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ABSTRACT: Occurrence and abundance of molecular hydrogen in natural geologic reservoirs are
enigmatic, due to its various sources, diverse migration pathways and complicated biological and
chemical reactions. Natural gas samples containing hydrogen from producing wells in several sedi-
mentary basins in China were collected in this study, and gas abundances and isotopic composi-
tions of these gases were compared with those in global petroliferous basins and deep intrusive
rocks. Several geochemical indicators were suggested for identifying sources, migration and accu-
mulation mechanisms of hydrogen in the subsurface environment. Hydrogen contents in natural
gas deposits have contributions from various sources with the following high-to-low order: microbial
degradation > serpentinization > deep mantle volatile release > radiation-induced water decomposi-
tion > thermal cracking of organic matter. A hydrogen-rich reservoir in Kansas, USA, is specifically
analyzed to determine its formation mechanism. This study suggests that future exploration of geo-
logical hydrogen resources may focus on the igneous rock bodies with overlying dense sedimenta-
ry rocks in the continental rift systems.

KEY WORDS: “white” hydrogen, hydrogen storage, genetic identification, enrichment and preser-

vation, geological distribution.

0 INTRODUCTION

With the increasing concerns on the environment
and energy on a global scale, many countries have suc-
cessively proposed the development goals for carbon
emission peak and carbon neutrality. Hydrogen (H,) is re-
ceiving increasing attention from various organizations
as the most environmentally friendly “green” energy
source. Although hydrogen is the ultimate green energy,
different sources of H, have different values of energy.
Hydrogen produced artificially from petroleum, coal and
other fossil sources is termed as gray hydrogen (Stiegel
and Ramezan, 2006; Kim, 2003), because it consumes a
certain amount of energy and produces greenhouse gas-
es. Hydrogen produced by re-pyrolysis of natural gas is
termed as blue hydrogen, owing to energy consumption,
greenhouse gases release, and the raw natural gas itself
as a clean energy. Hydrogen prepared by renewable en-
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ergy such as wind energy, solar energy, water energy,
biomass energy, and other non-fossil energy is termed
as green hydrogen, since renewable energy is a green
and low-carbon energy, with no greenhouse gas being
produced in the process of H,generation. However, it is
required to consume a certain amount of energy. The mo-
lecular hydrogen which occurs naturally in geological for-
mations in underground deposits is termed as gold hydro-
gen, because H, in the geological bodies is exploited us-
ing economic and low-carbon techniques with no energy
consumption. The calorific value of hydrogen combustion
is 2.56 times of that of methane, and the combustion
product is pure water, therefore, molecular hydrogen is
an efficient, green, low-carbon and clean energy (Rigollet
and Prinzhofer, 2022). According to the prediction of the
International Hydrogen Energy Commission, if the global
temperature increase is controlled at 2 °C, the global de-
mand for hydrogen energy will reach 0.55 x 10° t by
2050, which will lead to reduce CO, emissions by 6 x 10°
t (Hydrogen Council, 2017). At present, the development
and utilization of hydrogen energy in the world is at an
early stage, and H, is mainly used as a secondary ener-
gy source. Processes of hydrogen production cause sec-
ondary energy consumption, greenhouse gas emission
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and pollution. Therefore, exploration and development of
natural hydrogen as a primary energy source in geologi-
cal bodies has received great attention (Cheng et al.,
2023; Hand, 2023).

Discovering hydrogen resources under natural condi-
tions can be a milestone in filling the gap in hydrogen en-
ergy demand, reducing the consumption of non-renew-
able resources, and promoting the conversion of gray
and blue hydrogen into green hydrogen. With the continu-
ous development of exploration technology and analytical
techniques, molecular hydrogen has been found in vari-
ous geological scenarios, and it has successively been
discovered in onshore sedimentary basins, plate active
zones, and rift zones (Wang et al., 2024; Hassan et al.,
2024; Etiope, 2023, 2017; Han et al., 2022; Horsfield et
al.,, 2022; Jin and Wang, 2022; Cathles and Prinzhofer,
2020; Deronzier and Giouse, 2020; Klein et al., 2020,
219; McCollom et al., 2020; Zgonnik, 2020; Bougault,
2019; Etiope and Whiticar, 2019; Guélard et al., 2017;
Meng et al., 2015; Sherwood Lollar et al., 2014; Etiope et
al., 2011; Bradley and Summons, 2010; Allen and Sey-
fried, 2004; Abrajano et al., 1988; Jeffrey and Kaphlan,
1988; Coveney et al., 1987; Goebel et al., 1983; Neal and
Stanger, 1983; Welhan and Craig, 1983, 1979; Craig and
Lupton, 1976; Hawkes, 1972). Mendeleev first discovered
hydrogen molecule in a fault within a coal mine in Eastern
Europe in 1888 (Zgonnik, 2020); Kravtsov (1967) mea-
sured the H,-bearing gas in a basic volcanic complex on
the Kola Peninsula in Russia for three consecutive years,
and the H, content was in the range of 2.8%—-3.8%, which
had not changed significantly in three years between
1969 and 1971 (Hawkes, 1972). The gas measurement
for the drilling flushing fluid in the world’s deepest Kola ul-
tra-deep drilling SG-3 well with 12 263 m depth showed
abnormal levels of H, molecule in the layers deeper than
5 000 m The H, content in the rock drilled out is 4.9-32.5
m?® per cubic meter, and the H, content in the deep part is
higher than that in the shallow part (Zgonnik, 2020). The
hydrogen content in the natural gas drilled near the axis
of the continental rift in the Hengill area in the southwest-
ern Iceland was as high as 37% (Marty et al., 1991). The
flames in the Chimaera area of Turkiye, where the first
Olympic fire was collected, were almost produced by un-
derground hydrogen combustion that have been active
for 2 500 years, and still contain the hydrogen content in
the range of 7.5% —11.3% (Etiope, 2017; Etiope et al.,
2011). The daily production of H,molecule isabout1.5 x
10° m® in Well Gazbongou-1 in Mali, West Africa (Prin-
zhofer et al., 2018). Well 42 of Yudaknaya Diamond Mine
in Russia found an initial daily hydrogen production of
about 10° m® in kimberlite dikes (Zgonnik, 2020). There-
fore, hydrogen resource has huge exploration and devel-
opment potential in geological bodies.

Due to active chemical properties of hydrogen itself,
molecular H, is prone to secondary transformation during
the enrichment process after formation, making its geo-
chemical characteristics very complex. The content distri-
bution and isotope fractionation of H, in different scenari-

os vary significantly (Etiope, 2023; Milkov, 2022), making
the determination of the genetic origin and source of H,
molecule very challenging (Liu et al., 2024). It is also diffi-
cult to understand the hydrogen enrichment in geological
bodies. In order to determine the hydrogen accumulation
in various scenarios, we collected the gas composition,
carbon and hydrogen isotope and noble gas isotope data
of natural gases in H,-bearing sedimentary basins, deep
intrusive rock mass gases and hot spring gases in China,
and compared them with reported H, data around the
world. By combining the geological background of H,-
bearing gases, we demonstrate the origin and source of
molecular H,, and establish geochemical indicators to
identify different sources of molecular H, in various sce-
narios. In addition, the main geological factors controlling
the accumulation of H,-bearing natural gas in the Kansas
Basin, USA were illustrated to clarify the distribution and
enrichment of natural hydrogen in geological bodies.
These understandings not only reduce the risk of hydro-
gen exploration in geological bodies, but also provide the
support for the effective development and efficient utiliza-
tion of hydrogen in geological bodies as well as the sus-
tainable and low-cost development of hydrogen.

1 DISTRIBUTION OF MOLECULAR HYDROGEN IN
GEOLOGICAL BODIES ON LAND

Molecular hydrogen is widely distributed in various
geological scenarios on land, including oil-gas-bearing
cratonic basins, fault zones, subduction zones, and rift
zones controlled by deep faults (Figure 1). The rocks in
which molecular H, is present include sedimentary rocks
in basins, igneous rocks (e.g., basalt, ophiolite, perido-
tite) and metamorphic rocks in deep intrusions. The for-
mation and distribution of hydrogen gas are affected by
structural background, lithology and water contact, and
the hydrogen gas often coexists with CO,, N, and alkane
gases in geological bodies.

Well Gazbongou-1, located on the graben structure
of Taoudenni Meganbasin in Mali, West Africa, is an ex-
ploration well with the highest H, content discovered in
natural gas so far. The drilled well encountered the Pro-
terozoic sedimentary strata, and the Triassic diabase
bedrock is observed in interlayer, and the gas production
flow is about 1 500 m*/d. Subsequently, a total of 5 sets
of carbonate and sandstone reservoirs reaching as deep
as 1 800 m were surveyed through a large number of
drilled wells. The H, reservoir is composed of multi-lay-
ered diabase bedrock and sedimentary rock layers, and
an aquifer blocks the upward migration and leakage of
H,. The best enrichment of molecular hydrogen occurs in
carbonate reservoirs, because the molecular hydrogen
forms a “gas lift” barrier under action of water and is
sealed in the carbonate reservoir (Prinzhofer et al.,
2018). The H, content in the test gas reaches 98%, ac-
companied by trace amounts of CH, (~1%) and N,
(~1%), in which the &H-H,, 8"°C,, and &°H-C, values are
-702%o, -40.4%o, and -249%o., respectively (Briere and Jer-
zykiewicz, 2016; Prinzhofer et al., 2018). The *He/‘He ra-
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Figure 1. Distribution of typical hydrogen-bearing gases around the world.

tio is 8.2 x 10 (0.058 6 Ra) with “°Ar/**Ar ratio of 384, in-
dicating the characteristics of crust-derived gas.

Since the 1980s, the Henis and Scott wells drilled by
the Kansas Branch of the US Geological Survey and the
CFA Petroleum Company in the Kansas Basin have pro-
duced H, with a stable content at 34% in sedimentary
rock and at 90% in Precambrian basement volcanic rock,
which is mainly composed of basalt. The H, production
was about 93.2 and 370 m® per day, respectively, and the
production has continued for more than 30 years (Newell
et al., 2007). In 2008, the Well Sue Duroche 2 was drilled
into the fractured basement of Precambrian basic-ultraba-
sic volcanic rocks. During the drilling, the molecular hy-
drogen was detected in Late Precambrian feldspar sand-
stone, Devonian — Mississippian Chattanooga marine
shale, Silurian-Devonian Hunton limestone aquifer, and
Pennsylvanian sandstone (Guélard et al., 2017), and the
H, content in natural gas reached as high as 91.8%. The
formation water of the gas reservoir is fresh-salt water,
whereas the sedimentary formation water is saline water,
and the water in the basement volcanic body is fresh wa-
ter. The fresh water in the basement layer may be attrib-
uted to the uplift of the western part of the basin, which
caused the meteoric water to pass through fractures and
infiltrate into the basin basement (Guélard et al., 2017).
The chemical composition of natural gas is mainly H,,
CH, and N,, with a small amount of He and CO, (Guélard
et al., 2017; Newell et al., 2007; Coveney et al., 1987).
The H, content ranges from 0.1% to 91.8%, with an aver-
age value of 18.9%, and the &°H-H, value ranges from
-826%o0 to -717%o0, with an average value of -768%. The
CH, content ranges from 0.04% to 53.8%, with an aver-
age of 15.42%, and the 8"C, value ranges from -52.9%o
to -20.1%o0, with an average of -35.0%. Most of the car-
bon isotope value of methane are distributed at both
ends. The &H-C, value ranges from -438%o to -423%o,

with an average of -431%o., and the distribution of hydro-
gen isotope values of methane is concentrated. The nitro-
gen content ranges from 4.7% to 96.0%, with an average
of 69.19%. The He content ranges from 0.002% to
3.10%, with an average value of 1.248%, and the
*He/*He ratio ranges from 0.009 4 Ra to 0.32 Ra, with an
average value of 0.049 1 Ra, indicating that the gas is
crust-derived.

Several H,-bearing oil and gas reservoirs and hot
spring gas have been discovered along the Tancheng-
Lujiang extra-large deep fault zone and its surrounding
areas in eastern China, including Qingshen (QS) gas
field in the Songliao Basin, Huagou (HG) gas field in Ji-
yang Depression in the Bohai Bay Basin, and the Jimo
(JM) hot spring gas. The JM hot spring is located in the
Muping-JM fault zone in the southern part of the Jia-
odong Peninsula along the Tancheng-Lujiang extra-large
deep fault zone, and the hot spring gas is mainly pro-
duced from Cretaceous sandstone and basalt body
which is rich in pyroxene and olivine, and the hot spring
water is alkaline saline (Hao et al., 2020). The main com-
ponent of hot spring gas is N,, and its content ranges
from 83.81% to 89.44%, with an average value of
86.56%. The H, content ranges from 2.38% to 12.45%,
with an average of 7.20%, and the &°H-H, value ranges
from -822%o0 to -709%., with an average of -756%o.. The
CH, content ranges from 0.27% to 3.81%, with an aver-
age of 1.36%, and the 5"C, value ranges from -41.5%. to
-33.2%0, with an average value of -37.0%o. The 8°H-C, val-
ues range from -428%. to -221%., with an average value
of -279%o. The CO, content ranges from 0.05% to 1.89%,
and the He content ranges from 0.01% to 0.53%, with an
average of 0.138 6%. The °*He/‘He ratios range from 0.55
Ra to 0.65 Ra, with an average value of 0.60 Ra. The Ji-
yang Depression in the Bohai Bay Basin is affected by
the strike-slip action of the Tancheng-Lujiang extra-large
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deep fault, with frequent tectonic activities and creating a
series of deep faults and recessive fault zones, and there
are extensive Tertiary diabase intrusions. The formation
water is fresh-brackish water. The natural gas layers in
the HG gas field in Jiyang Depression of Bohai Bay Ba-
sin are clastic and volcanic rocks, and natural gas com-
ponents are mainly CH,, CO, and N, (Meng et al., 2015).
Although H, content is low (< 0.01%), it is widely distribut-
ed. The overall distribution of 8°H-H, ranges from -759%o
to -635%o, with an average of -690%.. The methane con-
tent ranges from 1.31% to 97.69%, with an average of
75.42%. The &'°C, values range from -54.8%o to -43.4%o,
with an average of -50.4%., which is a typical thermal
cracking gas formed by thermal decomposition of organic
matter. The &°H-C, values range from -277%o to -144%o,
with an average of -245%0, and the CO, content ranges
from 0.16% to 88.60%, with an average value of 18.68%.
The He content ranges from 0.002 3% to 0.145 0%, with
an average value of 0.040 6%, and the °He/*He ratio
ranges from 0.036 5 Ra to 3.262 0 Ra, indicating a mix-
ing of crust and mantle endmembers. The Songliao Ba-
sin is located on the outward accretionary fold belts be-
tween Siberia Plate and Tarim-China-Korea Plate, on the
northern edge of the Tancheng-Lujiang extra-large deep
fault zone. Structurally, it belongs to the Mesozoic half-
graben continental rift basin, with basement, depression
layer, and fault layer from bottom upward, showing a
style of fault-depression double structure (Hu et al.,
1998). The basement of the basin is composed of pre-Pa-
leozoic and Paleozoic metamorphic and volcanic rocks,
produced during the Hercynian orogeny (Feng, 2008). In
the basin, there is a large positively buried structural belt
formed by central uplift and fault-depression belts on the
east and west edges. The fault depressions of Xujia-
weizi, Gulong, Meilisi and Yingtai are developed in the
western fault-depression belt. Gas fields, such as Wangji-
atun, Songfangtun, Changde and Nong’ancun, have
been discovered in the Xujiaweizi fault depression and its
surrounding areas. CH, is reatively enriched in "™C
(8"C, > -30%0) and the alkane gases have the character-
istics of negative carbon isotope sequence (i.e., 8°C, >
5"C, > 8"°C,) with high *He/*He ratios (> Ra) of accompa-
nied helium gas, which is a feature of gas of abiogenic or-
igin (Liu et al., 2016; Jin et al., 2009; Dai et al., 2005a).
The QS gas field is located in the middle of the Xujia-
weizi fault depression, with proven geological natural gas
reserves of 252.271 x 10° m® at the end of 2018. The pro-
duction layers are mainly volcanic and sandstone rocks
of the Cretaceous Yingcheng Formation, and the forma-
tion water is mainly fresh water. The main component of
natural gas in the QS gas field is methane, with trace
amount of H,. CH, content ranges from 92% to 95%, and
8"°C, value ranges from -29.7%o to -17.4%, with an aver-
age of -26.1%.. The &°H-C, value ranges from -204%. to
-197%o, with an average of -202%.. The H, content rang-
es from 0.05% t01.94%, and &H-H, value ranges from
-792%0 to -708%, with an average value of -762%.. The
N, content is between 0.33% and 5.03% and the CO,

content in the gas reservoir varies greatly. In the central
part of the gas reservoir, it is dominated by alkane gas,
with the CO, content less than 2%, whereas the CO, con-
tent at the western part of gas field is higher than 80%
(i.e., wells FS9 and FS701) (Liu et al., 2016). 8"°C,,, val-
ues range from -16.5%o to -5.9%., with an average value
of -10.8%.. He contents ranges from 0.007 6% to
0.034%, with an average value of 0.02%, and the
*He/*He ratio ranges from 1.04 Ra to 5.84 Ra, with an av-
erage value of 2.28 Ra, showing the characteristics of
mantle-derived gas.

The Qaidam Basin is located inside the Qinghai-
Tibet Plateau. As a product of mutual extrusion of Eur-
asian Plate and Indian Ocean Plate, the Qinghai-Tibet
Plateau develops several deep and large faults, however,
these faults are undeveloped in the Sanhu area in the
east of the Qaidam Basin, with weak volcanic activity
(Pang et al., 2005). The Quaternary source rocks deposit-
ed in this area are enriched in organic matter available
for microorganisms, and the formation water is either
weakly acidic or freshwater deposits (Tuo and Philp,
2003). Abnormally high H, content was detected in the
tank top gas collected from Well Xinse 3-4 (XS3-4) in the
Sebei (SB) No. 1 gas field of Sanhu area and Well Senan
2 (SN2) in the Senan structural belt in the eastern Qaid-
am Basin (Shuai et al.,, 2010). The H, content ranges
from 47.7% to 95.4%, with an average value of 74.5%,
and the &°H-H, value ranges from -831%o to -720%o, with
an average value of -772%.. The CH, content ranges
from 3.60% to 51.30%, with an average of 24.46%, and
5"C, value ranges from -68.0%o to -64.0%o, with an aver-
age value of -66.0%.. The 8"C, value is less than -55%s,
suggesting a typical bacterial gas. The &°H-C, value rang-
es from -237%o to -201%., with an average of -223%..
*He/*He ratio in the gas layers ranges from 3.47 x 10® to
4.97 x 10® with the “Ar/**Ar ratio from 318 to 381.6 (Pang
et al.,, 2005), and the &"C,,, value of associated CO,
ranges from -17%o to -3.2%o (Shuai et al., 2010), indicat-
ing the characteristics of typical crustal source.

The Ordos Basin is located on the western edge of
the North China Craton, with a mean thickness of sedi-
mentary rocks of 5 000 m. Among them, the source rock
series in Carboniferous—Permian Shanxi Formation, Tai-
yuan Formation and Benxi Formation were developed
(Hanson et al., 2007; Xiao et al., 2005). They are mainly
composed of coal seams, dark mudstone, and biological
limestone. The sedimentary water is freshwater-brackish
water(Liu et al., 2015, 2008). The uranium (U) content in
basement and source rocks is generally high, ranging
from 8.42 ppm to 1 897 ppm. Natural gas components in
the Daniudi (DND) gas field of the Ordos Basin are domi-
nated by CH,, which has a content ranging from 87.91%
to 94.36% with an average of 90.18%; &"C, value ranges
from -37.9%o to -33.3%o, with an average of -36.2%o; &°H-
C, value ranges from -204%o to -179%o, with an average
value of -192.9%.. CO, content ranges from 0.41% to
2.11%; H, content ranges from 0.02% to 0.24%, with an
average value of 0.06%; &°H-H, value ranges from
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-758%0 to -607%o, with an average value of -673%.. The
hydrogen isotopic compositions of H, and CH, in this ar-
ea have a significant positive correlation (Liu et al.,
2015), implying that there could be a certain relationship
between H, and CH,. The He content ranges from 0.028
7% to 0.127 3%, with an average of 0.044 9%, and the
*He/*He ratio ranges from 0.006 5 Ra to 0.460 Ra, with
an average value of 0.023 9 Ra (Liu et al., 2022), show-
ing a typical crustal origin.

The structure of Kidd Creek Shield in Canada is sta-
ble, and the Precambrian granite crystalline basement
was intruded by basic-ultrabasic igneous rocks (Macgee-
han and Hodgson, 1980). Serpentinized and altered ultra-
mafic rocks are widely found in this area, and the forma-
tion water is brackish (Sherwood Lollar et al., 1993). The
CH,-rich natural gas reservoir occurs mostly associated
with H, and He (Warr et al., 2019). The H, content ranges
from 0.01% to 26.0%, with an average of 2.58%. The
&°H-H, value at the CCS4000 station is -637%. (Sher-
wood Lollar et al.,, 1993). The methane content ranges
from 0.21% to 82.30%, with an average of 51.03%, and
the 8"°C, value ranges from -47.3%o to -25%., with an av-
erage value of -36%.. 5°H-C, value ranges from -419%o to
-184%o, with an average value of -317%o., and the distribu-
tion of carbon and hydrogen isotope values of CH, is rela-
tively wide, indicating that the process of methane iso-
tope fractionation would be complex. The He content
ranges from 1.98% to 11.6%, and the *He/*He ratio in this
area ranges from 0.014 Ra to 0.018 Ra. The *He/*He ra-
tios are less than 0.02 Ra, demonstrating the typical char-
acteristic of crust-derived gases. Although *He/*He ratios
are < 0.02 Ra, He content is > 1.0%, indicating that He is
sourced from the radioactive decay of uranium (U) and
thorium (Th) elements in minerals and rocks (Ozima and
Podosek, 2004; Sherwood Lollar et al., 1993). The N,
content varies greatly, ranging from 3.48% to 87.00%,
with an average of 36.60%, and the CO, content ranges
from 0.02% to 2.52%, with an average of 0.47%.

The Oman rock mass is located near the subduction
zone of the Indian Ocean Plate. The rock mass is mainly
composed of Cretaceous peridotite complexes which in-
truded into the ancient oceanic crust of sedimentary
rocks such as carbonates. The gas in the Oman rock
mass is mainly produced in the alkaline saline groundwa-
ter, and both H, and N, are the main components of the
gas (Vacquand et al., 2018; Neal and Stanger, 1983).
The H, content ranges from 1.0% to 99.0%, with an aver-
age of 59.9%. The &°H-H, value ranges from -745%. to
-697%o, with an average of -713%., and most of the val-
ues are distributed around -700%.. CH, content is gener-
ally low, ranging from 0.10% to 15.90%, with an average
of 4.80%. 5"°C, value ranges from -12.8%o to 7.9%o, with
an average of -3.9%o, and 8"C, values > -20%. implies
the CH, has abiogenic characteristics; 5°H-C, value rang-
es from -428%0 to -234%., with an average value of
-331%o. Although the range of 8"°C, values in Oman peri-
dotite complexes gas is relatively concentrated and high-
er than -20%., the &°H-C, value has a large variation.

Even though the gas is produced in the saline layer, the
&°H-C, value is still less than -180%.. The CO, content is
very low, basically less than 0.05%, while the N, content
varies greatly, ranging from 1.0% to 78.0%, with an aver-
age of 33.6%. The He content is generally less than
0.1%, and the *He/*He ratios range from 0.17 Ra to 1.25
Ra with an average value of 0.70 Ra, showing the mixing
of crust and mantle sources.

The Chimaera ophiolites in Turkiye is located on the
collision zone between African Plate and Eurasian Plate.
To the north of the rock mass is the Cretaceous ophiolite,
and to the south is the Triassic clastic rock. Natural gas
components are mainly CH, and H,, and the H, content
ranges from 7.5% to 11.3%, with an average of 9.8%,
whereas &°H-H, value ranges from -748%o to -720%o, with
an average of -735%.. The methane content ranges from
65.2% to 93.2%, with an average of 84.9%. The &"°C, val-
ue ranges from -12.6%o to -7.9%o, with an average value
of -11.5%0, whereas the 5"°C, value is > -20%., showing
characteristics of abiogenic CH,. 8°H-C, value ranges
from -129%o to -97%o, with an average value of -123%.. Al-
though the &"C, value is higher than -20%., showing the
characteristics of abiogenic CH,, the 8°H-C, value is less
than -160%o., which is different from the hydrogen isotope
composition of CH, in the Oman ophilite complexes. The
CO, content ranges from 0.01% to 0.18%, with an aver-
age of 0.07%, and 5"C,,, value ranges from -20.4%o to
-15.1%0, with an average of -18.1%.. The He content in
this area is very low, ranging from 0.000 079% to 0.02%,
with an average value of 0.005%, and the *He/*He ratio
ranges from 0.31 Ra to 4.35 Ra, with an average value of
1.64 Ra, showing the characteristics of crust-mantle mix-
ing. It was considered that CH, in this area was mainly
synthesized by the Fischer-Tropsch reaction between H,
and CO, dissolved in water, and the continuous supply of
molecular H, cannot be completely consumed by Fischer-
Tropsch synthesized hydrogen, therefore, the H,-en-
riched natural gas was formed (Vacquand et al., 2018;
Etiope et al., 2007; Hosgdrmez, 2007; Hosgbérmez et al.,
2005). The higher *He/*He ratio indicates that there is a
contribution from the deep mantle in this area, and the
5"°C, value which is higher than -20%. suggesting that the
contribution of methane from thermal cracking of organic
matter in Triassic sedimentary rocks would be limited.

The Zambales ophiolotes in Philippines is an ophiol-
ite body located in the subduction zone of Philippine Sea
Plate and Pacific Plate. There are two sets of ophiolite
bodies, namely the Jurassic — Cretaceous ophiolite and
the Eocene peridotite. There are several hot spring gas
and gas seeps above the Zambales rock mass in the
Philippines (Abrajano et al., 1988). The development of
multiple sets of fault systems in the rock mass provide
channels for material exchange and chemical reactions
between surface layer and deep plate. The hot spring wa-
ter is alkaline and the ground temperature is about 110—
150 °C (Vacquand et al., 2018). The gas components in
this area are mainly H, and CH,, of which H, content
ranges from 35.1% to 58.5%, with an average of 44.6%,
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and the &°H-H, value ranges from -756%o to -581%o, with
an average of -650%0. The methane content ranges from
16.7% to 55.3%, with an average of 43.5%. The &"C, val-
ue ranges from -7.5%. to -5.6%., with an average of
-6.6%o, and it is higher than -20%o., which is a typical fea-
ture of abiogenic CH,. The &°H-C, value is distributed be-
tween -175%0 and -118%., with an average value of
-145%o. In the statistics of CH,-H,-rich sites, it is found
that there is a significantly negative correlation between
methane and hydrogen contents, indicating that both of
them have a direct relationship, see discussion in text be-
low. The CO, content is basically less than 0.1%. The He
content is less than 0.1%, and the *He/*He ratios range
from 0.49 Ra to 4.35 Ra, with an average value of 3.22
Ra, showing the characteristics of crust-mantle mixing.
The New Caledonia ophiolites in the east of Austra-
lia is located near the collision zone between Australia-In-
dia Plate and Pacific Plate, where a large number of Eo-
cene ophiolites (mainly peridotite) with a large number of
deep faults are exposed (Deville and Prinzhofer, 2016).
The ultra-alkaline hot spring gas in the rock mass con-
tains a large amount of H,, CH,, N,, and He (Deville and
Prinzhofer, 2016; Woolnough, 1934). The H, content
ranges from 0.01% to 36.07%, with an average of
26.34%. Among them, the H, content in Baie du Care-
nage and Source des Kaoris is highly concentrated, rang-
ing from 26.81% to 36.07%, with an average of 31.59%.
The CH, content in the New Caledonia pohiolite gas rang-
es from 2.65% to 15.74%, with an average of 9.16%, and
the 8"C, value ranges from -39.2%o to -12.1%o, with an
average of -30.36%.. The CO,content is very low and
generally less than 0.1%. The He content ranges from
0.01% to 0.1%, with an average value of 0.03%, and
*He/*He ratio ranges from 0.06 Ra to 1.76 Ra, with an av-
erage value of 0.944 Ra, showing the characteristics of
crust-mantle mixing. The N, content is very high, ranging
from 50.3% to 97.3%, with an average of 73.0%. The N,
was sourced mainly from mantle degassing and perido-
tite metamorphism by means of gas components, noble
gas isotopes and N isotopes in the rock mass gas, and a
small part of N, was dissolved by shallow atmospheric
precipitation (Vacquand et al., 2018; Sano et al., 1993).
The Tongchong (TC) hot spring gas is located at the
junction of Eurasian Plate and Indian Plate. Since the Ce-
nozoic, the Indian Plate has continued to squeeze north-
eastward and caused frequent tectonic activities. Most of
the gas in TC hot springs is produced from the basic-ul-
trabasic volcanic rocks, and the water body is acidic. The
hot spring gas component is mainly CO,, and its content
ranges from 57.49% to 96.64%, with an average of
90.24%. The 8" C,,, value ranges from -5.8%o to -1.9%,
with an average of -4.0%o, showing that it is of abiogenic
origin. Other gases in the hot spring include N,, and a
small amount of H,, CH,, and He (Dai, 1989). The H,con-
tent ranges from 0.015% to 5.15%, with an average of
0.78%, and the ®°H-H, value ranges from -804%. to
-583%o., with an average of -711%.. CH, content ranges
from 0.001% to 0.820%, with an average of 0.152%. The

8"°C, value ranges from -32.6%o to -16.4%o, with an aver-
age value of -22.4%o, whereas the &°H-C, value is distrib-
uted from -267%0 to -130%., with an average value of
-191%o.. The He content ranges from 0.01% to 5.2%, with
an average value of 1.635%, and the *He/*He ratio rang-
es from 1.094 Ra to 5.280 Ra, with an average value of
3.196 Ra (Shangguan and Hou, 2002), showing the char-
acteristics of mantle-derived gas.

Based on the gas composition and stable isotope da-
ta in various geological settings, a general summary is
that the H, content in the hot spring gas system is mainly
affected by deep faults, and it is also significantly affect-
ed by the volcanic bedrock or surrounding rock. The H,
content is generally high in ophiolites and peridotites,
while the H, content is relatively low in oil and gas reser-
voirs in sedimentary basins, however, it is abnormally
high under the action of microorganisms in sedimentary
basins. Therefore, the key way to clarify the source of
molecular H,is to identify the source of H,-bearing gas in
geological bodies. In this study, the authors intend to illus-
trate the geochemical characteristics of molecular H, and
asociated gases and use them to reveal the source and
formation mechanisms of molecular H, in various geologi-
cal scenarios.

2 SOURCES OF MOLECULAR HYDROGEN IN GEO-
LOGICAL SCENARIOS
2.1 Geochemistry of Molecular Hydrogen and Its As-
sociated Gas in Geological Scenarios

As an important component in natural gas, molecu-
lar hydrogen is often associated with gases such as
methane and helium. The origin and sources of molecu-
lar hydrogen can be inferred by the geochemical charac-
teristics of its associated gases (Figures 2, 3).

2.1.1 Relationship between H, content and R/Ra
During volcanic activity, a large amount of deep gas
can be released. The gas is mainly composed of CO,, H,,
and CH,, and it also contains a trace amount of noble
gases including He, Ne and Ar (Welte et al., 1988). Due
to chemical inertness of noble gases, their abundances
and isotope ratios during geological processes are hardly
affected by complex chemical and biological reactions,
but mainly depend on physical processes, such as diffu-
sion, dissolution, adsorption, and nuclear reactions (Prin-
zhofer and Battani, 2003; Ballentine and Burnard, 2002).
Noble gases do not accumulate in a free state, and they
mix with other natural gases and display the contents
generally not higher than 1% (Xu et al., 1998). Mantle-de-
rived helium in natural gas is mainly controlled by deep
fault zones, volcanic activities, and magmatic activities,
and the migration of mantle-derived volatiles is through
channels directly connected to the mantle (Ding et al.,
2005; Xu 'Y C et al., 19973, b; Xu S et al., 19953, b). *He
is of primitive origin, which is mainly related to the deep
mantle (Caffee et al., 1999; Craig and Lupton, 1976),
whereas ‘He is mainly produced by a-decay of radioac-
tive elements such as U and Th in rocks and minerals,
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and its source rocks are mainly granite, volcanic rock,
and mudstone, etc. The *He/*He (R) ratio in the gas can
indicate the origin and source of helium. The He content
in the air is extremely low, generally less than 5 ppm, and
the atmospheric *He/*He (Ra) value is 1.4 x 10° (Ma-
myrin and Tolstikhin, 1984; Mamyrin et al., 1970). The He
content in crust-derived natural gas varies widely, and

the typical crust-derived *He/*He value (R) is 2 x 10% the
He content in mantle-derived gas also varies greatly, and
the typical mantle-derived *He/*He (R) is 1.1 x 10° (Bal-
lentine et al., 2001; Xu et al., 1995a; Allegre et al., 1987;
Poreda et al., 1986; Lupton, 1983). Although the R/Ra
value is 8.0 for typical mantle-derived helium, and that of
typical crust-derived helium is 0.02, the crust-derived
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thermogenic natural gas collected from Ordos Basin and
Sichuan Basin as a cratonic basin (Liu et al., 2022, 2015;
Peng et al., 2022; Ni et al., 2014; Xu et al., 1995a) as
well as the gas from the Scott ophiolite in Kansas (Vac-
quand, 2011; Guélard et al., 2017), has a CH,/*He ratio of
10°-10" and the CO,/’He ratio of 10°~10", with the R/Ra
value lower than 0.32. The typical mantle-derived gas re-
ported in the world has a CH,/°He ratio of 10°- 107, a
CO,/*He ratio of 10°-10", and a R/Ra ratio > 4.0, while
the gas from the hot spring and hydrothermal system in
the mid-ocean ridge of East Pacific has the R/Ra ratio >
1.0 (Wang et al., 2022; Chavrit et al., 2016; Graham,
2002; Poreda and Craig, 1989; Jenden et al., 1988;
Craig et al., 1978). Here, R/Ra > 4.0 can be assumed to
be of typical mantle origin, whereas R/Ra < 0.32 is of typi-
cal crust origin.

Previous studies show that gases from the Daniudi
(DND) gas field in the Ordos Basin, the Canadian Shield
volcanic-metamorphic rock basement, and the basic-ul-
trabasic volcanic rock basement in the Kansas Basin of
the United States have R/Ra ratios < 0.32, indicating that
they are typical crustal gas (Figures 2, 3a). Therefore,
the associated molecular H, in these fields is presumed
to be of crustal origin. The gas in the Zambales ophiolites
in Philippines has R/Ra ratio > 4.0, characterizing as a
typical mantle-derived gas, and this suggests that the mo-
lecular H, in this area is of mantle origin. Some gas sam-
ples from the Tengchong (TC) hot spring have R/Ra ra-
tios > 4.0, and other samples have R/Ra ratios of 0.32—
4.0, suggesting two sources of molecular H, from both
mantle and crust in these gases. The R/Ra ratios in sam-
ples from the Qingshen (QS) gas field in Songliao Basin,
the Huagou (HG) gas field in Jiyang Depression of Bohai
Bay Basin, the Oman peridotite complexes, the New
Caledonia ophiolites, and the Chinese Jimo (JM) hot
spring range from 0.32 to 4.0, indicating that He in these
samples is a mixture of crust-derived and mantle-derived
gases. Therefore, molecular H, in these areas is consid-
ered as a mixture of crust-derived and mantle-derived H,.

Deep faults or channels for the input of mantle-de-
rived volatiles have been developed in Zambales ophiol-
ites in Philippines, New Caledonia ophiolites in Australia,
QS gas field in the Songliao Basin, HG gas field in Ji-
yang Depression of Bohai Bay Basin, Chimaera ophiol-
ites in Tuarkiye, Oman peridotite complexes, TC hot
spring, and JM hot spring. In contrast, deep faults were
undeveloped in American Kansas Basin, Chinese Ordos
Basin, and Canadian Shield, and both He and H, from
these regions are typical crustal-derived gases rather
than mantle-derived ones in these regions.

2.1.2 Relationship between H, content and §“C, value

Methane in geological bodies is generally classified
into biogenic and abiogenic methane in terms of its origin.
Abiogenic methane is also termed as inorganic methane
referring to CH, formed by non-organic matter, including
CH, from deep mantle in the earth, and synthesized via
Fischer-Tropsch reaction in special geological setting.

Abiogenic CH, has relatively heavy carbon isotope com-
positions, generally with 8C, values higher than -20%o
(Abrajano et al., 1988; Welhan, 1988; Javoy et al., 1986;
Welhan and Craig, 1983, 1979). Biogenic methane refers
to CH, formed from organic matter by microorganisms or
via thermally physicochemical reactions. The &"°C, values
of biogenic gas are usually less than -55%. (Xu et al.,
2006; Whiticar, 1999; Whiticar et al., 1986; Coleman et
al., 1981; Schoell, 1980). The content of heavy hydrocar-
bons (C,,) in biogenic gas is very low. Thermogenic CH,
is formed by thermal cracking of organic matters (includ-
ing hydrocarbon cracking) under thermally physicochemi-
cal reaction, and the 8"C, value of thermogenic gas rang-
es from -55%o. to -30%o, with varying contents of heavy hy-
drocarbons (C,,) (Liu et al., 2019, 2008; Dai et al., 2005b;
Schoell, 1988, 1980). As shown in Figure 3b, the 5"C,
value in the Sebei (SB) No. 1 gas field in the Qaidam Ba-
sin was obviously less than -55%,, indicating that the gas
was a typical biogenic gas (Whiticar, 1999; Whiticar et al.,
1986), and the molecular H, in natural gas could also be
formed under the action of microorganisms. The gas in
Zambales ophiolites in Philippines, Oman peridotite com-
plexes, and Chimaera ophiolites in Tirkiye has §"°C, val-
ues higher than -20%., suggesting that the gas could be
typically abiogenic. Therefore, its associated molecular H,
could be abiogenic in origin. The 8"C, values of natural
gas from the basic-ultrabasic volcanic basement of Kan-
sas Basin in USA, the New Caledonia ophiolite in Austra-
lia, the TC hot spring, and part of the QS gas field in the
Songliao Basin range from -30%o to -20%o, indicating that
these gases are likely the mixture of thermogenic and
abiogenic CH,. This suggests that the molecular H, in
these regions could also belong to the mixture of biogenic
and abiogenic hydrogen.

The 8"C, values in the HG volcanic/sandstone gas
field of Jiyang Depression of Bohai Bay Basin, the DND
sandstone gas field in the Ordos Basin, the basic-ultraba-
sic volcanic rocks in the Taoudenni Megan Basin in Mali,
the volcanic-metamorphic rock basement of the Canadi-
an Shield, and the JM hot spring range from -55 %o to
-30%o. As Dai et al. (2005b) considered that methane in
natural gas with 3"°C, values less than -30%. was derived
from thermal cracking of organic matters, CH, gases in
these regions were formed by thermal cracking of organ-
ic matter. Therefore, molecular H, in these regions could
also be related to organic thermal cracking. Although CH,
formed by thermal cracking of organic matter is relatively
more enriched in C than bacterial gas, it does not mean
that all of CH, with relatively enriched “C would be
formed by thermal cracking of organic matter. The &"C,
value in the gas produced from volcanic-metamorphic
rock basement of Canadian Shield was less than -30%.,
however, Sherwood Lollar et al. (2002) believed that the
alkane gas in this area was abiogenic according to the
carbon and hydrogen isotope compositions. That means
the molecular H, in the volcanic-metamorphic rock base-
ment gas of Canadian Shield may also be abiogenic.
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2.1.3 Relationship between R/Ra ratio and &°H-C,
value

Since the hydrogen isotope of CH, has inheritance
effect of precursor depositional environment, the hydro-
gen isotope composition of CH, can effectively identify
the depositional environment of natural gas precursors
(Liu et al., 2019, 2008; Wang et al., 2015; Dai et al.,
2012; Mastalerz and Schimmelmann, 2002; Yeh and Ep-
stein, 1981; Schoell, 1980). The gas precursors in the
freshwater environment are relatively more enriched in
'H, whereas those in the saline environment are relative-
ly more enriched in *H. Therefore, natural gas sourced
from the precursors under freshwater depositional envi-
ronment has the 8°H-C, values less than -180%., where-
as the &°H-C, values for natural gas from precursors un-
der marine or saltwater deposition environment are high-
er than -160%., and natural gas from the transitional fa-
cies precursors has the &°H-C, values ranging from
-180%0 to -160%o (Liu et al., 2008; Shen et al., 1988;
Schoell, 1980). In addition to depositional environment of
gas precursor, the hydrogen isotope composition of CH,
similar to its carbon isotope composition, is affected by
thermal maturity of organic matter, and methane be-
comes isotopically more enriched in ?H with the increase
of thermal maturity (Liu et al., 2019, 2008; Wang et al.,
2015; Ni et al., 2012, 2011).

The highest hydrogen isotope value of methane was
reported to be from a CO, well in the Salton Lake area
(shallow thermal wells in the Salton Sea region, Califor-
nia), USA, with &°H-C, value of -16%. (Welhan, 1988),
and the lowest hydrogen isotope value of methane in
samples collected from N256-1985 of Norita (Canadian
Shield), Quebec, Canada, is -470%o (Schoell, 1988). The
main factors affecting methane hydrogen isotope are the
participation of external hydrogen source in gas forma-
tion and the hydrogen isotope exchange between organ-
ic matter and water. Water plays an important role in the
formation of hydrocarbons and participates in the chemi-
cal reactions (Reeves et al.,, 2012; Horita et al., 2002;
Schimmelmann et al., 2001). H in water becomes part of
biogenic hydrogen, and undergoes reversible isotope ex-
change reactions with H in kerogen. Hydrogen is mainly
connected to heteroatoms, such as hydrogen in N-H, S-
H, O-H, etc. However, after the generation of alkane gas,
hydrogen isotope will not or rarely undergo isotope ex-
change with hydrogen atoms in other substances such
as water (Schimmelmann et al., 1999).

From the correlation between *He/*He ratios and &°H-
C, values (Figure 2), it can be seen that the mantle-de-
rived gas with *He/*He ratios > 4.0 Ra in Zambales ophio-
lites in Philippines, TC hot spring and QS gas field in the
Songliao Basin has &°H-C, value between -216%. and
-118%o, indicating that &°H-C, values of mantle-derived
CH, would be different from 5°H-C, values of CH, thermal-
ly formed by organic matter in the freshwater or saline
sedimentary environment in the sedimentary basins. The
hydrogen isotope values of mantle-derived CH, can be
higher than those of CH, formed by organic matter in a

saltwater depositional environment (-160%.), or lower
than those of CH, formed by organic matter in a freshwa-
ter depositional environment (-180%o) (Liu et al., 2014,
2008; Dai et al., 2012; Shen et al., 1988).

The &°H-C,values for crustal gas with *He/*He ra-
tios < 0.32 Ra in DND sandstone gas field of Ordos Ba-
sin, HG volcanic sandstone gas field in Jiyang Depres-
sion of Bohai Bay Basin, ophiolites in the American Kan-
sas Basin, and volcanic-metamorphic rock basement in
Canadian Shield, are less than -180%o, indicating that the
gas precursors were in a freshwater depositional environ-
ment, which is consistent with the depositional environ-
ment of source rocks in DND gas field of Ordos Basin
and HG gas field in the Jiyang Depression of the Bohai
Bay Basin (Liu et al., 2022; Meng et al., 2015). The &°H-
C, values of some gas samples in the HG gas field in the
Jiyang Depression of the Bohai Bay Basin are higher
than -160%o, which is mainly associated with the saline
water environment by transgression when the source
rock was formed. 8°H-C, values for gas produced from
the ophiolites in American Kansas Basin, and saline wa-
ter in the volcanic-metamorphic basement in Canadian
Shield, are less than -180%o, which indicates that the &*H-
C, values produced by deep intrusive rock mass could be
less than -180%o in stable cratonic regions.

In the region where *He/*He ratios are from 0.32 Ra
to 4.0 Ra, the hydrogen isotope values of CH, in the Zam-
bales ophiolites in Philippines and the Chimaera ophiol-
ites in TUrkiye are generally higher than -180%. and even
higher than -160%0, whereas the hydrogen isotope val-
ues of CH, in the volcanic reservoir of QS gas field in
Songliao Basin, the HG volcanic and sandstone gas field
in Jiyang Depression of Bohai Bay Basin, Oman perido-
tite complexes, and JM hot spring gas are less than
-180%o. For sedimentary basins where the hydrogen iso-
topic composition of CH, is mainly controlled by the salini-
ty of methane precursors, CH, formed from organic mat-
ter in a saline environment has a &H-C, value higher
than -160%., while the &°H-C, value of methane formed
from organic matter in a freshwater environment is less
than -180%o (Liu et al., 2019, 2008; Shen et al., 1988).
For deep intrusive rock bodies such as ophiolite, perido-
tite and volcanic rock, and hot spring gas where the 5°H-
C, value is more complex, and some of them has &H-C,
values higher than -160%., suggesting the saltwater envi-
ronment, and there are also &°H-C, values less than
-180%o, indicating the freshwater sedimentary environ-
ment. Meanwhile, the hydrogen isotope composition of
CH, within various geological scenarios tends to become
lighter with the increase of *He/*He ratios. For example,
the correlation between *He/*He ratios and &°H-C, values
in the DND sandstone gas field of Ordos Basin and
Oman peridotite complexes are negative. If it is assumed
that *He/*He ratios would roughly reflect the stability of a
regional structure (Xu et al., 1995a), the regional thermal
energy increases with the °*He/*He ratios. The negative
correlation between °*He/*He ratios and &°H-C, values
suggests that methane would not isotopically more en-
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riched in ?H rather than 'H with increase of regional ther-
mal energy in the DND sandstone gas field of Ordos Ba-
sin and Oman peridotite complexes. This variation trend
is completely different from the CH, which becomes isoto-
pically more enriched of ’H with the increase of thermal
evolution in sedimentary basins (Wang et al., 2015; Liu et
al., 2008).

2.1.4 Relationship between H, content and CH, con-
tent

Molecular H, is one of the main associated gases of
alkane gases such as CH,, and the correlation between
contents of CH, and H, reflects the intrinsic genetic rela-
tionship between the two gases. For the molecular H,
produced by the thermal pyrolysis of organic matter, the
change of H, content usually has a certain correspon-
dence with the hydrocarbon gaseous components, and
the peak of CH, generation often corresponds to the
peak generation of H,. For the molecular H, generated
from water-rock reaction (such as serpentinization) or de-
composition of H,O by radioactive decay, it occurs that
molecular H, would be consumed to generate abiogenic
CH, when it chemically reacts with carbon-oxygen-con-
taining chemical groups under certain conditions, result-
ing in the decrease of H, content and increase of CH,
content. There is a negative correlation between H, and
CH, contents (McCollom et al., 2020; Etiope, 2017; Mc-
Collom and Seewald, 2001; Coveney et al., 1987; Thay-
er, 1966). As shown in Figure 3c, the slightly positive cor-
relation between CH, and H, contents is observed in the
QS gas field of Songliao Basin, the DND gas field of Or-
dos Basin, and the HG gas field in Jiyang Depression of
Bohai Bay Basin. Since these gas reservoirs in sedimen-
tary basins are predominantly alkane gases, such as CH,
formed by thermal cracking of organic matter, and the
content of molecular H, is very low. The molecular H, in
these gas reservoirs could be a production of thermal
cracking of organic matter, however, the existence of
abiogenic molecular H, cannot be ruled out in these ar-
eas. For example, the gas with *He/*He ratios > 1.0 Ra in
the QS gas field of Songliao Basin contains a certain
amount of abiogenic molecular CH, (Liu et al., 2016), indi-
cating a possible contribution of abiogenic molecular H,.

In the SB No. 1 gas field in Qaidam Basin, there is a
good negative correlation between CH, and H, (Figure
3c). According to carbon isotope values of methane men-
tioned above, the methane in the SB No. 1 gas field in
the Qaidam Basin is bacterial gas formed under the ac-
tion of microorganisms. Therefore, molecular H, in this
basin could also be generated by the activity of microor-
ganisms. The good negative correlation between CH,
and H, contents may be related to the degradation of or-
ganic matter under the action of microorganisms to pro-
duce molecular hydrogen, and then the molecular hydro-
gen is converted into CH, afterwards. Shuai et al. (2010)
considered that microorganisms produced molecular H,
by degrading organic matter, thus providing a material for
the formation of bacterial CH,. Although there is no obvi-

ous correlation between CH, and H, in gas produced by
deep intrusive rock mass and hot spring gas, overall
there is a trend of decreasing H, content with the in-
crease of CH, content. For example, there is a good neg-
ative correlation between CH, and H, contents in the
Zambales ophiolites in Philippines. According to *He/*He
ratios (> 4.0 Ra) and CH, carbon isotopic values (>
-20%0), CH, in the Zambales ophiolites in Philippines is a
typical deep mantle-derived abiogenic CH,. Therefore,
there may also be a process of conversion of abiogenic
H, to abiogenic CH, in the deep mantle. In the gas and
hot spring gas produced by intrusive rock bodies with
°*He/*He ratios ranging from 0.32 Ra to 4.0 Ra, such as
the gas produced from Oman peridotite complexes, Chi-
maera ophiolites in Tlrkiye as well as hot spring gas of
TC and JM, the H, content showed a decreasing trend
with an increase of CH, content. The 8"C, value in the
Oman peridotite complexes and the Chimaera ophiolites
in Turkiye is higher than -20%., suggesting typical abio-
genic CH,, and its associated molecular H, is also of abio-
genic origin. However, the gas in these areas has the
*He/*He ratios < 4.0 Ra, indicating that the abiogenic CH,
and H, in these areas are not completely from deep man-
tle source, and there may exist abiogenic molecular H,
formed by serpentinization and abiogenic CH, formed by
Fischer-Tropsch synthesis.

In the gas with *He/*He ratios < 0.32 Ra produced
from the igneous rock basement of Kansas Basin and
New Caledonia ophiolites, the 8"°C, value ranges from
-30%o to -20%o, indicating that it would be a mixture of bio-
genic and abiogenic CH,. The negative correlation be-
tween CH, and H, in the igneous rock basement of Kan-
sas Basin and New Caledonia ophiolites indicates that
there is also a mixture of biogenic and abiogenic molecu-
lar hydrogen, and even part of molecular H, has been
converted to CH,.

21.5 Two-endmemer mixing between crust and
mantle and H, conversion to CH,

As mentioned above, there are not only biogenic hy-
drogen produced by thermal cracking of organic matter
and microbial action in geological bodies, but also abio-
genic H, produced by deep mantle source, radioactivity,
and water-rock reaction (such as serpentinization). Bio-
genic molecular H, usually coexists with methane and
other alkane gases sourced from organic matter. Mantle-
derived abiogenic molecular H, is generally released
through deep faults. Radioactive abiogenic molecular hy-
drogen is a product of water decomposition by a, 3, y par-
ticle radiation. Abiogenic molecular H, produced in water-
rock reaction, such as serpentinization, refers to reaction
between mafic and ultramafic rocks containing olivine
and pyroxene and water to form serpentine and release
molecular H, (Coveney et al., 1987; Barnes and O’ Neil,
1969; Thayer, 1966). The serpentinization is generally ex-
pressed as follows.

3Fe,SiO,(fayalite) + 2H,0 = 2Fe,O,(magnetite) +
3Si0,(aq) + 2H,(aq)
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3FeSiO,(iron pyroxene) + H,0 = Fe,O,(magnetite) +
3Si0,(aq) + H,(aq)

Mantle-derived abiogenic gas generally has typical
mantle-derived *He/*He ratios (> 4 Ra) and heavy carbon
isotopes in CH, (3"°C, > -20%.), whereas the abiogenic
molecular H, formed by radioactivity and serpentinization
is launched within the radioactive or catalytic geological
conditions, and part of molecular H, would be converted
into CH, by Fischer-Tropsch synthesis or catalytic hydro-
genation (Anderson et al., 1984; Salvi and Williams-
Jones, 1997). Therefore, there is a certain correlation be-
tween °He/'He ratios and &°H-C, values as indicated in
Figure 2. Meanwhile, radioactive He is formed during the
radioactive process of producing a, B, and y particles to
form the radioactive molecular H,, i.e., “He is formed
through a decay of *°U, **U, and **Th, and °He is radio-
actively produced through °Li reacting with nutron (°Li(n,a)
*H(B")’He) (Basu et al., 2006; Oxburgh et al., 1986; Ma-
myrin and Tolstikhin, 1984). Natural gas in typical craton-
ic basins and mid-ocean ridges representing the mantle
has significantly different *He/*He, CO,/*He and CH,/°He
ratios. Natural gas in cratonic basins generally has
*He/*He < 0.02 Ra, CO,He between 10° and 10", and
CH,/’He between 10° and 10", while in gases from mid-
ocean ridges, *He/*He ~ 8.0 Ra, CO,/’He is 10°-10", and
CH,/°He is 10°-10". According to two-endmember mixing
between crust-derived and mantle-derived gases (Figure
4a), the gas in the DND sandstone gas field of Ordos Ba-
sin is at the crust-derived endmember, in which CH, and
CO, were formed by thermal cracking of organic matter,
and He is mainly crust-derived formed by U and Th radio-
activity. The gases in the volcanic rock basement of
American Kansas Basin, the HG volcanic and sandstone
gas field in Jiyang Depression of Bohai Bay Basin, the
Chimaera ophiolites in Tirkiye, the Oman peridotite com-
plexes, and the hot spring gas of TC and JM, fall within
the mixing region of crust-derived and mantle-derived
gases.
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For the gases from volcanic basement in American
Kansas Basin, volcanic and sandstone reservoir of QS
gas field of Songliao Basin, HG volcanic and sandstone
gas field in Jiyang Depression of Bohai Bay Basin, Chi-
maera ophiolites in Turkiye, Oman peridotite complexes,
New Caledonia ophiolites, and hot spring gases of JM
and TC, the CO,/°*He ratios in some gas samples are be-
low the area of typical two-endmember mixing between
crust-derived and mantle-derived gases (Figure 4b),
while their CH,/’He ratios are above the typical two-end-
member mixing between crust-derived and mantle-de-
rived gases (Figure 4a). Therefore, it is possible that
there could be conversion of CO, by Fischer-Tropsch syn-
thesis to CH,, so that the CO, content decreases and the
CH, content increases. In the process of Fischer-Tropsch
synthesis, a certain amount of molecular H, must be con-
sumed. The abiogenic gas with *He/*He ratios > 4.0 Ra
and &"C, values > 20%. from the Zambales ophiolites in
Philippines is a mixture of mantle-derived and Fischer-
Tropsch synthesized CH,.

The gases with *He/*He ratios < 0.02 Ra in the volca-
nic-metamorphic basement of Canadian Shield and
some basic volcanic rocks in American Kansas Basin,
have typically crust-derived helium, but the ratios of
CO,’He and CH,/*He are below the typical crustal end-
member, and this may be related to the high He content
in these areas. When the CH,/°He ratios in gases pro-
duced from the volcanic-metamorphic rock basement in
Canadian Shield and the basic volcanic rocks in Ameri-
can Kansas Basin are less than 10°, the He content
range from 4.19% to 9.61%, and from 0.5% to 3.1%, re-
spectively. Therefore, the ratios of CO,/"He and CH,/*He
in gases produced from the volcanic-metamorphic base-
ment of Canadian Shield and some basic volcanic base-
ments of American Kansas Basin could be all less than
the typical endmember of crust-derived gas, which may
be related to the significantly high He content in these ar-
eas. Although the *He/*He ratios in the cratonic region is
significantly lower than that of the mantle source, in

R/Ra
® QS gas field in Songliao Basin in China

e HG gas field in Bohai Bay Basin a DND gas field in Ordos Basin @ SB No.1 gas field in Qaidam Basin in China
o Chimaera ophiolites in Tirkiye o Zambales ophiolites in Philippines o Oman peridotite complexes
% Canadian Shield ® TC hot spring in China m JM hot spring in China © New Caledonia ophiolites in Australia

Figure 4. Correlation of the *He/*He ratios (R/Ra) versus CH,/*He (a) and CO,/*He (b).
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which He in cratonic region is mainly sourced from the ra-
dioactive decay of U- and Th-bearing minerals to form
‘He, the high He content would also inevitably lead to a
relative increase of *He content, resulting in the ratios of
CO,*He and CH,/’He in the volcanic-metamorphic rock
basement of Canadian Shield and some basic volcanic
rock basements in American Kansas Basin, below the
typical endmember of crust-derived gas (Figures 4a, 4b).

In cratonic basins, He is formed by a decay of U-
and Th-bearing minerals, while molecular hydrogen can
be produced through H,O decomposition caused by radi-
ation of subsurface a, B, and y particles, such as U (**U,
25), Th (**Th), and K (*K) in the basement rocks (Dzau-
gis et al., 2016; Lin et al., 2005; Vovk, 1987). Sherwood
Lollar et al. (2014) suggested that the rate of H, produc-
tion in the continental region can reach (0.36-2.27) x 10"
molly. If He was formed by radioactive decay of U- and
Th-bearing minerals, then molecular hydrogen must also
be produced through H,O0 decomposition caused by ra-
dioactive decay during this process.

From the correlation between He and H, content in
Figure 3d, the positive correlation between He and H,
content in the gas with *He/*He ratios < 0.02 Ra in the ba-
sic volcanic basement of American Kansas Basin and the
volcanic-metamorphic rock basement of Canadian Shield
cannot be observed, while both regioins have relatively
high He and H, contents. There is a coarse decreasing
trend of H, content with increasing He content, which
may also reflect that molecular H, would be converted to
form abiogenic CH, through Fischer-Tropsch synthesis. It
is well known that Fischer-Tropsch synthesis was first
proposed by German chemists Franz Fischer and Hans
Tropsch in 1926. It is an abiogenic catalytic chemical re-
action that can convert CO into liquid hydrocarbons
(Fischer and Tropsch, 1926) and is widely used in the pe-
troleum industry (Mahmoudi et al., 2017; Taran et al.,
2007). The Fischer-Tropsch synthesis in the geological
conditions has been used to explain the synthesis of
abiogenic CH, during serpentinization of mafic and ultra-
mafic rocks such as mid-ocean ridges. The reaction is
generally expressed as follows.
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nCO,+ (3n+1)H,=CH,, ., +2nH,0 or
nCO + (2n+1)H,=CH,,,, + nH,0O

Therefore, molecular H, is not only produced by ser-
pentinization, but also consumed to form abiogenic CH,
via Fischer-Tropsch synthesis in the mineral enriched in
U (**U, *U), Th (**Th) and K (*K) in cratonic regions
and the olivine and pyroxene-bearing mafic and ultra-
mafic basement rocks in deep igneous bodies, such as
the basic volcanic basement of American Kansas Basin
and the volcanic-metamorphic basement of Canadian
Shield.

2.1.6 Genetic sources of CH, in geological bodies

The pattern of carbon and hydrogen isotopes can be
used to identify genetic origin of methane under different
geological backgrounds (Whiticar, 1999). In Figure 5,
CH, from SB No. 1 gas field in the Qaidam Basin is locat-
ed in the area of bacterial gas formed under the activity
of typical microorganisms.

The isotope data for the HG volcanic/sandstone gas
field of Jiyang Depression of Bohai Bay Basin are within
the area of early mature, thermal associated and humic
gas. Considering the gas in the HG volcanic/sandstone
gas field of Jiyang Depression of Bohai Bay Basin is as-
sociated with oil, the gas is prone to the early mature
CH, from thermal cracking of organic matter. The iso-
tope compositions of gas from the DND sandstone gas
field of Ordos Basin are located in the area of geother-
mal, hydrothermal and crystalline gas, but the deep
faults were undeveloped in the Ordos Basin with
*He/*He ratios less than 0.32 Ra. Therefore, the contribu-
tion of mantle volatile to gas is excluded. The reason-
able explanation is that there is a small contribution of
abiogenic CH, formed by Fischer-Tropsch synthesis to
the gas generated from organic matter, since the forma-
tion of Fischer-Tropsch synthesized methane occurred
at low temperature less than 150 °C, which had lighter
carbon and hydrogen isotope composition than that of
biogenic CH, (Suda et al., 2014). The carbon and hydro-
gen isotope compositions of CH, in the QS volcanic gas
field of Songliao Basin are mainly located in regions of
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Figure 5. Pattern of carbon and hydrogen isotopes of methane in various geological scenarios (modified after Whiticar, 1999).
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CH, formed by geothermal, hydrothermal or crystalliza-
tion. Liu et al. (2016) suggested that CH, in the QS gas
field of Songliao Basin was a mixture of gases from ther-
mal cracking of organic matter, deep mantle and Fisch-
er-Tropsch synthesis, based on tectonic evolution, po-
tential source rock, thermal maturity, and gas geochem-
istry. Mixing of triple-sourced CH, led to the carbon and
hydrogen isotopes of CH, fall within the area of geother-
mal, hydrothermal or crystalline CH, in the chart pro-
posed by Whiticar (Suda et al., 2014).

The isotopic compositions of methane in the basic
volcanic basements of American Kansas Basin and the
volcanic-metamorphic rocks in Canadian Shield are locat-
ed within the areas of geothermal, hydrothermal, crystal-
line gas, even in the area of artificial, bit metamorphic
gas (Figure 5), suggesting a typical crustal feature and lit-
tle contribution from deep mantle in consideration of
*He/*He ratios < 0.02 Ra. Methane in the basic volcanic
basements of American Kansas Basin, is mainly related
to the Fischer-Tropsch synthesis of Precambrian base-
ment (Guélard et al., 2017), while methane in the volca-
nic-metamorphic basements of Canadian Shield is main-
ly formed by Fischer-Tropsch synthesis under high geo-
thermal gradients (Sherwood Lollar et al., 2008).

Although isotopes of methane in the Zambales ophi-
olites in Philippines, the Chimaera ophiolites in Turkiye,
and the Oman peridotite complexes falls into the area of
typical abiogenic mantle-derived gas (Figure 5), the gas
with *He/*He ratios > 4.0 Ra in the Zambales ophiolites in
Philippines is mainly mantle-derived. Therefore, CH, in
the Zambales ophiolites in Philippines is dominated by
deep mantle-derived CH,, and the contribution of CH,
from Fischer-Tropsch synthesis in the two-endmember
mixing of crust-derived and mantle-derived gas also exist-
ed. Although the carbon and hydrogen isotopes of CH, in
the Chimaera ophiolites in Turkiye suggested that meth-
ane would be formed by geothermal, hydrothermal or
crystalline processes (Figure 5), two-endmember mixing
of crust-derived and mantle-derived gas supported the
mixing gas formed from crust and mantle sources. The
*He/*He ratio is about 0.32 Ra in this area characterized
by crustal sources, and there is no significant contribu-
tion of deep mantle source to the Chimaera ophiolite gas
in Tarkiye. Therefore, CH, in the Chimaera ophiolites is
dominated by Fischer-Tropsch synthesized CH,.
Hosgdrmez (2007) and Etiope et al. (2011) believed that
CH, in the Chimaera ophiolites in Turkiye were formed by
Fischer-Tropsch synthesis within ultrabasic rocks under
low temperature. Although the carbon and hydrogen iso-
tope compositions of CH, in the Oman peridotite com-
plexes fall in area of mantle-derived gas, the hydrogen
isotope of methane is significantly lighter than that of
Zambales ophiolite gas as a typical mantle-derived CH,.
Moreover, the *He/*He ratio in the Oman peridotite com-
plexes gas ranges from 0.17 Ra to 1.25 Ra, with an aver-
age value of 0.697 Ra, indicating that the contribution
from deep mantle is limited. Furthermore, the CH,/*He ra-
tio for Oman peridotite complexes gas is in the mixing of

crust-derived and mantle-derived gas, and the CO,/°*He
ratio is obviously in the lower part of the mixing of crust-
derived and mantle-derived gas, indicating that there was
a significant loss of CO,. Therefore, CH, in the Oman pe-
ridotite complexes was mainly converted through the
Fischer-Tropsch synthesis in which the molecular H, was
formed by ophiolite (Vacquand et al., 2018).

Although the reported highest H, content was higher
than 90% in the mafic-ultramafic volcanic rocks in
Taoudenni Megan Basin in Mali, the carbon and hydro-
gen isotopes of CH, indicated that methane would be
sourced from geothermal, hydrothermal or crystalline pro-
cesses (Figure 5). It is impossible to determine the man-
tle contribution exists due to the lack of He content and
*He/*He ratio.

Isotope compositions of both TC and JM hot spring
gases are located in the area of geothermal, hydrother-
mal or crystalline background (Figure 5), however, there
is low contribution of mantle-derived CH, and Fischer-
Tropsch synthesized CH, based on two-endmember mix-
ing of crust-derived and mantle-derived gas. Considering
that the *He/*He ratios in the JM hot spring gas range
from 0.5 Ra to 0.65 Ra, the contribution of mantle-de-
rived CH, is limited, and the CO,/’He ratio of the JM hot
spring gas is below the two-endmember mixing zone of
crust-derived and mantle-derived gas. This suggested
that a large portion of CO, would be converted to abio-
genic CH, by Fischer-Tropsch synthesis in the JM hot
spring gas. However, the *He/*He ratios in the TC hot
spring gas range from 1.0 Ra to 5.28 Ra, indicating that
the contribution of mantle-derived CH, would be signifi-
cantly higher than that in JM hot spring gas.

2.2 Origin of Molecular Hydrogen and Geochemical
Identification

Since molecular H, is generally associated with CH,
and He, the genetic sources of CH, and He must also re-
flect the genetic source of molecular H,. Therefore, the
genetic sources of molecular H,can be determined by pa-
rameters such as gas components (CH,, He), carbon and
hydrogen isotopic compositions in methane, and *He/*He
ratios. In this study, the geochemical characteristics of
molecular hydrogen under various geological scenarios
are established through the geochemical characteristics
of CH, and He from different sources (Figures 6, 7). Iden-
tifying the different sources of molecular H, in geological
bodies is also the key to evaluating the prospect of H, re-
sources.

2.21 Correlation between &"°C, value and &°H-H,
value

The abiogenic and biogenic methane is usually clas-
sified using carbon isotope of methane higher than -20%o
and lower than -30%o, respectively. It can be seen from
the relationship between 8"C, and &°H-H, values, that
the &°H-H, values vary in the formation process of both
abiogenic and biogenic CH, (Figure 6). Gases produced
from Zambales ophiolites in Philippines, Oman peridotite
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complexes, Chimaera ophiolites in Turkiye, and TC hot
spring, have 8"C, values higher than -20%., suggesting
that CH, is of abiogenic origin, and &°H-H, values in
these gases range from -792%o to -581%. (Figure 6). Al-
though CH, is of abiogenic gas in the Zambales ophiol-
ites in Philippines, the Oman peridotite complexes, and
the Chimaera ophiolites in Turkiye, 8°H-H, values vary dif-
ferently. The gas in the Zambales ophiolites in Philip-
pines has a narrower range of §°C, values from -7.5%o to
-5.6%0 and a wide range of 8°H-H, values from -756%o to
-581%o, while the gas in the Oman peridotite complexes
and the Chimaera ophiolites in Tlrkiye has a wide range
of 8"°C, values from -12.6%o to -7.9%o0 and a narrow range
of &°H-H, values from -745%o to -710%o. *He/*He ratios in
the Zambales ophiolites in Philippines are higher than
4.0 Ra, suggesting a typical deep mantle source, while
*He/*He ratios in the Oman peridotite complexes and the
Chimaera ophiolites in Tlrkiye range from 0.32 Ra to 1.0
Ra, suggesting that the gas could be a mixing of crust-de-
rived and mantle-derived gases. Since CH, in the Oman
peridotite complexes and the Chimaera ophiolites in
Turkiye is abiogenic gas, it is likely that the abiogenic
CH, in the Oman peridotite complexes and the Chimaera
ophiolites in Turkiye is dominated by Fischer-Tropsch
synthesis, and the contribution of mantle-derived CH, is
limited. Therefore, for mantle-derived abiogenic gases in

the Zambales ophiolites in Philippines, the range of 8"C,
values is relatively narrow, while the range of &H-H, val-
ues is relatively wide. On the contrary, the crustal-derived
abiogenic gas has the narrow range of 5°H-H, values and
the relatively wide 8"C, values (Figure 6). The 8"C, val-
ues in gases from basic-ultrabasic volcanic rocks in
Taoudenni Megan Basin in Mali, HG volcanic/sandstone
gas field of Jiyang Depression in Bohai Bay Basin, DND
sandstone gas field of Ordos Basin, SB No. 1 sandstone
gas field of Qaidam Basin, volcanic-metamorphic rock
basement in Canadian Shield, and JM hot spring, are
less than -30%., showing the characteristics of biogenic
CH,. The ®H-H, values of these gases range from
-831%0 to -608%o (Figure 6), and the range covers the
&°H-H, of crust-derived abiogenic molecular hydrogen in
Oman peridotite complexes and Chimaera ophiolites in
Turkiye and mantle-derived molecular hydrogen in Zam-
bales ophiolites in Philippines. 8"°C, values in gases from
QS volcanic/sandstone gas field in Songliao Basin, basic-
ultrabasic volcanic rocks in American Kansas Basin, and
TC hot spring gas range from -30%o to -20%., showing a
mixing of biogenic and abiogenic CH,, whereas &°H-H,
values range from -800%o to -600%o (Figure 6), displaying
a similar range with the hydrogen isotope value of H, as-
sociated with typical abiogenic CH, and biogenic CH,.
Therefore, whether methane is abiogenic or biogenic, or

-500 A Taoudenni Megan Basin in
Mali
-5501 e Kansas Basin in the USA
o QS gasfield in Songliao
-600 Basin in China
® HG gas field in Bohai Bay
< -6504 ~ Basinin China
2 DND gas field in Ordos
='-7001 Basin in China
] o SB No.1 gas field in Qaidam
= Basinin China
1o -7507 Chimaera ophiolites in
Turkiye o
-800+ . . Zambales ophiolites in
Abiogenic gas Philippines
-850 . o Oman peridotite complexes
Bacterial % Canadian Shield
900 gas m TC hot spring in China
.70 -60 -50 -40 -30 -20 -10 0 10 ™JMhotspringinChina
5"°C, (%o)
Figure 6. Correlation between GSZH-H2 and 61301 values in various geological scenarios.
-500 - -
| | ® Kansas Basin in the USA
-550 T : QS gas field in Songliao
Crustal gas : Mlxm%gasé ® Basin in China
-6004 A ! o o HG gas field in Bohai Bay
% : % =< | " BasininChina
5 -6501 LA A : ' 5| o DND gas field in Ordos
= A | o © =| % Basinin China
T -7001 A ® s ® e, @ Chimaera ophiolites in
T o Lo ®on o mw_o| Turkiye S
o -750 A a0 ® ? 3 J | . Zambales ophiolites in
Lo 42, 0o, L. Philippines
-800 : ®®m e | o Oman peridotite complexes
. 4 Y% Canadian Shield
-850 : ] m TC hot spring in China
! ' m JM hot spring in China
-900 T T . .
0.001 0.01 0.1 0.32 4 10
R/Ra

Figure 7. Relationship between *He/*He ratios (R/Ra) and &°H-H, values in various geological scenarios.



Occurrence of Global Natural Hydrogen and Profitable Preservation 1539

a mixing of gases from both sources, the &H-H, values
of molecular hydrogen associated with methane in differ-
ent geological scenarios range from -800%o to -600%o.
The range of 3°H-H, values from mantle-derived H, mole-
cule is relatively wide, whereas the range of 8°H-H, value
of crust-derived abiogenic H, is relatively narrow.

2.2.2 Relationship between R/Ra ratio and &°H-H,
value

Gases in different spheres and tectonic environ-
ments of the earth have different *He/*He ratios. There-
fore, the specific distribution of *He/'He ratios in the
Earth’s spheres can be used to trace the sources of vari-
ous fluids. The stable continental crust is enriched in “He,
associated with low *He/*He ratio, while the Cenozoic
magmatic activities and mantle uplift Introduce the man-
tle-derived *He excess in the continental crust and have a
high *He/*He ratio. Generally, the *He/*He ratio of typical
mantle-derived helium is about 8.0 Ra, while *He/*He ra-
tios of typical crust-derived helium is about 0.02 Ra (Xu
et al., 1995a; Oxburgh et al., 1986). Statistics of sample
data show that *He/*He ratios are larger than 4.0 Ra in
gas from mid-ocean ridge and hydrothermal system in
the eastern Pacific (Basu et al., 2006; Graham, 2002;
Lupton et al., 1999; Marty and Tolstikhin, 1998; Poreda
and Craig, 1989; Welhan and Craig, 1983; Wakita and
Sano, 1983), and *He/*He are less than 0.32 Ra in gas
from cratonic basins such as Sichuan and Ordos basins
(Peng et al., 2022; Liu et al., 2015; Ni et al., 2014; Xu et
al.,, 1995a). In these cases, the gas can be assumed to
be of typical mantle-derived gas when *He/*He > 4.0 Ra,
while the gas with *He/*He ratios < 0.32 Ra is of typical
crustal origin. The relationship between °He/*He ratios
and &°H-H, values (Figure 7) shows that &°H-H, values
range from -792%o to -581%o in the active region of man-
tle-derived volatile with *He/*He ratios higher than 4.0 Ra,
such as Zambales ophiolite in Philippines and TC basic-
ultrabasic volcanic hot spring gas, while &°H-H, values
range from -776%o to -607%o in structurally stable areas
with *He/*He ratios less than 0.32 Ra, such as DND sand-
stone gas field in Ordos Basin, basic volcanic basement
of Amerasian Kansas Basin, volcanic-metamorphic base-

ment of Canadian Shield, Chimaera ophiolites in Turkiye.
The range of &°H-H, value in the mantle-derived volatile
is slightly wider than that in the structurally stable area.
&°H-H, values range from -822%o to -583%o in structural
sub-stable areas with *He/*He ratios between 0.32 Ra
and 4.0 Ra, such as QS volcanic /sandstone gas field in
Songliao Basin, HG volcanic/sandstone gas field in Bohai
Bay, Oman peridotite complexes, JM basalt hot spring
gas, TC basic-ultrabasic volcanic hot spring gas. The 8°H-
H, values in the structurally sub-stable area overlap with
those from the area of mantle-derived volatile and the
structurally stable area. They are even higher than the
&°H-H, values of the two. Therefore, there is insignificant
difference in the variation range of &°H-H, regardless of
whether they are from mantle-derived volatile, structurally
stable area or the structurally sub-stable area.

Despite there are no data on helium content and
°*He/*He ratios in the samples from Qaidam Basin, the
*He/*He ratios in the gas layer of SB No. 1 structural belt
in the Qaidam Basin range from 3.47 x 10° to 4.97 x
10%, corresponding to *He/*He ratios ranging from 0.025
Ra to 0.036 Ra. *Ar/**Ar ratios range from 318 to 381.6
(Shuai et al., 2010), indicating that the gas is a typical
crustal source, while &°H-H,values in SB No. 1 gas field
in Qaidam Basin range from -831%o to -720%o, and &"C,
values are less than -55%., showing a typical bacterial
gas (Figure 8). 8°H-H, values also have a similar range of
hydrogen isotopes with mantle-derived volatile and gas-
es from structurally stable area. Therefore, whether the
geological background is an active area of deep mantle-
derived volatile or the structurally stable area, the &°H-
H,values are almost in similar range, which is mainly dis-
tributed from -800%o to -600%o.

2.2.3 Relationship between In(CH,/H,) and 5“C, value
The sources of molecular hydrogen in geological
bodies can be abiogenic and biogenic. Abiogenic molecu-
lar hydrogen is sourced from mantle-derived volatile, ser-
pentinization, and water decomposition caused by radio-
activity, while biogenic molecular hydrogen is from ther-
mal cracking and microbial degradation of organic mat-
ter. Due to chemical property of molecular H,, it may be
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Figure 8. Diagram of In(CH,/H,) versus 8'°C, values in various geological scenarios (modified after Liu et al., 2024).
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converted into CH, under certain conditions, such as
Fischer-Tropsch synthesis, which means that CH, associ-
ated with H, can not only come from mantle, thermal
cracking of organic matter, and microbial degradation,
but also from Fischer-Tropsch synthesis by H, consump-
tion. If the occurrence of Fischer-Tropsch synthesized
CH, in geological bodies widely existed in H,-bearing gas
systems, it would definitely affect the identification of H,
sources in geological bodies. In(CH,/H,) is negatively cor-
related with 8"°C, values in HG volcanic/sandstone gas
field in Jiyang Depression of Bohai Bay Basin, the DND
sandstone gas field in Ordos Basin, and QS volcanic/
sandstone gas field in Songliao Basin (Figure 8). Since
the increase trend of thermal maturity of natural gas from
HG gas field, DND gas field to QS gas field is observed
as indicated by &"C, value, In(CH,/H,) values gradually
decreased from 11.53 to 3.86, that is, the CH, content de-
creases relatively, while the H, content of increases rela-
tively. Although there is mantle-derived methane and
Fischer-Tropsch synthesized methane in the QS gas field
of Songliao Basin based on °He/*He ratios and carbon
isotope values in CH,, methane from thermal cracking of
organic matter is a dominant component (Liu et al.,
2016). Thus, the relationship between In(CH,/H,) and
8"°C, values shows that the H, content in the gas from
thermal cracking of organic matter in sedimentary basins
is relatively enriched at low-mature stage, and the H, con-
tent tends to decrease as the thermal maturity increases.
The decrease of H, content may be related to relative in-
crease in the CH, content formed by greatly thermal
cracking of organic matter as the thermal maturity in-
creases, or H, conversion to CH, through Fischer-
Tropsch synthesis. The distribution of CH, and H, con-
tents formed under the action of microorganisms in SB
No. 1 gas field of Qaidam basin displays relatively small
variation, associated with isotopically more enriched in
?C for CH, (3"C, < -55%o). The In(CH,/H,) ranges from
-3.28 to -0.07, and the relationship between In(CH,/H,)
and &"C, value is insignificant. Therefore, organic matter
should preferentially form H, under the action of microor-
ganisms. Shuai et al. (2010) suggested that molecular H,
produced by degradation of organic matter under action
of microorganisms could provide a substance for forma-
tion of bacterial CH,.

A weak positive correlation between In(CH,/H,) and
8"°C, values occurs in Zambales ophiolites in Philippines,
Oman peridotite complexes, Chimaera ophiolites in Turki-
ye, and New Caledonia ophiolites (Figure 8). The In(CH,/
H,) values range from -6.75 to 4.0 and the &“C, values
are higher than -20%. as a typical abiogenic CH,, indicat-
ing that both CH, and H, in the gases from Zambales
ophiolites in Philippines, Oman peridotite complexes, Chi-
maera ophiolites in Turkiye, and New Caledonia ophiol-
ites are of abiogenic origin. Moreover, the *He/*He ratios
in the Zambales ophiolite gas in Philippines is higher
than 4.0 Ra, which shows a typical mantle signature, indi-
cating both CH, and H, are of mantle origin with In(CH,/
H,) values range from -0.41 to 0.28, showing a very nar-

row range. The abiogenic CH, in the Oman peridotite
complexes and the Chimaera ophiolites in Turkiye is
dominated by methane synthesized by Fischer-Tropsch
reaction, and the contribution of mantle-derived CH, is
limited. Molecular H, in the Oman peridotite complexes
and the Chimaera ophiolites in Turkiye could be formed
by inorganic chemical reactions, and In(CH,/H,) values
vary widely, ranging from -6.75 to 2.46. Therefore, the
abiogenic CH, and abiogenic H, derived from deep man-
tle have a very narrow range of In(CH,/H,) values, indicat-
ing that the contents of abiogenic CH, and abiogenic H,
derived from deep mantle are relatively stable, while both
abiogenic CH, and abiogenic H, formed by inorganic re-
action have a wide range of In(CH,/H,) values, suggest-
ing that both abiogenic CH, and abiogenic H, formed by
inorganic chemical reactions would be complicated in dif-
ferent ways.

There is a negative correlation between In(CH,/H,)
and &"C, values in gases from the basic volcanic base-
ment of American Kansas Basin, New Caledonia ophiol-
ites, TC basic-ultrabasic volcanic hot spring, and JM
sandstone/rhyolite hot spring (Figure 8). 8*C, values tend
to decrease with the increase of In(CH,/H,) values, while
In(CH,/H,) values range from -3.83 to 4.96 with 5"°C, val-
ues ranging from -55%o to -20%.. The *He/‘He ratios in
these areas range from 0.32 Ra to 4.0 Ra, indicating that
gases could be a mixture of crust-derived and mantle-de-
rived gas, and in combination with the result of abiogenic
CH, having In(CH,/H,) values less than 4.0 in Zambales
ophiolites in Philippines, Oman peridotite complexes, Chi-
maera ophiolites in Turkiye, and New Caledonia ophiol-
ites. Both CH,and H, in the basic volcanic rock basement
of American Kansas Basin, the New Caledonia ophiolite,
as well as TC basic-ultrabasic volcanic hot spring and JM
sandstone-rhyolite hot springs are of abiogenic origin. At
the same time, there is a conversion of H, to CH, through
Fischer-Tropsch synthesis in these regions, and the more
molecular H, is converted to abiogenic CH,, the more
negative 5"°C, value becomes. The conversion of H, to
CH, through Fischer-Tropsch synthesis is a process
where the carbon isotopes of abiogenic CH, are more en-
riched in ”C. According to *He/*He ratios which are less
than 0.32 Ra, the gas in the volcanic-metamorphic rock
basement of Canadian Shield is from a typical crustal
source. The In(CH,/H,) values have a certain negative
correlation with 8"C, values, and In(CH,/H,) values range
from 0.47 to 8.46 with 8"C,values ranging from -45.5%o
to -29.7%.. The gas in the volcanic-metamorphic base-
ment of Canadian Shield is rich in He, ranging from
1.51% to 19.1%, and high He content is considered to be
produced by radioactive a-decay of U- and Th-bearing
minerals. If the U- and Th-bearing minerals can produce
He through radioactive a-decay, molecular H, will be pro-
duced by groundwater decomposition under radioactivity.
In fact, the H,content in the volcanic-metamorphic rock
basement of Canadian Shield varies greatly, ranging from
0.01% to 26.0%. This indicates that part of molecular H,
has been consumed by Fischer-Tropsch synthesis and
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converted to abiogenic CH,. Sherwood Lollar et al. (2014)
suggested that the gases in the volcanic-metamorphic
basement of Canadian Shield were abiogenic based on
carbon and hydrogen isotopes of alkane gases. Since
there is no contribution of mantle-derived gas, abiogenic
CH, in this area can only be formed through inorganic
chemical reactions, in which Fischer-Tropsch synthesis is
an important route. However, 8°C, values in the volcanic-
metamorphic rock basement of Canadian Shield range
from -45.5%o to -29.7%o, covering the range of carbon iso-
tope composition of CH, formed by thermal cracking of or-
ganic matter. Therefore, the carbon isotope composition
of abiogenic CH, formed by inorganic chemical reactions
may also overlap with that of CH, formed by thermal
cracking of organic matter. There is no data of He content
or *He/*He ratios in the basic-ultrabasic volcanic rocks in
Taoudenni Megan Basin in Mali, but both In(CH,/H,) and
5"C, values are distributed within the area of gas in the
volcanic-metamorphic basement of Canadian Shield, the
basic volcanic basement in American Kansas Basin, the
New Caledonia ophiolites, the TC basic-ultrabasic volca-
nic hot spring and JM sandstone/rhyolite hot spring (Fig-
ure 8). Therefore, gases could be a mixture of crust-de-
rived and mantle-derived gases, or abiogenic gas formed
by inorganic chemical reaction.

In addition, the mantle-derived abiogenic gas and
crust-derived abiogenic gas can be identified by correla-
tion of 8"°C, and &°H-H, values (Figure 6). Therefore, the
carbon isotope composition of abiogenic CH, from man-
tle volatile is completely different from that of the gas gen-
erated by thermogenic cracking of organic matter and
bacterial activity. Although the carbon isotope composi-
tion of abiogenic CH, formed by inorganic chemical reac-
tions has a wide range, even covering the range of car-
bon isotope of CH, formed by thermal cracking of organic
matter, there is a certain difference of CH,/H, ratio be-
tween thermal cracking of organic matter and inorganic
chemical reaction.

2.2.4 Relationship between In(CH,/H,) and &°H-C,
value

The relationship between In(CH,/H,) and &°H-C, val-
ues (Figure 9a) shows that the distribution of In(CH,/H,)
and &°H-C, values in the HG volcanic/sandstone gas field
in the Jiyang Depression of Bohai Bay Basin, the DND
sandstone gas field in Ordos Basin, and the QS volcanic/
sandstone gas field of Songliao Basin is relatively nar-
row, but there is a certain positive correlation between In
(CH,/H,) and &°H-C, values in these basins with In(CH,/
H,) values ranging from 3.76 to 11.68 and &°H-C, values
ranging from -277%o to -179%o.. Since source rocks in the
HG gas field in the Jiyang Depression of the Bohai Bay
Basin, the DND gas field in Ordos Basin, and the QS gas
field in Songliao Basin were deposited in fresh water, the
positive correlation between In(CH,/H,) and &H-C, val-
ues indicated that H, and CH, contents and &°H-C, val-
ues were obviously controlled by the evolution of thermal
maturity, as the thermal maturity increased, the CH, con-
tent also increased, while the H, content decreased rela-
tively, and the &°H-C, value gradually increased. As the
gradual increase of thermal maturity from the HG gas
field in the Jiyang Depression of Bohai Bay Basin, the
DND gas field in Ordos Basin, and the QS gas field in
Songliao Basin was observed, CH,/H, ratios gradually de-
creased, while the &°H-C, values gradually increased,
they indicated that the formation of CH, and H, was main-
ly controlled by the hydrocarbon generation process of or-
ganic matter, while 8°H-C, values were affected by ther-
mal evolution. Although the thermal maturity of source
rocks in the QS gas field of Songliao Basin is higher than
that of the DND gas field of Ordos Basin (Liu et al., 2016,
2015; Zhou et al., 2008), the 8°H-C, values (from -204%o
to -197%o) are slightly smaller than that of the DND gas
field of Ordos Basin (from -204%. to -179%.), and the
very small range of &°H-C,values in the QS gas field in
the Songliao Basin is mainly related to intrusion of deep
mantle-derived volatile (Liu et al., 2016). The *He/*He ra-
tios indicated that natural gas in the DND gas field of Or-
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dos Basin was typically crust-derived, whereas the natu-
ral gas in the QS gas field of Songliao Basin and the HG
gas field in Jiyang Depression of Bohai Bay Basin had
deep mantle-derived fluid intrusion. There could be more
mantle-derived fluids in the QS gas field of Songliao Ba-
sin than that in the HG gas field in Jiyang Depression of
Bohai Bay Basin, and more deep mantle-derived fluids
could lead to the smaller range of &H-C, values in the
QS gas field of Songliao Basin.

The degradation of organic matter by microorgan-
isms caused little variation of both In(CH,/H,) and &°H-C,
values in the SB No. 1 sandstone gas field of Qaidam Ba-
sin with In(CH,/H,) values ranging from -3.28 to -0.07,
and &°H-C, values ranging from -237%o to -201%o, indicat-
ing that microorganisms had not differentiated degrada-
tion and translation in the degradation process of organic
matter.

There is a positive correlation between In(CH,/H,)
and &°H-C, values for gases from Zambales ophiolites in
Philippines, Chimaera ophiolites in Tlrkiye, and TC basic-
ultrabasic volcanic hot spring gas with In(CH,/H,) values
ranging from -3.68 to 3.31 and &°H-C, values ranging
from -216%o to -118%. (Figure 9a). Despite the contribu-
tion of crust-mantle mixing gas and Fischer-Tropsch syn-
thesized abiogenic CH, in Zambales ophiolites in Philip-
pines, Chimaera ophiolites in Turkiye, and TC basic-ultra-
basic volcanic hot spring gas occurred based on *He/*He
ratios and two-endmember mixing of crust-derived and
mantle-derived gas, both *He/*He ratios and &"°C, values
indicate that CH, was mainly of abiogenic origin. The gas
in Zambales ophiolites in Philippines is mantle-derived
abiogenic gas, with In(CH,/H,) values ranging from -0.74
to 0.27, and &H-C, values ranging from -175%c to
-118%o0, while the gas in Chimaera ophiolites in Turkiye
and part of TC basic-ultrabasic volcanic hot spring is a
mixture of mantle-derived and Fischer-Tropsch synthe-
sized gases.

The gas in the Oman peridotite complexes is abio-
genic gas based on °He/*He ratios and &"C, values.
There is a significant positive correlation between In(CH,/
H,) and &°H-C, values (Figure 9a). The In(CH,/H,) values
range from -6.75 to -0.53, and &°H-C, values range from
-428%o to -282%.. Since the distribution range of carbon
and hydrogen isotope composition of mantle-derived
abiogenic gases in the Zambales ophiolite in Philippines
is very narrow, the abiogenic gases in the Oman perido-
tite complexes should be dominated by abiogenic gases
formed by inorganic chemical reactions, in which H, is
converted to CH,through Fischer-Tropsch synthesis,
causing the relative increase of CH, content and the rela-
tive decrease of H, content, and the gradual increase of
5°H-C, values.

Both In(CH,/H,) and &H-C, values for the gases
from basic-ultrabasic volcanic rocks in Taoudenni Megan
Basin in Mali, basic volcanic basement of American Kan-
sas Basin, New Caledonia ophiolites, and TC basic-ultra-
basic volcanic hot spring and JM sandstone-rhyolite hot
spring have a similar variation range with those of Oman

peridotite complexes, where In(CH,/H,) values range
from -4.58 to 0.47, and &°H-C, values range from -428%o
to -206%.. Considering that *He/*He ratios for gases from
basic volcanic basement of American Kansas Basin,
New Caledonia ophiolites, TC basic-ultrabasic volcanic
hot spring and JM sandstone-rhyolite hot springs range
from 0.32 Ra to 4.0 Ra, these gases are formed by inor-
ganic chemical reactions such as Fischer-Tropsch syn-
thesis. Therefore, the initial CH, isotopically enriched in
'H would be gradually more enriched in *H as the Fischer-
Tropsch synthesis reaction proceeds. Since the gas has
typical crustal origin in the volcanic-metamorphic base-
ment of Canadian Shield with *He/*He ratios less than
0.32 Ra, molecular H, is formed by water decomposition
caused by radioactive decay, and In(CH,/H,) values have
a positive correlation with the §°H-C,values with In(CH,/
H,) values ranging from 0.74 to 8.63 and &°H-C, values
ranging from -417%. to -184%.. However, the variation
ranges of In(CH,/H,) and &°H-C, values are different from
that of gases from the basic-ultrabasic volcanic rocks in
Taoudenni Megan Basin in Mali, New Caledonia ophiol-
ites, and TC basic-ultrabasic volcanic hot spring and JM
sandstone/rhyolite hot spring. Therefore, molecular H,
from the basic-ultrabasic volcanic rocks in the Taoudenni
Megan Basin in Mali, New Caledonia ophiolites, TC ba-
sic-ultrabasic volcanic hot spring, and JM sandstone-rhy-
olite hot spring should be mainly serpentinized, whereas
molecular H, in the volcanic-metamorphic basement of
Canadian Shield was produced by H,O decomposition
through radioactive decay.

There were only two data collected from the basic
volcanic basement in American Kansas Basin, which are
distributed between the regions of serpentinization and
H,O decomposition caused by radioactive decay. There-
fore, two sources of molecular H, in basic volcanic base-
ment in American Kansas Basin may exist.

The sources of molecular H, in geological bodies
mainly include deep mantle, thermal cracking and micro-
bial degradation of organic matter, serpentinization and
H,O decomposition caused by radioactive decay. Since
molecular H, is converted to CH, by inorganic chemical
reactions under certain conditions, hydrogen isotope frac-
tionation between CH, and H, must exist. Meanwhile,
there is also hydrogen isotope fractionation of associated
H, in the process of thermal cracking of organic matter to
natural gas.

2.2.5 Relationship between &°H-H, value and &°H-C,
value

The relationship between &°H-C, and &°H-H, values
in SB No. 1 sandstone gas field of Qaidam Basin indicat-
ed that the range of hydrogen isotope values of CH, and
H, formed by microbial decomposition of organic matter
was narrow (Figure 9b). The &°H-C,values rangefrom
-237%o to -201%0 and &°H-H, values range from -831%o to
-758%., and there was no obvious correlation between
them, suggesting that the undifferentiated degradation of
organic matter by microorganisms did not cause signifi-
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cant hydrogen isotope fractionation between CH, and H,.
Shuai et al. (2010) suggested that molecular H, produced
by microbial degradation of organic matter had relatively
stable hydrogen isotopic composition, generally ranging
from -800%o to -700%o.

In the HG volcanic/sandstone gas field in the Jiyang
Depression of Bohai Bay Basin, the DND sandstone gas
field in Ordos Basin, and the QS volcanic/sandstone gas
field in Songliao Basin, the relatively narrow range of hy-
drogen isotopes of CH, occurs, with 8°H-C, values rang-
ing from -277%o to -179%.. However, the wide range of
hydrogen isotope composition of molecular H, is ob-
served, with &H-H, values ranging from -792%. to
-607%o, and the distribution of 3°H-C, values and &°H-H,
values appears as an inverted triangle (Figure 9b), re-
flecting that the thermal cracking of organic matter in the
sedimentary basins would cause significant hydrogen iso-
tope fractionation of molecular H,. A certain negative cor-
relation between &°H-C, and &°H-H, values in the HG gas
field in Jiyang Depression of Bohai Bay Basin occurs,
whereas there is a positive correlation in the QS gas field
of Songliao Basin and the DND gas field of Ordos Basin.
This observation can be interpretated as the thermal ma-
turity of source rocks in the Jiyang Depression of Bohai
Bay Basin is lower than that of the QS gas field of
Songliao Basin and the DND gas field of Ordos Basin
(Liu et al., 2016, 2015; Meng et al., 2015; Zhou et al.,
2008; Jin et al., 2002). Both organic matter and H,O joint-
ly participate in the hydrocarbon generation process in
sedimentary basins, and the rate of H, production reach-
es the highest at the peak of hydrocarbon generation, ac-
companied by H, formation and hydrogen isotope frac-
tionation. The thermal maturity of natural gas in QS gas
field in Songliao Basin is higher than that in DND gas
field in Ordos Basin, but its hydrogen isotope composi-
tion of molecular hydrogen (from -792%o to -712%o) is iso-
topically more enriched in 'H than that in DND gas field in
Ordos Basin (from -758%o to -607%o). This suggests that
the conversion of H, to CH, during the process by Fisch-
er-Tropsch synthesis in QS gas field would be more in-
tensive than that in DND gas field.

It is well known that the gases in the Zambales ophi-
olites in Philippines, the Oman peridotite complexes, and
the Chimaera ophiolites in Turkiye have abiogenic CH,
and abiogenic H, based on °He/*He ratios, 8"C, values,
&°H-C, values, and CH,/H, ratios. The molecular H, in the
Zambales ophiolites in Philippines is sourced from deep
mantle, while the molecular H, in the Oman peridotite
complexes and the Chimaera ophiolites in Turkiye was
mainly produced by serpentinization, where part of mo-
lecular H, would be converted to CH, through Fischer-
Tropsch synthesis. The relationship between &°H-C, val-
ue and &°H-H, value has a certain positive correlation in
the Zambales ophiolites in Philippines. The &H-C, values
range from -175%o to -118%., and &°H-H, values range
from -756%o to -581%o. Therefore, 5°H-H, values increase
with increasing of &°H-C, values for abiogenic CH, and
abiogenic H, which were mainly derived from deep man-

tle with significant fractionation of hydrogen isotope for
molecular H,. No significant linear correlation between
&°H-C, values and &H-H, values is observed in the
Oman peridotite complexes and the Chimaera ophiolites
in Turkiye, where molecular H, was produced by serpenti-
nization and CH, was formed by Fischer-Tropsch synthe-
sis with a narrow variation ranges of &°H-H, values (from
-725%0 to -699%0) and a wide variation range of &°H-C,
values (from -413%o to -129%o.). Therefore, molecular H,
formed by serpentinization has a relatively narrow distri-
bution of hydrogen isotope values, while CH, produced
by Fischer-Tropsch synthesis has a wide range of hydro-
gen isotope values. In the correlation diagram between
&°H-C, values and &°H-H, values (Figure 9b), the gases
in basic-ultrabasic volcanic rocks of the Taoudenni Me-
gan Basin in Mali, basic volcanic rock basement of Ameri-
can Kansas Basin, New Caledonia ophiolites, TC basic-
ultrabasic volcanic hot spring, and JM sandstone-rhyolite
hot spring, are located within the gases in Oman perido-
tite complexes and Chimaera ophiolites in Tirkiye. There-
fore, the gases in basic-ultrabasic volcanic rocks of the
Taoudenni Megan Basin in Mali, basic volcanic rock
basement of American Kansas Basin, New Caledonia
ophiolites, TC basic-ultrabasic volcanic hot spring, and
JM sandstone-rhyolite hot spring have a similar origin
with that of Oman peridotite complexes and Chimaera
ophiolites in Turkiye. The hydrogen isotopes of H, pro-
duced by inorganic chemical reactions have a wide
range. As the temperature increases, the hydrogen iso-
topes of H, become heavier (Proskurowski et al., 2006),
which is related to the fact that molecular H, was con-
sumed and converted into CH,, thus making present mo-
lecular H, more isotopically enriched in *H and CH, isoto-
pically more enriched in 'H. Thus, methane produced by
Fischer-Tropsch synthesis is more isotopically enriched
in "H than that of thermal cracking of organic matter. De-
spite there are not much data of &H-H,values to illustrat-
ed the origin of molecular H, in the volcanic-metamorphic
rock basement gas in Canadian Shield, the geochemical
parameters of *He/'He ratios (< 0.32 Ra), 8“C,values,
&°H-C, values, and CH,/H, ratios indicated that molecular
H, in the volcanic-metamorphic rock basement gas in Ca-
nadian Shield was a typical crust-derived abiogenic gas.
Only one datum of 3°H-C, value showed that molecular
H, would be formed by H,O decomposition caused by ra-
dioactive decay, since its hydrogen isotope value (3°H-
H, = -637%o) is obviously higher than that of molecular H,
formed by serpentinization in the Chimaera ophiolites in
Tarkiye. The water in volcanic-metamorphic rock base-
ment in Canadian Shield is alkaline saline type which has
heavy hydrogen isotope. Lin et al. (2005) used *Co as a
radioactive source to understand the ability of H,O de-
composition in generating molecular H, under excitation
of radioactive substances. The results showed that the
production of molecular H, generated by H,O decomposi-
tion under excitation of radioactive substances was relat-
ed to the dose of radioactive energy, when the H,O with
a 8°H-H,0 value of -44%. is excited by radioactive ener-
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gy, the hydrogen isotope values of molecular H, range
from -520%o to -490%o, and is not affected by the dose of
radioactive substances, the pH value of water, salinity or
oxygen. The hydrogen isotope of molecular H, generated
from H,O decomposition of radioactive decay is mainly
controlled by hydrogen isotope fractionation between
H,O and H,.

Molecular H, in geological bodies includes mantle
volatile, thermal cracking of organic matter, microbial deg-
radation of organic matter, serpentinization of olivine and
pyroxene in mafic and ultramafic rock, and H,O decompo-
sition of radioactive decay by radioactive elements of U
(***U, ®°U), Th (**Th), K (“K) in the basement rock (Dzau-
gis et al,, 2016; Lin et al., 2005; Vovk, 1987). Due to
chemical activity of molecular H,, various inorganic chem-
ical reactions make the hydrogen isotope fractionation of
H, and CH, under certain geological conditions. It can be
assumed that the rate of H, production from serpentiniza-
tion or H,O decomposition caused by radioactivity under
the geological condition was basically constant. Gases
from areas where Fischer-Tropsch synthesis was relative-
ly weak have relatively high H,content, associated with
the wide range of hydrogen isotope fractionation of mo-
lecular H,, since the low content of CH, was formed by
Fischer-Tropsch synthesis and its hydrogen isotope is
more isotopically enriched in 'H than that of CH, pro-
duced by thermal cracking or microbial degradation of or-
ganic matter. On the contrary, gases from areas with rela-
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tive strong Fischer-Tropsch synthesis have a relatively
low content of molecular H,, since a certain amount of
molecular H, was consumed and converted into CH,,
causing the high content of CH, generated by Fischer-
Tropsch synthesis. As a result, the hydrogen isotope of
CH, was relatively enriched in ?H, distributed in a similar
range with that of CH, formed by thermal cracking of or-
ganic matter and microbial degradation.

According to occurrence of molecular H, under differ-
ent geological conditions, in combination with *He/*He ra-
tios as well as carbon and hydrogen isotopes of CH,, the
formation environments and co-evolution of H, and CH,
under different geological conditions can be identified as
shown in Table 1. Due to the mixing of gases from differ-
ent sources, the threshold of constrained parameters for
molecular H, is not constant, and the sources of molecu-
lar H, is identified in combination with its geological back-
grounds and formation processes.

3 ACCUMULATION OF MOLECULAR HYDROGEN IN
GEOLOGICAL SCENARIOS
3.1 A Case of H,-Bearing Gas Reservoirs in Kansas
Basin, North America

Since the early 1980s, H,, N,, and He gases, as well
as a small amount of hydrocarbon gases, have been
found in oil wells in the continental rift system in Kansas,
USA (Guélard et al., 2017; Newell et al., 2007; Coveney
et al., 1987; Goebel et al., 1983). Among them, the conti-
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nental rift is the main distribution area of high-content mo-
lecular H,. For example, the H, content in natural gas in
Well Scottt 1 reached about 50% at the time of discovery
(Goebel et al., 1983), and then the H, content decreased
with time, varying between 24% and 43% (Coveney et
al., 1987; Goebel et al., 1983). During 2005-2006, the H,
content in natural gas drilled by WTW Petroleum Compa-
ny in the Forest City Basin of Kansas area reached 17%,
and heavy hydrocarbon components were detected
(Newell et al., 2007). In 2008, Kansas Branch of the US
Geological Survey carried out drilling targeting for molec-
ular H, in this area, and the natural gas was discovered
in the Precambrian basement of D#2-1 Well, with H, con-
tent as high as 91.8%, showing a good prospect for mo-
lecular H, exploration and development (Figure 10).

The H, wells in the Kansas Basin are distributed on
the Nemaha anticline, which is located several miles
west of Humboldt fault. The Nemaha anticline was
formed by deformation in the Early Pennsylvania Period
(Goebel et al., 1983). Humboldt fault, which cuts Precam-
brian basement rocks and Paleozoic strata, is a low ener-
gy seismic zone, and coincides with the continental rift
system. The basement of the basin is mainly affected by
tension, resulting in the development of a fault system.
The pre-Cambrian basement gas reservoir is unconform-
ably overlaid by the Ordovician series, and the pre-Cam-
brian basement rock is mainly composed of igneous or
metamorphic rocks, of which igneous rocks are mainly
composed of granite, gabbro, and basalt, etc. (Newell et
al., 2007; Coveney et al., 1987). A series of Devonian—Or-
dovician sedimentary strata, mainly composed of lime-
stone and sandstone, were deposited above the base-
ment. The overlying Ordovician formation developed a
dense set of carbonate rocks, mainly consisting of dolo-
mite and limestone, which form a good cap for the base-
ment gas reservoir. Therefore, the central rift system is
the area where H, is mostly enriched. The Carboniferous
period is characterized by the development of Mississip-
pi-Pennsylvanian sandstones, and coal measures. The
lower section of the Pennsylvanian series developed
dense carbonate rocks, which are the cap rocks for the
underlying Mississippi series sandstones (Coveney et al.,
1987). The Pennsylvanian sandstone series is in confor-
mity with the overlying thick Permian marine dense
shale, which is a good cap rock for gas reservoirs (Schul-
meister et al., 2019).

The molecular H, in the Kansas Basin was mainly
produced from Fe-rich mafic mass in Precambrian base-
ment-ultrabasic volcanic rocks. The H, reservoir in the
Kansas Basin is mainly distributed in the mafic volcanic
basement and sedimentary rocks, mainly in the pre-Cam-
brian basement fractures, the Honton limestone of the Si-
lurian—Devonian Period, the Kinderhookian sandstone of
the Mississippi — Devonian Period, and the Indian cave
sandstone of the Pennsylvania Period (Guélard et al.,
2017; Coveney et al., 1987). Due to large number of
dense fractures in the volcanic basement, it is an impor-
tant H, producing layer, and the overlying limestone and

sandstone also produce a certain amount of H,, but the
H, content in the sedimentary layer is significantly lower
than that in the volcanic basement (Guélard et al., 2017).
At the same time, a small amount of H, is also produced
in the tiny pores of the carbonate rocks.

According to *He/*He ratios and two-endmember mix-
ing of crust-derived and mantle-derived gases, natural
gas in the Kansas Basin has *He/’He ratio < 0.32 Ra,
which is of crustal origin. From the perspective of the nat-
ural gas production and lithology of the Kansas Basin re-
ported in previous studies, there is no contribution of ther-
mal cracking or microbial degradation of organic matter.
The He in the gas is mainly produced by the a-decay of
uranium and thorium-rich minerals in mafic and ultramaf-
ic rocks, while the H, is mainly generated by the reaction
of water with olivine and pyroxene in mafic and ultramafic
rocks to form serpentine, and by the decomposition of
water induced by a, B, and y radiation. The Kimberlite
and hidden layered mafic and ultramafic rocks in the Kan-
sas Basin’s volcanic basement are important sources for
the generation of H, by the serpentinization process
(Guélard et al., 2017; Newell et al., 2007; Coveney et al.,
1987). In addition, U- and Th-rich granitic rocks in the pre-
Cambrian basement of the region also provide favorable
conditions for the formation of He through radioactive de-
cay and the production of H, through radiation-induced
water decomposition. The coexistence of gases such as
‘He, *Ar, and N, (with an average 6"°N value of +2.5%o)
indicates a radioactive origin, and the *He/*He values are
less than 0.02 Ra, which show characteristic crustal
source with a radioactive origin (Guélard et al., 2017).

The correlation between He and H, contents in Fig-
ure 11a suggests that the Heins and Scott regions of the
Kansas basin are dominated by serpentinization, while
the D and Wilson regions are dominated by radioactive
He and H,. This is because the H, content is high in the
Heins and Scott regions, while He is generally low. Al-
though the variation of H, content in D and Wilson re-
gions is large, the content of He is generally higher than
0.5%, and the high He content may be attributed to the
production of He through U and Th radioactive decay.
The large variation in H, content is likely due to the H, be-
ing consumed through the Fischer-Tropsch synthesis of
CH,. It shows in the relationship between In(H,/He) and In
(CH,/CO,) that natural gas has a certain negative correla-
tion between In(H,/He) and In(CH,/CQO,) in regions where
gases are of radiogenic origin (Figure 11b), while region
with serpentinization mainly show that In(H,/He) values
have a small range of variation, while there has a large
range of variation in In(CH,/CO,) values, and there is no
obvious correlation between the two, indicating that for
regions of radiogenic origin, not only H, and He are
formed, but also the consumption of H, through Fischer-
Tropsch synthesis could increase the CH, content signifi-
cantly. In contrast, serpentinization only generates ser-
pentine and releases H, through the reaction of olivine
and pyroxene with water, without producing He. High lev-
els of H, are not necessarily accompanied by high levels
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of He in this case.

From the relationship between the &°H-C, and &°H-
H, values in Figure 11c, it can be inferred that although
data are limited for both the radioactive and serpentinite
regions, the hydrogen isotope composition of CH, in the
radioactive region is significantly heavier than that in the
serpentinite region. In the serpentinite region, the &°H-C,
values range from -450%o to -350%o., while in the radioac-
tive region, they range from -300%o to -250%.. According
to the relationship between H, contents and &°H-H, val-
ues (Figure 11d), there is a certain positive correlation be-
tween the &°H-H, values and the H, contents of natural
gas in the serpentinization area. This suggests that, with
the increase of the H, content, the &°H-H, values show
an increasing trend, while there is no significant correla-
tion between the two in the radioactive area. Therefore, it
is inferred that high levels of H, are more easily formed in
the serpentinite region, while in the radioactive region,
some H, is easily transformed into CH, through Fischer-
Tropsch synthesis, resulting in a relatively low H, content,
but a relatively high He content can be formed in the ra-
dioactive region.

The study of well D#2-1 showed that the H, content
reached 91.8% at the bottom when the well was initially
drilled, while the CH, content was only 0.1%. However, in
the later stages, the H, content sharply decreased while
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the CH, content sharply increased, and the hydrogen iso-
tope of H, became heavier, while the carbon isotope of
CH, became abnormally lighter (5"C, < -55%o), indicating
typical characteristics of biogenic gas, which may be due
to the consumption of H, by microorganisms to produce
methane, leading to changes in H, content and isotopes
(Guélard et al., 2017). H, is easily consumed by subsur-
face microbial activity. For example, H, is consumed to
generate CH, or acetate by microorganisms in the pres-
ence of CO,, whereas H, is consumed to generate H,S in
the presence of SO,”. In an underground storage facility
in Robodis, Czech Republic, 45%—-60% of H,was trans-
formed into CH, or H,S through microbial reactions
(Smigan et al., 1990). The Vaux-en-Bugey condensate
gas field in France has 5% of natural gas at the begin-
ning of exploration, about 1.1 x 10° m®, and a sharp de-
crease in H, content was detected later, which was attrib-
uted to oxidation by sulfur bacteria (Deronzier and
Giouse, 2020). At the same time, H, is an electron donor
for some microorganisms, including archaea and bacte-
ria, thereby promoting microbial metabolism and the for-
mation of substances such as acetate, which in turn af-
fects reservoir permeability and porosity (Ebigbo et al.,
2013). Therefore, compared with other components in
natural gas, H, is more susceptible to loss due to microbi-
al or inorganic reactions (Lin et al., 2005; Telling et al.,
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2015).

The gas with the H, content higher than 25% in the
Kansas Basin is mainly distributed in the basic-ultraba-
sic volcanic rocks in the central rift area, which is either
deeply fractured or influenced by deep faults. Although
there is also a certain amount of H, production in the
sedimentary layers overlying the basement in the Kan-
sas Basin, the H, content in the sedimentary reservoirs
is significantly lower than that in the basement volcanic
rocks, indicating that H, in the Kansas Basin is mainly
enriched in the near-source area (Figure 12). Due to the
development of fractures at the edge of the Kansas Ba-
sin, which provide channels for groundwater infiltration,
groundwater flows into the sedimentary layer and dense
fractures of the volcanic basement of the basin along
the fractures, and the aquifers are mainly distributed in
the sandstone layer at the top of the Carboniferous
Pennsylvanian and Devonian systems. The capillary
force generated by the water affinity of minerals in
dense shale or siltstone plays a good protective role by
blocking the production, migration and diffusion of H,,
and inhibiting the loss of H,.

In summary, the enrichment of H, requires a contin-
uous supply of H,, as H, consumption and loss are ongo-
ing processes. The basement of the Kansas Basin is
composed of extensive basic-ultrabasic volcanic rocks
overlain by thick sedimentary deposits. These basic-ul-
trabasic volcanic rocks are not only rich in U, Th and
other radioactive elements, but also develop mafic and
ultramafic rocks containing olivine and pyroxene, which
are the main source of high-abundance H, and He. Fur-
thermore, because of the active chemical properties of
H,, its enrichment not only requires in situ accumulation
or short-distance migration and aggregation in adjacent
strata (Coveney et al., 1987), but also depends on the
sealing ability of the overlying and surrounding rocks to
ensure that the H, accumulation rate exceeds the H,
loss rate (Deronzier and Giouse, 2020; Zgonnik, 2020).
The well-developed fractures in basement rocks in Kan-

sas Basin not only increased the contact area with reac-
tive fluid, but also provided a larger storage space.
Meanwhile, the tight sedimentary rocks overlying the
basement effectively prohibited the diffusion of molecu-
lar H, from the basement reservoir, and the detection of
different concentrations of H, in the crust suggests that
H, has a sustained supply (Etiope, 2023; Prinzhofer et
al., 2019), thus establishing a dynamic balance between
continuous supply and diffusion of molecular H,. There-
fore, the enrichment of H, in geological bodies requires
a comprehensive evaluation based on the different min-
eral compositions of rocks and the physical properties
of surrounding rocks (Sherwood Lollar et al., 2014). In
future, H, resources that can be commercialized are
more likely to be obtained from the geological structures
in the continental rift systems. The Bohai Bay Basin in
China is located within the Cathaysian Rift System and
shares a similar geological background with the Kansas
Basin Rift System. Both areas exhibit basic and ultra-ba-
sic volcanic activities, representing significant regions
for the abundant distributions of basic and ultra-basic
magmas. The upper part of the rift features the develop-
ment of thick sedimentary layers, which serve as valu-
able reservoirs for the storage and accumulation of hy-
drogen gas under appropriate geological conditions.
Therefore, the region of the eastern Bohai Bay Basin in
China, characterized by the development of alkaline
and ultra-alkaline volcanic rocks and stable sedimentary
layers, holds substantial value for geological exploration
focused on molecular hydrogen. It is considered a key
area for future exploration efforts targeting hydrogen
gas as a resource.

3.2 Sealing Properties of Caprock and Surrounding
Rock
3.21 Effects of surrounding rocks on physical and
chemical characteristics of molecular H,

Compared with conventional natural gas reservoirs,
the distribution of H, enrichment in geological bodies in
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the world is less due to small molecular size and active
chemical properties of molecular H,. However, the accu-
mulation of molecular H, is similar to conventional natural
gas reservoirs, which requires sufficient gas supply, good
storage space and safe sealing. The high reactivity and
consumption of molecular H, required the relatively avail-
able supply in geological scenarios. Molecular H, is also
a very diffusible gas, and the detection of molecular H, in
varying amounts in geological scenarios indicated a con-
tinuous supply of molecular H, (Etiope, 2023; Prinzhofer
etal., 2019).

Due to active physical and chemical properties, mo-
lecular H, is generally enriched in situ or undergoes short-
distance migration and accumulates in adjacent layers
(Coveney et al., 1987). In addition to proximity to source
of H,-enriched interval, the sealing ability of cap rock and
surrounding rock is an important factor for the H,enrich-
ment (Deronzier and Giouse, 2020; Zgonnik, 2020).
When molecular H, migrates to water-rock interface of
cap rock, it will be blocked by capillary pressure. As long
as the threshold pressure does not exceed, molecular H,
will be kept tightly sealed and act as a geological barrier
to the underlying gas (Reitenbach et al., 2015). If the gas
pressure exceeds the capillary threshold of cap rock, mo-
lecular H, will escape and leak through cap rock, and
thus it is fate for H, enrichment to the capillary sealing ef-
ficiency of cap rock and surrounding rock. The capillary
sealing efficiency is mainly affected by different lithology
of cap rocks. For example, the sealing effect of shale and
evaporite is mainly affected by the interface, and the in-
terface affects the parameters of the capillary sealing effi-
ciency of the cap rock (water-H,-rock pores, wettability).
The wettability of molecular H, increases with pressure,
surface concentration of organic matter, and TOC value,
but it decreases with temperature. The sealing efficiency
of shale for molecular H, decreases with increasing tem-
perature (Aftab et al., 2022; Reitenbach et al., 2015). In
addition, evaporites with small pore sizes provide the
most effective seals. The physicochemical reactions be-
tween surrounding rock and fluid have an important im-
pact on the porosity-permeability evolution of reservoirs,
which in turn affects the gas flow process and rock barri-
er properties.

3.2.2 Mineralogical or microbial modification in the
surrounding rocks

During the process of migration and accumulation,
molecular H, in geological bodies will undergo a series of
physicochemical reaction with minerals in surrounding
rocks or participate in the process of bioheterotrophy, re-
sulting in H, consumption. Generally, molecular H, chemi-
cally reacts with S-containing minerals to produce H,S.
Under normal pressure, no catalyst and below 100 °C,
the chemical reaction between H, and rocks is slow, but
the chemical reaction accelerates as pressure increases.
When molecular H, interacts with clay minerals, it causes
that the dissolution of carbonate and sulfate minerals of
chlorite group, feldspar and clay minerals, and the precip-

itation of illite, iron sulfide and pyrrhotite (Klein et al.,
2020; Heinemann et al., 2018). The dissolution and pre-
cipitation of minerals affects the migration and diffusion
of molecular H,.

Molecular H, as an electron donor for certain micro-
organisms (including archaea and bacteria), has ability to
promote microbial metabolism and formation of substanc-
es such as acetic acid, which in turn affects the permea-
bility and porosity of reservoir (Ebigbo et al., 2013). Mo-
lecular H, is easily consumed under action of microorgan-
isms. In the presence of CO,, molecular H, is consumed
by microorganisms and produces CH, or acetate, or in
the presence of SO,*, molecular H, is consumed and pro-
duces H,S. In an underground storage of gas in Roberdis
of Czech Republic, 45%—-60% of molecular H, was con-
verted into CH, or H,S through microbial reaction
(Smigan et al., 1990). When the Vaux-en-Bugey conden-
sate gas reservoir in France started to be explored, the
H, content in natural gas was 5% with a total gas amount
of 1.1 x 10° m®, and then a sharp decrease in H, content
was detected, which might be related to oxidation and
consumption of S-bearing bacteria (Deronzier and
Giouse, 2020).

Therefore, compared with other components in natu-
ral gas, molecular H, is more susceptible to loss due to
microbial action or abiogenic reaction (Telling et al.,
2015; Sherwood Lollar et al., 2006; Lin et al., 2005), such
as abiogenic synthesis of CH,, sulfur reduction reaction
or oxidation reaction. Since H, consumption is a continu-
ous process, only does the continuous supply of molecu-
lar H, keep the H, enrichment. At the same time, due to
active chemical properties of molecular H,, the section of
H, enrichment is required to be close to H, source, and
the amount of H, generation is larger than the amount of
H, diffusion. Therefore, the enrichment of molecular H, in
geological bodies needs to be comprehensively evaluat-
ed in combination with mineral composition of source-res-
ervoir-caprock and the physical properties of surrounding
rocks (Briere and Jerzykiewicz, 2016; Sherwood Lollar et
al., 2014).

4 CONCLUSIONS

Molecular H, is widely distributed and enriched in
various geological scenarios, and different genetic ori-
gins of molecular H, have distinct geochemical character-
istics. According to the origin and source of molecular H,,
it can be classified into several groups, including deep
mantle, thermal cracking of organic matter, microbial deg-
radation, serpentinization and H,O decomposition
caused by radioactive radiation. Due to active chemical
properties of molecular H,, it is easily consumed by bio-
logical and chemical reactions under certain geological
conditions. Fischer-Tropsch synthesis is one of the most
common ways for molecular H, to be consumed and con-
verted into abiogenic CH, in geological bodies.

The Fischer-Tropsch synthesis not only consumes
molecular H,, but also causes the isotope fractionation of
hydrogen in H, and CH,. Therefore, abiogenic CH,
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formed by the inorganic chemical reaction has a similar
distribution of hydrogen isotope composition to that of the
CH, formed by thermal cracking of organic matter and mi-
crobial degradation.

Among different genetic sources of molecular H, in
geological bodies, the most abundant molecular H, is
from the indiscriminate degradation of organic matter by
microorganisms, followed by H, from serpentinization
and mantle-derived H,. The amount of molecular H, from
decomposition of H,O0 under radioactive radiation de-
pends on the amount of H, consumed by the Fischer-
Tropsch synthesis. The amount of molecular H, formed
by thermal cracking of organic matter is the lowest
among all sources. Radioactivity not only decomposes
H,O to produce molecular H,, but also forms high content
of He.

The accumulation of molecular H, in geological bod-
ies is mainly constrained by continuous supply from H,
sources, migration distance, and dynamic balance be-
tween H, supply and loss. If the supply is larger than the
loss, it is easier for the molecular H,to enrich. The conti-
nental rift system can be the area with a high chance of
discovery and commercial development of H, resources
in the future.
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