
Citation: Tang, J.; Zhou, X.; Zhang, Y.;

Tian, J.; He, M.; Li, J.; Dong, J.; Yan, Y.;

Liu, F.; Ouyang, S.; et al.

Hydrogeochemistry of Fault-Related

Hot Springs in the Qaidam Basin,

China. Appl. Sci. 2023, 13, 1415.

https://doi.org/10.3390/app13031415

Academic Editor: Roberto Zivieri

Received: 20 December 2022

Revised: 17 January 2023

Accepted: 18 January 2023

Published: 20 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Hydrogeochemistry of Fault-Related Hot Springs in the Qaidam
Basin, China
Jie Tang 1,2, Xiaocheng Zhou 3,* , Yongxian Zhang 3,*, Jiao Tian 3, Miao He 3, Jingchao Li 3, Jinyuan Dong 3,
Yucong Yan 3 , Fengli Liu 3, Shupei Ouyang 3 and Kaiyi Liu 4

1 Hongshan National Observatory on Thick Sediments and Seismic Hazards, Xingtai 055350, China
2 Hebei Earthquake Agency, Shijiazhuang 050021, China
3 Institute of Earthquake Forecasting, China Earthquake Administration, Beijing 102628, China
4 University of Sydney Business School, Sydney 2006, Australia
* Correspondence: zhouxiaocheng188@163.com (X.Z.); yxzhseis@sina.com (Y.Z.)

Abstract: Hydrogeochemical characterization studies are regarded as an important method for
determining the origin of hot springs. The major elements, trace elements, and stable isotopes of
four groups of hot spring water samples and two groups of gas samples collected from the intersection
of the Altyn Tagh fault zone and the East Kunlun fault belt were investigated in this study. The hot
spring water temperature ranged between 6 ◦C and 14 ◦C. The water chemistry types of the hot
springs were Na·Mg-Cl, Mg·Na-Cl·HCO3, Na-Cl·SO4, and Na-Cl·HCO3. The δD values ranged from
−50.00% to −68.60%, while the δ18O values ranged from −6.90% to −8.60%. The hot spring water
was recharged mainly by infiltrating precipitation, with a recharge elevation of 3390~3676 m. The
heat storage temperature ranged from 66.7 to 164.9 ◦C. The circulation depth was estimated to range
between 1043 and 2679 m. The strontium isotopic composition of the water samples in response to
the main weathering sources comprised carbonate and sulfate. CO2 was the main component in the
hot spring gas in the study region, and its content was over 95%. The 3He/4He-R/Ra relationship
diagram revealed that the mantle-sourced helium from the Yitunbulake spring was 3.06%. In
comparison, that from the Aiken spring was 7.38%, which indicated an intrusion of mantle-source
material mixed into the hot springs in the study region. The crustal marine limestone contributed
significantly to the carbon inventory of the hot spring gas samples (>75%). The dissolution of the
marl aquifer resulted in the release of CO2. Carbon was primarily obtained through metamorphism
and hydrothermal reactions in the basement lithologies. The Yitunbulake and Aiken hot springs are
found near the intersection of the Arjin and East Kunlun fractures, where the water–rock response is
relatively strong and the depth of circulation and thermal storage temperature are both high. This
causes relatively high ambient pressure to be released from the deep fluid, resulting in microseismic
activity in this region. The continuous observation of Aiken spring water chemistry allows for the
monitoring of fracture activity in the region. The results of the study could serve as a foundation for
further exploration of the relationship between geothermal water and deep faults, shallow geological
formations, hydrogeological conditions, and geothermal resource development in the region.

Keywords: hot spring; isotopes; hydrogeochemistry; gas geochemistry; Altun Tagh fault; Kunlun
fault belt

1. Introduction

Hot springs are the windows between the deep and shallow parts of the earth’s crust,
which are exposed mostly along the fracture zones and are also related to deep groundwater
circulation systems. Therefore, the water chemistry and isotopic characteristics of hot
springs reflect a variety of information regarding the geological structure, the stratigraphic
lithology, and water–rock interaction during formation [1]. The distribution of a few hot
springs is controlled by regional major fractures, particularly the active major fractures.
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One reason for this is the permeability of the fractures. Another significant factor is that
large regional fractures cut deeper. Meanwhile, the fracture zone rocks are broken, resulting
in the formation of fissures that provide space and channels for groundwater storage and
transportation [2]. Due to the different hydrogeological conditions of the fracture zone,
geothermal fluids located at different parts of the fracture zone often exhibit different
water circulation characteristics and water–rock interactions in regional deep and large
fractures, resulting in different hydrochemical and thermal storage characteristics of the
exposed hot springs [3]. Hot springs frequently circulate to depths of several kilometers,
using the head of the water as a driving force, migrating upward along channels formed
by angled, highly permeable fracture zones and becoming exposed to the surface [4,5].
Based on the components of He, Ne, Ar, N2, and CO2 in hot springs, the distribution
of the tectonic background, the degassing of Earth, the distribution of the crust–mantle
heat flow, and other geological hot topics have been studied [6,7]. Several scholars have
studied the relationship between the spatial and temporal variations in the helium and
carbon isotopes of hot spring gases and fracture activities in non-volcanic fracture regions.
It has been revealed that regions with strong fracture activities serve as good channels for
deep material transport. The regions with high hot spring gas isotope ratios within active
fracture zones usually exhibit significantly high-conductivity and low-velocity zones at
their depths [8–10]. Therefore, helium isotope and carbon isotope analyses of hot spring
gases in active fracture zones allow for the quantitative characterization of the mantle-
origin mixture of helium and carbon dioxide in different ratios. Hot springs are naturally
exposed underground hot water resources and serve as a kind of mineral resource with both
natural and social significance. Therefore, hot springs are considered important material
resources for the economic and social development of a particular region. Consequently, the
hydrogeochemical characteristics of hot springs have been of interest to scholars in recent
years. Several scholars have combined hydrogeochemical methods with gas and isotopic
geochemical methods to study the source of underground hot water and the mixing of
water from different sources [11–13].

The Altyn Tagh fault zone and the East Kunlun fault belt intersect at the southwest rim
of the Qaidam Basin, a region rich in mineral resources and containing hot springs exposed
along the fracture zones, including the highly active Aiken spring. Previous studies focused
solely on the amount of water gushing from the hot springs, leaving out further investigation
and analysis into the hot springs’ genesis, chemical composition, and underlying formation
mechanism. Therefore, the main study objects of this study were four typical hot springs
distributed in this region of the fracture zone. The study looked at the ionic and isotopic
properties of hot springs, as well as the geochemical properties of hot spring gases and
the regional geological structure, the hot springs’ recharge source, the recharge elevation,
the water–rock interaction, the thermal storage temperature, and the circulation depth.
The study results regarding the hydrogeochemical characteristics of the hot springs in the
study region could provide a comprehensive understanding of the formation-related factors
and the genesis types of these hot springs, while also serving as a scientific basis for the
development and utilization of geothermal resources in the study region.

2. Geological Structural Background of the Study Region

The Qaidam Basin is the largest active inter-mountain basin on the Tibetan Plateau.
It is a Meso-Cenozoic flexural basin that developed gradually under intense compression
caused due to the long-term tectonic plate activities of the Qinghai–Tibet Plateau. The basin
stretches 850 km from east to west and 150~300 km from north to south, with a total area
of approximately 120,000 km2 and an average elevation of approximately 3 km. In the
middle of the Mesozoic Era, the uplift of the Kunlun Mountains caused the Qaidam region
to gradually transition away from a marine environment. The frequent crustal movements
led to the development of several faults and folds around the Qaidam region. The Qaidam
Basin is one of the large-scale multi-energy terrestrial sedimentary basins in China, which
has developed thick Cenozoic terrestrial sedimentary rocks. The formation and evolution
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of the Qaidam Basin were jointly controlled by the Qilian Mountains tectonic zone, the
Altyn Tagh fault zone, and the East Kunlun fault belt. The region has witnessed an uplift
in the Qinghai–Tibet Plateau (Kunlong Mountain), left-wing movement of the Altyn, and
an evolutionary history of sedimentary filling, which is why it is considered a research
hotspot by domestic as well as foreign scholars [14–17]. The Qaidam Basin has been a
large intracontinental depression with no foreland basin development since the Cenozoic
period. Its sedimentary center is located on its central axis, with west-to-east migration [18].
The Cenozoic sedimentary strata are heavily covered in the central and southern parts of
the basin, while they are exposed on the northern and western margins of the basin. The
Cenozoic period witnessed exposure of the strata, with a total thickness of approximately
5271 m in the Dahonggou section located in the Qaidam Basin, which may be divided into
the following six formations: the Lulehe formation, the Lower Ganchaigou formation, the
Upper Ganchaigou formation, the Lower Youshashan formation, the Upper Youshashan
formation, and the Shizigou formation. The groups are mostly in integrated contact with
each other in the interior of the basin, with angular unconformity surface regions in the
marginal areas of the basin [19–22]. In recent years, different methods have been employed
to explore the sedimentary and tectonic characteristics of the Qaidam Basin from different
perspectives, and considerable progress has been achieved [23–26].

The study region is located at the intersection of the Altyn Tagh fault zone and the East
Kunlun fault belt, which belongs to the southwest rim of the Qaidam Basin (Figure 1b). The
East Kunlun is located along the northern margin of the Qinghai–Xizang (Tibet) Plateau. It
is a composite orogenic belt with multi-stage tectonic evolution [27,28]. The belt may be
divided into the northern East Kunlun tectonic belt, the central East Kunlun ophiolatry
melange belt, the southern East Kunlun tectonic belt, and the Buqingshan–A’nyemaqen
ophiolitic belt (from north to south) [29–31]. With the occurrence of large-scale left-slip
activity in the Altyn Tagh fault zone on the west side of the East Kunlun during the Middle
Cenozoic period, the western section of the East Kunlun close to this fault zone was greatly
modified. Since the Cenozoic period, a basin-ridge interval tectonic pattern has developed
that differs significantly from the eastern section of the East Kunlun. The Qaidam Basin’s
northern boundary is formed of the Altyn Tagh Fault. It is a massive sinistral strike-slip
fracture zone in the Asian continent that truncates various geological units, controlling
both geometric characteristics and the tectonic framework in northern Tibet and playing
an important role in regulating the tectonic deformation caused by the India/Eurasia
collision [32,33]. The Altyn Tagh fault witnessed periods of strike-slip motion during the
Cenozoic era, which were accompanied by an intense tectonic uplift. These strike-slip
activities have influenced the Cenozoic tectonic evolution of the Qaidam Basin [34]. The
late Quaternary slip rate was an average slip rate of 10~15 mm/year along the central
portion of the Altyn Tagh fault, with a total displacement of approximately 350~400 km
since the Phanerozoic period. The onset of the Cenozoic activity of this fault is generally
considered to have occurred in the Late Eocene–Oligocene period [35–37].
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Figure 1. A plot depicting the sampling site distribution. (a) A geographical and spatial distribution
map of China; base map: Google Earth satellite imaging map. (b) Tectonic unit division of the Qaidam
Basin and its adjacent region. (c) The geological structure and the sampling points in the study region;
base map: the 1:2,500,000 geological structure map of China.
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3. Sampling Analysis: Methods and Results

In October 2020, water samples for chemical analysis were collected from four major
hot springs (the Yitunbulake, Aiken, Laomangya, and Gansen (hereafter referred to as
YTBLK, AK, LMY, and GS, respectively) along the intersection of the Altun Tagh fault and
the East Kunlun fault belt (Figure 1c). A few field procedures were performed during sam-
pling, including measuring water temperature, pH, and electrical conductivity (EC) using a
portable measuring device WTW Multi 3400i (WTW, Munich, Germany) with precision of
0.1 ◦C, 0.01, and 1 s/cm for the three metrics, respectively. The device was calibrated with
a standard solution before measurements were taken. In addition, basic information such
as temperature, air pressure, and data on the surroundings was recorded. Samples were
filtered in the field using a hand-held syringe with 0.45 mm membrane filters. The filtered
samples were collected in fresh 100 mL polyethylene bottles and later subjected to analysis
of their conventional ion components, trace elements, and SiO2 content. The unfiltered
samples were stored in HDPE plastic bottles and later subjected to isotope analyses. Prior to
use, these bottles were rinsed with the sampling-point spring water to minimize the chances
of contamination. The samples were then transported to the laboratory with proper care to
prevent any possible effects of evaporation. Anions and cations were measured via high-
performance ion chromatography using Dionex ICS-900 (Dionex, Sunnyvale, CA, USA)
apparatus. The trace elements were determined using an X SERTES II (Thermo, Waltham,
MA, USA) inductively coupled mass spectrometer. Hydrogen and oxygen isotopes were
determined using a High-Temperature Conversion/Elemental Analyzer (TC/AE) coupled
to an L2130-I Isotope Ratio Analyzer (Picarro, Santa Clara, CA, USA). The SiO2 was deter-
mined using an inductively coupled Optima 5300 DV (Perkinelmer, Waltham, MA, USA)
plasma emission spectrometer. The 87Sr/86Sr ratios were measured via thermal ionization
mass-spectrometry using a Finnigan MAT-261 (ThermoFinnigan, Silicon Valley, CA, USA)
spectrometer. The above experiments were conducted at the Key Laboratory of Earthquake
Prediction, Institute of Earthquake Forecasting (China Earthquake Administration). All
experiments were completed within 30 days of sampling.

The gas samples were collected in October 2020 from the YTBLK and AK springs
with strong activity at the intersection of the Altun Tagh fault and the East Kunlun fault
belt. Samples were collected in fresh 500 mL glass bottles using the drainage method.
The N2, H2, CO2, O2, CH4, and Ar components of the hot spring gas were measured
using Agilent Macro 3000 (Agilent Technologies, Palo Alto, CA, USA) gas chromatography
equipment. The estimated measurement errors were as follows: when the content was
1%~100%, the RSD was less than 0.5%; when the content was 0.01%~0.1%, the RSD was less
than 1%; when the content was 0.001%~0.01%, the RSD was less than 2%; and when the
content was 0.0001%~0.001%, the RSD was less than 5% [38]. The 3He/4He and 4He/20Ne
ratios were analyzed using a Noblesse noble gas mass spectrometer produced by Nu
Instruments, Wrexham, United Kingdom. Carbon dioxide isotopes were determined using
a GC-IRMS analytical system gas chromatography (Agilent 6890, Agilent Technologies,
Palo Alto, CA, USA) stable-isotope ratio mass spectrometer (Delta Plus XP, Thermo-Fisher
Scientific, Waltham, MA, USA), coupled with an online sample preprocessor. The above
experiments were conducted at the Oil and Gas Research Center of the North-West Institute
of Eco-Environment and Resources (Chinese Academy of Sciences). All experiments were
completed within 30 days of sampling.

The physical and chemical parameters of the hot spring samples are listed in Table 1.
The temperatures of the water samples in the study region varied from 6.8 ◦C to 14 ◦C. The
pH values of the spring water samples ranged between 6.81 and 7.75, which indicated a
weak alkaline nature in general. The electrical conductivity values of the samples ranged
from 1251 µs/cm to 10,090 µs/cm. The major cations were Na+, Mg2+, and Ca2+, and the
major anions were SO4

2–, HCO3
−, and Cl−. The values of δ18O ranged from −6.9% to

−8.6%, while the δ D values ranged from −50.0% to −68.6%. The silica content ranged
from 7.23 mg/L to 52.22 mg/L. The contents of trace elements were relatively low.
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Table 1. Sampling location and time, and physical and chemical composition of water samples.

Sampling Springs YTBLK AK LMY GS

Longitude (◦) 90.0278 E 90.5786 E 91.7244 E 92.5959 E
Latitude (◦) 38.3991 N 38.1166 N 37.8124 N 37.2100 N

Elevation (m) 2882 2848 2835 2814
Sampling date 2020.10 2020.10 2020.10 2020.10

Water temperature (◦C) 9.7 14.0 6.8 9.5
PH 6.97 6.81 7.75 7.72

EC (µs·cm−1) 4910 10,090 2412 1251
Li+ (mg·L−1) 2.50 0.96 0.05 0.00
Na+ (mg·L−1) 6793 818.7 369.7 175.4
K+ (mg·L−1) 268 15.01 12.94 7.52

Mg2+ (mg·L−1) 3459 661 39.70 19.50
Ca2+ (mg·L−1) 855.23 567.99 76.57 43.31
F− (mg·L−1) 2.12 0.01 1.89 1.54
Cl− (mg·L−1) 22,121 3087 524 238
Br2− (mg·L−1) 0.00 8.65 0.00 0.65

SO4
2− (mg·L−1) 4004 588 450 124

NO3
2− (mg·L−1) 194 0.00 13.00 2.23

CO3
2− (mg·L−1) 0.00 0.00 0.00 0.00

HCO3
− (mg·L−1) 2055 2830 231 276

Chemical type Na·Mg-Cl Mg·Na-Cl·HCO3 Na-Cl·SO4 Na-Cl·HCO3
Ag (µg·L−1) 0.045 0.017 0.023 0.02
Al (µg·L−1) 10.9 23.8 7.55 121
Ba (µg·L−1) 24.3 41.7 15.1 29.8
Be (µg·L−1) 0.16 0.765 0.035 0.01
Cd (µg·L−1) 0.848 0.069 0.063 0.041
Co (µg·L−1) 15 29.7 0.313 0.335
Cr (µg·L−1) 974 8.65 10.8 4.45
Cu (µg·L−1) 46.5 118 33.8 34.3
Fe (µg·L−1) 14,607 6849 117 390
Li (µg·L−1) 2005 870 58.2 26.5

Mn (µg·L−1) 2240 1617 2.23 9.47
Mo (µg·L−1) 0.067 0.207 7.77 5.8
Ni (µg·L−1) 74.6 62.9 7.41 4.41
Pb (µg·L−1) 0.633 0.949 0.494 0.783
Sb (µg·L−1) 0.154 0.087 0.046 0.121
Se (µg·L−1) 3.71 1.67 0.309 0.158
Sn (µg·L−1) 0.677 0.711 0.726 0.871
Sr (µg·L−1) 8995 11,620 1749 699
Th (µg·L−1) 17.4 0.029 0.003 0.036
Ti (µg·L−1) 410 6.8 1.77 8.42
U (µg·L−1) 65.3 92.9 10.4 10.7
V (µg·L−1) 183 54.2 15.2 9.37

Zn (µg·L−1) 28.3 28.2 13.2 16.2
B (µg·L−1) 12,407 878 605 285

SiO2 (mg·L−1) 21.83 52.22 7.23 8.58
∆D (‰) −50.0 −68.6 −54.5 −56.8
δO (‰) −6.9 −8.6 −7.9 −8.1

Table 2 lists the chemical parameters of the hot spring gas samples. CO2 was the
main component of the gas samples from both the YTBLK and AK hot springs, account-
ing for 95.43% and 99.58% of the total gas content, respectively. Furthermore, the sam-
ples contained low concentrations of He, H2, CH4, N2, O2, and Ar. Therefore, the hot
springs in the study area were distinguished primarily by the relative enrichment of CO2.
The 3He/4He ratios of the samples from the two hot springs were 2.085 × 10−7 and
6.116 × 10−7, respectively. The 4He/20Ne ratios of the samples were 768 and 164, respec-
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tively. The CO2/3He ratios of the samples were 29.56 × 109 and 44.98 × 109, respectively.
The δ13CCO2 (PDB) values of the samples were −3.4‰ and −6.4‰, respectively.

Table 2. Gas composition of the samples in the hot spring gases.

Sampling Springs He
(ppm)

H2
(ppm)

CO2
(%)

CH4
(%)

N2
(%)

O2
(%)

Ar
(%)

3He/4He
(10−7) 4He/20Ne CO2/3He

(109)
δ13CCO2

(‰, vs. PDB)

YTBLK 153 3.2 95.43 0.5185 5.02 0.49 0.026 2.085 768 29.56 −3.4
AK 36 5 99.58 0.0024 1.25 0.25 0.03 6.116 164 44.98 −6.4

4. Discussion
4.1. Hydrochemical Characteristics of the Hot Springs
4.1.1. Major Components in the Spring Water

The results of the study revealed that the average EC value of the samples was
4665.8 µS/cm. These values were particularly high for the AK spring samples. This high EC
is actually primarily determined by the content of major anions and cations that are usually
incorporated into the water via geochemical processes, such as ion exchange, evaporation,
and silicate weathering. A second factor that plays a role in EC is the temperature, as
specific ion conductivity increases with temperature. Water temperature is indeed higher
in AK than in YTBLK, and this could explain part of the twofold increase in EC, in spite of
the significantly higher ion concentrations in YTBLK. The dominating cations in the hot
spring water at the sampling sites were the Na+ ions. The normality concentration of Mg2+

ions in the YTBLK spring sample was relatively high. The normality concentrations of
Ca2+, Na+, and Mg2+ ions in the AK spring samples were also relatively high. The cation
compositions of the LMY and GS springs were relatively consistent, with the percentage of
the Na+ ion normality concentration reaching over 60% (Figure 2a). The main anion in the
TYBLK spring water was Cl−, which accounted for approximately 60% of the total anions,
and its salinity was also relatively high. The main anions in the AK spring water were
HCO3

− and Cl−. The main anion in the LMY spring water was SO4
2−, which accounted for

approximately 50% of the total anions. The main anions in the GS spring water were HCO3
−

and SO4
2− (Figure 2b). The main elements in the hot springs located at the Wenquan Ditch

of Da Qaidam Area were Na, Cl, and SO4
2−, and this composition is relatively similar to

the chemical composition of the hot spring water samples from the study region, all of
which were relatively rich in Ca and low in Mg; this is a typical characteristic of several
deep hot waters, such as the typical oil field water in the western Qaidam Basin and the
Tibetan geothermal water [39]. The same phenomenon was discovered in a study of hot
springs in Canada’s White Lake Basin and Mexico’s eastern volcanic belt, where the cations
in the hot spring water were primarily Na, followed by Ca, with very low concentrations of
other cations. The anions were dominated by Cl, SO4, and HCO3 [40,41]. This phenomenon
could be linked to the distribution of geological formations and the lithology surrounding
them. Different water types may be defined according to the composition of the water. The
Piper diagram depicted in Figure 2c was constructed using AquaChem Scientific Software
(AquaChem 11.0) and presents the relative concentrations of different ions in individual
water samples. It may be observed that the hydrochemical components in the study
region were spatially complex along the fracture. The Schuka Lev classification method for
groundwater chemistry based on EXCELS was employed [42], and all water samples were
classified into the following four chemical types: Na·Mg-Cl, Mg·Na-Cl·HCO3, Na-Cl·SO4,
and Na-Cl·HCO3 (Table 1). Magnesium ions were dominant among the cations detected
in the AK and YTBLK spring water samples. The common sources of magnesium ions
in natural water include dolomite, olivine, hornblende, etc., and also calcium carbonate
(CaCO3). The Mg(Ca)-HCO3- and Ca(Mg)-HCO3- type waters are usually only located
in the distribution areas of dolomite or dolomitic limestone. Therefore, it was inferred
that the western part of the region is formed of magnesium-bearing carbonate rocks in
the presence of CO2. The concentrations of HCO3

−, SO4
2−, and Cl− in the water samples
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increased gradually from the east to the west direction in the hot springs in the study
region. HCO3

− is formed primarily through the dissolution of carbonates in sedimentary
rocks and the weathering dissolution of aluminosilicate minerals (sodium feldspar and
calcium feldspar) in magmatic and metamorphic rocks. The presence of SO4

2− indicates
the presence of gypsum (CaSO4

−H2O) in sedimentary rocks or that the environment in
which underground hot water appears and migrates is an oxidizing environment. A high
Cl− concentration indicates that water is discharged directly from a deep thermal reservoir
with minimal mixing or conduction cooling and that water is supplied from the deep-water
reservoir. When analyzed from a spatial perspective, the type of water chemistry in the
study region was demonstrated to be relatively complex. The hot spring ion content was
relatively higher spatially on the west side of the region compared to the east side. This
could be attributed to the different surrounding rocks distributed along the fracture zone
and the different activities of the surrounding fractures.
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(c) Piper diagram of sampling sites in study area.

To a certain extent, trace elements in hot springs reflect the degree of water–rock
interaction in the groundwater. The presence of 24 trace elements, including Ag, Al, Ba, Be,
Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sb, Se, Sn, Sr, Th, Ti, U, V, Zn, and B, was observed
at the four hot spring sampling sites. Table 1 shows the trace element concentrations. The
magnitude of trace element enrichment coefficients can be used to determine the source of
trace elements in hot spring water, which is calculated as follows:

EFi = (Ci/CR)w/(Ci/CR)r (1)
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In Equation (1), Ci denotes the elemental content in the sample, CR denotes the content
of the selected reference element, W denotes the elemental concentration in the water
sample, and r denotes the elemental concentration in the rock. The enrichment coefficients
reflect the degree of enrichment of a certain element in the region; the larger the enrichment
coefficients, the more concentrated the element. The smaller the enrichment coefficients,
the more dispersed the element.

Considering the information on the location and lithology of the study region, along
with the findings of recent research, the regional average value of trace elements in the
Upper Ganjigou Formation at the northwestern margin of the Qaidam Basin was selected
as the standard value. The contents of Ba, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, Th, Ti, U, V,
and Zn in the rocks were 387.62, 13.92, 111.65, 31.88, 32600.42, 643.31, 36.46, 25.40, 289.77,
10.50, 147.00, 2.77, 93.08, and 103.40 µg/g, respectively [43]. Ti was selected as the reference
element owing to its greater stability. The trace element data were normalized to calculate
the enrichment factors of trace elements (EFs) in the study region. The enrichment factor of
Sr in the hot spring water in the study region was the strongest (Figure 3). Sr is the most
abundant element in celestite, a mineral found in dolomite, marl, limestone, and other
rocks. This was based on the available drilling and logging data for the region, as well
as the application of sedimentological theory. Bao et al. [44] investigated the sedimentary
phases of the Lower Ganchagou Formation and discovered that the region’s lithology was
dominated by marl. Therefore, in the present study, it was inferred that the hot spring
water of the study region mainly originated from the marl aquifer.
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4.1.2. Water–Rock Interaction

The relative contents of Na, K, and Mg in the thermal water in full equilibrium with a
thermodynamically stable mineral system derived through the isochemical recrystallization
of an average crustal rock remain, at a given temperature and salinity, uniquely fixed.
These content values, along with the water compositions resulting from isochemical rock
dissolution, are useful references for determining the degree of attainment of fluid–rock
equilibrium [45]. According to the current study’s findings, water samples from the study
region were distributed below the partial balance line (Figure 4). The degree of water–rock
interaction balance was relatively low, which could be attributed to ascent mixing with
cold water [46]. The results for the AK and YTBLK spring water samples were closer to the
partial equilibrium water line than those for the other spring water samples, indicating that
they were closer to the water–rock equilibrium state. This also indicated that the cold-water
mixing effect was relatively weak for these two springs. This could be attributed to the
YTBLK and AK springs’ spatial location, which is closer to the intersection of the Altun
Tagh fault and the East Kunlun fault belt, where fracture activity is relatively high [47]. The
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results for the other water samples were close to the immature water at the Mg terminal
element, indicating that the water–rock interaction was low and a certain degree of shallow
cold-water mixing occurred. In addition, the water samples in the study region reached
equilibrium in the water–rock interaction at a lower temperature (Figure 4).
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4.1.3. Origin of the Hot Spring Waters

Craig [48] proposed the Global Meteoric Water Line (GMWL) by providing the range
of variation in the δD and δ18O values in atmospheric precipitation and the relationship
between them for various regions worldwide. The corresponding mathematical expression
was as follows: δD = 8 × δ18O + 10. This provided a basis for the isotopic exploration of
groundwater recharge sources. However, due to the differences in the sources of water
vapor and evaporation patterns in the circulation systems among different regions, the
GMWL of the study region deviated from the regional atmospheric precipitation line
(LMWL). In the present study, the northwest region was selected as the precipitation
isotope reference site for the study region. The LMWL equation for the northwestern region
was as follows: δD = 7.05 × δ18O − 2.71 [49]. The figure depicting the δD-δ18O relationships
for the hot springs in the study region revealed that the isotope data for these hot springs
were mainly distributed close to the regional atmospheric precipitation line (LMWL) of the
northwestern region, indicating that the water of these hot springs originated primarily
from meteoric water and interacts with geothermal fluids from confined aquifers that
flow to the surface through fractures (Figure 5). A geothermal water study in the Sabalan
volcano, NW Iran, discovered that the different degrees of δ18O displacement of water
samples resulted from an isotopic exchange between the geothermal fluid and the host
rock in the geothermal reservoir [50]. AK springs exhibited positive displacement along
the δ18O axis from LMWL, indicating a relatively high degree of water–rock response in
AK springs compared to other hot springs.

Since altitude varies widely in the Qinghai region, the maximum altitude difference
at the sampling site was 633.26 m. Considering that the hydrogen and oxygen isotopes
are affected by this altitude variation effect, the altitude effect of isotopes was utilized for
the preliminary estimation of the water recharge altitude of the hot springs. The following
equation was used:

H = (δG − δP)/k + h (2)
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In Equation (2), H denotes the elevation of the recharge region, h denotes the elevation
of the sampling point, δG is the δ18O (δD) value of carbonate springs, δP is the δ18O (δD)
value of atmospheric precipitation close to the sampling point, and k is the height gradi-
ent of the δ18O (δD) value of atmospheric precipitation (‰/100 m). The global average
δ18O elevation gradient (k (δ18O) = −0.25‰/100 m) was used as the elevation gradient
of the δ18O (δD) values of atmospheric precipitation. The isotopically weighted average
of atmospheric precipitation in Qinghai (δ18O = −7.19) was used as the δ18O value of
atmospheric precipitation [51]. The recharge elevation of the hot springs in the study region
was calculated using Equation (2). The results revealed that the recharge elevations for
the YTBLK, AK, LMY, and GS springs were 3535 m, 3676 m, 3477 m, and 3390 m, respec-
tively, among which the recharge elevation of the AK spring was relatively high (Table 3).
Tyc et al. discovered a clear spatial correlation between hot springs and active fractures in
the western Peruvian Cordillera, and that the tectonics provide pathways for hydrothermal
solutions and gases that contribute to the heating of atmospheric water. Therefore, tectonic
features play a significant role in the formation of hot spring water [52]. When combined
with the topography and geomorphology of the study region, it was determined that the
hot spring recharge in the study region was primarily caused by southern Alpine glacial
meltwater and tectonic fractures.

Table 3. Thermal storage temperature and circulation depth of hot springs in the study area.

Sampling Springs
The Quartz Silica
Temperature Scale

(◦C)

The Chalcedony
Temperature Scale

(◦C)

The α-Cristobalite
Temperature Scale

(◦C)

Circulation Depth
(m)

YTBLK 66.76 115.39 17.46 1854
AK 103.84 164.91 53.41 2679

LMY 29.11 66.74 −18.09 1043
GS 34.38 73.45 −13.17 1155
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4.1.4. Strontium Isotope Analysis

The isotopic composition in hot spring water reflects the lithological characteristics of
the strata through which the water flows. The Sr (strontium) concentration in the study
region varied from 0.699 to 11.62 mg/L, with the highest content observed in the AK
springs. The Sr2+ content in atmospheric precipitation is extremely low. Consequently,
the water–rock interaction in the aquifer media during groundwater transport determines
the Sr2+ content in the hot spring water [53]. The concentrations of Ca2+ and Sr2+ in the
water samples from hot springs exhibited a good and positive correlation (Tables 1 and 2),
mainly because calcium and strontium belong to the same group in the periodic table of
elements and, therefore, have the same properties, such as isomorphism (the replacement
of Ca with Sr). Therefore, in minerals with high calcium content, the content of strontium
is also relatively high [54]. Ca substitution with Sr has also been found in hot water studies
in northeastern Algeria [55].

Sulfate, silicate, and carbonate minerals are important sources of Sr in groundwater.
The 87Sr/86Sr ratio of the hot spring is often similar to the 87Sr/86Sr ratio of the rock
minerals it contacts [56,57]. It is generally accepted that the 87Sr/86Sr ratio for the mantle
magma source is 0.70400, the 87Sr/86Sr ratio for the carbonate and sulfate weathering
sources is approximately 0.70800, the 87Sr/86Sr ratio for the aluminosilicate weathering
sources ranges between 0.71600 and 0.72000, the 87Sr/86Sr ratio for the sandstone and shale
weathering sources is 0.72417, and the 87Sr/86Sr ratio for the granite weathering sources
is 0.73719 [58]. The relationship between the 87Sr/86Sr ratio and the Sr content of the hot
springs in the study region was analyzed. It was revealed that the main weathering sources
of the water in these hot springs were carbonate and sulfate (Figure 6). The strontium
isotope ratios of the hot springs varied less and remained almost at the same level, while
the Sr content varied more. This could be due to the similarity of the surrounding rocks on
the flow path and the different accumulation times [59].
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4.1.5. Thermal Storage Temperature and Circulation Depth

Thermal storage temperature is an important consideration when assessing geother-
mal resources. Thermal storage temperature scaling is commonly accomplished using
two methods: cation temperature scaling and SiO2 temperature scaling. In general, the
cation temperature scaling method is used to calculate the thermal storage temperature of
partial-equilibrium water [60]. The water samples in the present study region were in the
‘immature water’ state. Therefore, the SiO2 temperature scale was adopted in the present
study, and the calculations were performed using the following equations [61].

T = 1309/(5.19 − lgS) − 273.15 (3)

T = 1302/(4.69 − lgS) − 273.15 (4)

T = 1000/(4.78 − lgS) − 273.15 (5)

Equation (3) represents the quartz silica temperature scale, Equation (4) represents the
chalcedony temperature scale, and Equation (5) represents the α-cristobalite temperature
scale. T denotes the estimated thermal storage temperature (unit: ◦C) and S denotes the
SiO2 concentration (unit: mg·L−1). The following order was revealed by the calculation
results: chalcedony temperature scale > quartz silica temperature scale > α-cristobalite
temperature scale. The quartz silica temperature scale estimates ranged from 29.1 to
103.8 ◦C, the chalcedony temperature scale estimates ranged from 66.7 to 164.9 ◦C, and
the α-cristobalite temperature scale estimates ranged from −18.1 to 53.4 ◦C. The result
values from all three methods revealed that the AK springs had the highest thermal
storage temperature (Table 3). The estimated temperature obtained using the α-cristobalite
temperature scale had negative values, while the estimated temperature obtained using
the quartz silica temperature scale estimates had relatively low values. Therefore, these
two methods were ineffective for estimating thermal storage temperature in the study
region. Furthermore, because the chalcedony temperature scale is frequently used to
estimate thermal storage temperature, the estimated value obtained using the chalcedony
temperature scale may reflect the thermal storage temperature in the study region. The
circulation depth was estimated based on the local geothermal gradient and the estimated
thermal storage temperature of the chalcedony temperature scale [62] using Equation (6)
provided below:

H = (T − T0)/g + h (6)

In Equation (6), H denotes the circulation depth (km), T denotes the thermal storage
temperature (◦C), T0 denotes the temperature of the constant temperature zone (the value
used was 4.1 ◦C), h denotes the depth of the normal temperature zone (value used: 20 m),
and g denotes the geothermal gradient (value used: 60 ◦C/km) [63]. The final circulation
depth of the hot springs in the study region ranged from 1043 to 2679 m, while the AK
spring water circulated at a deeper depth. The thermal storage temperatures and the
circulation depths of the hot springs in the study region demonstrated spatially high
west and low east characteristics. Due to geological factors in eastern Turkey (e.g., a
relatively thick crust, low surface heat flux, and a lack of ideal cover units), the thermal
storage temperature and depth of circulation of hot spring water were discovered to be
different at different locations during a geothermal water study in eastern Turkey [64]. The
underground hot water ditch in the geothermal region, which is also located in the uplift-
fracture-type geothermal resources of Qinghai Province, has a thermal storage temperature
in the range of 61–143 ◦C and a circulation depth in the range of 948–2314 m, calculated
using chalcedony. When compared to the results obtained for the present study region,
these thermal storage temperature and circulation depth values were relatively low [65].
This may be caused by the distribution of the surrounding geological formations and the
greater responsiveness of the hot springs in the study region to information regarding the
deeper parts of the region.
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4.2. Chemical Characteristics of the Hot Spring Gas
4.2.1. Chemical Composition of the Hot Spring Gas

In volcanic regions and active fault zones, the gas escaping from hot springs often
contains high concentrations of CO2 [66,67]. CO2 was also revealed as the main component
of hot spring gas in the present study region, with a content of over 95%, and the AK hot
spring gas had the highest CO2 content of 99.58%. Then came N2, with a content of 5.02%
and 1.25%, respectively. Therefore, it was deduced that the hot springs in the study area
were CO2 enriched (Table 2). The snow water infiltrates along the crack, enters the deep
regions, and dissolves the surrounding carbonate rock before being exposed to the surface
for release, resulting in calcium carbonate deposition [68]. The N2/Ar ratios obtained for the
YTBLK and AK hot springs were 41.97 and 193.08, respectively, which differed significantly
from the value reported for air (approximately 83). The N2/O2 ratios determined for the
YTBLK and AK hot springs were 10.24 and 5.09, respectively; both values exceeded the
dissolved ratio for the air or air-saturated water [69]. This indicated that the gas escaping
from these hot springs did not originate entirely from the atmosphere, but rather, originated
from other sources, as well. The contents of He in the water samples from the above
two springs were 153 and 36 ppm, respectively. Both values were significantly higher than
the content of He in the atmosphere (5 ppm), indicating that this helium did not have an
atmospheric source.

4.2.2. Isotopic Characteristics of Helium and Neon

Helium gas in the hot springs has multiple origins and is the most sensitive geochemi-
cal tracer used to identify mantle-sourced gases. Since the 3He/4He values in the mantle
source, crust source, and air have their respective characteristics, the corresponding sources
may be further analyzed based on the 3He/4He values of the samples [70]. In order to
estimate the proportions of mantle-derived helium (Hem), it was proposed that the Rm
values should be corrected according to the atmospheric value of the 3He/4He ratio to
exclude atmospheric contamination. This is expressed as Rc/Ra, where Rc denotes the
3He/4He value of the sample after the removal of atmospheric interference. The calibration
method uses the following equation:

Rc =
R × (

4He
20Ne )V

− Ra × (
4He
20Ne )a

(
4He
20Ne )V

− (
4He
20Ne )a

(7)

In Equation (7), R denotes the 3He/4He value of the sample, Ra denotes the atmo-
spheric 3He/4He, which is equal to 1.39 × 10−6, (4He/20Ne)V denotes the 4He/20Ne value
of the sample, and (4He/20Ne)a denotes the atmospheric 4He/20Ne, which is equal to 0.318.
The RC values obtained for the gas samples from the YTBLK and AK hot springs were
0.1496 Ra and 0.4389 Ra. Both values were less than 1 Ra, indicating the characteristics of
upper crustal-sourced helium. The 3He/4He gas ratios in the Valles Caldera region, New
Mexico indicate a deep magmatic source (R/Ra up to 6) [71]. The 3He/4He ratios of the hot
springs in this study area are 2.085 and 6.116, and the values of the AK springs are close
to those of Valles Caldera region. After excluding atmospheric helium interference, it was
observed that Rc/Ra > 0.1, which suggested that mantle-sourced helium additions occur
in the hot springs of the present study region [72,73]. Since the 4He/20Ne-R/Ra relation-
ships of the mantle, crust, and atmosphere are relatively fixed, a 4He/20Ne-R/Ra diagram
may be employed to visually and effectively discern the genesis and the source regions
of the fluids and rare gas. 3He/4He = 1.39 × 10−6, 4He/20Ne = 0.318 in the atmosphere;
3He/4He = 12 × 10−6, 4He/20Ne = 100,000 in the mantle; 3He/4He = 0. 02 × 10−6,
4He/20Ne = 100,000 in the continental crust. The area between the two black lines rep-
resents the mixing of atmospheric, crustal, and mantle helium [74]. The percentage of
mantle-sourced helium could then be calculated by casting the hot spring gas data into the
4He/20Ne-R/Ra relationship diagram. The release of the mantle-sourced helium from the
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YTBLK spring was 3.06%, and that from the AK spring was 7.38% (Figure 7). These results
suggested an intrusion of mantle-sourced material in the study region. Large amounts of
mantle-derived helium are evident in volcanic regions [75]. However, no active Cenozoic
volcanoes have been located in the vicinity of the study region, which suggests that the
mantle-derived helium in the study region did not have a volcanic release. The Altun
Tagh fault and the East Kunlun fault belt serve as good channels for the upward transport
of mantle-derived helium, with dilution of the mantle-source helium via upper crustal-
source helium during the upward transport, and this phenomenon is also observed in the
Xianshuihe fault [38].
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A previous study on the rare gas isotopic signature of the northern margin of the
Qaidam Basin in the eastern portion of the study region revealed 3He/4 He values in the
range of (1.43–5.0) × 10−8 and R/Ra values between 0.001 and 0.04, which are typical of
upper crustal-sourced helium [76]. Faults are efficient conduits for gas transport, and the
anomalous release of helium is often monitored before seismic activity, which, in addition
to facilitating helium transport, serves as a physical factor influencing helium release in
the formation [77,78]. Moreover, it is reported that the enrichment of ore bodies in the
Qaidam Basin is controlled by the fracture system, which suggests that fractures, besides
serving as good gas transport channels, are also a major influence on the generation of
helium source rocks [79]. The study area is located at the intersection of the Altun Tagh
fault and the East Kunlun fault belt, which is a large left-slip fault with deep basement
penetration and a north-to-east trend, and this fault was active late in the Eocene and also
underwent slip movement after that time [80]. The helium isotope content and ratio in
the study region are largely comparable to those in the surrounding region. The source
was from the mantle, which could be related to the fracture’s distribution and activity.
Future continuous observations of hot spring gas in the study region would, therefore,
have research implications for monitoring seismic activity in the region.

4.2.3. Isotopic Characteristics of Stable Carbon

The carbon isotope characteristics in hot springs are governed by various geological-
tectonic environments and different hydrogeological conditions, mainly depending on
the CO2 source and the storage environment of groundwater. The carbon isotope com-
position of carbonaceous compounds in the hot spring gas contains rich and important
information [81,82]. The main types of CO2 genesis in the hot springs are as follows:
inorganic genesis and organic genesis. The CO2 gases with different types of genesis
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present different carbon isotope characteristics. The δ13CCO2 values of the organic-genesis
CO2 are generally lower than −10‰, mainly −30‰ to −10‰, while the δ13CCO2 val-
ues of inorganic-genesis CO2 generally range from −8‰ to 3‰ [83]. Organic genesis
is divided into two categories—biogenic and organic metamorphosis, which are usually
transported from the outside. On the other hand, inorganic genesis occurs mainly through
mantle magma and metamorphism. The δ13CCO2 values of metamorphic genesis from
carbonate rocks are close to those of carbonate rocks (approximately 0‰ ± 3‰), while
the δ13CCO2 values of volcanic–magmatic and mantle-derived genesis are in the range of
−6‰ ± 2‰ [84,85]. Previous studies of the carbon isotopic composition of hot spring
gases on the Tibetan Plateau have revealed that regional differences in carbon isotope
compositions can be identified. The carbon in the samples from Yangbajain is lighter than
in the samples from the northern sites. Carbon dioxide 13C values are comparable to mantle
values, which range from −3 to −7‰ [86]. The δ13CCO2 values of the hot spring gases in the
current study region ranged from −3.4 to −6.4‰, which is more consistent with previous
study results. Therefore, it was tentatively concluded that the hot spring gases in the study
region had volcanic–magmatic and mantle-derived genesis. However, the carbon isotopes
of the CO2 gases from various sources in the hot spring gases overlapped. Consequently,
the main source of CO2 could not be directly derived from the carbon isotopes. CO2 in
the hot spring gases has greater isotopic fractionation in physicochemical processes than
helium [81]. The relationship between δ13CCO2 and the CO2/3He ratio is used frequently
to determine the source of CO2 [87]. The proportions of mantle CO2 in the gas samples
of the study region were 5.06 and 3.32, which indicated intrusion of the mantle source
material. It was apparent that crustal marine limestone was the major contributor to the
carbon inventory of the hot spring gas samples (>75%), followed by sedimentary organic
and mantle sources (Figure 8, Table 4). The CO2 released from the dissolution of the marl
aquifer and the metamorphism and hydrothermal reactions of the basement lithologies
were the main sources of carbon in the hot springs in the study region. This was further
closely related to the geology of the region because the sedimentary basement of the study
region mainly comprised marl. This suggested that crustal additions exerted a strong
influence on the samples.
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Figure 8. A plot of CO2/3He values vs. δ13CCO2 values obtained for the hot spring gases. The CO2

sources of the hot spring gas were divided into three main source end elements—mantle carbon (M):
CO2/3He = 2 × 109, δ13C = −6.5‰; limestone (L): CO2/3He = 1 × 1013, δ13C = 0‰; and sedimentary
organic carbon (S): CO2/3He = 1 × 1013, δ13C = −6.5‰ [88,89].
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Table 4. The CO2 gas from mantle, limestone, and sedimentary sources in the hot spring gases of the
study region.

Sampling Springs Mantle Carbon (M) Limestone (L) Sedimentary Organic Carbon (S)

YTBLK 5.06 84.72 10.22
AK 3.32 76.09 20.59

4.3. Conceptual Model for Fluid Circulation

Hot springs are mostly exposed at the intersection of branch fractures and main
fractures, which is the upper plate of extrusion fractures or deep-cut valleys formed due
to fracture action. Geothermal water is recharged by infiltrating precipitation and heated
by heat sources in the fracture system during the deep circulation process. Deep faults
serve as a conduit not only for additional groundwater infiltration but also for the upward
flow of deep geothermal fluids [90]. Understanding the origins and migration paths of
springs in active fracture zones is critical for studying hydrogeochemical properties and
geothermal resource extraction. Therefore, the present study’s findings could be combined
with existing geological data to construct a model.

The conceptual model of the hydrogeochemical cycle process of hot springs in the
study region is illustrated in Figure 9. Hot springs are recharged mainly through atmo-
spheric precipitation and glacial meltwater at 3390~3676 m. The recharge water seeps into
the aquifer through hydraulic conductivity fractures between the mountains and the river
terraces. The hot springs in the study region differed in spatial distribution, resulting in
slight disparity in their recharge sources. The YTBLK and AK springs close to the intersec-
tion of the Altun Tagh fault and the East Kunlun fault had an evident recharge from fracture
infiltration. In the study region, the Altun Tagh fracture zone and the East Kunlun fracture
zone serve as good transport channels for the hot spring water, causing it to be transported
downward along the fracture surface. Water–rock interactions with the enriched tuffs in
the study regions occur during this transport process, producing small amounts of trace el-
ements and larger macronutrients. Through geothermal heating, a portion of the hot spring
water was transported downward to 1.04~2.68 km below the crust, and then, recharged
upward to the hot springs around the fracture zone in the study region. The temperature
of heat storage ranged from 66.7 to 164.9 ◦C. Water–rock interactions occur at various
depths under certain temperature and pressure conditions. Spatially, the hot spring thermal
storage temperature and circulation depth values were relatively large near the intersection
of the Altun Tagh Fault and the East Kunlun fault belt zone, and the fracture intersection
area was prone to high-stress-value anomaly zones. This indicated that the fracture controls
fluid circulation and transport in this region. In addition, the microseismic activity in this
region is relatively frequent, which is probably because the high degree of weakening of
the water response here has weakened the fractures and rendered them further prone to
earthquakes. Deeper fluid circulation and higher thermal storage temperatures in the hot
springs lead to relatively high ambient pressure in the deeper fluids, causing microseismic
activity in this region. In the process of a periodic rise, the circulating water may mix with
colder surface water or shallow groundwater, eventually becoming hot springs that appear
at the surface. In the present study, a water chemistry model was constructed for the hot
springs in the study region. This model could serve as a geochemical basis for geothermal
resource development. Strong tectonic movements and seismic activities may alter the sub-
surface stress–strain state and trigger the fragmentation of aquifers inside the fracture zone,
leading to the mixing of deep fluids and shallow cold water; this then affects the degree
of water–rock interactions of the underground hot water and changes the hydrochemical
components and isotopic characteristics of the hot springs in the study region. This could
provide evidence for short-term and upcoming earthquake prediction [91]. The hot spring
water in the study region contains huge amounts of fugitive CO2 gas. The fugitive CO2 gas
and the high-pressure fluid in the deep tectonic zone brought by the earthquake would
exert a “lubricating” effect on the fault. In addition, according to the isotopic study of hot
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spring gas in the study region, the hot spring gas samples had significant mantle source
helium contribution. In regions with high helium gas isotope ratios in the hot springs
of active fault zones, distinct zones of high conductivity and low velocity typically exist,
suggesting that such fault zones are major conduits for helium degassing in the crust [92].
In fault zones, high-conductivity and high-velocity zones are thought to be fault rupture
zones formed by impact sliding or shearing along the fault. Deep-source magma and/or
metamorphic fluids fill these zones. Therefore, continuous monitoring of hot spring fluid
geochemistry at the intersection of the Altun Tagh fault and the East Kunlun fault is critical
for determining short-range fluid anomalies in this region and the surrounding regions to
predict upcoming moderate-to-strong earthquakes.
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4.4. Water Chemistry Anomalies and Regional Earthquake Response

Fluids are an important medium connecting the lithosphere, atmosphere, and bio-
sphere. Fluids also play important roles in information transfer and material transfer in the
geological evolution of Earth’s interior [93,94]. Groundwater acts in the Earth’s crust with a
wide range and intensity, and its geochemical characteristics and genesis are closely associ-
ated with the geological environment and hydrogeological conditions of the region [95,96].
The chemical fraction of groundwater is governed mainly by the nature of the rocks it
flows through, fracture tectonic activity, and deep-fluid supply, and factors such as seismic
events might alter the chemical fraction of groundwater in a region [97–99]. According
to studies, there is a close relationship between subsurface fluids and seismic activity. A
series of fluid anomalies, such as water temperature, water level, and ion concentration,
occur before and during moderate-to-strong earthquakes. During the earthquake precursor
phase, hydrogeological and geochemical changes in wells or springs are observed, and
subsurface fluid anomalies are clearly visible [100,101]. For example, K+, Ca2+, Mg2+, and
Cl− concentrations increased significantly before the MS7.2 earthquake that struck Van,
Turkey, on 23 October 2011. The maximum values were reached 12 d before the earthquake,
and the increase was nearly twofold [102]. Significant water chemistry anomalies related to
Na+, K+, Ca2+, Cl−, and SO4

2− were observed in the Beitianshan mud volcano and Shawan
spring before and after the Xinyuan–Hejing MS6.6 earthquake that occurred on 30 June
2012 [103]. Among the hot springs in the present study region, the hot spring that is most
active in terms of external appearance is the AK spring, also referred to as the “Eye of the
Earth” and the “Devil’s Eye”. The AK spring stretches to a diameter of over 10 m, and the
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spring water is similar to boiling water, constantly tumbling upward. The sulfur minerals
around the spring precipitated long ago (and have remained so to this day) and are colorful
(Figure 10). The water chemical ion analysis results for the four hot springs in the study
region revealed that the AK spring has a higher degree of trace element enrichment and
a thermal storage temperature of 164.9 ◦C, which is typical of a marl thermal reservoir.
The circulation depth reaches 2679 m, which is unusually high in comparison to other hot
springs. Meanwhile, mantle-source material intrusion was discovered using gas isotope
analysis. Therefore, when regional tectonic activity occurs, the AK spring generates more
pore-fluid pressure during water circulation. The water–rock response is more intense,
i.e., it responds better to regional tectonic activity and stress changes.
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An MS5.5 earthquake occurred in the study region on 19 October 2022, close to the
East Kunlun fault belt and spatially positioned 150 km southeast of the AK spring. Since
May 2022, the project team has been conducting continuous measurements of the water
chemistry ions at AK springs to continuously observe and collect data for the analysis of
seismic efficiency. Water testing samples are collected at sampling points every 3 days
and subjected to water chemistry measurements and mean-variance calculations. Any
information pertaining to observed anomalies is documented. An anomaly is defined as
a change in amplitude greater than ±2 times the mean variance. A positive high anomaly
is defined as an increase in ion concentration that exceeds +2 times the mean-variance
value. In contrast, a negative high anomaly is defined as a decrease that exceeds −2 times
the mean-variance value. The negative ion concentration anomaly could be attributed to
a relative increase in local atmospheric precipitation recharge and a relative decrease in
fluids from deeper sources. The vast majority of seismic-fluid geochemical anomalies occur
3 months before and after an earthquake. These anomalies occur within a narrow range of
distance, typically between 20 and 300 km from the epicenter [104]. The data processing
results revealed that anomalies in Cl−, Na+, and SO4

2− ion concentrations occurred in the
AK spring at the end of June 2022 (Figure 11). Positive anomalies of varying degrees in the
ion concentrations occurred in the study region, possibly related to the MS5.5 (37.69 ◦N,
92.30 ◦E) earthquake that occurred on 19 October 2022. In the seismic gestation process,
the deep fluid is transported upward along the fissure, and the water–rock interaction rate
increases, causing the fluids containing Cl−, Na+, and SO4

2− at depth to be mixed with
shallow fluids, resulting in varying degrees of change in the subsurface fluid components.
Therefore, changes in the chemical ion concentrations are an evident response to seismic
activity and require enhanced monitoring. Moreover, to provide a reliable basis for earth-
quake prediction, further intensive sampling and analysis of this hot spring in different
seasons over a long period are required to exclude the possibility of randomness.
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5. Conclusions

In the present manuscript, the hydrogeochemical and gas geochemical characteristics
of hot springs in the study region were analyzed using four groups of water samples and
two groups of gas samples, in addition to investigating the characteristics of the geological
structure. The results of the study revealed the following:

(1) The water chemistry types of the hot springs in the study region were Na·Mg-Cl,
Mg·Na-Cl·HCO3, Na-Cl·SO4, and Na-Cl·HCO3. Water chemistry types were relatively
complex, which could be attributed to the various surrounding rocks distributed
along the fault zone. Sr emerged as the most powerful enrichment factor among
the trace element enrichment factors. This discovery, combined with the findings of
regional lithology analysis, indicated that the hot spring water in the study region was
primarily derived from the marl aquifer. The analysis results for the water samples
collected in the study region were distributed below the partial balance line, indicating
that the degree of water–rock interaction balance was relatively low. This could be
due to mixing with cold water during the ascent.

(2) The δD values ranged from −50.00% to −68.60%. The δ18O values ranged from
−6.90% to −8.60%. The hot spring water in the study region was recharged mainly
through infiltrating precipitation, with a recharge elevation of 3390~3676 m. These
results, combined with the topography and geomorphology of the study region,
indicated that the hot spring recharge in the study region occurred mainly due to
southern Alpine glacial meltwater and fracture recharge.

(3) The strontium isotope ratios of the hot springs varied less and remained nearly constant,
whereas the Sr content varied more. This could be because of the similarity of the
surrounding rocks along the flow path, as well as the different accumulation times.

(4) The thermal reservoir temperatures of the YTBLK, AK, LMY, and GS hot springs were
115.39, 164.91, 66.74, and 73.45 ◦C, respectively. The estimated range of circulation
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depth for the hot springs at the intersection of the Altun Tagh fault and the East
Kunlun fault was 1043~2679 m, while the AK spring circulated at a deeper depth. The
thermal storage temperature and the circulation depth of the hot springs in the study
region indicated a spatially high east and low west characteristic.

(5) CO2 was the main component of hot spring gas in the study region, with a content of
over 95%. The release of mantle-sourced helium from the YTBLK spring was 3.06%,
and that from the AK spring was 7.38%. The results of the analysis indicated the
presence of mantle-sourced material in the study region. The Altun Tagh fault and
the East Kunlun fault belt are excellent channels for mantle-derived helium upward
transport. The carbon inventory of the hot spring gas samples (>75%) was dominated
by crustal marine limestone, followed by sedimentary organic and mantle sources.
The CO2 released from the dissolution of the marl aquifer, and the metamorphism
and hydrothermal reactions of the basement lithologies, were the main sources of
carbon in the hot springs of the study region.
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