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The exploration of natural H, and CHy in geothermal systems has gained attention due to their potential as low-
carbon, high-temperature energy sources. These gases are commonly found in tectonically active regions, such as
the Tibetan Plateau, but their origins remain poorly understood. This study investigates the hydrogeological and
geochemical processes behind Hy and CH4 formation in the seismically active Xianshuihe Fault Zone (XSHF) on
the eastern Tibetan Plateau, focusing on isotopic exchanges in the Hy-H20-CH4-CO2 system. We highlight the
presence of Hy and CHy in hydrothermal volatiles from continental orogenic belts lacking mafic or ultramafic
rocks. Our findings show that: (1) Hy is primarily produced by the hydrolysis of silicate minerals on fault sur-
faces, driven by geothermal circulation in regions with strong seismicity; (2) CH4 forms from the thermal
metamorphism of organic matter in sediments, not abiotic processes; (3) the Kangding Yulingong geothermal
system hosts a thermal reservoir at 2 km depth, with a well (2006 m) directly penetrating the reservoir, a novel
discovery. While large-scale gas reservoirs are limited, the study highlights the potential of geothermal Hy and
CHy4, contributing insights for exploring renewable energy in continental orogenic regions worldwide.

[5]. From an energy perspective, geologically produced Hy and CHy4 are
emerging as promising extractable resources, gaining importance as the

1. Introduction

In recent years, naturally occurring molecular hydrogen (Hy) and
methane (CHy4) have attracted increasing attention due to their signifi-
cant impact on Earth’s geological and biological history, as well as their
relevance in the search for extraterrestrial life [1-3]. These gases can
sustain chemosynthetic communities by driving metabolic processes and
supporting biomass production [4], making these microbial ecosystems
potential analogs of early life on Earth [3]. Moreover, the discovery of
Hy and CHy4 on other planetary bodies has heightened their significance
in astrobiology, emphasizing prebiotic chemistry topics such as the
hydrogen-based origin of life and methane’s role as a precursor to life

global energy transition shifts from high-carbon to low- or non-carbon
systems to address climate change [3,6]. Notably, the calorific values
of Hy (1.43 x 10% J/kg) and CH4 (5.04 x 107 J/kg) [7] significantly
exceed those of coal (2.56 x 107 J/kg) [8] and petroleum (4.44 x 107
J/kg) [9].

In nature, abiotic Hy and CHy4 are often found in volcanic regions and
geothermal systems [10,11]. Unlike microbial and thermogenic hydro-
carbons, the formation of abiotic CH4 generally follows three main
pathways: (1) water-rock interactions, (2) magmatic and post-magmatic
processes, and (3) primordial methane delivered by meteorites during
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Earth’s accretion and preserved in the mantle [12]. Key reactions
include metal carbide methanation, carbonate metamorphism, and
Fischer-Tropsch Type (FTT) reactions [13]. In high-temperature envi-
ronments (>300 °C), such as magmatic or late-magmatic processes,
hydrogen in water acts as an electron acceptor, whereas in most crustal
settings, molecular hydrogen serves as the primary reducing agent [14].
Although over 20 processes have been linked to natural abiotic Hy
production on Earth [15], serpentinization of ultramafic rocks is most
frequently cited to explain high-grade hydrogen resources across various
environments. These include gas seeps in the Zambales Ophiolite,
Philippines [16], the Chimaera seep in Turkey [17], deep subsurface
aquifers within the Columbia River Basalt Group, USA [18], hyper-
alkaline springs in Genova, Italy [19], and fluid inclusions in subducted
ophicarbonates [11]. Similar processes are observed in vent fluids from
the Lost City Hydrothermal Field [20] and the Rainbow Hydrothermal
Field [21,22] along the mid-Atlantic Ridge, as well as in
low-temperature hot springs along the eastern coast of China [23].
During water-rock interactions, Fe(II) in minerals such as olivine,
orthopyroxene, or other ophiolitic rocks (e.g., gabbro, dunite, harzbur-
gite, and lherzolite) is oxidized to Fe(Ill), facilitating the reduction of
water to Hy [24]. The H, produced can then react with carbon species
such as CO,, CO, carbonate or bicarbonate, originating from
mantle-derived volatile or crustal metamorphic processes, resulting in
the formation of abiotic CH4 and higher hydrocarbons (e.g., CoHg, C3Hg)
[14,19].

However, mechanism of hydrogen production by serpentinization
and methane production by FTT reaction do not fully account for the
presence of Hy and CHy4 in hydrothermal volatiles emitted from conti-
nental orogenic belts that lack mafic or ultramafic rocks. For example,
the Himalaya-Tibet orogen, formed by the collision between the Indian
and Asian plates, contains numerous geysers, boiling springs, bubbling
springs, and steaming grounds [25,26]. However, the origin of Hy and
CH4 in these hydrothermal emissions remains unclear. Previous studies
have reported the highest volumetric concentrations of Hy and CHy in
these regions as follows: 0.0001 % Hy and 0.85 % CHj4 in the western
Himalayan syntaxis [27]; 1.34 % H; and 28.23 % CHy4 on the central
Tibetan Plateau [28-33]; 0.27 % H; and 15.76 % CH4 in Yunnan
Province, southeastern Tibetan Plateau [34,35]; and 2.90 % H, and
7.28 % CHy4 in Sichuan Province, on the eastern edge of the plateau
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[36-40]. Many of these CH4 samples exhibit §!3C-CH, values higher
than —25 %, indicating a likely abiotic origin [12]. However, the spatial
distribution of Hy and CH4 (Fig. 1a and b) does not align with the
ophiolitic massifs exposed along major suture zones, such as the IYS and
BNS sutures in central Tibet [41], or the Ganzi-Litang, Jinshajiang, and
Lancangjiang sutures in the eastern plateau [42]. This misalignment
suggests that serpentinization and Fischer-Tropsch Type (FTT) reactions
alone cannot fully explain the observed Hy and CH,4 emissions across the
Tibetan Plateau. Furthermore, the limited number of studies on hydro-
thermal Hy and CH4 emissions from these springs, combined with the
scarcity of isotopic data, has hindered a deeper understanding of their
formation mechanisms.

This study investigates the formation of hydrothermal Hy and CHy4
released from the XSHF, the most active lithospheric-scale strike-slip
fault along the eastern edge of the Tibetan Plateau (Fig. 1c). By sys-
tematically analyzing the chemical composition and isotopic ratios (e.g.
3He/*He, “He/?*°Ne, '3Cco2, “>Ccpiar 8Dcpa, Du2, 8Di20, and 8'80p20)
in gas and water samples from 26 hot springs, we explore the origin and
evolution of these hydrothermal volatiles in relation to the geological
and tectonic context of the XSHF.

2. Geological setting

The Tibetan-Himalayan orogen is the largest mountain chain on
Earth. It was formed by the tectonic collision between the Indian and
Eurasian plates following the closure of the Neo-Tethys Ocean around 50
million years ago [43]. As a result, the Indian plate has moved
approximately 3200 km northward at the Eastern Syntaxis [44], and the
crust in this region has thickened to about 60 km [45]. Situated on the
eastern edge of the Tibetan Plateau, the Western Sichuan Plateau lies
within the influence of the Eastern Himalayan Syntaxis. This intense
tectonic activity has generated widespread high-temperature
geothermal manifestations along lithospheric-scale strike-slip faults,
such as the Xianshuihe Fault (XSHF), the Longmenshan Fault (LTF), and
the Jinshajiang Fault. Among these, the XSHF is one of the most active
intracontinental faults globally, with an average slip rate of 2-12 mm
per year [46]. It plays a crucial role in accommodating the convergence
between the Indian and Eurasian plates [47]. The XSHF forms the
southeastern segment of the Yushu-Ganzi-Xianshuihe fault system,
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which serves as the geological and geophysical boundary between the
Bayankala (Songpan-Ganzi) block and the Sichuan-Yunnan block [48].
As shown in Fig. 1c, it extends from Ganzi in the north, passing through
Luhuo, Daofu, Kangding, and stretching southward to Shimian, covering
a distance of up to 300 km with a dip angle of ~80° [49]. Over the past
300 years, the XSHF has been the site of four major earthquakes with
magnitudes exceeding 7.0. Notable events include the Yushu earthquake
(Ms 7.1) in 2010 and the Kangding earthquake (Ms 6.4) in 2014, both
directly associated with this fault [50,51]. The NW-striking XSHF runs
almost parallel to the LTF, and both faults curve southeastward [52].
Geophysical and seismic studies indicate that the crustal thickness near
Kangding is approximately 50 km, increasing to 60 km further north
near Bamei [53-55].

Along the XSHF, the sedimentary strata are dominated by Triassic
sandstones and mudstones with minor Paleozoic sandstones and lime-
stones, Jurassic-Cretaceous sandstones and mudstones. Granitic plutons
also distributed along this deep fault, implying the anatexis process in
the crust which was triggered in the compressed shear zone [56,57].
Based on the reported ages of the granites [58], they can be divided into
two groups (Fig. 1¢): (1) Mesozoic Triassic granites (~230 Ma — ~ 204
Ma), granites are associated with sedimentary-volcanic sequences that
host numerous skarn and hydrothermal ore deposits [59]; (2) Cenozoic
Zheduo granites (13-41 Ma), located near Kangding town, these gran-
ites are thought to have formed as a result of strike-slip movement along
the fault [60]. Since the XSHF is an intra-block strike-slip fault within
the Bayankala block, rather than a suture zone, no ophiolitic or
mafic-ultramafic rocks have been identified along its length.

Elevations along the XSHF range from ~3000 m to 7556 m, with a
boiling temperature of ~88 °C. The annual average temperature in the
area is below 8 °C. The heat flow value is 94.7 mW/m? significantly
higher than the continental China average of 63 mW/m?, and the
geothermal gradient is approximately 32.69 °C/km [61,62]. Hot springs
along the XSHF are distributed from north to south across counties such
as Luhuo, Daofu, Bamei, and Kangding. In Kangding, two distinct
geothermal systems are located north and south of the county seat: the
Yulingong Geothermal System and the Zhonggu Geothermal System,
respectively. Previous studies report reservoir temperatures of 100 °C in
Luhuo, 125 °C in both Daofu and Bamei, 220 °C in Zhonggu, and 260 °C
in Yulingong [39,63].

3. Material and methods

Geothermal samples were collected in October 2017 and October
2022. Out of 25 sampling sites, 9 were geothermal wells with depths
ranging from 40 m to 2006 m, while the remaining 16 were hot springs.
Photos of the sampling site of XS02, XS04, XS16, and XS17 are shown in
Fig. S1. The sampling temperatures varied between 26 °C and 198 °C,
and the corresponding elevations ranged from 2614 m to 3944 m. In the
field, water temperatures at the sampling points were measured using an
infrared thermometer, and the pH values of the geothermal water were
determined with handheld meters that had been calibrated prior to
sampling. Raw water samples for stable water isotope analysis (*H and
180) were stored in 20 ml polyethylene bottles without the addition of
chemical agents. Gas samples were collected from bubbling hot springs
using Teflon funnels and from geothermal wells using wellhead water-
steam separators, as detailed in Arndrsson et al. [64] and Tian et al.
[39]. Three parallel gas samples for composition analysis, stable carbon
isotopes, and stable noble gas isotopes were gathered in 50 mL lead glass
containers using the gas drainage method, a straightforward collection
technique documented in the literature [65]. To minimize the risk of
diffusion and atmospheric contamination during transport, we
enhanced the storage method as follows: approximately 15 mL of hot
spring water was left in the glass bottle before sealing it with a butyl
rubber stopper. The glass bottle was then encapsulated upside down in a
500 mL brown polyethylene bottle filled with in-situ geothermal water.
This approach reduces the concentration gradient between the inside
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and outside of the glass bottle, thereby limiting diffusion. Samples for
hydrogen isotope determination were collected using a Giggenbach
bottle [66] to absorb acidic gaseous components, such as COy, H,S,
on-site (Fig. 2).

All samples were analyzed within one month after the field trip. The
Oxygen and hydrogen isotopes of water were measured using a laser
absorption water isotope spectrometer (L1102-I, Picarro) at the Water
Isotope and Water-Rock Interaction Laboratory, Institute of Geology and
Geophysics, Chinese Academy of Sciences. The isotopic ratios of D/H
and '80/1%0 are reported to the VSMOW (Vienna Standard Mean Ocean
Water) international standard. The analytical precision for §°H and §'%0
measurements was 0.5 %o and 0.1 %o, respectively. Gas samples were
analyzed at the Key Laboratory of Petroleum Resources Research,
Northwest Institute of Eco-Environment and Resources, Chinese Acad-
emy of Sciences. These samples were tested for Hy, N3, CHy, CO, HsS,
CO29, CoH4, CoHg, and CsHg using gas chromatography (GC-9560-PDD)
with helium as the carrier gas. O, and Ar concentrations were deter-
mined with a MAT 271 mass spectrometer. The detection limit was
0.0001 %, with an analytical precision of 0.001 % and relative standard
deviations below 5 %. Trace helium content, along with *He/*He and
“He/*°Ne ratios, was analyzed using a Noblesse noble gas mass spec-
trometer (Nu Instruments, UK). The detection limit for helium was
0.0001 %, with isotopic ratio measurement errors of less than 7 %. Air
collected from Gaolan Hill, south of Lanzhou, was used to calibrate the
instrument. The SISCV_pDB values for CO5 and CH4 (relative to the VPDB
standard) were measured using a GC-IRMS analytical system,
comprising a gas chromatography (Agilent 6890) coupled with a
Thermo-Fisher Scientific Delta Plus XP stable isotope ratio mass spec-
trometer and an online sample preprocessor. The carbon isotope ratios
are reported using the conventional delta notation (%o) relative to the
Pee Dee Belemnite (PDB) standard from South Carolina, with a mea-
surement error of +0.2 %.. The D/H ratios of methane and hydrogen
were analyzed with a MAT 253 mass spectrometer (Thermo Fischer). A
working standard gas (CH4) with a known hydrogen isotopic composi-
tion (8Dysmow = —146.0 %0) was used to monitor the instrument’s sta-
bility and accuracy during each test. Measurement errors for hydrogen
isotopic ratios were within +5 %o.

4. Results

The gaseous components are listed in Table 1. With the exception of
samples XS14 and XS18, CO2 was the predominant gas in the hydro-
thermal springs, comprising over 80 % by volume, consistent with
typical observations across the Tibetan Plateau [25,33,67]. Minor
components included Ny, Oy, Ar, CHy4, Hy, He. Most samples had No/Ar
ratios ranging from approximately 38 (the value of air-saturated water,
ASW) to 83.6 (the value for pure air). In the Np-He-Ar ternary diagram
(Fig. 3a), the data points generally followed a mixing trend between
deep-sourced (mantle/crustal) gases and air-contaminated endmem-
bers, indicating that the Ny and Ar were primarily of atmospheric origin.
The concentrations of Hy and CH4 ranged from 0.0005 % to 1.69 % and
0.01 %-3.97 %, respectively, corresponding to a broad Hy/CHj4 ratio
range of 0.0005-2.59, spanning six orders of magnitude. Helium (He)
concentrations varied between 0.0004 % and 0.0725 %. All samples
showed O, concentrations below 5 % and Ar levels below 0.2 %, sug-
gesting minimal air contamination during sampling [68].

As listed in Table 2, the He/*He ratios ranged from 1.65 x 1077 to
4.09 x 107%, corresponding to R/Ra values of 0.12-2.92 Ra, where Ra
represents the 3He/*He ratio in air (1.43 x 10’6). The air-corrected
3He/*He values (reported as Rc/Ra) ranged from 0.11 Ra to 2.90 Ra,
falling between the typical crustal value (0.005-0.02 Ra [71]) and
mantle values (8 + 1 Ra for depleted Mid-ocean Ridge Basalts Mantle
[72] or 6 + 2 Ra for subcontinental lithospheric mantle [73]). The
“He/*°Ne ratios (0.98-178) were 3-560 times higher than those of the
air (0.318) and air-saturated water (~0.26 at 10 °C) [74], suggesting
minimal air contamination in the helium samples. The
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Fig. 2. Sampling methods using the Giggenbach bottle at (a) geothermal wells and (b) bubbling springs, respectively.

Table 1
Information of sampling sites and chemical compositions of geothermal gas.

No. Area Type" Sampling Temperature  Elevation pH  Gas concentration
o (m) He Hs (vol. 0O, (vol. Ar (vol. N, (vol. CH4 (vol. CO,, (vol.
(ppmv) %) %) %) %) %) %)
XS01  Kangding hs 74 2957 8.1 10 0.0056 3.75 0.18 14.65 0.17 81.24
XS02  Yulingong  gw 198 3065 9.3 9 0.2756 1.94 0.10 8.51 0.11 89.06
(2006)
XS03 gw (267) 150 3065 9.0 12 0.6608 0.42 0.02 1.94 0.44 96.51
XS04 hs 70 3012 7.4 15 0.2929 1.41 0.07 5.93 0.40 91.90
XS05 gw (248) 80 3150 7.2 13 1.6900 0.36 0.04 2.98 0.88 94.06
XS06 gw (220) 149 2928 9.5 34 0.3800 0.11 0.02 1.94 0.35 97.19
XS07  Kangding gw (40) 57 3214 7.2 115 0.0032 1.53 0.57 31.36 3.97 62.55
XS08  Zhonggu gw (50) 65 3124 7.3 14 0.0039 0.95 0.07 4.11 0.63 94.23
XS09 gw (40) 46 2614 6.9 15 0.0014 0.40 0.03 6.66 0.13 92.77
XS10 gw 84 3117 7.9 42 1.5400 1.70 0.13 10.84 3.53 82.25
(1847)

XS11 gw (70) 70 3032 81 534 0.0035 1.24 0.11 8.93 0.16 89.53
XS12  Bamei hs 71 3423 86 103 0.0020 1.36 0.25 16.67 2.03 79.68
XS13 hs 26 3630 6.8 68 0.0045 1.00 0.16 10.74 1.23 86.86
XS14  Daofu hs 53 3944 7.3 725 0.0090 0.85 1.65 61.04 1.88 34.49
XS15 hs 40 3672 7.4 33 0.0168 3.31 0.20 15.31 0.16 81.00
XS16  Luhuo hs 39 3401 7.2 4 0.0050 1.16 0.06 3.53 0.01 95.23
XS17 hs 35 3055 7.2 - 0.0005 0.13 0.09 7.84 0.16 91.78

@ hs represent hot spring, gw represent geothermal well with the depth indicated in parentheses.

three-end-member mixing diagram (Fig. 3b) illustrates the relative
contributions of mantle, crustal, and atmospheric helium sources. In
most samples, the mantle-derived helium content was below 5 %,
indicating that helium in the study area primarily originates from the o
decay of radioactive elements (U and Th) within the crust. This finding
aligns with previous studies from the Tibetan Plateau [31,75], where
mantle volatiles have been significantly diluted within the thickened
crust (over 60 km). However, the mantle contribution in the Kangding
geothermal field (Yulingong and Zhonggu) was notably higher, ranging
from 10 % to 30 %, compared to other geothermal systems along the
XSHF. Previous studies suggest that this elevated mantle contribution
results from a well-developed fracture system that channels mantle
volatiles upward in the Moho-uplifted area, rather than from a shallow
mantle magma chamber [39]. Indeed, the R/Ra values of Kangding
geothermal systems (0.36-2.86 Ra) were considerably lower than those
of the Tengchong volcanic field (R/Ra = 5.27) in the southeastern Ti-
betan Plateau [67]. The isotopic compositions of water samples ranged
from 8Dyy0 values of —144.8 %o to —114.4 %o and 5'80-H,0 values of
—18.3 %o to —14.0 %o. According to previous studies [39,63] and as
shown in Fig. 3c, the hydrothermal water originated from meteoric
sources, with samples from Yulingong displaying a 820 shift due to
intensified regional water-rock interactions. Other isotopic composi-
tions in the samples were as follows: 613CC()2 from —7.5 %o to —4.8 %o,
8'3Ca4 from —60.7 %o to —2.0 %o, SDcp4 from —242.1 %o to —31.8 %o,
8Dyy from —655.7 %o to —507.7 %o. The 8D values of methane and
hydrogen were compared with the §Dyj»0 values and sampling elevation,
as shown in Fig. 4. The 8D of hydrogen exhibits a more significant

positive correlation with both the 8D value of water and elevation.
Additionally, the pH values of the hot spring water varied from 6.8 to
9.5. The implications of these values will be discussed in the following
section.

5. Discussion
5.1. He-CO; systematics and CO, provenance

It is well established that the mantle, carbonate rocks, and organic
sediments contribute to the total carbon inventory, with distinct 5'3C
values of —6 =+ 2.5 %o, O £ 2 %o, and —30 =+ 10 %o, respectively [65]. In
our samples, 613CCO2 values range from —8.5 %o to —2.5 %o, with an
average value of —5.9 %.. However, pinpointing the exact sources using
carbon isotopic data alone is challenging because carbon from the
mixing of metamorphic carbonate and sedimentary products can exhibit
5'3C values similar to those of mantle-derived carbon. As the dominant
component, CO5 acts as a carrier gas for other geothermal volatiles, such
as He, Hy, and CH4, during its ascent from deep within the Earth. Re-
lationships between CO5 and He are commonly used to quantify carbon
sources [76] although they are not always tightly coupled during fluid
migration [77]. Processes such as hydrothermal degassing and calcite
precipitation can cause elemental and isotopic fractionation within the
CO2-He systematics [78].

The CO,/?He ratios in our samples range from 1.4 x 10° to 2.8 x
1011, encompassing values between the mantle (~2 x 109) and crustal
ranges (1 x 10 to 1 x 10'3) [76]. As illustrated in Fig. 5a, most
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samples, except for XS07 from Zhonggu and XS14 from Daofu, fall
within the triangular domain defined by mantle volatiles, crustal gases,
and additional CO, sources. Samples from Zhonggu and Yulingong show
clear contributions from mantle volatiles, while other samples with
CO,/3He ratios exceeding 10'° indicate a predominantly crustal origin.
Using the ternary hybrid model [65], we estimated the contributions
from the mantle, carbonate rocks, and metamorphic sediments (Table 2,
Fig. 5b). In most cases, crustal metamorphic products accounted for over
90 % of the carbon inventory, with carbonate rocks contributing
approximately 70-80 % and organic sediments contributing 10-20 %.
However, XS04 and XS05 from Yulingong showed relatively high mantle
contributions (~8.5 %), with Rc/Ra values reaching 2.9 Ra. Notably,
XS07, XS10, and XS11 from Zhonggu, along with XS12 from Bamei and
XS14 from Daofu, exhibited mantle-derived CO, fractions exceeding 10
%, with some samples reaching up to 100 % (Table 2). Given their
relatively low CO; contents (34.5-89.5 %) and depleted s'3¢ values,
secondary CO- loss processes may have masked the primordial contri-
bution by decoupling the He-CO system.

Low CO,, contents can result from both air contamination and calcite
precipitation. However, the No/O ratios for XS07 and XS14 were 20.5
and 71.7, respectively, significantly higher than the air value of 3.7,
indicating minimal air contamination in these samples. Thermody-
namically, mineral solubility varies with temperature and pressure, and
calcite precipitation often occurs during the early stages of boiling and
degassing [79]. During degassing, CO» can be sequestered as calcite,
which reduces CO,/®He ratios and enriches the residual gases with more
negative 513C values. Following [80], the 513C value of residual CO5 can
be calculated under the assumption that calcite precipitation was in
isotopic equilibrium in an open system subject to Rayleigh fractionation
[81]:

8'3C0,; = (6"°CO,; + 1000) (Fecoo-cat==1) — 1000 €h)

where F is the fraction of remaining COs, 613C02f is the carbon isotopic
composition of CO; at F, 513C02i is the initial isotope composition of the
CO2, and Aco2-calcite 1S the fractionation factor between CO5 and calcite
at a given temperature. The fractionation factor acoz-calcite Can be esti-
mated using the following equation:

1000 x In aco, —cacie = —8.91 x 10°T3 + 8.557 x 10°T 2 — 1.881
x 10°T! +8.27 @)

where T is the temperature in Kelvin [82]. Since most of the CO; emitted
from the XSHF is identified as a crustal metamorphic product, the
sample with the most negative 5'>C value is considered a result of crustal
metamorphism, while the sample with the highest §'C value serves as
the starting point for isotopic fractionation. Samples XS08 and XS15
were selected as initial points for calcite precipitation in the Zhonggu
and Daofu geothermal areas, respectively. As shown in Fig. 5c, the
depleted §'°C value and CO, loss in XS07 can be attributed to calcite
precipitation occurring at approximately 110 °C, which left less than 70
% of the CO5 in the gas phase at Zhonggu. Similarly, calcite precipitation
at approximately 98 °C resulted in only about 40 % of the CO, remaining
in XS14 from Daofu. Such degassing processes are plausible, as the
reservoir temperatures in Zhonggu and Daofu reach 220 °C [63] and
125 °C [39], respectively, while the actual sampling temperatures in this
study ranged between 40 °C and 84 °C.

Based on the calculations above, the degassing of CO, in the study
area is primarily of crustal origin, with relatively higher contributions
from mantle-derived volatiles occurring in the Yulingong and Zhonggu
geothermal areas. Given the geological context, Triassic and Paleozoic
sedimentary rocks, particularly limestone and sandstone (Fig. 1c), likely
serve as the crustal carbon sources. Furthermore, the intense tectonic
movements along the eastern margin of the Tibetan Plateau led to stress
concentration and an increase in geothermal temperatures, both of
which may accelerate chemical reactions within geofluids, such as
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Table 2

Isotopic composition and corresponding calculation results of He, Ne and carbon in geothermal gas.
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No. SHe/*He “He/*°Ne R/Ra Re/Ra’ CO,/°He 5'3Cco2 5'3Cena CO, inventory (%)
Mantle Sediment Carbonate

XS01 2.53E-06 2.6 1.77 1.88 3.4 E+10 —-6.2 -23.0 45 19.7 75.8
XS02 1.99E-06 0.98 1.39 1.58 5.1 E+10 -6.9 -22.9 2.9 22.4 74.7
XS03 1.94E-06 3.9 1.35 1.38 4.1 E+10 -5.7 —21.8 3.7 18.0 78.3
XS04 3.38E-06 15.6 2.36 2.39 1.8 E+10 -49 —21.4 8.5 14.5 77.0
XS05 4,09E-06 14 2.86 2.90 1.8 E+10 -5.9 -23.7 8.5 17.8 73.7
XS06 5.13E-07 17 0.36 0.35 5.6 E+10 -5.2 -22.9 2.7 16.8 80.6
XS07 1.80E-06 18 1.26 1.26 3.0 E+09 -5.5 -17.0 49.4 7.5 43.1
XS08 1.99E-06 5.3 1.39 1.41 3.4 E+10 -4.8 -21.0 4.4 15.1 80.6
XS09 2.33E-06 7.6 1.63 1.66 2.6 E+10 —5.7 -2.0 5.8 17.6 76.6
XS10 2.43E-06 40 1.70 1.70 8.1 E+09 -7 —235 18.6 19.3 62.1
XS11 1.65E-07 178 0.12 0.11 1.0 E+10 71 -22.3 14.7 20.5 64.8
XS12 5.82E-07 30 0.41 0.40 1.3 E+10 -4.8 -19.7 11.3 13.4 75.3
XS13 5.02E-07 23 0.35 0.34 2.5 E+10 -4.8 -19.8 5.9 14.8 79.3
XS14 3.33E-07 73 0.23 0.23 1.4 E4+09 ~7.4 -13.9 104.9 2.0 -6.9
XS15 2.99E-07 14 0.21 0.19 8.1 E+10 -5.5 -16.5 1.8 18.0 80.1
XS16 8.00E-07 1.3 0.56 0.41 2.8 E+11 -4.9 - 0.5 16.3 83.2
XS17 - - - - - -5.1 —60.7 - - -

2 Re/Ra is the air-corrected He isotope ratio = [(R/Ra)X-1]/(X-1), where X is the air-normalized respective ratio: X=(*He/?°Ne)measurea’/(*He/2°Ne) . Air: (R/Ra =

1, “He/?°Ne = 0.318) [69].
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Fig. 4. Plot of §°Dcys and 5°Dy values versus 5°Dyao value (a) and elevation (b). The R? and k values represent the coefficient and the slope of the fit lines,

respectively.

hydrolysis, pyrolysis, skarnization of marine carbonates, and dissolution
of shallow carbonate minerals. These processes lead to carbonate
metamorphism and the release of significant amounts of abiotic COy
[83,84]. Additionally, the thermal degradation of organic matter from
marine faunal extinction (e.g., plankton sediment) may contribute
minor amounts of biotic CO, [85,86].

5.2. Origin and isotopic composition of Hy

Hydrogen has been detected in various environments [87]. Its
measurable concentration indicates that the source must be geologically
young, as Hy molecule is highly reactive and mobile. As summarized by
Zgonnik [24], the main processes contributing to hydrogen generation
on Earth include: (1) Degassing of hydrogen from the Earth’s core and
mantle; (2) Water interaction with reducing agents in the mantle (e.g.,
Al4C3, Fe3C); (3) Serpentinization: the reaction of water with mafic or
ultramafic rocks; (4) Contact of water with freshly exposed rock surface;
(5) Decomposition of hydroxyls within the mineral lattice structure; (6)

Natural radiolysis of water by radioactive decay; (7) Decomposition of
organic matter in petroleum depositions and coal basins; (8) Biological
activity; (9) Anthropogenic activity. In our study area, mantle-related
and anthropogenic processes can be excluded due to the sparsely
populated Tibetan Plateau and limited industrial development. Addi-
tionally, the absence of oil or gas reservoirs rules out hydrogen pro-
duction through thermal cracking of organic matter in hydrocarbon
reservoirs. Microbial activity is similarly improbable, as hydrogen gen-
eration via dark fermentation occurs under mesophilic (25-40 °C),
thermophilic (40-65 °C), and hyper-thermophilic (below 80 °C) condi-
tions [88], and the highest temperature at which any organism is known
to grow is 121 °C [89]. Whereas reservoir temperatures along the XSHF
range from 100 °C to 220 °C. In addition, as a part of the non-volcanic
geothermal belt [90], the lithology in the area primarily consists of
terrigenous deposits and acidic granitoids. No correlation has been
observed between the locations of hot springs and ophiolitic or other
mafic rocks (Fig. 1c), suggesting that serpentinization is unlikely to be a
significant source of hydrogen.
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Fig. 5. (a) Triangle plot of CO,-*He-*He; (b) C02/3He—613Cc02 bubble plot
where the increasing radius of bubble indicates the growing CO, content. Solid
black and grey lines represent the binary mixtures between the different end-
member values. Grey dashed lines with triangles show predicted calcite frac-
tionation model [80] trends for CO, loss by calcite precipitation at 100 °C (as %
lost carbon), assuming a mantle starting composition of 5'3C = —6.5 %o and
CO,/°He = 2 x 10°% (c) Plot of §'3Cco, values versus CO, contents. The pink
and green solid lines labeled 110 °C and 98 °C represent isotopic and elemental
fractionation of carbon during calcite precipitation from an initial condition
represented by the samples of XS08 and XS15, respectively. The triangles are
lflbeled with the fraction of remaining CO,.

<

It is important to emphasize that the mantle contribution in the
Kangding geothermal field is notably higher than in other geothermal
systems along the XSHF, owing to the deeper fault development. This
could suggest that mantle-derived Hy contribute to the elevated Hy
concentrations. However, considering the unique tectonic context of the
study area, this scenario is highly improbable. Our data show that two
points with high Hs concentrations in Kangding correspond to high R/Ra
ratios, but the correlation across all samples (Tables 1 and 2) is weak,
making it difficult to conclusively associate high Hs concentrations with
®He. While magmatic gases typically have higher H, content, as Day and
Shepherd [91] reported for lava volatiles in Hawaii’s Halemaumau, with
Hj percentages ranging from 6.7 % to 10.2 %, it is noteworthy that the
CO content in these gases ranges from 3.5 % to 5.6 %, comparable to the
Hy content. This indicates that the strongly reducing environment of
lava favors the preservation of both CO and Hy. In contrast, reports of CO
content in geothermal gases from our study area, and from the Tibetan
Plateau in general, are rare. While testing limitations may partly explain
this, it also highlights the generally low CO concentration. This suggests
that even if mantle-derived Hy and CO were initially dissolved in
geothermal fluids, they would likely have undergone oxidation before
reaching the surface, depleting much of the CO. Furthermore, the
preservation of strongly reducing Hy in the high-temperature, high--
pressure tectonic conditions of the Tibetan Plateau orogenic belt is un-
likely, as it would be challenging to maintain and transport it from the
~60 km thick crust to the surface. Our recent study [92] further supports
this, showing that the spatial distribution of R/Ra ratios and Hy con-
centrations in geothermal gases across the Tibetan Plateau does not
exhibit a positively correlated co-variation.

The presence of young Cenozoic Zheduo granite in the Kangding area
increases the competitiveness of water-splitting processes related to
granite radioactive decay compared to other mechanisms. While this
mechanism may contribute to the enrichment of Hy in the Kangding
area, we argue that it is not the dominant factor. The Zheduo-Gongga
massif in Kangding has an average uranium (U) content of 7.64 ppm,
with a maximum of 12.55 ppm, and an average thorium (Th) content of
43.93 ppm, with a maximum of 55 ppm [93]. These concentrations are
significantly higher than the average U (2.5 ppm) and Th (10.33 ppm)
concentrations in the upper continental crust [94], indicating that the
granites in this region have relatively high radioactivity. Lin et al. [95]
estimated the rate of hydrogen production via water-splitting induced
by radiolytic decay based on U and Th concentrations in rocks. Using U
at 10 ppm and Th at 30 ppm, close to the average concentrations in our
study area, they calculated a radiolytic Hy yield rate of 9.0 x 10~ nM/s.
Assuming a system volume of 1 L, the time required to reach a hydrogen
concentration of 0.5 % would be approximately 17,650 years, and to
reach 1.69 %, about 5.96 x 10° years. Despite the uncertainties in this
rough estimate, such a long accumulation period is clearly inconsistent
with the conditions of the XSHF, which is characterized by intense
seismic activity and prominent strike-slip faulting.

At last, the distribution of geothermal systems closely follows tec-
tonic lines, with all hot springs occurring at fault intersections, indi-
cating that large-scale faults likely play a key role in determining the
chemical composition of geothermal fluids. Therefore, further research
into water-rock interactions and mineral decomposition is needed to
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better understand these processes. Indeed, hydrogen gas can be gener-
ated through both chemical and mechanical changes in rocks. During
fault movement, the destruction of basement rock and pulverization of
fragments create fresh, highly chemically active surfaces. One mecha-
nism for hydrogen production involves the hydrolysis of silicon (Si-) and
silanol (Si-O-) groups formed on these fresh surfaces when the Si-O-Si
bonds between SiO4 tetrahedra in silicate minerals are disrupted by
crushing at depth. This reaction is illustrated in Eq. (3) [96]. Addition-
ally, hydrogen can be released during the decomposition of hydroxyl
groups within the lattice structure of minerals at high pressure and
temperature (400-600 °C). Under these conditions, hydroxyl pairs, such
as O3Si-OH, can dissociate to release hydrogen (Eq. (4)) [97]. Such
fault-related reactions were first identified during earthquake faulting in
Japan [98,99] and the United States [100,101]. In China, hydrothermal
hydrogen concentrations were found to increase along the Longmenshan
Fault (LMSF) following the 2008 Wenchuan Ms 8.0 earthquake [102].
Laboratory studies have confirmed that various rock lithologies,
including basalt and granite, can produce hydrogen [103,104]. Given
that the decomposition of hydroxyls requires higher temperatures
(>400 °C), hydrolysis of silicates is likely the primary mechanism for
hydrogen formation. This is further supported by positive correlations
between hydrogen concentrations and 8D values of our samples with
factors such as the strike-slip rate, Rc/Ra values, reservoir temperatures,
shallow aseismic slip rate, locking depth, and seismic activities along the
XSHF. These factors indicate two essential features necessary for
hydrogen accumulation:

2(= Si-) +2H,0 — 2(= SiOH) + H, 3

03Si— OH HO — SiO3 — 03Si — 00 — SiO3 + H, )

(1) Hydrothermal reservoirs in deep faults. Although hydrogen was
detected in all hot springs, only trace amounts were found in most
samples. Concentrations in low-temperature hot springs
(Table 1), such as Bamei, Daofu, and Luhuo, were below 0.01
volumetric percent, rendering their isotopic compositions un-
testable, even with the Giggenbach bottle for absorbing acidic
gaseous components on-site. In contrast, hydrogen concentra-
tions in Yulingong and Zhonggu were sufficiently high for iso-
topic testing. Yulingong is recognized as a representative deep-
fault-controlled geothermal field with a reservoir temperature
of 260 °C, while Zhonggu has a reservoir temperature of 220 °C
[39,63]. The increasing hydrogen content corresponds to the
well-developed deep fractures that facilitate groundwater infil-
tration and heat absorption from surrounding rocks. Addition-
ally, strong isotopic signals of mantle-derived helium (Fig. 6¢),
high reservoir temperatures (Fig. 6d), and deep locking depths
(Fig. 6f) toward the southeast provide compelling evidence for
the presence of a deep-extended fracture system.

(2) Strong crustal deformation and intense faulting activity. The
XSHEF is one of the most tectonically and seismically active faults
globally, characterized by varying left-lateral strike-slip rates
across its segments [105]. Late Quaternary slip rates along the
XSHF progressively increase from northwest to southeast, with
averages reaching 9.6-13.4 mm/yr at the southeastern end
(Fig. 6a) [49]. Present-day deformation features widespread
shallow creep along the fault, with tectonic loading rates of
8.8-17.9 mm/yr and shallow aseismic slip rates of 3.3-19.8
mm/yr (Fig. 6e) [106]. These differential movements are evi-
denced by more frequent and stronger earthquakes occurring in
the southeast segment of the XSHF (Fig. 6g). Since both the
locking depth and the focal depth of most earthquakes are less
than 20 km, and the brittle/ductile transition depth is reported to
be about 20 km [56,107], Hy is primarily produced at depths
shallower than 20 km within fault zones, where fresh mineral
surfaces are generated through the brittle fracture of rocks.
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Fig. 6. (a) Summary of fault trace for each segment of the XSHF with best
constrained late Quaternary slip rates in red at bottom of figure (modified from
Ref. [49]). Red arrows show southeastward slip rate increase. Grey arrows show
GPS vectors relative to stable Eurasia [108]. Blue and purple 3D arrows show
block movement on each side of the XSHF with their appropriate length ac-
cording to GPS velocities. The (b) Hy concentrations (represented by green
bars), 8Dy, values (represented by green dots) and (c) Rc/Ra values of the
samples in this study. (d) The reservoir temperatures at Luhuo, Daofu, Bamei,
Zhonggu, and Yulingong estimated by Tian et al. [39]. Spatial variations in (e)
shallow aseismic slip rate and (f) locking depth inverted from Interferometric
Synthetic Aperture Radar (InSAR) data [106]. (f) The focal depths of historical
earthquakes with the increasing radius of bubbles represents the increase of
earthquake magnitude, detailed information listed in Table S1.

The isotopic composition of hydrogen can provide valuable insights
into its source. As initially proposed by Kita [109], 8Dy values ranging
from —770 %o to —470 %o indicate that molecular hydrogen is generated
through chemical reactions between groundwater and fresh surfaces in
fractured basement rocks. In our samples, the isotopic compositions of
hydrogen (8Dy2) and the isotope fractionation factors between HyO and



J. Tian et al.

Hy (aH20-Hs) were measured at —507 %o to —656 %o and 1.8 to 2.5
(Table 3), respectively. These values not only fall within the
crustal-origin ranges identified by Kita [109] but also align with the
ranges observed in fault zones compiled by Hao et al. [23], which re-
ported 8Dyo values from —791 %o to —242 %o and aH0-H; values of
1.2-4.4. Another interesting observation is that the 8D values of our
samples fluctuate in tandem with the 8Dyao values (Fig. 4a) and the
elevation of the sampling sites (Fig. 4b), while 8Dcy4 vary only slightly.
Although the positive correlation of hydrogen isotopes in HoO and Hj is
largely due to isotopic exchange in geothermal fluids, a small part may
also result from water-rock interactions. In other words, the hydrogen
atoms in Hy could originate from water molecules through water-rock
interactions during the destruction and pulverization of rock frag-
ments in the active strike-slip fault. In summary, the hydrolysis of sili-
cates in active fault planes is likely the primary mechanism responsible
for hydrogen degassing in fault-controlled geothermal systems.

5.3. Origin of CHy

As a minor component of hydrothermal gas, the origin of methane
(CHy) in the Tibetan Plateau has received limited attention in previous
studies. Regarding its genetic mechanisms, methane in hydrothermal
volatiles can originate from three primary sources: microbial, thermo-
genic, and abiotic processes. These sources can be distinguished by
specific molecular ratios of alkanes (e.g., the C;/(Cy+Cg3) ratio) and the
stable carbon and hydrogen isotopic compositions of CH4 and COs.
Genetic diagrams illustrating these processes were first proposed in the
1970s and 1980s [110-112] and have since been revised with new data
[5,13,20,113,114]. Despite significant effort, distinguishing between
biotic and abiotic CH4 in hydrothermal fluids remains challenging
[115]. The diagrams utilized in this study (Fig. 7) are primarily based on
the updates by Milkov and Etiope [114] and have been modified for
volcanic hydrothermal and volcanic thermogenic areas in accordance
with the work of Fiebig et al. [113] and Reeves and Fiebig [5],
respectively.

Microbial CHy typically has 8'3Ccyg values lower than —50 %o [116].
This bacterial methane can be further categorized into two groups based
on distinct isotopic compositions: gases produced through microbial
CO; reduction in marine sediments and gases generated via methyl-type
fermentation in continental deposits [111,117]. Bradley and Summons
[20] referred to these two genetic categories as “autotrophic” and
“heterotrophic,” respectively, highlighting that methane in marine
sediments is primarily produced through Hy/CO, methanogenesis,
while methane in terrestrial environments results from the fermentation
of acetate or the consumption of methylated organic compounds. Based
on these empirical criteria, the methane from XS17 is recognized as a

Table 3
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microbial product, likely formed through CO, reduction, as its corre-
sponding data point falls within the COs-reduction area in both Fig. 7a
and b. However, considering the exposure conditions of the XS17 hot
spring, which emerges in the mud along the bank of the Xianshui River
(Fig. S1), heterotrophic activity may also play a significant role. The
river’s fluctuations bury a substantial number of microorganisms and
organic matter in the mud, providing the necessary material for methane
generation via methyl-type fermentation.

In contrast, CH4 in other samples showed enrichment in 613C, with
values ranging from —23.7 %o to —2 %o, exceeding the typical lower limit
for abiotic CH4 (—25 %0) [12]. However, this methane is identified as
thermogenic product based on the following evidence. First, the
air-corrected *He/*He values ranged from 0.11 Ra to 2.90 Ra, with CH,4
concentrations showing no positive correlation with Rc/Ra values. This
lack of correlation suggests that the methane is unlikely to originate
from mantle or magmatic sources. Second, the possibility of abiotic
methane produced by water-rock interactions, such as Fischer-Tropsch
synthesis (FTT) reactions and Sabatier reactions, can be ruled out
based on several factors: (1) Abiotic CHy is predominantly associated
with mafic or ultramafic rock systems, where serpentinization of
ophiolites or peridotite massifs generates Hy [16,20,21,118]. (2) Ac-
cording to the reaction formulas, the FTT reaction requires at least a 2:1
ratio of carbon to hydrogen (Eq. (5)) [119], while the Sabatier reaction
(Eq. (6)) [120] and the methanation of dissolved bicarbonate (HCO3)
under hydrothermal conditions (Eq. (7)) [121] require a 4:1 ratio.

nCO + 2nH, = — (CH;)n — + nH,O0 (5)
CO, +4H, —» CH4 + 2H,0 (6)
HCO; +4H, —» CH4 +OH™ + 2H,0 )

To produce more abiotic CHy, conditions must feature significantly
higher Hy/CO3 ratios [122]. (3) Abiotic methane typically exhibits an
H,/CH4 ratio >40, while biotic methane falls below this threshold
[123]. (4) Abiotic methane production requires catalysts like transition
metals, their oxides, or alloys [14,124,125]. Naturally occurring cata-
lysts, such as chromite, and secondary minerals like magnetite (Fe3O4)
or awaruite (NigFe), typically arise during olivine hydrolysis [123] and
are commonly found in serpentinizing peridotites [1] and oceanic crusts
[121]. (5) Abiotic methane formation typically occurs in hyperalkaline
fluids with pH values of 10-12 (Ca-OH type waters) ([23] and therein
references). In contrast, in our study area, the lithology (consisting of
terrestrial sedimentary rock and granite), catalyst minerals, Hy/CO>
ratios (0-0.019), Hy/CH4 ratios (0-2.59), and pH values (6.8-9.5) do not
meet the necessary conditions for abiotic methane formation. Thirdly, in
light of the geological and hydrological context, the methane detected in

Isotopic composition and corresponding calculation results of He, Ne and carbon in geothermal gas.

No. 8Dcna 8Dp2 8Dn20 QH20-H2 €H2-H20 €CH4-H20 OCH4-H2 ®co2-CH4 Toz0-12 (°C)*
XS01 —213.8 - —-127.4 - - - - 1.02 -
XS02 —227.4 —507.7 —-131.9 1.8 —567 -117 1.57 1.02 258
XS03 —236.2 —589.8 —136.5 2.1 —744 —-123 1.86 1.02 169
XS04 —215.1 —546.4 —-114.4 2.0 —669 —-121 1.73 1.02 202
XS05 —236.2 —629.2 —144.8 2.3 —836 -113 2.06 1.02 135
XS06 —242.1 —-530.5 —-128.6 1.9 —618 —140 1.61 1.02 228
XS07 —185.1 - —-122.9 - - - - 1.01 -
XS08 —184.0 - —-121.9 - - - - 1.02 -
XS09 -31.8 - —115.7 - - - - 1.00 -
XS10 —230.2 —655.7 —141.4 2.5 —-914 —-109 2.24 1.02 110
XS11 —223.8 —588.2 —-129.9 2.1 —748 —-114 1.89 1.02 167
XS12 —210.1 - —137.6 - - - - 1.02 -
XS13 - - - - - - - 1.02 -
XS14 —128.7 - —138.3 - - - - 1.01 -
XS15 - - - - - - - 1.01 -
XS16 - - - - - - - 1.06 -
XS17 —-197.0 - —135.4 - - - - - -

® Toyz0.12 Tepresent the calculated equilibrated temperature according to Eq. (10).
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Fig. 7. Methane genetic diagrams based on (a) 8'3Cceon versus 8'3Cepa; (b) 8°Depa versus 8 °Cepa.

most samples is likely of thermogenic origin. As illustrated in Fig. 7,
most samples fall within the overlapping region of thermogenic and
abiotic fields in the §'3Ccoy versus 8'3Ccua plot (Fig. 7a) and in the
transition area between these two systems in the 8Dcp4 versus 613CCH4
plot (Fig. 7b). Slight enrichments of 5!°C and 8D in methane may result
from the thermal degradation of organic matter in a high-temperature
open system [113], biotic methane formation under carbon-limited
conditions [126] or microbial hydrogenolysis of sedimentary organic
matter [127]. Among these mechanisms, thermal degradation appears
the most plausible due to: (1) the high-temperature geothermal setting,
supported by hydrochemical studies [39] and a high terrestrial heat flow
of 94.7 mW/m? [61] ; and (2) the presence of organic matter, as esti-
mated in Section 5.1, where metamorphic products of organic sediments
contribute approximately 10-20 % of the total CO, carbon inventory.
The organic matters may originate from nearby sedimentary rocks or
from meteoric water circulating through a high-temperature open sys-
tem [5]. Additionally, biological consumption of methane by anaerobic
and aerobic methanotrophs can lead to coherent enrichment of 8D and
83C in residual methane [128,129]. This phenomenon could explain the
extremely heavy isotopic compositions in samples XS09 and XS14.

Another noteworthy observation is that methane was the only
carbon-bearing compound detected besides CO,, and it was the only
hydrocarbon with concentrations (0.01 %-3.53 %) exceeding the
detection limit (1 ppm) of the instruments. In contrast, the concentra-
tions of CO, CoHy, CoHg, and C3Hg in the samples were below detection
limits. This finding aligns with the lack of data on hydrothermal CO and
Co+ hydrocarbons in Western Sichuan and the Himalayan Geothermal
Belt [30,31,40,75,84]. If the methane is indeed a thermogenic product
formed during the thermal cracking of kerogen or crude oil in sediments,
the expected formation temperatures would range between 157 °C and
221 °C [130]. According to the Bernard plot [131], the ratio of methane
concentration to the summed concentrations of higher-chain hydrocar-
bons (ethane and propane) should vary between 1 and 100. However,
Cy+ hydrocarbons remain undetectable even when methane concen-
trations reach 5 %. Further investigation into these consistently low Co+
hydrocarbon concentrations could provide additional evidence for the
mechanisms behind methane formation.

5.4. Hy-H0-CHy4-COg isotope systematics

Comparison of observed and equilibrium fractionations can provide
valuable information regarding the fluid evolution in hydrothermal
systems [132]. Taken the coexisting H,O and Hj as example, the D/H
isotope fractionation factor (a) is calculated according to:

(3

Dp1,0+1000
H20-H2=75p 1 71000

and the enrichment factor (¢) value is defined as ¢ = 1000Ina, for
example:

)]

The equilibrium fractionation factors, ogsope [1331, am20-cH4s
ocus-a2 [134]1, and acoz-cus [135], at a given temperature were esti-
mated according to the respective equations:

EH,0-H, — 1000 In QH,0-H,

219,788 2.926E + 09 n 4.108E + 14

o, =1.00138 + = T = (10)
8456 0.9611E+09 27.82E + 12
QH,0-CH; — 1.0997 + T2 + T4 - T6 (11)
183,540
acn, 1, =0.8994 + = (12)

1.175E+07 2.366E+09 2.054E+ 11
3 _
10° In Qco,—CH, =0.16 + T2 — T3 -+ T4

(13)

where T is absolute temperature (K). The ag20.H2, %cH4-H2, XCO2-CH4s
€cH4-H20, €H2-H20 Values and the calculated equilibrated temperatures of
our samples are listed in Table 3.

In Fig. 8a, nearly equilibrium fractionation is observed across all
samples, indicating that hydrogen exchange equilibria between CH4-Hy
and Hy0-H; were achieved. Specifically, samples from Zhonggu equili-
brated at temperatures between 110 and 160 °C, which is lower than the
estimated reservoir temperature of 220 °C [39]. Moreover, the sampling
temperatures in Zhonggu deviate significantly from the H>O-H; equi-
librium temperatures accociated with the corresponding ag20-52 values
(Fig. 8b). Drawing on current understanding of the study area’s hydro-
logical conditions [136], mixing with shallow cold water and quenched
isotopic re-equilibration could explain these deviations [133]. In
contrast, an interesting observation arises with the deepest drillhole in
the Yulingong geothermal system: the equilibrium temperature of XS02
reaches 258 °C, closely matching the reservoir temperature of 260 °C
estimated from hydrochemical concentrations [39,63]. This indicates
that the hydrogen isotopic correlations between CH4-H; and HyO-Hs in
XS02 accurately reflect the reservoir fluid conditions. Two factors likely
contribute to this phenomenon. First, boiling appears to have minimal
effect on isotope fractionation between HoO and Hj. During adiabatic
boiling of hydrothermal fluid from 250 to 300 °C down to 100 °C, the 8D
difference between vapor and residual liquid would alter the ay20.12
value by less than 0.1 [133,137]. Second, the XS02 samples were nearly
pure reservoir fluid, quickly brought to the surface through the drillhole.
As shown in Fig. 8b, XS02 lies on the kinetic fractionation trend calcu-
lated for a 1-min travel time, confirming rapid upflow through the deep
drillhole. In other words, XS02 has effectively reached the Yulingong
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geothermal reservoir at a depth of 2006 m. This finding aligns with
multiple hydrochemical and geophysical studies. For example, the water
chemical composition approaches full equilibrium on the Na-K-Mg
triangular diagram at 260 °C [39,63], as defined by Giggenbach
[138], indicating equilibrium with primary reservoir rock minerals,
such as albite and microcline. Besides, a magnetotelluric survey by
Cheng et al. [139] identified a highly resistive layer at around 2 km
depth with a thickness of ~200 m, interpreted as a liquid-dominated
reservoir. Together with our previous conclusions, these results sug-
gest that geothermal water in the Yulinggong geothermal system
circulated to greater depth, where it was heated to 260 °C before rising
and being stored at 2 km depth. This process is driven by intense
convective activity in groundwater and heat flow, controlled by
Kangding’s unique structural conditions, particularly the development
of deep faults in a high-temperature setting.

Isotope exchange between CH4-H20 and CO,-CH4 haven’t achieved
equilibrium in our samples. As shown in Fig. 8c, except for one from
Yulingong, all samples plot above the concordance line of ecys-p20 and
eno-H20 Values, in a linear fashion. This consistent deviation indicates the
origin of methane is uniform. Compared with the empirical areas
documented in previous studies, methane in this study plot outside of
the abiogenic zones, consistent with the conclusion of biotic origins
drawn in former sections. Moreover, the thermogenic methane has ecp4.
20 values similar to those obtained for high-temperature volcanic
geothermal systems [23], suggesting that simultaneous high values of
ecu4-a20 and egs.p2o can also occur in non-volcanic high-temperature
geothermal fluids. In addition, the deviation from the ideal is greater at
the lower-temperature area, indicating that the CH4-Hy0 geo-
thermometer yields a higher predicted temperature than does the
H,0-Hj,. The reasons for this discordance are likely related to sluggish
isotope equilibrium at low temperatures and to biological activity [132].
With regards to carbon isotope, the exchange between CH4 and CO-, are
far from equilibrium in our samples, except for XS17 exhibit the minimal
discrepancy between the theoretical equilibrium temperature (~60 °C)
and the measured temperature (35 °C) (Fig. 8c). The enhanced equili-
bration in XS17 could be facilitated by the micro-organisms which
catalyze D-H exchange at temperature lower than 60 °C [20,133].
Indeed, methane from XS17 has been recognized as microbial product in
Section 5.3. In contrast, larger deviations in other samples likely stem
from unrelated sources and insufficient isotope exchange time. From a
source perspective, our earlier discussions have established that there is
no genetic relationship among H,, CH4, and CO,. However, from a
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reaction rate perspective, theoretical estimations can be derived based
on the isotopic exchange equilibration in the Hy-Hy0-CHy4-CO4 system,
assuming isotope exchange occurs in aqueous fluids. As shown in Fig. 9,
equilibrium between Hy and HyO in the liquid phase can be reached
within approximately 1.5 h at 260 °C and 3.6 h at 220 °C, enabling rapid
exchange under reservoir conditions. However, methane, as the most
thermodynamically stable carbon-bearing form [121], has a much
slower isotope exchange rate, requiring timescales approaching or even
exceeding the age of the Earth at temperatures below 100 °C.

5.5. Gas evolution and the resource potential of Hy and CHy

Based on the above analysis, we propose a conceptual model for gas
evolution in the fault-controlled geothermal system at Kangding
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Fig. 9. The calculated time for 99 % fractional equilibration for *C/*%C and
2H/'H between CO», CH,4, H,0 and H, as a function of temperature in aqueous
liquid. The calculations are based on rate expressions for CH4-CO-, (green line)
[135]1, CH4-H»0 (orange line) [1401, and H,O-H, (blue line) [133], which were
compiled by Ref. [115]. The black, red and pink lines represent the age of the
Earth (4.6 billion years) [141], and the reservoir temperature of 260 °C and
220 °C, respectively.
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Yulingong (Fig. 10). The dissolved gases in geothermal water include
COg9, Ny, Ar, He, CHy4, Hj, etc. Among these, the chemically inert gases
Ny and Ar are primarily derived from atmospheric air, which infiltrates
underground through precipitation and accumulates as other oxidizing
gases are consumed during groundwater circulation. At the same time,
gases from deeper sources, such as He, COs, Hy and CHjy, gradually
dissolve into the geothermal water. He is mainly produced by the decay
of uranium and thorium in the crust, with a notable proportion of pri-
mordial ®He introduced at deep fault zones. CO, mainly originates from
the metamorphism of carbonate rocks and organic matter within the
crust, with additional mantle-derived CO, mixing in at deep fault zones.
Organic matter buried in sedimentary rocks or transported by infil-
trating groundwaters undergoes thermal metamorphism at depth, pro-
ducing not only trace amounts of CO, but also a significant quantity of
CHy4, which dissolves into the geothermal fluid. In contrast, Hy is pri-
marily produced along the fracture surfaces of active fault zone, where it
forms through mechanoradical processes involving cataclastic silicates
in the presence of water. This process is associated with crustal activities
such as faulting and earthquakes. As the geothermal water is heated at
depth, it dissolves these gases and then rises along the fault, accumu-
lating at a depth of approximately 2 km before being extracted to the
surface through geothermal wells.

The gas evolution in fault-controlled geothermal systems is a key
factor in understanding the formation and distribution of valuable re-
sources like Hy and CHy4. In non-volcanic regions lacking ophiolites and
peridotite massifs, geothermal fluids circulating through active fault-
controlled systems typically contain Hy and CHy4. Along the XSHF, one
of the most active intracontinental faults globally, the highest volu-
metric concentrations of Hy and CHy are 1.69 % and 3.97 %, respec-
tively. However, these values are much lower than the concentration
threshold (10 %) generally considered to have viable resource potential
[15,142]. This relatively low content is attributed to both the formation

Carbonate metamorphic CO, L) Atmospheric N, +Ar, *® Crustal ‘He
Thermogenic CH,

I QOrganic metamorphic CO,
Mantle CO, Drillhole
& Hot spring ‘:_":

Granite
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mechanisms of the material sources and regional tectonic conditions.
The amount of CH4 is primarily influenced by the abundance of organic
matter in sedimentary rocks and infiltrating groundwater, as well as the
thermogenic conditions along the groundwater flow path. In contrast,
Hj;, production depends on factors such as lithology, rock fragmentation,
fault activity, and hydrothermal conditions. Additionally, the absence of
a stable reservoir with a cap rock (a geological seal barrier) in
fault-controlled areas prevents Hy and CH4 from accumulating in sig-
nificant quantities, as the gases tend to migrate and leak continuously
along the fractures. Thus, while Hy and CHy4 are present in geothermal
fluids near active fault zones, their resource potential is lower compared
to regions with exposed ophiolites and peridotite massifs. In these areas,
serpentinization of mafic and ultramafic rocks—especially those that
produce Ho—represents a key exploration target [143]. For instance, the
intense degassing of Hy (84 % by volume) from the deep underground
Bulgize chromite mine in Albania is attributed to the presence of a
faulted reservoir deeply rooted in the Jurassic ophiolite massif [144].

6. Conclusions

This study identified the sources of hydrogen (Hy) and methane
(CHy) along the strike-slip XSHF in the eastern Tibetan Plateau, based on
the chemical and isotope compositions, as well as the kinetic and ther-
modynamic data of hydrothermal fluids.

Our findings show that: Hy is primarily generated through the hy-
drolysis of silicates during the destruction and fragmentation of rock on
the fault plane surfaces under high-temperature conditions. Conse-
quently, Hy concentrations increase towards the southeastern end of the
fault, correlating positively with Rc/Ra ratios, reservoir temperatures,
slip rates, locking depths, and earthquake frequency and intensity along
the fault. Methane, with the exception of a sample from Luhuo, which is
mainly microbial in origin, is predominantly derived from the

Silicate hydrolysis H,
|
Mantle "He | Groundwater
Rainfall ;/ Fault
E Carbonate Sandstone

Fig. 10. Conceptual model for hydrothermal volatiles evolution in Yulingong geothermal system.
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thermogenic transformation of organic matter buried in the sedimentary
layers or carried by circulating groundwater. Evidence of organic matter
metamorphism is indicated by a 10-20 % contribution of organic
metamorphism to the total CO5 carbon inventory. In the Hy-Ho0O-CHy-
CO4, system of geothermal fluids, rapid isotope exchange between CHy-
Hy and H,0-H> preserves information about the reservoir conditions in
fluids that rise quickly to the surface. This confirms that the drillhole at
Yulingong has penetrated the geothermal reservoir at a depth of 2006 m.
However, isotope exchange between CH4-H20 and CO,-CHy is typically
far from equilibrium due to slower kinetics. Both Hy and CH,4 are
commonly present in fault-controlled hydrothermal systems. H is pre-
dominantly generated through water-rock interactions at fault zone
surfaces, where fresh rock is exposed by fault activity. CH4 production
depends on trace amounts of organic matter in surrounding rock or
groundwater. These formation processes take place within the fracture
system of the fault zone, which lacks the cap rock and reservoir space
typical of sedimentary basins. As a result, substantial gas reservoirs are
unlikely to develop, limiting the potential for large-scale extraction and
utilization.

These findings enhance the understanding of hydrogen and methane
genesis and their resource potential, especially in non-volcanic
geothermal areas controlled by active faults, both within the Tibetan
Plateau and globally, where ophiolites and peridotite massifs are absent.
The insights provide valuable implications for exploring clean, renew-
able energy resources in similar continental orogenic regions
worldwide.
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