the 6110�6807 m interval,
the average H2 content is 18%, and the highest value is 26.89%. The
origins of H2 are complex and diverse, both inorganic and organic.
Inorganic origins include earth degasification of deep fluids, water-
rock reactions between deep fluids and rock minerals, and radiol-
ysis between radioactive elements and water in the continental
crust (Reeves and Fiebig, 2020). Organic origins include microbial
action in the shallow layer and the pyrolysis of organic matter of
high maturity (Boreham et al., 2021; Han et al., 2021). The SK-2



Table 1
H2-containing gas composition and isotope data results.

Depth, m CH4, % C2þ, % CO2, % N2, % He, % H2, % d13CCH4
, ‰ d13CCO2

, ‰ dDCH4
, ‰ dDH2

, ‰ d15N, ‰ R/Ra

2808 71.74 2.46 0.28 5.34 0.021 20.16 43.8 �14.4 �208.2 �685 4.4 0.071
2874 75.92 3.89 0.69 4.19 0.032 15.28 �44.8 �13.6 �205.4 �667 3.2 0.037
2940 77.42 2.92 0.92 3.26 0.042 15.44 �42.8 �11.4 �202.2 �678 3.8 0.112
3010 88.08 1.28 / 4.15 0.025 6.05 �43.1 / �196.4 �691 4.5 0.482
3080 87.77 2.18 0.66 / 0.007 8.07 �46.1 �10.3 �195.4 �656 / 0.214
3150 89.67 2.01 0.55 2.08 0.013 5.68 �41.9 �9.9 �190.5 �662 5.9 0.693
3639 80.48 2.18 5.98 6.12 0.033 5.21 �41.8 �12.6 �213.4 �687 5.6 0.246
3810 82.4 3.09 7.84 5.25 0.058 1.36 �39.5 �11.7 �212.4 �672 5.1 1.124
3944 85.4 2.36 5.78 3.34 0.035 3.08 �41.5 �11.4 �209.6 �699 4.8 1.692
4079 83.29 1.2 12.12 1.2 / 2.17 �35.2 �9.4 �208.4 �684 6.1 /
4281 82.62 1.23 10.62 2.33 0.015 3.18 �40 �8.8 �205.5 �646 7.2 0.728
4415 87.86 2.27 4.63 3.05 0.036 2.15 �37.5 �8.6 �204.5 �657 5.5 0.284
4500 60.42 2.13 26.7 / 0.017 3.39 �44.2 �8.4 �202.2 �661 / 0.535
4830 89.68 1.21 2.71 1.44 0.082 4.88 �39.5 �8.2 �200.5 �690 6.7 0.788
5287 85.27 3.15 / 4.05 0.106 5.45 �39.5 / �199.3 �706 5.3 0.175
5488 87.46 1.27 3.09 3.07 0.031 5.08 �35.9 �7.1 �198.7 �626 4.6 1.321
5600 86.27 2.23 7.63 1.05 / 2.8 �41.9 �6.3 �197.5 �639 4.7 /
5760 76.77 1.11 18.92 1.4 0.029 1.77 �39.5 �6 �196.4 �703 5.1 0.285
5830 70.99 2.17 22.7 2.09 0.026 2.02 �40 �5.9 �190.4 �660 4.7 0.075
5890 82.14 1.15 13.44 1.84 0.037 1.39 �44.9 �5.1 �188.5 �712 4.3 0.431
6110 70.22 1.69 4.57 8.47 0.091 14.96 �33.9 �11.2 �209.1 �669 1.7 2.921
6225 64.11 1.09 6.99 7.81 0.132 19.87 �27.1 �10.4 �206.4 �694 0.9 3.962
6292 66.62 0.74 5.24 / 0.062 20.9 �30.7 �9.4 �205.7 �723 / 2.521
6324 67.97 1.43 3.67 3.82 0.044 23.06 �35.7 �8.5 �204.5 �711 3.6 1.172
6396 73.63 1.06 1.98 5.58 / 17.73 �33.5 �7.1 �200.1 �730 3.1 /
6560 68.41 0.92 11.25 1.33 0.055 18.03 �24.8 �6.6 �199.8 �701 0.8 1.894
6630 73.42 0.78 8.46 2.44 0.105 14.79 �27.6 �6.5 �198.4 �695 1.4 0.792
6694 72.88 1.21 / 3.9 0.083 19.36 �30.6 / �196.3 �761 3.8 1.462
6761 62.48 1.09 7.51 1.91 0.125 26.89 �38.1 �5.7 �194.4 �753 2.2 0.165
6807 82.67 0.99 3.23 2.67 0.068 10.38 �35.8 �4.2 �190.3 �702 2.7 0.129

Fig. 2. Natural gas components, including specific isotopes, as functions of depth.
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Fig. 3. Origin identification of alkane gas by d13CCH4
value and C1/C2þ3 ratio (base map

patterned after Bernard et al., 1976).

Fig. 4. Origin identification of alkane gas by d13CCH4
and dDCH4

(base map patterned
after Whiticar, 1999)
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strata have a long geological age, various reservoir conditions, and a
wide distribution of H2 content. Accordingly, the origins of H2 in SK-
2 need to be further identified.

4.2. Origin of alkane gases

The stable carbon isotope of methane (d13C1) is an important
parameter reflecting the geochemical characteristics of alkane gas.
Its identification is of great significance for studying the origins of
shale gas (Strąpo�c et al., 2007; Cesar et al., 2022). The amount of
d13C1 is usually determined by the type of hydrocarbon-generating
parent material and the degree of thermal evolution (Shi et al.,
2020). The d13C1 value of alkane gas gradually increases with an
increase of organic matter evolution in hydrocarbon source rock.
The d13C1 values show an increasingly heavy distribution trend in
vertical range of SK-2. The d13C1 values in Denglouku Formation
range from �46.1‰ to �41.9‰, with an average value of �43.8‰.
The d13C1 values in Shahezi Formation range from �44.9‰
to�35.2‰, with an average value of�40.0‰. The ones in Basement
Formation range from �38.1‰ to �24.8‰, with an average value
of �31.8‰.

The hydrogen isotope composition of methane (dDCH4
) is influ-

enced not only by thermal evolutionmaturity of organicmatter, but
also by source-rock strata environment (Zumberge et al., 2009). The
light hydrogen isotopes are relatively enriched in a freshwater
environment, while the heavy hydrogen isotopes are relatively
enriched in a saline environment. Because the CeC bond affinity of
eCH2D functional group of methane is stronger than that of eCH3
functional group, hydrogen isotopes have the largest stable isotope
values, ranging from �250‰ to �150‰ (Ni et al., 2011). The
boundary for dividing the methane formed in marine and lacus-
trine environments is dDCH4

¼ �190‰ (Schoell, 1983; Moore et al.,
2022). The dDCH4

values in Denglouku Formation range
from �208.20‰ to �190.50‰, with an average value of �199.60‰.
Their values in Shahezi Formation range from �213.40‰
to�190.30‰, with an average value of�200.50‰, and in Basement
Formation from �209.10‰ to �190.30‰, with an average value
of �200.50‰. Unlike with carbon isotopes, the vertical distribution
of methane hydrogen isotopes in SK-2 differs significantly from
linearity, but overall is less than �190‰, which points to a lacus-
trine sedimentary environment.

The carbon and hydrogen isotopic characteristics of methane
can be used to identify the origin of alkane gas, and can be com-
bined with molecular components to achieve better application
effect (Whiticar, 1999; Liu et al., 2021). As shown in Fig. 3, the hy-
drocarbon gases of different strata samples have their own genesis
characteristics in SK-2. The C1/C2þ3 ratio shows that their drying
coefficients (C1/C2þ ratio) are relatively high, which is related to the
thermal degradation/thermal cracking at high-over-maturity of
Songliao Basin as a whole. The alkane gases in Denglouku Forma-
tion are concentrated and point to standard thermogenic gases;
their source material tends to be kerogen type II. The alkane gases
in Shahezi Formation are relatively scattered and mostly of ther-
mogenic origin; a small part is scattered outside the contour of
thermogenic gases. Most of the alkane gases in Basement Forma-
tion are scattered outside the thermogenic gas outline, because
their d13C1 values are relatively large (>�40‰).

Carbon and hydrogen isotopic characteristics of methane can be
used to further identify alkane gases (Fig. 4). The identification
results of alkane gases in Denglouku Formation are consistent with
the previous results shown in Fig. 3, and still show absolute ther-
mogenic origin. The alkane gases in Shahezi Formation are
distributed according to geothermal, hydrothermal, and crystalli-
zation locations, indicating that their origin may be influenced by a
mixture of mantle-sourced genesis and thermal genesis. The alkane
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gases in Basement Formation are mainly affected by geothermal,
hydrothermal, and crystallization effects, indicating that their ori-
gins were dominated bymantle-sourced genesis. Overall, the origin
of alkane gas in SK-2 gradually shifts from thermal genesis of
organic matter to genesis from the mantle source as the depth
increases.
4.3. Origins of nitrogen and carbon dioxide

The study of nitrogen and its compounds in oil and gas explo-
ration is of great significance for tracing evolution and migration of
these fossil fuels. The origins of N2 in natural gas are complex and
diverse, and include the atmosphere, nitrogen-bearing rocks in the
crust formed under high-temperaturemetamorphism, degassing of
mantle materials, and generation of organic matter during thermal
evolution (Zhu et al., 2000; Su et al., 2019). As indicated in Fig. 2,
there is a small amount of N2 in the natural gas in study area. Due to
the overlapping distribution ranges of nitrogen isotope (d15N)



Fig. 6. Origin identification of CO2 by d13CCO2
and CO2 (base map patterned after Dai

et al., 2016).

Fig. 7. Origin identification of CO2 by R/Ra and d13CCO2
(base map patterned after

Meng et al., 2015).
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values in different types of nitrogen, sources cannot be accurately
identified by using only d15N. Moreover, the crust and mantle ori-
gins of noble gases provide a certain indication of N2 origins (Li
et al., 2017), so R/Ra was selected (R represents 3He/4He ratio in
the sample, and Ra is 3He/4He ratio in the atmosphere). R/Ra and
d15N were used to identify the origin of nitrogen in natural gas
samples (Fig. 5). 3He has been generated in the Big Bang, and it is
relatively enriched in the mantle (Byrne et al., 2018). The crust-
derived helium has an R/Ra value between 0.01 and 0.1, and the
mantle-derived helium has R/Ra values greater than 0.1 (Jenden
et al., 1993).

The R/Ra and d15N values of gas samples in SK-2 are in the ranges
of 0.037e3.962 and 0.8‰e7.2‰, respectively. These break down by
formations as follows: for Denglouku Formation the R/Ra value is
between 0.01 and 1, the d15N value is between 3.2‰ and 5.9‰; for
Shahezi Formation, the R/Ra value is generally greater than 0.1 and
the d15N value is between 4.3‰ and 7.2‰; for Basement Formation,
the R/Ra value is greater than 0.1 and the d15N values are distributed
between 0.8‰ and 3.8‰. Through d15NeR/Ra values, identification
figure judgment, and analysis (Fig. 4), N2 of Denglouku Formation
and Shahezi Formation are both found to be mainly of mixed
organic and inorganic origin of crustal genesis, while N2 in Base-
ment Formation is of volcanic-mantle inorganic genesis. As depth
increases, the origin of N2 gradually transitions from the crustal
source to the mantle source, and the organic-inorganic mixed
origin gradually transitions to inorganic genesis.

The CO2 content of natural gas samples is relatively rich, and its
source is identified mainly by the content of CO2 components,
carbon isotopes (d13CCO2

), and rare gas isotope indicators (R/Ra)
(Meng et al., 2015; Dai et al., 2016). Based on a comprehensive
analysis of a large number of CO2-related identification data and gas
components (Dai et al., 2016), it is proposed that the d13CCO2

value
of inorganic CO2 is greater than �8‰, mainly between �8‰ and
3‰ and the CO2 content is greater than 60%. The d13CCO2

value of
organic CO2 is less than�10‰ and the CO2 content is less than 15%.
The d13CCO2

value is between �10‰ and �8‰ in the coexisting
mixture area of organic and inorganic CO2. The d

13CCO2
value of CO2

derived from the magma mantle is mostly distributed at �6‰ ±
2‰. According to the analysis of CO2 content and d13CCO2

(Fig. 6),
the d13CCO2

value of Denglouku Formation is between �14.4‰ and
9.9‰, and is mainly of organic origin. The d13CCO2

value of Shahezi
Formation is between �12.6‰ and �5.1‰, and is mainly of mixed
organic and inorganic origin. The d13CCO2

value of Basement For-
mation is between �11.2‰ and �4.2‰, and is mainly caused by
inorganic CO2.
Fig. 5. Origin identification of N2 by d15N and R/Ra (base map patterned after Li et al.,
2017).
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The map of R/Ra and d13CCO2
(Fig. 7) provides further identifi-

cation of origins. The samples of Denglouku Formation are located
in organic origin region; the samples of Shahezi Formation are
located in both organic and inorganic origin regions; and the
samples of Basement Formation are locatedmainly in mantle origin
region and crust-mantle mixed-origin region. It is concluded that
the CO2 of Denglouku Formation is mainly organic, produced dur-
ing the pyrolysis of organic matter; the CO2 of Shahezi Formation is
both organic and inorganic, produced during the pyrolysis of
organic matter and degassing of basement fracture and igneous
rock; and the source of CO2 in Basement Formation is related to
intrusive rock body and volcanic lava following the Late Jurassic (Li
et al., 2011), and is mainly from volcanic mantle, the result of
mantle-derived degassing.
4.4. Origin of hydrogen gas

H2 is widely distributed on Earth and exists in stable sedimen-
tary basins and basic volcanic rocks (Woolnough, 1934; Neal and
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Stanger, 1983; Truche et al., 2018). Areas of deep fluid activity also
provide favorable geological conditions for the development of
high-content H2 (Abrajano et al., 1988). The H2 generation process is
complex, including not only biological origin from the crust, earth
degassing, and serpentinization from the mantle, but also thermal
origin from both the mantle and the crust (Han et al., 2021).
Hydrogen generally consists of two stable isotopes, 1H (protium)
and 2H (deuterium, dDH2

). The half-life of 3H (tritium) is only 12.43
years, which cannot be used as a criterion for identification. Due to
the small sample data of hydrogen isotopes in natural gas and the
possible overlap of hydrogen isotopes from different origins,
hydrogen isotopes from formation water are easy to exchange with
hydrogen isotopes in hydrogen, and are affected by temperature-
dependent equilibrium isotope fractionation and hydrodynamics
(L€offler et al., 2022; Ricci et al., 2022). There are still problems in
determining the more specific H2 generation mechanism. Conse-
quently, identifying the source of H2 is difficult.

As an important component of natural gas, H2 is often produced
along with other gases, such as He and CH4. Therefore, the
geochemical characteristics of associated gases can be used to
determine origins of H2 and to some extent can reduce the uncer-
tainty of hydrogen isotope tracing. Because the isotope (3He) can
effectively point to the mantle source, previous studies have
identified H2 origin by using the isotopes of an associated gas (He),
and calculating the geochemical characteristics of H2 in natural gas
from different regions. It is considered that the upper limit of
H2/3He ratio is about 2 � 107 for mantle-derived H2, which is
distinguished from crust-derived H2. There is also a mixing region
of mantle-derived H2 and crust-derived H2 (Jin et al., 2007), where
the mantle-derived H2-rich fluid enters the natural gas and mixes
with the organic natural gas. As shown in Fig. 8 (data sourced from
Han et al., 2022), the H2/3He ratio of Denglouku Formation is larger
than the upper limit of the mantle-derived H2, indicating that the
H2 at a shallow depth of SK-2 is of crustal origin and is not the result
of earth degassing. A small part of H2 in Shahezi Formation is of
crustal origin, and the majority has features of mantle-crust mixed
origin (Fig. 8). It is possible that the H2-rich fluid generated by
mantle source entered Shahezi Formation and mixed with the
natural gas of organic origin, and some H2 may also be produced by
organic reactions in shale intervals. The H2 in Basement Formation
is more discrete in R/Ra range, which is characteristic of mantle
Fig. 8. Origin identification of H2 by R/Ra and H2/3He
(base map patterned after Jin et al., 2007).
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source and mixing source.
Based on He isotope identification and previous data analysis of

H2 origins in different geological settings (Jeffrey and Kaplan, 1988;
Meng, 2022), further discriminationwas carried out combinedwith
the hydrogen isotope of H2 (dDH2

) and the relationship between
CH4 and H2 content. As shown in Fig. 9, both zone C and zone D are
mantle-crust mixed source regions, but there are some differences
between them. In zone C, hydrogen in deep-source CO2-rich fluids
is oxidized during its upward migration, and the main geochem-
istry characteristics are that the isotopic composition of hydrogen is
heavier than �700‰, while the value of ln(CH4/H2) is greater
than �8. Zone D is the remaining hydrogen of deep source H2-rich
fluid after being oxidized. The main feature of zone D is that
hydrogen still retains the deep source characteristics, but the
content of methane and the value of ln(CH4/H2) decrease, and its
main geochemistry characteristics are that the isotopic composi-
tion of hydrogen is less than �700‰, while the value of ln(CH4/H2)
is less than �4.

All samples of Denglouku Formation are located in zone C,
ln(CH4/H2) of the samples in Denglouku Formation range from 1.26
to 2.76, indicating a higher H2 content. The dDH2

values of samples
were more than �700‰ and relatively enriched between �650‰
and �700‰. It indicates that the samples in Denglouku Formation
have the characteristics of mixing origin. According to the analysis
of anomaly intervals of natural gamma-ray data inwell logging, it is
possible that H2 is produced by the radiolysis of water from a
crustal source, andmay also be produced by the pyrolysis of organic
matter.

The ln(CH4/H2) of samples in Shahezi Formation ranges from
2.74 to 4.10, indicating a low H2 content, with dDH2

values of more
than �700‰ in most samples and less than �700‰ in a small
number of samples. Therefore, most samples of Shahezi Formation
are located in zone C, and a few samples are located in zone B, it can
be concluded that most of Shahezi samples have the characteristics
of mantle-crust mixing origin and a few of them only have mantle-
derived characteristics. Due to the long-term deposition and burial
of Shahezi Formation, some intervals are mainly of shale andmixed
with coal seams, which are typical source rocks. Therefore, its
crustal origin includes the source of hydrogen generation from
pyrolysis of organic matter. During the thermal evolution of organic
matter, the H/C element ratio generally decreases, and the degree of
Fig. 9. Origin identification of H2 by dDH2
and ln(CH4/H2) (base map patterned after

Meng, 2022).
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aromaticity increases, especially in high-over-mature stage. The
original organic matter will release a large number of hydrogen
radicals, which are redistributed and reacted, and generation of H2
may be accompanied by hydrocarbons. Compared with methane,
the pyrolysis temperature of deep shale organic matter pyrolysis to
generate hydrogen is higher, the generation temperature range is
larger, and the temperature node of mass generation is relatively
lagging behind. There is usually only one peak for methane in
source rocks, but the hydrogen generation models are more com-
plex and can be divided into four patterns (Fig. 10, data sourced
from Horsfield et al., 2022): model 1 and model 2 are both single
peak, but the peak temperature of hydrogen generation in model 1
is earlier than that in model 2; model 3 shows double peaks and
model 4 shows three peaks.

In Basement Formation, ln(CH4/H2) of the samples are relatively
concentrated, ranging from 0.84 to 2.07, indicating a relative
enrichment of H2, and the characteristics of dDH2

and R/Ra are
dispersed. Some of the samples in Basement Formation were
lighter than �700‰, located in zone B, suggesting a typical mantle
origin. Some were heavier than �700‰, located in zone C, sug-
gesting a mixing origin. Under the microscope it was found that
most of the rock slices of Basement Formation were affected by
hydrothermal alteration, and Fe2þ-containing minerals (such as
pyroxene and amphibole) were once developed (Fig. 11). The
altered andesites all showa porphyritic structure, the component of
porphyritic crystal is mainly feldspar, and the groundmass is
cryptocrystal and vitreous. The groundmass of sample (a) was
chloritized during the alteration process of the wall rock; the sur-
face of feldspar phenocryst of sample (b) was sericite and musco-
vite, and the surface of feldspar phenocryst of sample (c) was
epidoted. The hydrothermal alteration of pyroxene and amphibole
(arfvedsonite) in Basement Formation may be the main factor for
the increase of its hydrogen content, and it shows part of the crustal
origin.

Combining the identification of hydrogen origins in Figs. 8 and 9,
Fig. 10. Organic hydrogen generat
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it is found that the source characteristics of hydrogen in Shahezi
Formation and Basement Formation samples are consistent, while
the source characteristics of hydrogen in Denglouku Formation are
contradictory. The Shahezi Formation samples show that some are
of single origin and some are of mixed origin; the Basement For-
mation samples show that some are of mantle origin and some are
of mixed origin. The Denglouku Formation samples are shown as
crustal-derived in Fig. 8 andmixed in Fig. 9. It can be seen that there
is still controversy in identifying the more specific H2 generative
mechanism based on the isotopic composition, which needs to be
combined with the actual geological environment to make a
detailed judgment.

5. Geological implications

In this study, the main components of natural gas (CH4, C2þ, H2,
N2, and CO2) and isotopes were found to vary greatly among gas
samples (Fig. 2), reflecting the diverse sources of gases in different
strata. In the samples of Denglouku Formation, CH4 and H2 are the
principal components, with a small amount of N2 also being pre-
sent. The GR value in Denglouku Formation is abnormally high
(Fig. 1b) and this result indicated that the shale has high clay con-
tent, large specific surface area and strong radioactive elements
such as uranium (U), thorium (Th) and potassium (K), and created
favorable conditions for the radioactive decomposition of water.
According to the analysis of gas origins, the physical and chemical
interactions are complex for the inorganic gas origins, attributable
mainly to the radiolysis of water and the pyrometamorphism of
nitrogen-bearing rocks. The radiolysis of water can lead to high
dDH2

values, ranging from �348‰ to �539‰ (Lin et al., 2005a,
2005b), while the dDH2

values of Denglouku Formation samples are
lower, not exceeding �650‰. This data discrepancy may be the
result of a rapid exchange of isotopes between H2 and groundwater.

Since coal seams have not developed in Denglouku Formation,
the shale interval is most likely to be the source rock for organic gas
ion models of Songliao Basin.



Fig. 11. Microscopic slice observation. (a) Altered andesite, 6514 m; (b) altered andesite, 6522.6 m; (c) altered andesite, 6537 m; (d) altered trachyandesite, 6628 m; (e) altered
trachyte, 6718 m; (f) altered coarse andesitic volcanic breccia, 6751 m.
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generation. In the samples of Shahezi Formation, CH4, H2, N2, and
CO2 are all measured. The upper part of the lithology of Shahezi
Formation is a shale reservoir with thick deposits and good conti-
nuity, and there are multiple sections of shale-coarse sandstone
interbeds. The lower part is a glutenite-shale reservoir, with thin
coal seams interposed. As the source rock, shale is at high-over
maturity (measured Ro is 1.33%e4.24%, with an average of 2.61%).
According to the gas origin analysis, CH4, H2, N2, and CO2 are pro-
duced partly by the process of organic matter pyrolysis. The dDH2

value of organic origin is �810‰ ~ �629‰ (Suzuki et al., 2017),
which overlaps with the sample data of Shahezi Formation. The
inorganic gases in Shahezi Formation come from mantle sources,
which were affected by deep faults in Basement Formation and
migrated upward along the deep fault activity and nonuniform
Fig. 12. The north-south seismic
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surfaces. As shown in Fig. 12, the SK-2 passes through two regional
seismic reflection layers of T4 (top interface of faulted sequence)
and T5 (bottom interface of faulted sequence) and local seismic
reflection layers of T4-1, T4-a, and T4-2, which provides a seismo-
logical basis for the source of deep inorganic gas in Songliao Basin.
The former layers represent a regional tectonic basin-forming
event; the latter layers represent the change of filling process and
sequence in basin or rift scale. There is a distinct discontinuity of
Moho surface in the deep basin (Fig. 1c), indicating that this is a
mantle-scale magmatic activity zone. There is a lot of magmatic
activity, which may be mixed with a large amount of inorganic
gases upward migration. However, the temperature and pressure
conditions were changed during the up transport, causing part of
the mantle-driven CH4 and H2 to be lost, and the H2 content is now
section image of study area.
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relatively small.
The Basement Formation is composed mainly of tuff rock, with

low metamorphic characteristics below. A small amount of altered
andesite has developed, with large rock pore structure. The CH4
occurring in Basement Formation is mantle-derived, and CO2 and
N2 are mixed gases of the mantle and crust. The deep faults
controlled the migration and mixing of gases from different for-
mations. In Basement Formation, part of the H2 is of mantle genesis,
and part is of mantle and crust mixed genesis. The former H2 is
mainly affected by mantle degassing, and the latter H2 is the result
of the water-rock reaction of Fe2þ-containing minerals (such as
pyroxene and amphibole). The dDH2

value of H2 produced by ser-
pentinization reaction is about �715‰ (Milkov, 2022), which is
exactly close to the sample data of Basement Formation. Although
the content of hydrogen produced by serpentinization of ultramafic
rocks is large, under the influence of deep faults, hydrogen is easy to
escape. Therefore, compared with the typical areas with better
preservation conditions (Mali serpentinized hydrogen gas with
content of 98%, Prinzhofer et al., 2018), the hydrogen content in
Basement Formation of study area is relatively low.

In the discussion above, we found that the genetic types of
hydrogen are mixed sources in Shahezi Formation, and are strongly
related to mantle origin in Basement Formation. This may be due to
the very strong reducibility of hydrogen itself. H2 is widely
distributed in the petroliferous basins, and it not only has many
origins, but also has many consumption pathways (Meng, 2022).
The complexity of petroliferous basins has a profound influence on
the generation, migration, and storage of H2 (Han et al., 2022).
Active H2 can easily participate in the hydrocarbon-generation re-
actions of organicmatter thermal evolution in source rocks, and has
the effect on increasing hydrocarbon production by hydrogenation
(Zhang et al., 2017). Therefore, H2 provides a bridge between
organic and inorganic hydrocarbon generation theories. The study
area in Songliao Basin is rich in alkane gas, and due to plate collision
and subduction, it has the geological conditions for high-content H2
generation. International continental scientific drillings (SK-2 and
SK-3), along with several oil and gas wells, show significant
hydrogen gas anomalies. The occurrence of high hydrogen content
may affect the lower-limit depth of gas generation in sedimentary
basins. These implications can not only assist in the further
development of gas resources in petroliferous basins, but also
contribute to the exploration and development of deep H2-rich
natural gas.

6. Conclusions

The alkane gas content of study area is above 70.19%, and the
main composition is CH4. The d13C1 of CH4 tends to be heavier on
the vertical range. The dDCH4

of CH4 is lighter than �190‰, indi-
cating a lacustrine environment. The origin of CH4 in different
strata varies. The CH4 of Denglouku Formation is mainly of ther-
mogenic origin; in Shahezi Formation it is a mixture of mantle and
thermogenic origins; and in Basement formation it is dominated by
mantle origin.

Working from both isotopes and gas components, the genera-
tion of N2 and CO2 is found to change from crust to mantle genesis
with an increase of depth, and transitions from mixed (organic and
inorganic) origin to inorganic origin. The N2 and CO2 in Basement
Formation are the mixed gas of mantle and crust, and mainly
produced by mantle-derived degassing.

Using the analysis of geological settings, the origin of H2 was
identified through various parameters. In Denglouku Formation
and Shahezi Formation, H2 is mainly associated with the radiolysis
of water and pyrolysis of organicmatter. In Basement Formation, H2
content is determined not only by mantle-derived degassing, but
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also by the water-rock reaction of Fe2þ-containing minerals (such
as pyroxene and amphibole) to produce hydrogen.

The gases of CH4, C2þ, H2, N2, and CO2 are present in diverse
extents in different strata of Songliao Basin. The deep faults and
unconformity surfaces in study area control the upward migration
of mantle-derived gas. H2 has high content in Denglouku and
Basement Formations. The occurrence of high-content H2 may
affect lower-limit depth of natural gas generation in sedimentary
basins, and it is of great significance for opening up a new field of
deep H2-rich natural gas exploration.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (Grant No. 42072168), the National Key R&D
Program of China (Grant No. 2019YFC0605405) and the Funda-
mental Research Funds for the Central Universities (Grant No.
2023ZKPYDC07). The microscopic slice observation is provided by
Prof. Youfeng Gao from Jilin University. The editors and anonymous
reviewers are gratefully acknowledged.

References

Abrajano, T.A., Sturchio, N.C., Bohlke, J.K., Lyon, G.L., Poreda, R.J., Stevens, C.M., 1988.
Methane-hydrogen gas seeps, Zambales Ophiolite, Philippines: deep or shallow
origin. Chem. Geol. 71 (1e3), 211e222. https://doi.org/10.1016/0009-2541(88)
90116-7.

Bernard, B.B., Brooks, J.M., Sackett, W.M., 1976. Natural gas seepage in the Gulf of
Mexico. Earth Planet Sci. Lett. 31 (1), 48e54. https://doi.org/10.1016/0012-
821X(76)90095-9.

Boreham, C.J., Edwards, D.S., Czado, K., Rollet, N., Wang, L.Q., Wielen, S.V.D.,
Champion, D., Blewett, R., Feitz, A., Henson, P.A., 2021. Hydrogen in Australian
natural gas: occurrences, sources and resources. APPEA J 61 (1), 163e191.
https://doi.org/10.1071/AJ20044.

Byrne, D.J., Barry, P.H., Lawson, M., Ballentine, C.J., 2018. Noble gases in conventional
and unconventional petroleum systems. Geol. Soc. Lond. Spec. Publ. 468 (1),
127e149. https://doi.org/10.1144/SP468.5.

Cai, Q.S., Hu, M.Y., Ngia, N.R., Hu, Z.G., 2017. Sequence stratigraphy, sedimentary
systems and implications for hydrocarbon exploration in the northern Xujia-
weizi Fault Depression, Songliao Basin, NE China. J. Pet. Sci. Eng. 152, 471e494.
https://doi.org/10.1016/j.petrol.2017.02.022.

Cesar, J., Mayer, B., Becker, V., Nightingale, M., Ardakani, O.H., 2022. Molecular and
stable carbon isotope geochemistry of mud-gas-derived hydrocarbons and its
application for the assessment of low-permeability reservoirs from the Mon-
tney Formation. Western Canada. Org. Geochem. 163, 104328. https://doi.org/
10.1016/J.ORGGEOCHEM.2021.104328.

Chi, J., Yu, H.M., 2018. Water electrolysis based on renewable energy for hydrogen
production. Chin. J. Catal. 39 (3), 390e394. https://doi.org/10.1144/SP468.5.

Dai, J.X., Hu, G.Y., Ni, Y.Y., Li, J., Luo, X., Yang, C., Hu, A.P., Zhou, Q.H., 2009. Distri-
bution characteristics of natural gas in eastern China. Nat. Gas Geosci. 20 (4),
471e487 (in Chinese). https://kns.cnki.net/kcms/detail/detail.aspx?
FileName¼TDKX200904002&DbName¼CJFQ2009.

Dai, J.X., Ni, Y.Y., Qin, S.F., Huang, S.P., Gong, D.Y., Liu, D., Feng, Z.Q., Peng, W.L.,
Han, W.X., Fang, C.C., 2017. Geochemical characteristics of He and CO2 from the
Ordos (cratonic) and Bohaibay (rift) basins in China. Chem. Geol. 469, 192e213.
https://doi.org/10.1016/j.chemgeo.2017.02.011.

Dai, J.X., Zou, C.N., Dong, D.Z., Ni, Y.Y., Wu, W., Gong, D.Y., Wang, Y.M., Huang, S.P.,
Huang, J.L., Fang, C.C., Liu, D., 2016. Geochemical characteristics of marine and
terrestrial shale gas in China. Mar. Petrol. Geol. 76, 444e463. https://doi.org/
10.1016/j.marpetgeo.2016.04.027.

Etiope, G., Feyzullayev, A., Baciu, C.L., 2009. Terrestrial methane seeps and mud
volcanoes: a global perspective of gas origin. Mar. Petrol. Geol. 26 (3), 333e344.
https://doi.org/10.1016/j.marpetgeo.2008.03.001.

Feng, Z.Q., Jia, C.Z., Xie, X.N., 2010. Tectonostratigraphic units and stratigraphic
sequences of the nonmarine Songliao Basin. Basin Res. 22 (1), 79e95. https://
doi.org/10.1111/j.1365-2117.2009.00445.x.

Goebel, E.D., Coveney Jr., R.M., Angino, E.E., Zeller, E., 1983. Naturally occurring
hydrogen gas from a borehole on the western flank of Nemaha anticline in
Kansas. AAPG Bull. 67 (8), 1324. https://doi.org/10.1306/03B5B76D-16D1-11D7-
8645000102C1865D, 1324.

https://doi.org/10.1016/0009-2541(88)90116-7
https://doi.org/10.1016/0009-2541(88)90116-7
https://doi.org/10.1016/0012-821X(76)90095-9
https://doi.org/10.1016/0012-821X(76)90095-9
https://doi.org/10.1071/AJ20044
https://doi.org/10.1144/SP468.5
https://doi.org/10.1016/j.petrol.2017.02.022
https://doi.org/10.1016/J.ORGGEOCHEM.2021.104328
https://doi.org/10.1016/J.ORGGEOCHEM.2021.104328
https://doi.org/10.1144/SP468.5
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=TDKX200904002&amp;DbName=CJFQ2009
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=TDKX200904002&amp;DbName=CJFQ2009
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=TDKX200904002&amp;DbName=CJFQ2009
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=TDKX200904002&amp;DbName=CJFQ2009
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=TDKX200904002&amp;DbName=CJFQ2009
https://doi.org/10.1016/j.chemgeo.2017.02.011
https://doi.org/10.1016/j.marpetgeo.2016.04.027
https://doi.org/10.1016/j.marpetgeo.2016.04.027
https://doi.org/10.1016/j.marpetgeo.2008.03.001
https://doi.org/10.1111/j.1365-2117.2009.00445.x
https://doi.org/10.1111/j.1365-2117.2009.00445.x
https://doi.org/10.1306/03B5B76D-16D1-11D7-8645000102C1865D
https://doi.org/10.1306/03B5B76D-16D1-11D7-8645000102C1865D


S.-B. Han, C.-H. Xiang, X. Du et al. Petroleum Science 21 (2024) 741e751
Han, S.B., Tang, Z.Y., Wang, C.S., Horsfield, B., Wang, T.T., Mahlstedt, N., 2022.
Hydrogen-rich gas discovery in continental scientific drilling project of Songliao
Basin, northeast China: new insights into deep earth exploration. Sci. Bull. 67
(10), 1003e1006. https://doi.org/10.1016/J.SCIB.2022.02.008.

Han, S.B., Tang, Z.Y., Yang, C.L., Xie, L.F., Xiang, C.H., Horsfield, B., Wang, C.S., 2021.
Genesis and energy significance of hydrogen in natural gas. Nat. Gas Geosci. 32
(9), 1270e1284. https://doi.org/10.11764/j.issn.1672-1926.2021.04.005 (in
Chinese).

Hou, H.S., Wang, C.S., Zhang, J.D., Ma, F., Fu, W., Wang, P.J., Huang, Y.J., Zou, C.C.,
Gao, Y.F., Gao, Y., Zhang, L.M., Yang, J., Guo, R., 2018. Deep continental scientific
drilling engineering in Songliao Basin: progress in earth science research. Geol.
China. 45 (4), 641e657. https://doi.org/10.31035/cg2018036.

Horsfield, B., Mahlstedt, N., Weniger, P., Misch, D., Vranjes-Wessely, S., Han, S.,
Wang, C., 2022. Molecular hydrogen from organic sources in the deep Songliao
Basin, P.R China. Int. J. Hydrogen Energy 47, 16750e16774. https://doi.org/
10.1016/J.IJHYDENE.2022.02.208.

Jeffrey, A.W.A., Kaplan, I.R., 1988. Hydrocarbons and inorganic gases in the
gravberg-1 wells, siljan ring, Sweden. Chem. Geol. 71, 237e255. https://doi.org/
10.1016/0009-2541(88)90118-0.

Jenden, P.D., Drazan, D.J., Kaplan, I.R., 1993. Mixing of thermogenic natural gases in
northern appalachian basin. AAPG Bull. 77 (6), 980e998. https://doi.org/
10.1306/BDFF8DBC-1718-11D7-8645000102C1865D.

Jin, Z.J., Hu, W.X., Zhang, L.P., Tao, M.X., 2007. Deep Fluid Activity and its Hydro-
carbon Accumulation Effect. Sci Press, Beijing.

Li, J., Li, Z.S., Wang, X.B., Wang, D.L., Xie, Z.Y., Li, J., Wang, Y.F., Han, Z.X., Ma, C.H.,
Wang, Z.H., Cui, H.Y., Wang, R., Hao, A.S., 2017. New indexes and charts for
genesis identification of multiple natural gases. Petrol. Explor. Dev. 44 (4),
503e512. https://doi.org/10.11698/PED.2017.04.03.

Li, Z.S., Zhang, W.J., Wu, X.Q., Liu, D.L., 2011. Gas source of carbon dioxide and its
degassing model in Songliao basin, 01 Nat. Gas Geosci. 22, 29e37. https://kns.
cnki.net/kcms/detail/detail.aspx?
FileName¼TDKX201101007&DbName¼CJFQ2011.

Lin, L.-H., Hall, J., Lippmann-Pipke, J., Ward, J.A., Sherwood Lollar, B., de Flaun, M.,
Rothmel, M., Moser, D., Gihring, T.M., 2005a. Radiolytic H2 in continental crust:
nuclear power for deep subsurface microbial communities. G-cubed Q07003.
https://doi.org/10.1029/2004GC000907.

Lin, L.-H., Slater, G.F., Sherwood Lollar, B., Lacrampe-Couloume, G., Onstott, T.C.,
2005b. The yield and isotopic composition of radiolytic H2, a potential energy
source for the deep subsurface biosphere. Geochem. Cosmochim. Acta 69,
893e903. https://doi.org/10.1016/j.gca.2004.07.032.

Liu, H.B., Wang, P.J., Gao, Y.F., Hou, H.S., Yin, Y.K., Li, H.H., Feng, Y.H., 2021. New data
from icdp borehole SK2 and its constraint on the beginning of the lower
cretaceous shahezi formation in the Songliao Basin, NE China. Sci. Bull. 66 (5),
411e413. https://doi.org/10.1016/J.SCIB.2020.12.002.

Liu, Q.Y., Wu, X.Q., Jia, H.C., Ni, C.H., Zhu, J.H., Miao, J.J., Zhu, D.Y., Meng, Q.Q.,
Peng, W.L., Xu, H.Y., 2022. Geochemical characteristics of helium in natural gas
from the Daniudi gas field, Ordos Basin, central China. Front. Earth Sci. 51.
https://doi.org/10.3389/FEART.2022.823308.

Liu, Y., 2017. Geochemical Genesis Model and its Applications of Natural Gas in
High-Over Matured Shale. China Univ. Geosci. (Beijing). https://kns.cnki.net/
kcms/detail/detail.aspx?FileName¼1017136496.nh&DbName¼CDFD2017 (in
Chinese).

L€offler, M., Schrader, M., Lüders, K., Werban, U., Hornbruch, G., Dahmke, A., Vogt, C.,
Richnow, H.H., 2022. Stable hydrogen isotope fractionation of hydrogen in a
field injection experiment: simulation of a gaseous H2 leakage. ACS Earth Space
Chem. 6 (3), 631e641. https://doi.org/10.1021/acsearthspacechem.1c00254.

Lu, X.S., Song, Y., Wang, Z.H., Ma, S.F., Liu, S.B., Hong, F., 2009. Origin and main
control factors of CO2 in the Songliao Basin. Nat. Gas. Ind. 29 (3), 125e128.
https://doi.org/10.3787/j.issn.1000-0976.2009.03.037 (in Chinese).

Meng, Q.A., Zhang, S., Sun, G.X., Fu, X.L., Wang, C., Shang, Y., 2016. A seismic geo-
morphology study of the fluvial and lacustrine-delta facies of the cretaceous
quantou-nenjiang formations in Songliao Basin, China. Mar. Petrol. Geol. 78,
836e847. https://doi.org/10.1016/j.marpetgeo.2016.01.017.

Meng, Q.Q., 2022. Identification method for the origin of natural hydrogen gas in
geological bodies. Pet. Geol. Exp. 44 (3), 552e558. https://doi.org/10.11781/
sysydz202203552 (in Chinese).

Meng, Q.Q., Sun, Y.H., Tong, J.Y., Fu, Q., Zhu, J., Zhu, D.Y., Jin, J.Z., 2015. Distribution
and geochemical characteristics of hydrogen in natural gas from the Jiyang
Depression, Eastern China. Acta Geol. Sin-Engl. 89 (5), 1616e1624. https://
doi.org/10.1111/1755-6724.12568.

Milkov, A.V., 2022. Molecular hydrogen in surface and subsurface natural gases:
abundance, origins and ideas for deliberate exploration. Earth Sci. Rev. 230,
104063. https://doi.org/10.1016/J.EARSCIREV.2022.104063.

Moore, M.T., Phillips, S.C., Cook, A.E., Darrah, T.H., 2022. Integrated geochemical
approach to determine the source of methane in gas hydrate from Green
Canyon Block 955 in the Gulf of Mexico. AAPG Bull. 106 (5), 949e980. https://
doi.org/10.1306/05272120087.

Neal, C., Stanger, G., 1983. Hydrogen generation from mantle source rocks in Oman.
751
Earth Planet Sci. Lett. 66, 315e320. https://doi.org/10.1016/0012-821X(83)
90144-9.

Ni, Y.Y., Ma, Q.S., Ellis, G.S., Dai, J.X., Katz, B., Zhang, S.C., Tang, Y.C., 2011. Funda-
mental studies on kinetic isotope effect (KIE) of Hydrogen isotope fractiona-tion
in natural gas systems. Geochem. Cosmochim. Acta 75 (10), 2696e2707. https://
doi.org/10.1016/j.gca.2011.02.016.

Nikolaidis, P., Poullikkas, A., 2017. A comparative overview of hydrogen production
processes. Renew. Sustain. Energy Rev. 67, 597e611. https://doi.org/10.1016/
j.rser.2016.09.044.

Nuttall, W.J., Bakenne, A.T., 2020. Fossil Fuel Hydrogen: Technical, Economic and
Environmental Potential. Springer Nature, Switzerland AG.

Oni, A.O., Anaya, K., Giwa, T., Di Lullo, G., Kumar, A., 2022. Comparative assessment
of blue hydrogen from steam methane reforming, autothermal reforming, and
natural gas decomposition technologies for natural gas-producing regions.
Energy Convers. Manag. 254, 115245. https://doi.org/10.1016/
J.ENCONMAN.2022.115245.

Prinzhofer, A., Ciss�e, C.S.T., Diallo, A.B., 2018. Discovery of a large accumulation of
natural hydrogen in Bourakebougou (Mali). Int. J. Hydrogen Energy 43 (42),
19315e19326. https://doi.org/10.1016/j.ijhydene.2018.08.193.

Reeves, E.P., Fiebig, J., 2020. Abiotic synthesis of methane and organic compounds in
Earth’s lithosphere. Elements: Int. Mag. Mineral. Geochem. Petrol. 16 (1), 25e31.
https://doi.org/10.2138/gselements.16.1.25.

Ricci, A., Kleine, B.I., Fiebig, J., Gunnarsson-Robin, J., Kamunya, K.M., Mountain, B.,
Stef�ansson, A., 2022. Equilibrium and kinetic controls on molecular hydrogen
abundance and hydrogen isotope fractionation in hydrothermal fluids. Earth
Planet Sci. Lett. 579, 117338. https://doi.org/10.1016/J.EPSL.2021.117338.

Schoell, M., 1983. Genetic characterization of natural gases. AAPG Bull. 67 (12),
2225e2238. https://doi.org/10.1306/03b5b4c5-16d1-11d7-8645000102c1865d.

Shi, Z.J., Li, W.J., Luo, Q.C., Zhang, J., Wang, Y., Tian, Y.M., Yin, G., 2020. Emeishan
mantle plume activity and carbon isotope responses in the Middle Permian,
South China. J. Asian Earth Sci. 189, 104145. https://doi.org/10.1016/
j.jseaes.2019.104145.
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