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Abstract: The Eastern Kunlun Fault Zone (EKFZ) is located in a seismic blank area. This study 
investigates the hydrogeochemical characteristics of varied-temperature springs (i.e., springs 
exhibiting temperatures from cold to hot due to diverse geothermal gradients and groundwater 
circulation depths) in the EKFZ to understand the relationship between fractures, fluids, and 
earthquakes. It aids in establishing their induction mechanisms and assists in monitoring the 
earthquake precursors of the EKFZ. In this study, the main elements, trace elements, hydrogen and 
oxygen isotopes, and strontium isotopes of 23 varied-temperature springs in the EKFZ were 
analyzed. The results reveal the source of groundwater recharge, hydrochemical types, mineral 
saturation, and for a select few springs indicative of geothermal activity, collected geothermal 
reservoir temperatures. This study also explores the relationship between earthquakes and springs, 
identifying sensitive chemical indicators. Based on continuous monitoring at Maqu Station, we 
found that before the occurrence of the Maerkang Ms 6.0 earthquake, the concentration of Cl− rose 
by 2.9 times, and 46 days before the Gande earthquake (Ms = 4.7), the concentrations of Na+ and 
SO42− significantly increased. Finally, a conceptual model of the hydrogeochemistry of springs is 
presented to describe the groundwater circulation in the study area. This research is of great 
significance for the analysis of fluid geochemistry in this area and for assessing the seismic hazards 
of the EKFZ. 

Keywords: varied-temperature water; hydrogeochemistry; isotopes; seismic precursor; Eastern 
Kunlun Fault 

 

1. Introduction 

Springs are a window to deep crustal changes [1]. A seismically active fault provides upwelling 
conduits for fluids in active tectonic settings [1–3]. The distribution and connectivity of fault systems 
control fluid circulation, and fault properties play a significant role in determining circulation depth 
and fluid geochemical composition [4–6]. Furthermore, stress accumulation, changes in stress state, 
and variations in thermal dynamic conditions can alter the balance of the water–rock system [7]. In 
recent years, research has increasingly focused on investigating the connection between 
hydrogeochemistry and earthquakes [8–11]. For example, before and after the 2019 Benevento 
earthquake in Italy, anomalies in water chemistry were observed, including increased dissolved CO2 
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levels, decreased pH, and abnormal concentrations of major ions (Ca2+, Na+, HCO3−, etc.), which 
returned to their typical concentrations after the earthquake [12]. Similarly, before the 1995 Galicia 
earthquake in Spain, the concentration of Cl− in the water doubled [13]. Moreover, some trace 
elements such as Pb, B, etc., may also show changes prior to earthquakes [14]. 

The Eastern Kunlun Fault (EKF), situated in the northern part of the Tibetan Plateau, has been 
highly active in the late Quaternary and has experienced six earthquakes of magnitude 7–8 in its 
history [14]. Three earthquakes, including the Maerkang MS 6.0 earthquake, the Gande MS 4.7 
earthquake, and the Maduo MS 5.0 earthquake, occurred near the EKFZ during continuous 
monitoring. Notably, the Maqin and Maqu sections within the Eastern Kunlun Fault Zone are 
considered seismic gap regions with a significant population density, which poses potential threats 
to the safety of life and property in this area [15–18]. However, previous research on the Eastern 
Kunlun Fault Zone (EKLF) has predominantly focused on geological and tectonic aspects, rock 
formation, ore deposit geology, and geochemical characteristics. There has been limited research in 
the field of hydrogeochemistry, particularly regarding the chemical composition of waters in the 
eastern part of the EKFZ region and the mechanisms underlying the evolution of water chemistry 
over an extended period. 

Examining the hydrological and geochemical changes during earthquake occurrences can assist 
in understanding the relationship between earthquakes and fluid geochemistry, identifying 
earthquake activity, and monitoring water chemistry in highly seismically active areas [19,20]. The 
objective of this research is to examine the hydrogeochemical properties of varied-temperature 
springs (i.e., springs exhibiting temperatures from cold to hot due to diverse geothermal gradients 
and groundwater circulation depths) and identify potential earthquake-prone areas in the east-
central section of the EKFZ. This study will create a hydrogeochemical cycle model of springs to 
understand the interaction between deep and shallow fluids within the fault zone. By investigating 
the fluid geochemical characteristics of springs and their relationship with earthquakes, this study, 
combined with the time-dependent variations in the chemical composition of three springs which 
have been continuously monitored since June 2021, will contribute to predicting possible earthquakes 
in the EKFZ for future reference. 

2. Geological Setting 

The EKFZ, stretching approximately 500 km, acts as the boundary between the Bayankhara 
crustal blocks and Kunlun Qaidam in the northern region of the Tibetan Plateau (see Figure 1). The 
study area exhibits various structural features, including the Jungong fault, the intersection zone of 
the Xigongzhou Fault, the uplift of the A’nyêmaqên Mountains, and the Maqu section intersection 
with the Minjiang Fault. Additionally, the Huya Fault forms a horsetail-shaped contraction structure. 
Within the research area, geomorphic features like the Xigongzhou and Mohatang basins, Min 
Mountain uplift, and single-faulted basins (Maqin and Maqu basins) have led to the accumulation of 
stress in the mid-eastern section of the EKFZ [21]. The fault itself has a dip angle ranging from 60° to 
80° and strikes predominantly at 280°–310°, with a southwestward dip. The eastern section of the 
EKFZ is a large strike-slip fault consisting of three main segments, namely, Maqu, Maqin, and 
Tuosuohu, from east to west. The Tuosuohu segment is situated to the west of the A’nyêmaqên 
Mountains and exhibits a sinistral slip rate of 4.0–10.9 mm/a (millimeters per year) [21–23]. Its strike 
direction is between 280° and 290°. The Maqin segment extends over an approximate distance of 110 
km, exhibiting a northwest–southeast orientation. It begins in the Yangkao gully, passes through 
Dongqinggou, Rirang, Dawutan, Dawumuchang, and ends in eastern Kendingna. Since the late 
Pleistocene, its slip rate has been estimated at 6.0–12.5 mm/a [21–24]. The Maqu segment extends for 
110 km with a dip angle ranging from 60° to 75°, striking at 280°–305°. It originates from Mohatang, 
traverses through Awancang Fault, Halawen, Tangdi, and Keshengtuoluo, and terminates in the 
south of Maqu County. Li et al. provided information regarding the long-term horizontal slip rate of 
the EKFZ since the beginning of the late Quaternary (as shown in Table 1) [15]. The sliding rate of the 
EKFZ gradually increases from east to west. 
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The mid-eastern part of the EKFZ has experienced several significant earthquakes, according to 
historical records. Over the past century, the Tuosuohu segment has been struck by three major 
earthquakes, with the most recent being the Tuosuohu MS 7.5 earthquake in 1937. The recurrence 
period for earthquakes in this segment is estimated to be 630 ± 130 years over the last 2000 years 
[21,25]. In the Maqin sector, there have been seven major earthquakes in the past 10,000 years, with 
the most recent occurring in 534 BC. The recurrence interval for Maqin earthquakes is approximately 
600 ± 100 years in the most recent 2000 years [21,26,27]. Compared to the Maqin and Tuosuohu 
sections, the seismic activity in the Maqu region is notably diminished, with the most recent 
earthquake occurring approximately 1055 years ago. The recurrence interval for Maqu earthquakes 
is estimated to be 1000 years [28]. The temporal and spatial sequence of earthquakes in the three 
sections (Maqin, Maqu, and Tuosuohu) suggests an interaction between them. Coseismic dislocations 
in the southeast section generate stress–strain loading on adjacent sections, leading to the triggering 
or acceleration of other earthquakes. The time since the most recent earthquakes in the Maqin and 
Maqu sections is approaching or has exceeded the recurrence time of each segment’s earthquakes. 
Furthermore, the stress of the Maqin and Maqu sections was amplified by the 2008 Wenchuan MS 8.0 
earthquake. Consequently, the middle EKFZ presents a higher earthquake risk [15]. 

The research area falls within a transition zone that exhibits characteristics of both arid and semi-
arid climates, accompanied by cold alpine conditions [29]. The yearly mean temperature hovers 
around −3.7 °C to −7.7 °C [30], and the annual precipitation amounts to ~250 mm, concentrated mainly 
in summer. The region experiences high evaporation rates and a dry climate. Surface water sources 
include atmospheric precipitation, glacial meltwater, and lakes. [30,31]. The topography of the study 
area slopes downward from the higher northeast to the lower southwest. Previous studies have 
indicated that the lithology near the fault zone primarily consists of Carboniferous limestone, Indo-
Chinese epoch porphyritic biotite granites, along with Permian, Triassic, and Cretaceous feldspar-
quartz sandstone [32]. The extensive exposure of intrusive rocks such as granite is related to 
magmatic activity dating back to the Permian and Triassic periods.  

The magmatic history of the central-eastern part of the Eastern Kunlun Fault Zone spans the 
period from the Paleozoic to the Cenozoic. In the Paleozoic to Early Mesozoic, magmatism was 
possibly linked to island arc formation and oceanic spreading, intensifying with the closure of the 
Paleo-Tethys Ocean. The Mesozoic was marked by significant intrusions, especially granites and 
metallic minerals during the Triassic to Jurassic periods, driven by the India–Eurasia interaction. The 
Late Mesozoic to Cenozoic saw a continued uplift of the Tibetan Plateau, with magmatic activities 
related to crustal stretching and mantle upwelling. The intrusion and uplift of granite to the Earth’s 
surface contribute to an increase in the geothermal gradient to some extent in the study area [33,34]. 
Recent magmatic activities and geothermal phenomena in the Quaternary, especially the Holocene, 
suggest ongoing sub-crustal processes [35,36]. 

In the Eastern Kunlun Fault Zone, intense tectonic movements, especially the processes of 
faulting and uplifting, have resulted in the development of fractures and the enhanced connectivity 
of fissures. Simultaneously, the primary and secondary fault systems in the eastern part of the Eastern 
Kunlun Fault Zone have a decisive impact on the flow and distribution of groundwater. The tectonic 
activity in the region and the thermal properties of intrusive rocks may promote the formation of 
hydrothermal systems. Geothermal fluids are typically heated in deeper geological settings and then 
ascend to shallower strata or the surface through fracture systems. 
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Figure 1. (a) Macro-regional map [37]. (b) Active structure map with locations of sampling sites in the 
mid-eastern part of the Kunlun Mountain Fault. KZF: Kunzhong Fault; EKF: Eastern Kunlun Fault; 
ELSF: Eelashan Fault; JGF: Jungong Fault; HYF: Huya Fault; MJF: Minjiang Fault; WXF: Weixi Fault; 
GDNF: Guanggaishan–Dieshannanmi Fault; GDBF: Guanggaishan–Dieshanbeimi Fault; circle: 
earthquake; black square frame: sampling area; triangles: sampling sites [38]. (c) Geological map with 
sampling sites of the study area (black line): the sites indicated with black triangles were sampled 
once, while the red triangles represent the long-term monitoring stations with a sampling frequency 
of 3 days. 

Table 1. The fault slip rate of the EKF [15]. 

Segment Horizontal Slip Rate (mm/a) Vertical Slip Rate (mm/a) 

Tuosuohu 11.2 ± 1.2 1.2 ± 0.2 

Maqin 9.3 ± 2.0 0.7 ± 0.1 

Xigongzhou intersection zone 7.4 ± 1.0 1.2 ± 0.1 

Maqu 4.9 ± 1.3 0.3 

3. Sampling and Methods 

A total of 23 varied-temperature springs along the EKF were sampled for groundwater analysis 
from May to July 2021 (see Figure 1). Two methods, a census and detailed surveys, were employed 
for sample analysis. In the detailed survey stage, three springs were selected for continuous 
monitoring, with varied-temperature water samples collected every three days for geochemical 
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analysis. A total of 609 water samples were collected, with 587 obtained from the three continuously 
monitored springs. In the southeastern part of the Eastern Kunlun Fault Zone, our study suggests 
that the springs, including the three continuously monitored thermal springs, are primarily 
replenished by fissure water and underground runoff from the northwestern mountains, manifesting 
as descending springs. The overlying strata predominantly consist of Permian and Triassic carbonate 
rocks. It is important to note that our inference regarding the predominantly descending nature of 
the springs is based on the observed topographical decline from west to east in the study area, as well 
as on the research conducted by Lu Chang et al. in this location. However, due to the current lack of 
comprehensive hydrogeological data, we cannot completely rule out the possibility of ascending 
springs that may originate from deeper underground [39].  

During sampling, the sampler wore rubber gloves and rinsed the sampling polyethylene 
terephthalate (PET) bottle (50 mL) three times with spring water. When collecting samples, we 
ensured that the bottle was fully immersed in water and tightly sealed to prevent air from entering. 
Additionally, we recorded the weather, sampling time, odor, sampling location, and exposed 
lithology. Finally, the collected samples were promptly transported to the laboratory. These samples 
were preserved in 50 mL PET containers and stored at a temperature of 4 °C. 

In the laboratory, various parameters were analyzed, including conductivity, pH, dissolved 
oxygen, cationic concentration (Na+, K+, Mg2+, Ca2+, etc.), anion concentration (NO3–, SO42–, Br–, CO32–, 
HCO3–, etc.), isotopes (hydrogen, oxygen, and strontium) and other indicators. The pH, conductivity, 
and dissolved oxygen data were collected using a multiparameter probe. Water temperature was 
measured using a digital thermometer with a precision of 0.1 °C during sample collection. The HCO3− 
and CO32− contents were determined using chemical titration with a ZDJ–100 potentiometric titrator 
with a solution of 1% phenolphthalein, 0.1% methyl orange, and 0.05 mol/L HCl. (Place 5ml of water 
sample in a beaker, and add two drops of phenolphthalein. If the solution does not change color, add 
another two drops of methyl orange. Then, using a 1ml dropper, add hydrochloric acid until the 
solution becomes colorless. The amount of hydrochloric acid used represents the concentration of 
carbon dioxide. If the solution changes color after adding two drops of phenolphthalein, add 
hydrochloric acid with a 1ml dropper until the solution becomes colorless. Then, add two drops of 
methyl orange and record the concentration of carbonate dioxide) For cation (Ca2+, K+, Mg2+, and Na+) 
and anion (NO3−, CO32−, HCO3−, Br−, and SO42−) concentration estimation, water samples were diluted 
tenfold and transferred to 2 mL PET bottles. The concentrations were measured using a Dionex ICS-
900 ion chromatograph and AS 40 automatic sampler at the Key Laboratory of Earthquake Prediction 
of China Earthquake Administration. The reproducibility of the measurements was within ±2%, and 
the detection limit was 0.01 mg/L. Data management and analysis were performed using a Dionex 
ICS-900 ion chromatograph and an AS40 automatic sampler with a reproducibility of ±5% or less and 
a detection limit of 0.01 mg/L at the Earthquake Forecasting Key Lab of China Earthquake 
Administration [20]. The reliability of the data was evaluated using ion balance (ib) equations. 

100%×(%)
∑ ∑
∑ ∑

+
−

=
anioncation
anioncation

ib
 

(1) 

Trace elements were analyzed at the Test Center of the Research Institute of Uranium Geology 
using Element XR ICP-MS (Thermo Fisher, Bremen, Germany) .The SiO2 concentration was obtained 
by multiplying the measured silicon concentration using the 5300DV Inductively Coupled Plasma 
Emission Spectrometer by a factor of 2.13. The hydrogen and oxygen isotopes were analyzed using a 
Finnigan MAT253 mass spectrometer at the Earthquake Forecasting Key Lab of China Earthquake 
Administration. The TC/EA method was employed, with V-SMOW serving as the standard. The 
analytical accuracy for the samples was within the range of −1‰ < δD < 1‰ for hydrogen isotopes 
and −0.2‰ < δ18O < 0.2‰ for oxygen isotopes. Additionally, the Sr isotope analysis was conducted 
using the Phoenix Thermal Surface Ionization Mass Spectrometer, with an error of 2σ. 
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4. Results 

4.1. Major and Trace Element Concentrations in Water Samples 

Table 2 presents the concentrations of significant elements, while Table 3 provides the 
concentrations of trace elements. The ion balance equations indicated that the measurement error of 
ions was less than 5%, confirming the usefulness of the data [40,41]. 

Based on the data in Table 2, the recorded temperatures of the varied-temperature springs 
ranged from 2.2 °C to 60.4 °C, with the majority being cool springs. Among these springs, 18 have 
been identified as cold springs, with temperatures ranging from 2.2°C to 22.2°C and an average 
temperature of 9.3°C. However, this is still significantly higher than the local average temperature of 
-3.7°C. Additionally, there were two low-temperature springs (25 °C < T < 40 °C) and three medium-
temperature springs (40 °C < T < 75 °C), with temperature ranges of 25.9–28 °C and 44.2–60.4 °C, 
respectively. The average temperature for the low-temperature springs was 26.95 °C, while the mean 
value for the medium-temperature springs was 51.2 °C. The spring numbered EKF 11 exhibited the 
highest temperature, reaching 60.4 °C. It is speculated that the variation in temperature is primarily 
attributed to differences in circulation depth and the mixing of springs with other water bodies to 
some extent during their ascent. [42]. 

Table 2 also displays a significant variation in electric conductivity and TDS (total dissolved 
solids). The electric conductivity ranged from 349.8 to 4577 µs/cm. The lowest conductivity was 
recorded at EKF 14, while the highest conductivity was observed at EKF 9, which was 13 times higher 
than the lowest value. The TDS values ranged from 332.12 to 3753.51 mg/L. Interestingly, the eastern 
varied-temperature springs in the study area exhibited lower TDS and electric conductivity values. 
The pH values ranged from 7.34 to 8.60, with an average value of 8, indicating the alkaline nature of 
these springs. 

Regarding the analysis of chemical element concentrations, a piper plot was created in 
subsequent chapters. From Table 2, it is evident that the main cations are Ca2+, Na+, and Mg2+, and the 
main anion is HCO3−. However, notable levels of SO42− and CO32− were also observed in some springs. 
In addition to the major elements, Table 3 summarizes the results of the trace element analysis. It is 
evident from Table 3 that elements such as B, Sr, and Li exhibit significantly higher concentrations 
compared to other trace elements. Furthermore, the water samples contain various minor elements, 
as observed in the analysis. 

4.2. Isotopes 

The isotopes’ characteristics are illustrated in Table 2. The stable hydrogen isotopic ratios (δD) 
of the water samples range from -107.3‰ to -67.2‰, while the stable oxygen isotopic ratios (δ18O) 
range from -14.4‰ to -6.9‰. Additionally, the 87Sr/86Sr ratio ranges from 0.707827 to 0.713388.
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Table 2. The composition of spring water ions, hydrochemistry type, and 87Sr/86Sr ratios. (Water temperature was measured using a digital thermometer with a precision of 0.1 °C during 
sample collection.). 

No. T/°C Latitude/° Altitude/° pH 
Conductivity 

/µs·cm−1 
TDS 
/g·L−1 

Na+ 
/mg·L−1 

K+ 
/mg·L−1 

Mg2+ 
/mg·L−1 

Ca2+ 
/mg·L−1 

Cl− 
/mg·L−1 

NO3− 
/mg·L−1 

SO42− 

/mg·L−1 

CO32− 

/mg·L−1 

HCO3− 

/mg·L−1 

Si 
/mg·L−1 

87Sr/86Sr δ18O/‰ 
Hydrochemical 

Type 
EKF 1 2.2 95.10 35.67 7.9 1538 1.21 104.4 2.7 115.2 104.3 154.2 14.3 492.1 25.2 194.4 2.17 0.710500 -12.3 Mg-SO4-HCO3 
EKF 2 22.2 95.28 35.74 8.2 1205 0.82 145.2 4.6 56.2 50.9 197.9 6.8 155.4 32.0 172.9 0.46 0.710500 -9.1 Na-Mg-HCO3-Cl 
EKF 3 20.0 97.01 35.62 8.6 2298 1.52 331.5 6.3 92.8 68.0 666.3 0.0 186.0 54.4 116.9 0.84 0.711000 -6.9 Na-Cl 
EKF 4 6.2 97.09 35.60 7.6 721 0.51 53.6 2.6 20.2 82.0 103.9 5.5 70.4 0.0 176.4 2.86 0.711334 -10.8 Ca-Na-HCO3 
EKF 5 15.3 97.58 35.55 7.7 2114 1.68 304.5 11.6 66.1 130.0 366.6 9.3 240.3 36.7 519.5 9.67 0.708655 -11.1 Na-HCO3 
EKF 6 4.1 97.41 35.84 8.0 745 0.54 63.9 2.4 17.8 86.4 84.1 6.3 102.6 0.0 176.4 1.82 0.713388 -10.2 Ca-Na-HCO3 
EKF 7 7.0 97.53 35.86 7.8 2143 1.58 248.3 7.7 55.1 184.9 487.8 43.1 276.0 0.0 278.8 2.8 0.712260 -11 Na-Ca-Cl-HCO3 
EKF 8 25.9 97.59 36.17 8.6 915 0.64 108.2 5.6 39.0 49.0 135.1 5.9 96.8 51.7 144.6 4.75 0.711116 -7.8 Na-HCO3 
EKF 9 14.5 98.76 35.26 8.1 4577 3.75 673.1 14.6 303.8 76.4 1219.0 11.1 891.6 71.4 492.5 3.64 0.710054 -7.7 Na-Mg-Cl 

EKF 10 9.3 99.08 35.34 7.8 3690 3.10 521.8 13.5 172.3 195.9 932.8 22.6 901.7 0.0 342.4 3.65 0.713214 -12.7 Na-Cl-SO4 
EKF 11 60.4 99.43 35.40 7.8 1624 1.21 309.6 20.9 4.8 57.5 181.1 11.0 456.3 0.0 172.9 34.60 0.712407 -10.8 Na-SO4 
EKF 12 4.5 99.29 34.99 8.1 866 0.78 18.3 2.1 44.1 145.4 31.1 5.4 207.5 54.5 273.0 2.73 0.708718 -12.1 Ca-Mg-HCO3 
EKF 13 10.0 100.31 34.44 8.1 695 0.61 24.8 1.7 37.7 100.7 8.7 1.1 74.6 38.2 325.1 2.93 0.715374 -10.9 Ca-Mg-HCO3 
EKF 14 4.5 100.56 34.36 8.2 350 0.34 5.5 1.6 13.6 65.7 0.5 4.8 6.6 0.0 240.1 3.96 0.712455 -10.8 Ca-HCO3 
EKF 15 6.5 101.13 34.24 7.9 464 0.52 7.4 1.2 20.2 100.9 0.4 2.4 14.3 0.0 369.2 4.03 0.718426 -10.5 Ca-HCO3 
EKF 16 6.5 101.49 34.18 7.8 470 0.57 6.5 1.5 9.8 124.3 2.2 8.6 5.2 0.0 408.1 5.85 0.707998 -11.5 Ca-HCO3 
EKF 17 9.0 102.27 34.02 8.0 460 0.47 5.2 0.8 19.9 95.5 0.5 4.0 4.8 0.0 335.8 3.13 0.708728 -12.4 Ca-HCO3 
EKF 18 4.5 102.39 34.02 7.9 509 0.55 9.4 1.3 26.8 100.9 1.1 0.0 0.9 0.0 412.8 4.34 0.715199 -13.7 Ca-HCO3 
EKF 19 12.0 102.46 34.02 8.0 446 0.40 3.5 0.8 21.4 76.3 0.4 0.6 10.0 18.7 272.4 4.19 0.708887 -13.7 Ca-Mg-HCO3 
EKF 20 28.0 102.68 34.04 8.0 441 0.43 4.0 1.4 17.0 86.7 0.3 0.7 10.0 19.5 293.5 6.40 0.711761 -13 Ca-HCO3 
EKF 21 49.0 102.78 34.20 7.6 1201 1.38 44.6 7.0 66.5 226.4 1.5 0.4 229.7 0.0 799.8 14.52 0.708718 -14.4 Ca-Mg-HCO3 
EKF 22 － 103.63 33.93 8.2 392 0.33 4.2 1.3 25.8 53.8 1.8 4.3 8.2 0.0 232.6 － － － － 
EKF 23 44.2 103.69 33.95 7.3 1366 1.29 77.9 5.3 66.8 184.8 22.9 0.0 451.4 0.0 477.3 10.40 0.707827 -12.6 Ca-Mg-HCO3 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 March 2024                   doi:10.20944/preprints202403.1101.v1



 8 

 

Table 3. Trace elements of spring water samples. 

No. 

Ag 

/µg·L
−1 

Al 

/µg·L
−1 

Ba 

/µg·L
−1 

Be 

/µg·L
−1 

Cd 

/µg·L
−1 

Co 

/µg·L
−1 

Cr 

/µg·L
−1 

Cu 

/µg·L
−1 

Fe 

/µg·L
−1 

Li 

/µg·L
−1 

Mn 

/µg·L
−1 

B 

/µg·L
−1 

EKF1 0.06 144 34.1 0.084 0.03 0.391 4.47 2.67 338 22.3 10.9 139 

EKF2 0.002 75.7 42.8 0.068 0.021 0.388 3.65 3.56 190 66.6 20.3 1990 

EKF3 0.018 25.3 53.6 0.109 0.012 0.359 3.68 6.66 78.7 84.4 4.23 534 

EKF4 0.003 38.4 68.9 0.052 0.008 0.135 1.85 2.38 79.5 17.7 2.97 137 

EKF5 0.134 276 168 0.128 0.025 0.641 3.79 7.45 384 192 121 1032 

EKF6 
<0.00

2 
221 91.6 0.031 0.019 0.27 3.68 4.09 467 11.3 11.4 118 

EKF7 0.007 29.4 71.9 0.024 0.025 0.425 6.2 5.87 61.4 21.8 1.93 363 

EKF8 0.003 28.3 27.5 0.059 0.011 0.161 3.78 2.3 214 40.2 14.8 360 

EKF9 0.018 83.1 61.6 0.087 0.12 0.904 10.6 111 509 187 80.7 1190 

EKF1

0 
0.015 20.5 27.2 0.097 0.019 0.55 8.02 9.27 172 106 339 702 

EKF1

1 
0.014 21.8 27.8 0.267 0.015 0.094 3.74 4.99 23.1 1168 1.49 1768 

EKF1

2 
0.003 14.6 96.8 3.62 0.014 0.3 1.04 17.5 14 1145 9.67 2029 

EKF1

3 

<0.00

2 
6.47 66 1.54 

<0.00

2 
0.295 0.867 21.1 62 1324 117 1483 

EKF1

4 
0.003 42.3 50.5 23.7 0.029 0.353 1.48 23.5 51 795 137 4.17 

EKF1

5 

<0.00

2 
13.1 8.32 0.131 0.018 0.057 0.442 13.7 45 232 9.79 215 

EKF1

6 

<0.00

2 
5.71 51.3 0.929 0.033 0.142 0.532 15.8 45 1172 32 852 

EKF1

7 
0.005 36.9 33.2 0.725 0.038 1.52 0.635 18.9 39 200 32.4 8.73 

EKF1

8 
0.004 6.09 85.5 1.18 0.066 0.223 0.716 15.4 12 573 488 70.7 

EKF1

9 
0.003 10.9 107 6.22 0.041 0.231 1.22 18.8 137 1631 75.5 2385 

EKF2

0 
0.002 6.08 53.2 0.886 0.008 0.412 3.57 19.7 27 2047 34.1 

18,33

0 

EKF2

1 
0.003 2.03 29.9 0.683 0.049 1.6 1.65 25.8 23 217 139 614 

EKF2

3 
0.006 2.79 44.3 0.223 0.042 0.238 1.64 1.54 63.7 135 11.6 517 
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Table 3. Cont. 

No. 

Mo 

/mg·L
−1 

Ni 

/mg·L
−1 

Pb 

/µg·L
−1 

Sb 

/µg·L
−1 

Sn 

/µg·L
−1 

Sr 

/µg·L
−1 

Th 

/µg·L
−1 

Ti 

/µg·L
−1 

Tl 

/µg·L
−1 

U 

/µg·L
−1 

V 

/µg·L
−1 

Zn 

/µg·L
−1 

EKF1 0.305 3.95 0.918 0.028 0.017 1394 0.051 3.96 0.005 4.66 5.76 4.2 

EKF2 1.52 3.42 0.61 0.353 0.086 896 0.014 3.01 0.016 3.95 6.82 6.28 

EKF3 3.02 3.83 0.445 0.26 0.093 1385 0.007 1.79 0.002 6.67 23.4 3.76 

EKF4 0.788 3.05 0.355 0.046 0.097 769 0.025 2.7 
<0.00

2 
2.48 5.02 19.9 

EKF5 2.15 11 0.795 0.156 0.1 8461 0.044 9.48 0.016 8.36 14.8 12.9 

EKF6 2.21 4.44 0.438 0.081 0.149 478 0.085 18.2 0.003 22.3 5.35 4.34 

EKF7 4.72 6.49 0.678 0.135 0.087 1399 0.017 3.81 0.009 40.8 16.5 9.39 

EKF8 2.74 1.7 0.328 0.128 0.042 805 0.012 2.94 0.008 4.71 6.63 2.57 

EKF9 1.08 272 1.91 0.354 1.14 1856 0.024 4.55 0.02 6.7 39 322 

EKF1

0 
1.18 7.26 0.522 0.135 0.057 2900 0.008 2.99 0.013 16 30.6 5.41 

EKF1

1 
1.97 1.87 0.584 1.05 0.06 812 0.009 11.8 0.148 1.47 12.9 4.81 

EKF1

2 
1.13 5.85 0.141 14.1 0.369 988 

<0.00

2 
10.5 1.21 6.74 6.35 80.2 

EKF1

3 
0.255 6.49 0.797 12.2 0.525 975 

<0.00

2 
8.19 0.201 0.139 0.554 136 

EKF1

4 
5.24 5.01 0.169 6.04 0.426 2396 0.003 9.58 0.271 0.259 1.04 83.9 

EKF1

5 
1.74 1.31 0.131 0.861 0.425 127 

<0.00

2 
6.02 0.01 0.529 0.402 50 

EKF1

6 
15 4.28 1.06 2.53 0.588 881 

<0.00

2 
11.4 0.525 0.078 0.605 62.9 

EKF1

7 
1.66 33.2 0.15 19.7 0.356 

12,53

4 
0.002 4.87 0.053 0.386 0.288 106 

EKF1

8 
0.168 4.08 0.147 0.241 0.495 254 

<0.00

2 
12 0.03 0.159 0.725 79.7 

EKF1

9 
0.538 4.68 0.16 4.84 0.536 1364 0.009 11.8 1.06 0.203 0.97 75.1 

EKF2

0 
0.226 8.06 0.221 51.9 0.556 2754 

<0.00

2 
6.29 0.01 0.139 1.98 74.2 

EKF2

1 
1.04 23.5 0.117 0.464 0.434 9662 

<0.00

2 
3.77 0.087 0.405 10.5 218 

EKF2

3 
1.29 7.28 0.251 0.033 0.097 

14,30

9 
0.018 5.02 0.009 4.55 0.306 18 
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5. Discussion 

5.1. Water Origin and δD, δ18O 

Multiple studies have demonstrated that hydrogen and oxygen isotope values exhibit significant 
differences in various water sources, such as geothermal water, atmospheric precipitation, and 
magmatic water. This characteristic allows for the determination of the source of geothermal water 
[43]. From Figure 2, it can be observed that the springs in the region are primarily concentrated 
around the atmospheric precipitation line, suggesting that their origin is linked to atmospheric 
precipitation. The local atmospheric precipitation line is located in the bottom-right part of the 
precipitation line because the Eastern Kunlun region is different from the ocean and has a dry climate. 
Much of the atmospheric precipitation results from local water vapor evaporation. During 
evaporation, the proportion of heavy isotopes increases, resulting in an elevated hydrogen and 
oxygen isotope ratio [44]. The graph depicting the relationship between δD and δ18O illustrates higher 
isotopic values in the west compared to the east. This pattern likely results from the higher slip rates 
and more intense tectonic activity in the western region, leading to increased contact between water 
and rocks, facilitating the incorporation of more hydrogen and oxygen isotopes into the water. 
Among all samples, it is noteworthy that springs Nos. 3, 5, 8, 9, and 11 exhibit an obvious positive 
δ18O drift. Existing research by Pang et al., 2017, and Li et al., 2017, indicates that a positive δ18O shift 
suggests intensive water–rock interactions. These five springs are located near or at fault zones, 
where the fault cutting is deep, and the duration of water–rock interactions is prolonged. The 
occurrence of this phenomenon can be attributed to the strong reactions between the water and rock, 
resulting in the continuous enrichment of δ18O isotopes in the varied-temperature spring water upon 
contact with the rock [45–47]. Springs Nos. 1, 7, and 23, situated to the left of the atmospheric 
precipitation line, display a negative δ18O shift, which can be attributed to the blend of diverse water 
sources. Springs Nos. 1 and 7 are situated near a snow-capped mountain and may incorporate a 
significant amount of snowmelt water. Spring No. 23 is located near a fault zone, potentially being 
replenished by deep water within the fault zone [48]. A well-documented relationship known as the 
elevation effect exists between altitude and δ18O. Based on this relationship, the recharge elevation of 
groundwater can be determined [49]. By analyzing the δ18O data of the water samples (see Table 2) 
using the formula δ18O = −0.002ALT − 6.327, the groundwater recharge elevation is found to range 
from 0.3 km to 4 km in the study area [50]. Excluding hot spring sites with intense water–rock 
reactions and others where mixing may occur, the recharge elevation for groundwater in the Tuosuo 
Lake section ranges from 1.4 to 3.2 km. For the Maqin–Maqu section, the groundwater recharge 
elevation is between 2.1 and 2.6 km, and for the Tazang section, it ranges from 3.0 to 4.0 km. 
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Figure 2. Graph of the relationship between δD and δ18O. GMWL: δD = 8δ18O +10 [51]; LMWL: δD = 
7.54 δ18O + 4.84 [52]. 

5.2. Sr Isotope 

The 87Sr isotope can be obtained from the β-decay of 87Rb. It is commonly found in minerals that 
are rich in calcium and potassium [53]. By analyzing the chemical makeup of spring water (see Table 
2), it was observed that Ca2+ and Mg2+ are widely present in the region, suggesting the presence of a 
significant amount of Sr. Previous research by Shand (2009) showed that 87Sr/86Sr does not participate 
in hydration reactions and has high mobility [54]. 

Exploiting the characteristics of Sr, we can use both Sr concentrations and 87Sr/86Sr ratios to 
determine the source of various chemical components in water samples and identify whether 
groundwater is mixed. To facilitate this analysis, a diagram depicting the correlation between Sr 
concentrations and 87Sr/86Sr ratios was created (see Figure 3). In this study, we observed that the 
87Sr/86Sr ratio in water samples primarily ranged from 0.708 to 0.716. The occurrence of this range can 
be attributed to the widespread distribution of carbonates, silicates, and surface waters in the study 
area. The formation of this phenomenon is closely related to the deep circulation process of 
atmospheric precipitation in the local thermal fluid system, during which water interacted with 
strontium-rich crustal rocks. 

Springs Nos. 1, 2, 3, 4, 8, 12, 15, 16, and 21 exposed near rivers and sinkholes, belonging to the 
Quaternary system as descending springs with potential replenishment from surrounding shallow 
waters. Therefore, they are situated close to the river water depicted in the map. On the other hand, 
the Tuosuohu, Maqin, and Maqu sections contain high amounts of silicates and low amounts of 
carbonates. As a result, in the remaining hot springs such as those in Tuosuohu and Maqin, the 
87Sr/86Sr ratios predominantly range between 0.711 (river water) and 0.716 (silicate), as observed in 
springs numbered 6, 7, 10, 11, and 13. Notably, the Sr concentration of the Tazang water samples is 
concentrated between 0.708 and 0.711. The highest Sr concentration is observed in the Tazang section, 
which can be attributed to groundwater flowing through a significant amount of limestone in that 
area. Additionally, the presence of multiple faults, such as GDNF and GDBF, in this section increases 
the contact area between groundwater and rock.  
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Figure 3. Relationship between the Sr concentration and 87Sr/86Sr ratio. 

5.3. Major Elements 

A Piper diagram was constructed (see Figure 4) to determine the water chemistry types for each 
sampling point, which are recorded in Table 2. Based on the water chemistry types identified, it can 
be observed that there are 11 distinct types of water chemistry in the study area, namely, Na-Mg-
HCO3-Cl, Mg-SO4-HCO3, Na-Cl, Na-HCO3, Ca-Na-HCO3, Na-Ca-Cl-HCO3, Na-Cl-SO4, Na-SO4, Na-
Mg-Cl, Ca-Mg-HCO3, and Ca-HCO3. In the Tuosuohu area, the main ions are Na+, Ca2+, Cl−, and 
HCO3− . Meanwhile, in the Maqin, Maqu, and Tazang sections, the dominant ions are Mg2+, Ca2+, and 
HCO3−. The Ca-HCO3-type water is characteristic of leaching water in sedimentary rock areas and is 
primarily concentrated in the Maqin, Maqu, and Tazang sections. This can be attributed to the 
abundance of limestone in these areas. Limestone is composed of carbonate rocks, including calcite 
and dolomite, which are rich in CaCO3 and MgCO3. As groundwater flows through the limestone, it 
dissolves the Ca2+, Mg2+, and HCO3− present in the rocks. 

The Ca/Mg values in the research region range from 0.25 to 12.67, with an average of 3.71. A 
Ca/Mg value greater than 1 indicates the high solubility of groundwater in limestone. The Na/K 
values in the Tuosuohu segment range from 8.85 to 52.86, with an average of 29.66, while the Na/Ca 
values in the same segment range from 0.65 to 8.81, with an average of 2.99. In the Maqin, Maqu, and 
Tazang segments, the Na/K values range from 2.87 to 14.84, with an average of 6.707, and the Na/Ca 
ratios vary between 0.05 and 0.42, with an average of 0.13. The relatively low values of Na/K and 
Na/Ca, with higher values in the northwestern mountainous area compared to the southeastern 
section, may suggest that the spring water originates from a descent spring fed by an aquifer in front 
of a mountain in the Maqin, Maqu, and Tazang regions [55]. The diversity in total ionic salinity (TIS) 
is noticeable in the varied-temperature spring samples, as evident from the correlation plot of SO42− 
+ HCO3− vs. Cl− (see Figure 5). The majority of the spring waters analyzed have TIS values below 30 
meq/kg. The comprehensive analysis of major elements indicates that the varied-temperature springs 
possess complex compositions (see Table 2). 

To assess the balance of water–rock reactions, the Na–K–Mg triangle diagram was employed 
(see Figure 6) [56]. In this study, all samples are located along the Mg1/2 endmember, indicating an 
insufficient reaction between groundwater and the surrounding rock. This observation supports the 
hypothesis that the fracture connectivity is strong and the water circulation speed is fast, leading to 
inadequate water–rock reactions and the mixing of thermal groundwater with cold water during 
ascent. Hot spring No. 11 is closer to partially balanced water, which can be attributed to its location 
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near the fault intersection zone (ELSF and KZF), where the fault is deeper, resulting in a longer water–
rock reaction time and a higher dissolution of rock components in the water. 

The mineral saturation index (SI) of thermal springs provides insights into the thermodynamic 
behavior of minerals and the equilibrium process between water and rock. This index helps to predict 
the types of minerals that are deposited during the circulation of varied-temperature water. 
Typically, an SI value ranging from 0 to 0.2 indicates that the mineral is in an equilibrium state. A 
positive SI indicates supersaturation, while a negative SI suggests the continued dissolution of the 
mineral. In this study, the mineral saturation index (SI) was determined using PHREEQC software 
(see Figure 7). It is evident that all samples of varied-temperature spring water exhibit 
supersaturation (SI > 0) with respect to hematite and goethite. This indicates that these minerals are 
abundant in the water and continuously precipitate as the hot water rises. On the other hand, gibbsite 
and fluorite exhibit equilibrium conditions (SI ≈ 0). Most other minerals are in an unsaturated state 
(SI < 0). This can be attributed to the low mineral content, short reaction time between water and rock, 
and inherent characteristics of the minerals themselves. The saturation index with respect to 
hausmannite and pyrolusite shows significant variation among the varied-temperature spring 
waters, reflecting differences in the distribution characteristics of surrounding rocks to some extent. 

 
Figure 4. Piper diagram. 
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Figure 5. The correlation plot illustrates the relationship between SO42− + HCO3− and Cl− in the varied-
temperature springs of the EKF, while also displaying isolines of total ionic salinity (TIS) for reference. 

 
Figure 6. Na–K–Mg triangle diagram. 
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Figure 7. The saturation indexes of varied-temperature springs along the EKF zone at the outflow 
temperature. 

5.4. Trace Elements 

The trace element content is generally influenced by lithology, water alkalinity, and human 
activities. It may also function as a gauge for assessing the extent of water–rock interaction. Different 
elements have different implications. In our study, we measured 26 types of trace elements, including 
Ca, Mg, Be, Ag, Cd, Al, Ba, Fe, Co, Cr, Cu, Li, Mo, Mn, Pb, Ni, Sr, Sb, Sn, Th, Ti, Tl, U, V, B, and Zn 
(see Table 3). It is evident that the content of the same element may vary significantly across different 
springs. To quantitatively evaluate trace elements, we employed the enrichment factor (EF). The EF 
is an important index that quantifies the degree of enrichment of elements. Higher EF values indicate 
higher degrees of enrichment. The formula for EF calculation is as follows: 

EFi = (Ci/Cr)w/(Ci/Cr)r (2) 
where Cr represents the content of a selected reference element (Al), Ci represents the content of a 
specific element in the sample, w represents the concentration of elements in the water sample, and r 
represents the concentration of elements in the rocks in the study area [57,58]. 

Figure 8 shows that most trace elements have enrichment factor (EF) values less than 1, 
indicating insufficient water–rock interaction, which aligns with the Na–K–Mg triangle diagram. 
However, the EF values for Fe, Sr, Li, and B are relatively higher compared to other elements. The EF 
values for Fe are all greater than 1, which can be attributed to its mobility in water and the presence 
of ultramafic rocks in the research region [59]. This discovery aligns with the saturation index. Sr is 
prone to enrichment in alkaline solutions and its migration is closely linked to Ca. The EF value for 
Sr in the Tazang segment is greater than 1. Since the Tazang segment is predominantly composed of 
carbonate lithology containing high levels of Ca2+, and the pH of springs in the area is weakly alkaline, 
it favors the enrichment of Sr [60]. Li exhibits high chemical reactivity and strong migration ability, 
making it more prone to enrichment in springs, which indicates deep fluid upwelling [61,62]. The 
solubility of B in groundwater rises as depth and pressure increase [63]. In the study area, volcanic 
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rocks, sedimentary rocks like sulfates, and sandstones may contain B. When underground water 
flows through underground volcanic and intrusive rocks, the heating effects (including radioactive 
isotope heating and residual heat after the formation of volcanic and intrusive rocks) may promote 
the dissolution of B into groundwater [64]. The B content in groundwater is influenced by factors 
such as water temperature, flow velocity, and the path through which the water flows within rock 
layers. Therefore, the B content shows variability among different varied-temperature springs [65–
67]. In Figure 8, the highest EF values for Li and B are observed in the Tazang segment, gradually 
decreasing from the Tazang segment to the Tuosuohu segment. This suggests that the depth of 
fracture cutting is greater in the southeast compared to the northwest. Additionally, we observed that 
most other trace elements exhibit higher enrichment in the Tazang, Maqu, and Maqin sections, which 
can be attributed to deep circulation of the southeast fault and longer water–rock reaction times. 

 

Figure 8. Trace element distribution enrichment coefficient normalized to Al in the spring water. 

5.5. Reservoir Temperature and Circulation Depth 

Tectonic setting, crustal structure, and properties are the most significant factors influencing the 
geothermal state. In the Easten Kunlun Fault Zone, Quaternary sedimentary cover in local basins 
(such as the Xigongzuo Basin and Mohaotang Basin) and the interbedded shales in parts of the 
Tazang area may have impeded the rapid dissipation of heat to some extent. Additionally, the 
Himalayan orogeny in the Late Cenozoic, driven by the push of the Indian Plate, generates shear 
frictional heat within the crust, possibly accompanied by magmatic activities that disturb the 
geothermal background and create extra heat. Since the Paleozoic, the uplift of intrusive rocks such 
as A-type granites, with the decay of their radioactive isotopes, also influences crustal heating. 
Regional faults (like EKLF, KZF, ELSF, and DBF) might connect to deeper heat sources and cause 
shallow thermal disturbances. 

Considering the geological background of the Eastern Kunlun Fault Zone and the temperature 
and hydrochemical composition of the springs, it is hypothesized that the highlands in the northwest 
might be the main groundwater recharge area. This region receives atmospheric precipitation and a 
small amount of meltwater recharge. During infiltration, the decay of radioactive isotopes in granite, 
the residual heat from magmatic activities since the Permian, active magmatic heat, and frictional 
heat from tectonic movements might heat the groundwater through thermal conduction. This water 
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is discharged at the surface in the lower terrain of the southeast in the form of springs with varying 
temperatures and through artificial extraction. Due to the steep slopes in areas like Maqin and Maqu, 
the relatively low Na/K and Na/Ca ratios might indicate that the cold springs in these areas are fed 
by shallow recharge from descending springs. In the flatter terrain of the Tazang section, there might 
still be some ascending springs with deeper circulation and higher temperatures. 

The reservoir temperature of varied-temperature water can be predicted based on the chemical 
composition of water samples. There are two main types of geochemical geothermometers: SiO2 
geothermometers and cation geothermometers. The choice of geothermometer depends on the 
specific conditions. SiO2 geothermometers are typically employed in groundwater environments 
where water–rock interactions are incomplete. To utilize the SiO2 geothermometers effectively, it is 
necessary to ensure that the water temperature is ≥25℃, the SiO2 concentration is ≥11mg/L, and the 
calculated thermal storage temperature exceeds the spring water temperature [68]. Therefore, 
considering the inadequate water–rock interaction indicated by the Na–K–Mg triangle diagram (see 
Figure 6), the reservoir temperature data were evaluated more accurately using the SiO2 
geothermometer equation: 

15.273
log19.5

1309)(
)(C

℃T
2SiO−

=
 

(3) 

where CSiO2 represents the concentration of SiO2 in the water [69]. 
The results of the reservoir temperature calculations are presented in Table 4. In the research 

region, the classification of most spring waters as cold spring waters is primarily attributed to the 
mixing of varied-temperature springs with other water bodies during their ascent, which is also a 
significant factor contributing to incomplete water–rock reactions. [70]. Among all the varied-
temperature spring samples, only hot springs Nos. 11, 20, 21, and 23 meet the requirements for using 
SiO2 geothermometers, with appropriate SiO2 concentrations. However, upon observing the data, we 
found that despite having an SiO2 concentration lower than 11 mg/l, spring No. 8′s concentration is 
close to 11 mg/l, still indicating its significance in calculating the reservoir temperature in this region. 
Therefore, to accurately assess the reservoir temperature in this area, we have chosen to consider the 
calculated results from hot springs Nos. 8, 11, 20, 21, and 23, determined using the SiO2 
geothermometer, as representative of the reservoir temperature in this locality.  

Ion geothermometers require the water–rock reactions to reach equilibrium for their 
applicability. Although the water samples in the research region are considered immature, this does 
not render the use of ion geothermometers meaningless. The K-Mg geothermometer, which operates 
under the assumption of rapid equilibrium in water–rock reactions, can be used to estimate the 
temperature of shallow thermal reservoirs, and still holds valuable indications for non-acidic 
immature water [71]. Table 4 indicates that the heat storage temperatures calculated using the K-Mg 
geothermometer are generally low, except for hot spring number 11, which exhibits a significantly 
higher temperature compared to other springs. This discrepancy is attributed to the precipitation of 
Mg at high temperatures, leading to an elevated calculated temperature [56]. It is known that within 
a certain range, deeper circulation corresponds to higher temperatures. Thus, this anomaly suggests 
that hot spring number 11 has a greater circulation depth and deeper fracture cutting. On the other 
hand, the Na-K geothermometer relies on the balance between varied-temperature water and alkaline 
feldspar. When employed to determine the thermal reservoir temperature of immature water, the 
calculated result often exceeds the actual value. The heat storage temperatures calculated using 
various geothermometers are summarized in Table 4 [56]. Regarding the heat storage results 
calculated using the Na-K-Ca and Na-K geothermometers, it can be observed that the heat storage 
temperatures calculated using the Na-K-Ca geothermometer are higher compared to those calculated 
using the Na-K geothermometer. This difference is due to the presence of Ca+ and Mg+, which can 
interfere with the accuracy of temperature measurements [72]. From Table 2 of the hydrochemical 
types, it is evident that this region has a significant concentration of Ca+ and Mg+. 
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Table 4. Heat storage temperatures of the varied-temperature fluids calculated using different 
geothermometers along the mid-eastern part of Eastern Kunlun Fault. 

Sample ID T °C 
SiO2 

/mg·L−1 
K-Mg Na-K Na-K-Ca 

Quartz 
(No Stream Loss) 

   a b c d e j 
EKF1 2.2 4.62 18.2 144.1 89.3 – 199.5 – 
EKF2 22.2 0.98 33.5 154.2 100.7 – 225.0 – 
EKF3 20 1.79 34.8 127.1 70.4 – 207.3 – 
EKF4 6.2 6.09 32.5 180.2 130.9 – 226.1 – 
EKF5 15.3 20.60 50.1 165.5 113.6 – 244.2 – 
EKF6 4.1 3.88 32.5 165.5 113.7 – 214.1 – 
EKF7 7 5.96 43.8 153.8 100.2 – 222.1 – 
EKF8 25.9 10.12 40.7 184.1 135.6 – 252.5 – 
EKF9 14.5 7.75 39.6 134.1 78.1 – 229.8 – 
EKF10 9.3 7.77 43.6 143.5 88.6 – 225.6 – 
EKF11 60.4 73.70 94.4 202.6 157.9 – 299.8 121 
EKF12 4.5 5.82 21.6 242.2 207.7 – 253.6 – 
EKF13 22.2 6.25 33.5 154.2 100.7 – 225.0 – 
EKF14 4.5 8.43 27.4 335.8 – 317.9 – – 
EKF15 6.5 8.58 18.9 273.9 249.9 – – – 
EKF16 6.5 12.46 28.7 306.7 – 289.1 – – 
EKF17 9 6.67 13.1 273.5 249.3 – – – 
EKF18 4.5 9.24 17.9 259.3 230.2 – – – 
EKF19 12 8.91 12.3 310.5 – 292.8 – – 
EKF20 28 13.63 22.9 356.4 – 338.4 – 50 
EKF21 49 30.92 39.9 270.6 245.4 253.3 296.9 81 
EKF22 0 – 18.5 344.0 – – 310.2 – 
EKF23 44.2 22.15 34.6 203.2 158.5 – 248.8 67 

Notes: a = K-Mg geothermometer; b = Na-K geothermometer (Giggenbach); c = Na-K geothermometer above 
25°C and below 250 °C; d = Na-K geothermometer above 250 °C; e = Na-K-Ca geothermometer; f = Li-Mg 
geothermometer; j = quartz geothermometer with no stream loss. 

It should be noted that the accurate calculation of thermal storage temperatures using ion 
thermometers relies on the condition of water–rock reaction equilibrium. Under insufficient water–
rock reaction conditions in the Eastern Kunlun Fault Zone, it cannot be used to calculate the true 
thermal storage temperature of the local area. However, it still provides certain indicative significance 
for the qualitative determination of fault cutting depth, relative temperature differences among 
different varied-temperature springs, and relative ion concentrations in a specific region. Meanwhile, 
under the influence of different mineral distribution, water mixing, and suitability conditions for 
various thermometers, significant variations in thermal storage temperatures calculated by different 
thermometers are observed, even yielding negative values in cases of low local ion concentrations. 
The negative values have no practical significance for determining thermal storage temperatures. 

The analysis of thermal storage temperatures calculated using SiO2 geothermometers provides 
insights into the quantitative calculation of groundwater circulation depth. A more accurate 
estimation of groundwater circulation depth can be achieved by utilizing the thermal storage 
temperatures obtained from SiO2 thermometers for the hot springs numbered 8, 11, 20, 21, and 23 
(see Table 5). The calculation formula for groundwater circulation depth is as follows: 

Z = Z0 + (T − T0)/Tgrad (4) 

where Z indicates the groundwater circulation depth, Z0 indicates the isothermal layer depth, T 
indicates the reservoir temperature (°C), T0 stands for the temperature of the isothermal layer (°C), 
and Tgrad indicates the geothermal gradient (°C/km). 

Existing articles on the Eastern Kunlun Fault Zone have conducted limited research on the 
geothermal parameters within our study area. However, as the Eastern Kunlun Fault Zone serves as 
the boundary of the Qaidam Basin, its eastern topography and geological lithology bear similarities 
to our research area and are contiguous with it. Therefore, we have chosen to approximate the 
geothermal gradient within our study area by utilizing a geothermal gradient of 3.1°C per 100 meters 
derived from the eastern part of the Qaidam Basin to represent this parameter [74]. In the research 
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region, we assume that the annual average temperature (T0) in our study area is -3.7°C. The thickness 
of the isothermal layer (Z0) refers to the depth at which the range of ground temperature variation is 
nearly zero. At this depth, the influence of sunlight exposure and seasonal changes is minimal, and 
the ground temperature remains constant throughout the year. Since Mount Gongga is also located 
in the eastern part of the Tibetan Plateau, its topographic elevation and temperature are similar to 
those in the Eastern Kunlun Fault Zone. Therefore, we use the isothermal layer thickness of 30 meters 
from this region as an approximate value for the isothermal layer thickness in our study area. [20,75]. 

Table 5. Depths of origin estimated according to reservoir temperatures for geothermal waters in the 
EKLF zone. 

No 
Reservoir  

Temperature/°C 

Air  

Temperature/°C 

Circulation  

Depth/m 

8 40 −3.7 1439 

11 121 −3.7 4053 

20 50 −3.7 1762 

21 81 −3.7 2762 

23 67 −3.7 2311 

5.6. The Proposed Relationship between the Spatial Distribution of Hydrogeochemical Characteristics and 
Seismicity in the Mid-East Part of EKFZ 

Compared to shallow groundwater, springs have larger circulation depths and are less 
influenced by surface environments and human activities. Hence, they provide better opportunities 
to obtain earthquake precursor information through the analysis of chemical components in waters. 
In this study, we divided the middle eastern part of the EKFZ into five sections from west to east: 
Tuosuohu (EKF 1-EKF 12), Maqin (EKF 13-EKF 14), Xigongzhou, Maqu (EKF 15-EKF 16), and Tazang 
(EKF 17-EKF 24), based on different fault activity patterns. 

To further investigate the relationship between the EKFZ, seismicity, and hydrogeochemistry, 
the earthquake catalog (ML ≥ 1) from May 2021 to May 2023 was selected, which is located near the 
EKF. The earthquake catalog comes from the China Earthquake Administration 
(http://10.5.160.18/uniteDayCatalog/index.action). We plot the longitude of water temperature, the 
focal depth of the earthquake, the earthquake magnitude, the water temperature, the heat storage 
temperature, the circulation depth, and the slip rate in the same figure (see Figure 9). 
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Figure 9. The spatial distribution of slip rate, geothermal temperature, circulation depth, water 
temperature, magnitude, and focal depth at the mid-eastern part of the EKFZ. 

There is a certain correlation between the depth of an earthquake’s epicenter and the depth of 
the water cycle, as well as between the geothermal temperature and the temperature of spring water, 
with the overall trend being higher in the east and lower in the west. Of course, we have also observed 
local variations that deviate from this trend. These variations can be attributed to the geological 
lithology and the mixing effects of different water bodies. As for the special hot spring labeled EKF 
11, we will discuss it in detail at the end of this section. 

For example, in the Tuosuohu section, the spring temperatures fluctuate, which may be due to 
the anisotropic nature of the underlying granite and sandstone fractured aquifers. Conversely, the 
hot springs in the Maqu section exhibit consistently lower temperatures (EKF 15, EKF 16), likely due 
to a dilution effect from mixing with the Yellow River’s surface waters. Considering the springs’ 
proximity to the Yellow River, their reduced temperatures, hydrogen and oxygen isotopes near the 
local meteoric water line, and strontium isotope ratios close to the river’s average, it is reasonable to 
conclude that these springs are significantly influenced by the Yellow River’s waters.  
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In the Maqu–Tazang section, the temperatures of geothermal reservoirs, circulation depths, hot 
spring temperatures, and seismic source depths overall show a pattern of being higher in the east 
and lower in the west. This may be related to the widespread distribution of carbonate content in the 
Maqu–Tazang section. This geological feature facilitates vigorous water–rock interactions and results 
in greater circulation depths, which in turn lead to elevated geothermal temperatures. Previous 
studies have suggested that fault activity and deep fluid migration within fault systems may be key 
controlling factors in regional seismic activity [76]. In deep active fault systems, the increased fluid 
pore pressure drives fluid flow, reducing the effective normal stress on the fault interface. This 
weakening of the fracture strength controls seismic activity [77,78]. Moreover, the occurrence of 
earthquakes enhances water–rock reactions, leading to temperature rises and increased circulation 
depths. Due to the relatively small slip rate in Tazang section, fluid flow and fluid pressure may be 
the main mechanisms controlling earthquake generation. 

The Xigongzhou segment exhibits relatively high focal depths, likely due to the distribution of 
tectonic activities. This segment is located in the intersection zone of Xigongzhou, where the slip rate 
is relatively high. The intensified tectonic activity promotes stronger water–rock reactions, ultimately 
triggering earthquakes in the deep fracture. The seismic activity in this section may be influenced by 
the combined effects of hydrothermal and tectonic activities. 

In contrast, the Tuosuohu and Maqin areas show fewer occurrences of earthquakes, with 
shallow hypocenter depths but high magnitudes. The springs in these areas have lower temperatures 
and shallower circulation depths, resulting in lower thermal storage temperatures. This can be 
attributed to the substantial presence of granite in this section, which accumulates stress more easily. 
Additionally, the faults in this section are shallow, leading to weaker water–rock reactions and a 
smaller weakening effect of fluids on the surrounding rocks. Consequently, stress is released through 
a few large earthquakes. 

Among all the samples, EKF 11 stands out with the highest hot spring temperature, calculated 
to be 120.83°C using a silica geothermometer, suggesting that it may have the deepest circulation 
depth and a significant occurrence of small earthquakes in its vicinity. This can be attributed to the 
location of EKF 11 at the intersection of two faults (ELSF and KZF), as illustrated in Figure 10. The 
deep fractures in this area, coupled with the strong reaction between the high-temperature spring 
water and the surrounding rock, play a significant role in weakening the rock structure, making it 
more prone to small earthquakes. Additionally, it is important to note that this calculated value only 
serves as an indication of a potential deep thermal source and has not been verified by direct drilling 
data. 
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Figure 10. Spatial distribution of varied-temperature springs and earthquakes in the EKLF. The red 
dotted circle box selects earthquakes within 50km of EKF 11 hot spring (the solid circle represents 
earthquakes with MS ≥ 3.0 since 2012.). 

5.7. Temporal Variation Characteristics of Springs and Response to the Earthquake 

The occurrence of earthquakes has a profound impact on the stress–strain condition of fault 
zones, consequently affecting the characteristics of aquifers. Typically, an enlarged water–rock 
reaction surface, the mixing of diverse water bodies, and the release of deep geothermal fluids are 
associated with an increase in the porosity of fault zones [80]. The influence of earthquakes on the 
stress–strain state can be categorized into two types: static action and dynamic action. Static action 
primarily influences fault activity, while dynamic action is mainly manifested through the impact of 
seismic waves on aquifers. This indicates that an earthquake’s process of development involves the 
accumulation of stress followed by a sudden stress release, leading to alterations in ion concentration 
prior to and after the event [81,82].  

It is acknowledged that intra-annual seasonality and regional precipitation patterns can impact 
ion concentration variations. While our study did not measure seasonal changes, precipitation, spring 
water discharge, and temperature data during the sampling period, we have supplemented our 
analysis with data from three continuous monitoring stations from June 30, 2021, to June 17, 2023. 
During this extended period, we observed that in times of minor or no seismic activity, ion 
concentrations fluctuated only around the mean value. This pattern suggests that while there may be 
some degree of influence from seasonal variations and precipitation on ion concentrations, these 
factors have a minimal impact on the anomalies associated with seismic activity, to the extent that 
their effects can be considered negligible for the purposes of our study. Hence, our findings support 
the premise that monitoring ion concentration changes could potentially aid in earthquake prediction. 

Na+, Cl−, SO42−, Ca2+, HCO3−, K+, and F+ have been identified as sensitive indicators of earthquakes 
[12,20,83–85]. However, Ca2+ and HCO3− are prone to precipitation, K+ can be easily adsorbed by soil, 
and the F− concentration is below the detection limit. Thus, only Na+, Cl−, and SO42− are used to 
monitor earthquakes in this study. 

Continuous monitoring of major anions and cations was conducted at Maqu (EKF 17), Maixi 
(EKF 19), and Jiulongxia (EKF 23) stations every three days. The monitoring period for Maqu Station 
(EKF 17) was 30 June 2021–21 October 2023. The monitoring period for Maixi Station (EKF 19) was 
21 June 2021–30 September 2023. The monitoring period for Jiulongxia Station (EKF 23) was 16 
August 2021–17 June 2023. To assess outliers of ion concentrations, the standard deviation (σ) was 
used. The mean (μ) ± double standard deviation (2σ) was employed as the upper and lower bounds 
for positive and negative exceptions, respectively. The monitoring results are presented in Figure 11 
and Table 6. It is worth noting that earthquakes with an MS ≤ 4 have no significant impact on ion 
concentrations [86]. For earthquakes above magnitude 4 within a 400 km radius of the continuous 
monitoring stations, please refer to Supplementary Table S1 
(https://data.earthquake.cn/datashare/report.shtml?PAGEID=earthquake_zhengshi). 

The analysis of Figure 11 reveals that seismic activities near most of the continuous monitoring 
stations do not exhibit significant changes in water chemical components, indicating a limited 
response to earthquakes. However, regional earthquakes with a magnitude of MS≥4 within a 400 km 
radius of the monitoring stations may lead to changes in groundwater composition within the area. 
This paper analyzes three regional earthquakes that occurred during the monitoring period in the 
Eastern Kunlun Fault region: the Gande MS 4.7 earthquake on December 6, 2021, the Maerkang MS 
6.0 earthquake on June 10, 2022, and the Maduo MS 5.0 earthquake on December 22, 2022. These 
earthquakes are characterized by their shallow hypocenters, significant magnitudes, and proximity 
to continuous monitoring stations. 

Among the three regional earthquakes, despite the Gande earthquake having the smallest 
magnitude, Na+, Cl−, and SO42− showed sensitivity to earthquakes at all three continuous monitoring 
stations. Remarkably, 46 days prior to the Gande earthquake, there was a notable rise in the 
concentration of Cl− and Na+ in the Maqu continuous monitoring data. This can be attributed to the 
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fact that the continuous monitoring station and the Gande earthquake were both situated in the 
EKFZ. Consequently, there was an interaction between different segments of the EKFZ, and the 
Gande earthquake induced stress–strain loading in adjacent sections [15]. Furthermore, by examining 
the variation in Cl− concentration before the Gande earthquake, it is evident that within the same fault 
system, the anomalies appeared earlier at monitoring stations closer to the epicenter. In the 
continuous monitoring results of Maqu station, the concentrations of Na+, Cl−, and SO42− exhibit a 
similar trend, indicating the influence of the target earthquake. This phenomenon can be attributed 
to preseismic dilation [11,84]. 
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Figure 11. Temporal variations in the concentration of Cl−, Na+ and SO42− related to earthquakes. (a) 
The Maqu spring (EKF17); (b) the Maixi spring (EKF 19); and (c) the Jiulongxia spring (EKF23).
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Table 6. The occurrence time of precursory and post-seismic anomalies in the continuous monitoring 
sites before three earthquakes. 

Monitoring 

Sites 
Changes 

2021 Gande MS 4.7 2022 Maerkang MS 6.0 2022 Maduo MS 5.0 

Precursory 

Anomaly 

Post-

Seismic 

Anomalies 

Precursory 

Anomaly 

Post-

Seismic 

Anomalies 

Precursory 

Anomaly 

Post-

Seismic 

Anomalies 

EKF 17 

Cl− 

multiple 

2.6 ↑ 2.4 ↑ 5.1 ↑ 5 ↑ － － 

Na+ 2.5 ↑ － － － 1.7 ↑ － 

SO42− 4 ↑ － 1.8 ↑ － － － 

Epicenter 

distance 
(km) 201 157 333 

EKF 19 

Cl− 

multiple 

4.2 ↑ 3 ↑ 4.8 ↑ － － － 

Na+ 2.1 ↓ － － － 6.5 ↓ － 

SO42− 2.8 ↓ 2.4 ↑ － － 2.3 ↓ － 

Epicenter 

distance 
(km) 174 206 348 

EKF 23 

Cl− 

multiple 

1.6 ↑ － 2 ↑ － － － 

Na+ 1.1 ↑ － 1.2 ↓ － 1.2 ↓ － 

SO42− － － 1.2 ↓ － 1.3 ↓ 1.3 ↑ 

Epicenter 

distance 
(km) 288 257 452 

Notes: “↑” represents the amplification of ion concentration. “－” represents not over anomaly threshold. 

Before the occurrence of the Maerkang earthquake, there were notable increases in the Cl− 
concentration at the three continuous monitoring stations. The concentration of Cl− rose by 2.9 times. 
It is important to note that Cl− is an indicator of deep fluid upwelling and is less influenced by the 
mixing of shallow cold water. This observation aligns with previous studies, such as the 1995 Galicia 
earthquake in Spain, where the concentration of Cl− in well water nearly doubled [13]. Similarly, 
during the Koyna MS 5.1 earthquake on 5 March 2005, the well water around the Koyna and Warna 
reservoirs in India exhibited a doubling in Cl− concentration, a tripling in SO42− concentration, and a 
sevenfold increase in F− concentration, while δ18O values showed a decreasing trend [87]. 
Additionally, Zhou et al. reported a significant upward trend in SO42− and Cl− concentrations before 
the Yangbi MS 6.4 earthquake [3]. These observations suggest that at fault depths, the pressure 
promotes the movement of fluids from the deep rock medium along the fault to the aquifer. This 
process leads to water mixing and hydrogeochemical changes, disrupting the original system 
equilibrium [88]. 

The Maduo earthquake (Ms = 5) is the closest to the Maqu continuous monitoring station; 
however, the fluctuation range of Na+, Cl−, and SO42− at Maqu is relatively small. This can be attributed 
to the fact that the Maqu monitoring station is outside the tectonic system where the earthquake 
occurs. At the Maixi continuous monitoring station, abnormal values of SO42− and Na+ were the first 
to appear, whereas at the Jiulongxia continuous monitoring station, abnormal values were observed 
only after the earthquake. This difference may be related to the distance from the epicenter. The 
distance between the earthquake source and Jiulongxia is quite great, and therefore the stress 
accumulation was not effectively transmitted to the Jiulongxia continuous monitoring station prior 
to the earthquake. After the earthquake occurred, the stress was effectively transferred to the 
monitoring station. Meanwhile, we discovered that the changes in water chemical composition 
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caused by the Maduo earthquake were relatively small compared to those caused by other 
earthquakes, mainly because this earthquake was an aftershock. The response of hydrochemical 
components to earthquakes is influenced by various factors, including the distance from the 
epicenter, the earthquake’s magnitude, the tectonic location, and the earthquake type. Furthermore, 
the stress generated by an earthquake exhibits characteristics of anisotropy during transmission. 

5.8. The Hydrogeochemical Circulation Model of varied-temperature Spring Waters in the Mid-Eastern Part 
of the EKFZ 

Understanding the source and movement of groundwater in seismically active regions is crucial 
for investing hydrogeochemical indicators in the central and eastern EKFZ [87]. The EKFZ exhibits 
well-developed fractures, which facilitate the infiltration of different water bodies and the upwelling 
of deep fluids. In this section, we introduce a conceptual model of hydrogeochemistry in the EKFZ, 
integrating hydrogeochemical features, spring circulation depth, recharge elevation, and reservoir 
temperature (see Figure 12). 

The analysis of hydrogen and oxygen isotopes indicates a significant evaporative effect in the 
EKFZ, with atmospheric precipitation being the primary source of replenishment for varied-
temperature springs near the fault zone. The replenishment zone is estimated to be at an elevation of 
1.0–2.8 km. Some springs, such as EKF 1 and EKF 7, may have mixed with snowmelt water from 
nearby snow mountains, while EKF 23 may be replenished by deep water within the fault zone. 
Springs like EKF 3, EKF 5, EKF 8, EKF 9, and EKF 11 exhibit deeper groundwater circulation and 
longer water–rock reaction times. Atmospheric precipitation converges at the surface and infiltrates 
along the fracture zones to recharge groundwater, with circulation depths ranging from 1.29 to 3.83 
km. The southeastern section shows higher enrichment of B and Li, with a greater circulation depth 
of varied-temperature spring water compared to the northwestern section. The EKF 11 hot spring, 
situated at the intersection of two fault zones, exhibits the deepest groundwater circulation, reaching 
a depth of 3.83 km. During this deep underground circulation, the groundwater undergoes constant 
heating due to the water–rock interaction. The temperature range of heat storage varies from 39.64 
°C to 120.83 °C, with the main heat sources being magmatic heat, granite radiation heat, and sliding 
friction heat within the fault zone [90]. In terms of heat sources within the study area, the radioactive 
decay within the exposed granite may release heat over time, contributing to the overall geothermal 
budget of the region. This decay process impacts the thermal state of groundwater as it percolates 
through granite-rich strata, thereby affecting the temperature of the springs in these terrains [33,34]. 
Additionally, the ongoing uplift of the Tibetan Plateau and the movement of the Indian Plate ensure 
that the Eastern Kunlun Fault Zone is still sliding at a certain rate. The frictional heat generated from 
this shear movement serves as another significant geothermal contributor, which can directly elevate 
the temperatures of groundwater circulating near the fault zones, leading to higher spring 
temperatures in these areas. The heat produced by magmatic activities is an essential source for the 
deep thermal environment. The residual heat from magmatic activities since the Paleozoic era, along 
with potential ongoing magmatic activities, transfers from the magma to the surrounding rock and 
then to the groundwater by conduction, affecting the higher temperature ranges of the springs 
[35,36]. It is important to note that, due to the scarcity of hydrogeological data in this region and the 
absence of measurements such as flow rate, velocity, temperature variations, and drilling data in our 
study, we can only roughly estimate the potential heat sources for the overall spring waters in the 
Eastern Kunlun Fault Zone. This limitation prevents a detailed analysis of the primary heat source 
for each individual spring. Based on the generally low air temperatures of the springs and the 
predominance of immature waters in the EKFZ, we speculate that the influence of current magmatic 
activity in this area is minimal. Alternatively, it might be because the thicker crust beneath the EKFZ 
suggests that magmatic activities may occur at greater depths, thereby exerting a lesser impact on the 
springs. Under specific temperature and pressure conditions, water reacts with surrounding rocks 
such as carbonate, gypsum, etc. 

There are 11 distinct types of water chemistry in the region, primarily determined by the 
composition of the surrounding rocks. These include Na-Mg-HCO3-Cl, Mg-SO4-HCO3, Na-Cl, Na-
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HCO3, Na-Ca-Cl-HCO3, Ca-Na-HCO3, Na-Cl-SO4, Na-Mg-Cl, Na-SO4, Ca-HCO3, and Ca-Mg-HCO3. 
In the Tuosuohu area, the main ions present are Na2+, Ca2+, HCO3−, and Cl−, with a significant 
distribution of sandstones. In the Maqin, Maqu, and Tazang regions, the main ions are Mg2+, Ca2+, 
and HCO3−, with a prominent presence of granites and carbonates. Water samples from the area are 
considered immature. In regions with greater circulation depth, faults are weakened due to 
hydrostatic pressure and water–rock reactions, leading to the frequent occurrence of smaller 
earthquakes in Tuosuohu and Tazang. The Maqin–Maqu section near Tazang serves as a transitional 
area with geothermal anomalies, indicating the possibility of a significant earthquake in this region. 

The hot water in the fault water channel circulates upwards due to the pressure difference. 
During this ascent, the EKF 3, EKF 8, EKF 15, and EKF 21 springs mix with surface water to varying 
degrees. As the hot water rises, significant quantities of hematite minerals and goethite minerals 
precipitate. The northwestern mountainous area is notably higher than the southeastern section. The 
spring water in the Maqin, Maqu, and Tazang regions may originate from a descent spring fed by an 
aquifer located in front of a mountain. 

Ultimately, the groundwater surfaces as varied-temperature water. Before and after the Maduo 
MS 5.0 earthquake, Maerkang MS 6.0 earthquake, and Gande MS 4.7 earthquake, there were anomalies 
in the water chemistry observed at three continuous monitoring stations in Maqin, Maixi, and 
Jiulongxia. Underground fluid serves as an effective indicator of earthquake preparation and 
occurrence, contributing to the establishment of a conceptual model of hydrogeochemistry. This 
model plays a vital role in comprehending the causes of earthquakes and aiding in short-term 
earthquake prediction. 

 

Figure 12. The conceptual hydrothermal model of the hydrogeochemical cycling process in high-
temperature geothermal systems along the EKF. The numbers “1-23” represent the sampling numbers 
of the varied-temperature springs. Circles of different colors represent earthquake magnitudes of 
varying sizes. 
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6. Conclusions 

This research aimed to fill the knowledge gap regarding the hydrogeochemical characteristics 
of varied-temperature springs along the east-central section of the Eastern Kunlun Fault Zone 
(EKFZ), with a particular focus on understanding the implications of these characteristics for 
earthquake prediction and monitoring. The study’s primary objective was to examine the interplay 
between hydrogeochemistry and seismic activity within this seismically active region.  

The methodology involved sampling 23 varied-temperature springs across the EKFZ from May 
to July 2021, employing both census and detailed survey techniques. This approach enabled the 
collection of 609 water samples, with subsequent laboratory analysis focusing on a range of 
parameters, including major and trace element concentrations, isotope ratios, and mineral saturation 
indexes. The study’s key setting was its focus on an area known for its seismic activity and complex 
geological structure, making it an ideal location for examining the connections between groundwater 
geochemistry and earthquakes.  

The research findings highlight several critical points:  
1. The springs’ water chemistry indicates a primary origin from atmospheric precipitation, with 

significant evaporative effects observed.  
2. Isotopic analysis revealed a decreasing concentration of hydrogen and oxygen isotopes from 

west to east, suggesting variations in evaporation and water–rock interactions across the fault zone.  
3. The study identified 11 distinct water chemistry types, reflecting the diverse lithology of the 

region.  
4. The reservoir temperatures of the springs, ranging from 39.64°C to 120.83°C, along with their 

varied circulation depths (1.29 to 3.83 km), underscore the complex interaction between geothermal 
activity and groundwater movement in the EKFZ.  

5. Notably, the hydrogeochemical changes observed before and after seismic events such as the 
Maerkang and Maduo earthquakes suggest a potential for using groundwater chemistry as an 
indicator for earthquake prediction. 

The study’s limitations include its relatively short duration and the focus on a specific segment 
of the EKFZ. These factors may restrict the generalizability of the findings and underscore the need 
for longer term and broader geographic studies to fully understand the hydrogeochemical dynamics 
of the fault zone.  

Despite these limitations, the research significantly contributes to our understanding of the 
interplay between hydrogeochemistry and seismic activity in the EKFZ. It offers valuable insights for 
earthquake monitoring and prediction in seismically active regions, enhancing our ability to assess 
seismic hazards and mitigate their impacts. The study’s findings also suggest potential engineering 
applications, such as the development of early warning systems based on hydrogeochemical 
indicators, which could significantly enhance public safety and infrastructure resilience in 
earthquake-prone areas. 

In conclusion, this research not only advances our knowledge of the hydrogeochemical 
characteristics of varied-temperature springs in the EKFZ but also underscores the importance of 
integrating hydrogeochemical analysis into seismic hazard assessment and earthquake prediction 
strategies. Future research should aim to expand upon these findings, exploring the broader 
implications of hydrogeochemical changes for understanding seismic processes and enhancing 
earthquake preparedness in similar tectonic settings. 
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