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Abstract: Southern Tibet and western Yunnan are areas with an intensive distribution of high-
temperature geothermal systems in China, as an important part of the Himalayan Geothermal Belt
(HGB). In recent decades, China has conducted systematic research on high-temperature geothermal
fields such as Yangbajing, Gudui, and Rehai. However, a comprehensive understanding has not yet
been formed. The objective of this study was to enhance comprehension of the high-temperature
geothermal system in the HGB and to elucidate the hydrogeochemical characteristics of geothermal
fluids. This will facilitate the subsequent sustainable development and exploitation of domestic high-
temperature hydrothermal geothermal resources. To this end, this study analysed geothermal spring
and borehole data from the Yangbajing, Gudui, and Rehai geothermal fields. Based on previous
research results, the source, evolution, and reservoir temperature characteristics of geothermal fluids
are compared and summarised. The main high-temperature geothermal water in the geothermal
field is derived from the deep CI-Na geothermal fluid. Yangbajing’s and Gudui’s geothermal waters
are primarily recharged by snow-melt water, while Rehai’s geothermal water is mainly recharged
by local meteoric water. The average mixing ratios of magmatic water in the Yangbajing, Gudui,
and Rehai geothermal fields are 17%, 21%, and 22%, respectively. The Yangbajing and Gudui
geothermal fields have a relatively closed geological environment, resulting in a stronger water—
rock interaction compared to the Rehai geothermal field. As geothermal water rises, it mixes with
shallow cold water infiltration. The mixing ratios of cold water in the Yangbajing, Gudui, and Rehai
geothermal fields are 60-70%, 40-50%, and 20-40%, respectively. Based on the solute geothermometer
calculations, the maximum geothermal reservoir temperatures for Yangbajing, Gudui, and Rehai are
237 °C, 266 °C, and 282 °C, respectively. This study summarises and compares the hydrogeochemical
characteristics of three typical high-temperature geothermal fields. The findings provide an important
theoretical basis for the development of high-temperature geothermal resources in the Himalayan
Geothermal Belt.

Keywords: hydrothermal activity; Himalayan Geothermal Belt; recharge source; geothermal reservoir;
hydrochemical process

1. Introduction

In the 20th century, with the rapid development of society, energy shortages, environ-
mental pollution, and global warming became increasingly serious. Geothermal energy,
as a clean and renewable energy source, has attracted attention and development in over
90 countries, including China, the United States, Iceland, and Italy [1-3]. In 2022, the
National Energy Administration of China issued a five-year proposal to improve geother-
mal mining and accelerate the development of new clean energy. The goal is to achieve
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carbon neutrality and optimise the national energy layout by 2060 [4]. China has abun-
dant geothermal resources, of which hydrothermal geothermal resources are equivalent to
125,000 billion tons of standard coal [5]. The annual amount of hydrothermal geothermal
resources that can be extracted is 5.5 x 10 J, equivalent to 1.9 billion tons of standard
coal. This could theoretically reduce emissions of CO, by 4.9 billion tons. The power
generation potential of high-temperature geothermal resources in these hydrothermal re-
sources reaches 7.12 x 10 kW [5,6]. However, the current exploration and development of
high-temperature geothermal resources is limited in scale and utilization. It is necessary
to fully develop and utilize high-temperature geothermal resources and actively promote
research, exploration, and development in this area.

Geothermal systems can be classified into three types based on the reservoir tempera-
ture: low-temperature (<90 °C), medium-temperature (90-150 °C), and high-temperature
(>150 °C) [7]. High-temperature geothermal systems have been extensively studied for
geothermal energy development in recent decades due to their significant potential for
power generation [8-10]. Their locations are tightly controlled by regionally relevant fault
groups, and in the central region they generate a large amount of CO, emissions through
fracture zones [11,12]. The heat source is the most crucial factor in the formation of high-
temperature geothermal systems. This typically includes magmatic heat, heat from the
decay of radioactive elements such as 2*U and ?*’Th, and frictional heat in the overlap-
ping part of the lithosphere [13-16]. Most geothermal systems have geothermal reservoirs
located deep underground. Groundwater acts as a heat carrier and, under the action of
convection, flows upward to form a hydrothermal system near the surface. This system is
usually expressed through geothermal springs, fountains, hot water rivers, vents, sinters,
and hydrothermal alteration [17]. Thermal springs are a natural outlet for geothermal water.
Studying their hydrochemical and isotopic characteristics can provide a profound under-
standing of geothermal systems [18-20]. This includes revealing the source, circulation
mechanism, and reservoir characteristics of geothermal water [21-23].

The Himalayan Geothermal Belt (HGB) is a highly active region for geothermal activity
in China, including the Tibetan geothermal belt, the western Sichuan geothermal belt, and
the western Yunnan geothermal belt. The hydrothermal activity is a result of the collision
between the Eurasian and Indian plates [24,25]. The fault zone contains over 400 geothermal
springs, primarily controlled by faults and fracture zones, which serve as channels for
geothermal fluid migration [26]. Furthermore, the spatial distribution of geothermal water
aligns with the spatial distribution of Cenozoic magmatic activity [27]. There are several
typical magmatic high-temperature geothermal fields in China, including the Yangbajing
and Gudui geothermal fields in Tibet, and the Rehai geothermal field in Yunnan [28]
(Figure 1). In 1977, the Yangbajing high-temperature geothermal field in Tibet successfully
achieved geothermal power generation. By 2014, cumulative power generation had reached
3.11 billion kWh [5,29]. The Gudui geothermal field is rich in geothermal resources. It
is the geothermal field with the highest temperature at the same depth in China. It is
a typical shallow high-temperature geothermal field. It is the geothermal field with the
highest potential discovered in China after Yangbajing [30]. The Tengchong geothermal
field is divided into 58 hydrothermal activity areas, including 24 geothermal spring groups
with average temperatures over 45 °C and 3 boiling spring groups. The Rehai geothermal
field is the most intense geothermal field in Tengchong, and is considered to have great
development potential [31].
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Figure 1. Simplified tectonic map of the HGB [32]. The red dots represent the three geothermal fields

in this study, and the red dashed circles represent the Tibetan and western Yunnan geothermal zones.

To enhance comprehension of the high-temperature geothermal systems in the Hi-
malayas and facilitate the development and utilization of high-temperature hydrothermal
geothermal resources, this paper summarises the existing hydrochemical and isotopic data
of geothermal water. The focus is on the similarities and differences in the hydrogeochemi-
cal characteristics of the Yangbajing, Gudui, and Rehai geothermal systems.

2. Geological and Geothermal Background of the HGB
2.1. Regional Geological Structure Settings

The study of tectonic evolution history has revealed that the Tibetan Plateau is the
most typical continental collision orogenic belt in the world, formed by the India—Eurasian
collision. It has undergone three stages of evolution: main collision convergence (6541 Ma),
late collision transition (40-26 Ma), and post-collision extension (25-0 Ma) [33]. Due to
tectonic influence, the Tibetan Plateau is divided into four terranes from north to south,
namely, Songpan-Ganzi, Qiangtang, Lhasa, and Himalaya, and the Himalayan terrane
consists of the Tethys-Himalayan sequence, the High Himalayan metamorphic rock, the
Lesser Himalayan sequence, and the Sub-Himalayan sequence (Figure 1). The terranes
are separated by the Jinsha River suture zone, Bangong-Nujiang River suture zone, and
Yarlung—Zangbo River suture zone, which trend nearly east to west. Numerous thrust
and strike-slip fractures are developed in the east, and the south Tibet detachment system,
main central thrust, and main boundary thrust are developed in the south [34,35] (Figure 1).
Following the large-scale uplift of the Qinghai-Tibet Plateau during the Miocene period, the
E-W extension was reinforced, resulting in a series of nearly N-S-trending fault that inter-
sected the Bangong-Nujiang River suture zone and the Yarlung-Zangbo River suture zone.
These fault systems locally developed into a rift or graben basin of a certain scale, which
controlled the Miocene volcanic activity in southern Tibet and induced strong modern
hydrothermal activity, forming the Himalayan large-scale geothermal belt, including the
Tibet geothermal zones and the western Yunnan geothermal zones [36,37]. The Yangbajing
and Gudui geothermal fields belong to the Tibet geothermal zones, of which the Yangbajing
geothermal field is located in the Yadong-Gulu rift system and the Gudui geothermal field
is located in the Cuona-Woka rift system [38]. The Gudui geothermal field is located in the
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N-S-trending Cuona—-Woka rift zone in the Tethys-Himalayan tectonic belt [39]. The Rehai
geothermal field belongs to the western Yunnan geothermal zones, which is located on the
eastern side of the collision zone between the Eurasian and Indian plates [40,41].

The Yangbajing geothermal field comprises two groups of NNE-SSW and NE-SW
faults (Figure 2a). These faults are all tensile active faults that intersect or cut through
each other to form a prismatic structural pattern. It is inferred that these extended faults
were active until the late Quaternary as flow channels for geothermal fluid storage and
migration [42]. The Gudui geothermal field is characterised by geotectonic activities, with
14 faults oriented in near-E-W and -N-S directions (Figure 2b). The E-W-trending faults in
the area were formed in the early stage of tectonic activity, and most of them were reverse
faults. The rock in the fault fracture zone is dense and exhibits poor permeability due to
the influence of compressive stress. The N-E- and N-W-trending faults were formed during
the late tectonic period, creating a pathway for geothermal fluid to ascend [43]. The Gudui
geothermal springs are situated at the intersection of faults and their vicinity, suggesting
that the formation of the Gudui geothermal field is influenced by tectonic activity. Previous
studies analysed and studied the He isotope composition of the gas that escaped from the
springs in the Rehai geothermal field [44,45]. The results indicate that the release of modern
mantle-derived He in the Rehai area is primarily controlled by multiple sets of active
faults at varying depths. The near-N-S-trending faults, which are distributed along the
Laogunguo, Dagunguo, Xiaogunguo, and Huangguaqing lines, cut the crust the deepest.
The N-W-trending faults follow, and the N-E-trending faults, that may control the springs
on the south bank of the Zaotang River, are the shallowest (Figure 2c). These three sets of
faults in the geothermal field are the main channels for geothermal fluid migration [45,46].

Holocene
[Qp]Plcistocene

Qh @
©/| Il Granite
[ZFaue
[IRiver

[@]samples

Figure 2. Local simplified geological maps of Yangbajing (a) [19], Gudui (b) [43], and Rehai (c) [47].
The red circles in the figure represent the locations of some of the geothermal water samples.

The magmatic rocks exposed around the Yangbajing geothermal field consist mainly
of late Yanshan Himalayan granites, with a K-Ar radiation age of 8.1 Ma. But so far, no
Quaternary volcanic activity has been discovered in the Yangbajing area. The INDEPTH
(International Deep Profiling of Tibet and the Himalayas) project has identified “bright
spots” that suggest the heat source of the geothermal system is a partial melting body
located at a depth of 15-20 km [38,48]. The existence of the Yangbajing magmatic heat
source was confirmed in a series of articles [49-51]. Therefore, it can be inferred that the
magmatic heat source is responsible for the formation of high-temperature geothermal fluid
in the Yangbajing geothermal field. Magmatic intrusion activities occur frequently in the
Gudui geothermal field, but the scale of intrusion is small. The intrusions consist mainly
of Early Cretaceous diorite and Late Cretaceous diabase [43]. Magnetotelluric sounding
has discovered a large low-resistivity zone located 15-30 km beneath the study area, which
is thought to be localized melt bodies. This zone acts as the main heat source driving the
regional geothermal activity [30,52]. Tengchong is a well-known geothermal area with
an extensive distribution of volcanic rocks. The volcanic outcrops, which include basalts,
andesitic basalts, andesites, and diorites, cover an area of over 1000 km?. Additionally,
there are older granite, diorite granite, syenite, and quartz porphyry in the Tengchong
area [46]. The Rehai geothermal field’s basement is composed of Yanshanian granite, which
only outcrops in a few small areas and its age is 68.8 million years [31]. Ata depth of 7 km
below the Rehai geothermal field, there is a magma chamber that retains water and has a
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thickness of 20 km. This magma chamber serves as a heat source and significantly impacts
the formation of high-temperature geothermal fluid in the Rehai geothermal system [53].

2.2. Hydrothermal Characteristics of the HGB

The geothermal springs in Tibet, western Yunnan, and western Sichuan are distributed
in a belt-like manner. They are located on the collision orogenic belt between the Eurasian
plate and the Indian plate and have the same tectonic origin. The geothermal springs are
mainly distributed in Tibet and western Yunnan. These areas are collectively called the
Yunnan-Tibet geothermal zone [54].

The Yunnan-Tibet geothermal belt is a significant part of the HGB. Since the Ceno-
zoic era, a convergent continental margin active zone has formed in Tibet and western
Yunnan due to the collision between the Indian plate and the Eurasian plate. These areas
exhibit the strongest tectonic activity and are accompanied by robust hydrothermal activ-
ity, creating favourable conditions for the formation of high-temperature hydrothermal
systems [55]. The Yangbajing geothermal field, Gudui geothermal field in southern Tibet,
and Rehai geothermal field in western Yunnan exhibit strong hydrothermal activity and
high-temperature geothermal manifestations. These areas have long been favoured by
geoscientists and have yielded rich research results [42,43,46].

The activity of geothermal water in Tibet is influenced by plate tectonics and active
tectonics. There are over 600 hydrothermal manifestation areas, mostly located near the
plate and active tectonic belt, forming the corresponding geothermal active belt [56]. The
Yangbajing geothermal field is a non-volcanic high-temperature geothermal field located
in the Dangxiong-Yangbajing fault basin at the southeastern foot of the Nyainqgentan-
glha Mountains in the HGB. The basin experiences strong neotectonic activity, which has
led to the development of fault structures and increased hydrothermal activity. The sur-
face exhibits various hydrothermal activities, including boiling springs, vents, hot water
marshes, lakes, ponds, and sinter deposits. The Yangbajing geothermal system comprises
two distinct geothermal reservoirs: a shallow one, with a depth of 180-280 m; and a deep
one, with a depth of 950-1850 m [57]. Based on the logging records of borehole ZK4002,
the temperature of the shallow reservoir ranges from 130 °C to 173 °C, while the deep
reservoir temperature ranges from 240 °C to 329.8 °C [42]. The Gudui geothermal field is
situated in the Cuona-Woka rift zone, which runs north-south in the Tethys-Himalayan
tectonic belt. It is a non-volcanic geothermal system with a variety of surface hydrothermal
activity types, including geothermal springs, boiling springs, fountains, travertine, silicic,
and surrounding rock alteration [39]. The Geothermal Brigade of Tibet Geological Bu-
reau drilled three boreholes, namely, ZK251, ZK301, and ZK302, in the Gudui geothermal
area. Geothermal fluids were produced at temperatures of 163 °C, 159 °C, and 205 °C,
respectively. The temperature of the ZK302 geothermal borehole reached 205 °C at a depth
of 230 m, setting a new record for the highest temperature at that depth in geothermal
exploration in China [43]. The Rehai geothermal field is located in the north-central part of
the Tengchong-Longchuan hydrothermal activity zone and is located at the top of the outer
arc of the Guyong-Dayingjiang arc fault. It is a large-scale geothermal field with a wide
range of hydrothermal activities, high intensity, and all types of hydrothermal activities in
the Tengchong area. This field is a typical high-temperature geothermal field of the volcanic
type. Hydrothermal activities include hydrothermal explosions, geysers, jet holes, and
boiling springs [55]. The Tengchong volcanic area contains three magma chambers, one of
which is situated beneath the Tengchong-Heshun-Rehai geothermal field. This particular
chamber, located at a depth of approximately 6-7 km, has a current temperature range of
438 °C to 773 °C and serves as the primary heat source for the Rehai geothermal field. It
plays an important role in the formation of the geothermal system [58].
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3. Material and Methods
3.1. Data Collection

To systematically understand the formation of high-temperature hydrothermal activ-
ities in the Yunnan-Tibet geothermal belt, this paper analyses 258 groups of geothermal
water physical and chemical data. The data were collected from published papers in recent
years and from the three geothermal fields of Yangbajing, Gudui, and Rehai, as reported in
“Geothermal Resources in China” [59]. The analysis includes 174 groups of hydrochemical
data (Table S1) and 84 groups of stable hydrogen and oxygen isotope data (Table S2). The
data selection criteria were as follows: (1) Geothermal water samples should have complete
or convertible measurements of Na*, K*, Ca2*, Mg2+, S042~,HCO;3~, Cl—, and SiO,. Ad-
ditionally, a spring temperature should be recorded concurrently with the hydrochemical
sampling. (2) The isotope samples data utilise only hydrogen and oxygen stable isotopes,
with the sampling elevation also recorded.

3.2. Geochemical Calculations

Stable hydrogen and oxygen isotopes (5D and 5'0) were utilized to determine the
recharge sources of the geothermal springs. By leveraging the altitude effect associated with
3D, the recharge elevation for the geothermal springs was estimated [2,60] (Equation (1)).

H=(R — §P)/K+h 1)

where H(m) is the recharge elevation, dR(%o) is the 8D value of the geothermal spring
sample, 5P(%o) is the 6D value of the shallow groundwater sample, K(%o /100 m) is the
isotopic elevation gradient of the atmospheric precipitation, and h(m) is the elevation of
the shallow groundwater sample. The contribution of different recharge waters was also
estimated using a mixing model [19,61] (Equations (2)—(5)).

5K(a) = 5K(c) x f(c) + 5K(d) x f(d) 2)
f(c) + f(d) =1 ®)
5K(a) = 5K(b) x f(b) + 8K(d) x f(d) 4)
f(b) + £(d) = 1 )

where 6K (%) represents the value of 6D or 5180; a, b, ¢, and d denote geothermal spring
samples, meteoric water, snow-melt water, and magmatic water, respectively; and f (%)
represents the contribution of different sources.

When exploring geothermal resources, the temperature of deep geothermal reser-
voirs is a crucial indicator for distinguishing between types of geothermal systems and
evaluating the potential of geothermal resources. However, direct measurement of this
parameter is often challenging. A geochemical thermometer can effectively and conve-
niently obtain this parameter. This paper employs the use of SiO, geothermometers to
estimate the temperature of geothermal reservoirs. The empirical formula of the SiO,
geothermometer is established through the functional relationship between the solubility
of quartz and chalcedony and temperature. When utilising the SiO, geothermometer to
calculate temperature, it is necessary to consider the specific geological background of
the Yangbajing and Gudui geothermal fields, which are situated at high altitudes. At
a sampling temperature of 80 °C, it can be assumed that the boiling point temperature
has been reached [62]. The average altitude of the Rehai geothermal field is relatively
low, with a boiling point temperature of 96 °C [46]. Consequently, when the sampling
temperature reaches the local boiling point, the maximum steam loss of SiO, geother-
mometers is selected for calculation of the geothermal reservoir temperature. As quartz
geothermometers are suitable for high-temperature reservoirs with temperatures above
150 °C (Equations (6) and (7)), and chalcedony geothermometers are suitable for reservoirs
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with geothermal water below 180 °C (Equations (8) and (9)), in this study, the results of
quartz geothermometers are employed when the reservoir temperature exceeds 150 °C,
while those of chalcedony geothermometers are utilised when the reservoir temperature is
below 150 °C. The geothermal water is affected by the mixing of shallow cold water during
ascent, which reduces the SiO, content. This results in the calculation of a smaller value
from the SiO; geothermal meters, which can be regarded as the average temperature of the
geothermal field or the lower limit of the temperature of the geothermal reservoir [30].

1309
T = —273.1 1
quarzl = 599 100 (Gi0,) 3.15(No steam loss) (6)
1522 .
Tquartz2 = 575~ log(Si0%) 273.15(Maximum steam loss) (7)
1032
Tehalcedonyl = 169 —1og(5i0y) 273.15(No steam loss) 8)
1264 .
Tchalcedony2 = 531~ log(Si0%) 273.15(Maximum steam loss) )

4. Genesis of Representative High-Temperature Hydrothermal Activities in the HGB
4.1. Hydrogeochemical Evolution Process of Yangbajing Geothermal Field
4.1.1. Hydrochemical Type

The main cation in Yangbajing geothermal water is Na*™ and the predominant anion is
Cl~, followed by HCO3 ™. The contents of Mg2+, CaZ*, K*, and SO42~ in the geothermal
water is relatively low (Figure 3). The geothermal spring water exposed in the Yangbajing
geothermal field was mainly of the Cl-Na type, with some also being of the CI- HCOs-
Na type (Figure 4). The hydrochemical type of the shallow groundwater was HCO3-Ca
(Figure 4). The chemical characteristics of the geothermal water and shallow groundwater
differed significantly. The hydrochemical type may be related to the reservoir lithology of
the geothermal field, which is rich in silicate minerals such as granite and sandstone [17].
Interestingly, the mixing process of geothermal water and cold water was also observed:
Cl-Na type geothermal water (deep reservoir) mixed with HCO3-Ca-Na type water (cold
groundwater) to form Cl-HCOj3;-Na and HCO3-Cl-Na type geothermal water (shallow
reservoir) [63] (Figure 4). The shallow reservoir in Yangbajing is formed by the upward
flow of geothermal fluid from the deep reservoir into the Quaternary aquifer, which is the
source of the cold groundwater [42].

1035
10°k
10'E
a E
S
O oL
g 10
10k
107k
10735 o
K’ Ca™” Na' Mg”* cr soi’ HCO,

—0— YBIJ geothermal water —@— YBIJ shallow groundwater

Figure 3. The Schoeller diagram of Yangbajing geothermal water.
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Figure 4. Piper trilinear diagram [64] of the Yangbajing geothermal water.

4.1.2. Recharge Source of Geothermal Water

The 8D values in the Yangbajing geothermal field ranged from —158.15%c to —139.6%o,
while the 5'80 values varied from —20.4%. to —16.6%. (Table S2). Based on previous
research results, the global meteoric water line (GMWL: 8D = 86180 + 10) [65] and the local
meteoric water line (LMWL: 6D = 8.016'80 + 11.8) [56] were drawn. The sources of recharge
for geothermal water in Yangbajing may consist of three end-members: magmatic water
(rectangle A) [60], meteoric water (rectangle B) [8], and snow-melt water (rectangle C) [19].
The shallow groundwater in Yangbajing is situated on the LMWL and is closed to the
meteoric water end, indicating the shallow groundwater mainly comes from atmospheric
precipitation (Figure 5). The points of geothermal water deviate from the meteoric water
line and are distributed along a straight line connecting the magmatic water end and the
snow-melt water end. This suggests that the primary sources of geothermal water in
Yangbajing are the local snow-melt water and magmatic water [38,60]. The binary isotope
mixing model (Equations (2) and (3)) estimates that the mixing ratio of magmatic water in
Yangbajing geothermal water is between 10% and 22% (Table S2). The recharge elevation of
geothermal water in Yangbajing has been calculated, using the elevation gradient of 6D in
the eastern Qinghai-Tibet Plateau (—2.6%. /100 m) [66], to be between 5174 m and 5736 m
(Equation (1), Table S2). This elevation range is located near the footwall of the slip fault
system on the southern margin of Nianqgingtanglha. It is consistent with the distribution
elevation of the local snow line and the source of the shallow groundwater system [42].
Therefore, the geothermal water in this area originates from snow meltwater from the
Nyaingentanglha Mountains that infiltrates into the underground through deep circulation
along the fault zone and is heated and convected by the deep magmatic heat source [57].

0.0 7
G
© YBJ geothermal water Py -
&
@  YBJ shallow groundwater ,* o
--=- Mixing line /, P
=50.0 | ’ o’ g
GMWL ST s
Ny --=-- LMWL yoies ol
S v 7
= -
2 -100.0 | L@ e
g S e
§ 4 , e
S et
2 A .
/o & A:Magmatic water area
)
-150.0 } / /@
//,/60 B:Meteoric water area
.
/
' C:Snow melting water area
I/
-200.0 . . . .
-30.0 —-18.8 75 3.8 15.0

8" 0%eVSMOW)

Figure 5. The relationship between 5D and 5'80 values of Yangbajing geothermal water.
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4.1.3. Effects of Deep Geothermal Fluid

The Na*, K*, and other components in the geothermal water are derived primarily
from the leaching of the surrounding rock. While the water-rock interaction in the geother-
mal reservoir contributes to the C1~ content, this contribution to the high-temperature
hydrothermal system with a magmatic heat source is significantly less than that of CI~
obtained from the degassing process of the magma [67,68]. A significant positive correla-
tion has been identified between the concentrations of Na*, K*, and Cl~ in the Yangbajing
geothermal field (Figure 6). This suggests that the geothermal water originates from a
similar deep geothermal reservoir [31,46]. B and Cl~ in geothermal water are primarily
derived from deep materials, and water-rock interaction has a minimal impact on them.
They do not precipitate from the solution during migration [63]. The concentrations of B
and Cl~ in deep and shallow geothermal water vary considerably, yet maintain a strong
linear relationship. This suggests that the deep and shallow geothermal waters in the
Yangbajing geothermal field share a common geothermal origin. The Na*, K*, B, Li, and
other components in the geothermal water exhibit aggregation characteristics in the area,
with C1™ contents of 13 mmol/L and 63 mmol/L. This is due to the existence of deep and
shallow binary geothermal reservoirs. The geothermal water samples exhibit a high com-
ponent content in the geothermal water derived from the deep geothermal reservoir. These
components display an evident linear distribution trend, indicating that the geothermal
water is subject to mixing during the rising process [69].

10.0 60.0

i °
(2) () | 201 © ®
R*=091 & R’ =093 / R*=0.49 )
) © R | ‘® 3180} ® e
=2 = 3 ;
T s E % E o
g S 300 | o
£ o ) & ‘E, 20ty S
= % K J s g
& = )
M 25 “ 150l g 4
P i
o o ol
y °
00 |8 g %
e oo e
00 150 300 450  60.0 00 150 300 450  60.0 00 150 300 450  60.0
Cl (mmol/L) Cl (mmol/L) Cl (mmol/L)
® 160 F =
() (ez) > 6o0r (Q ° 9000
R*=0.76 o R* =091 7 o
12 }
120 } s
—~ ° ~ ° ,
=) 8 o 3 @ = ,
3 ° = J 3 ® /
038 S [ y /
= @) g 80 g £ 3.0 ;
£ g £ H o
= o /a 4 ] /
0al® 8 40 | § ° ® 15 e %
) °
° ° &
° © ° Cb o%p /000 YBIJ geothermal water
0.0 }© (o) 0.0 e 0.0 -% @ YBIJ shallow groundwater
00 150 300 450  60.0 00 150 300 450  60.0 00 150 300 450 600
Cl (mmol/L) Cl (mmol/L) Cl (mmol/L)

Figure 6. Correlation diagram of C1~ and other hydration components of Yangbajing geothermal
water. (a) K* vs. C1~ (b) Na* vs. CI~ (¢) HCO3~ vs. C1~ (d) Fvs. C1~ (e) Bvs. CI~ (f) Livs. Cl™.

4.1.4. Analysis of Water-Rock Equilibrium State

In the Na-K-Mg diagram, most of the Yangbajing geothermal water samples are
partially equilibrated waters (Figure 7). This suggests that the geothermal water is in a
state of partial equilibrium with albite and potassium feldspar in the subsurface [13]. The
geothermal water is distributed primarily along the Na-K isotherm of 240 °C, indicating
the mixing of hot and cold end-members and revealing the characteristics of the reservoir
temperature in magmatic geothermal systems [19]. The Yangbajing geothermal field’s
reservoir temperature may be around 240 °C. As the majority of the Yangbajing geothermal
water does not belong to fully equilibrated waters, there will be a significant difference
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between the estimated geothermal reservoir temperature and the actual situation when
applying the cationic geothermometers (Na-K and K-Mg geothermometers, etc.).
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Figure 7. The Na-K-Mg triangle diagram [70] of Yangbajing geothermal water.

4.1.5. Reservoir Temperature

The quartz geothermometers estimate that the thermal reservoir temperature of Yang-
bajing is between 110 °C and 237 °C, with an average of 165 °C. The temperature of the
Yangbajing geothermal reservoir is estimated to be between 84 °C and 223 °C by chalcedony
geothermometers, with an average of 143 °C (Table S1). Given that the estimated mean
values of the two methods are both below 180 °C, the estimated mean value (143 °C) of the
chalcedony geothermometers was employed as the shallow geothermal reservoir tempera-
ture of Yangbajing. In accordance with the findings of previous research, the maximum
temperature (237 °C) estimated by the quartz geothermometer represents the temperature
of the deep geothermal reservoir in Yangbajing [38,57].

4.2. Hydrogeochemical Evolution Process of Gudui Geothermal Field
4.2.1. Hydrochemical Type

The primary cation of the Gudui geothermal system is Na*, while its primary anions
are CI™ and HCO3 ™ (Figure 8). The concentrations of Ca®* and Mg2+ are minimal, whereas
the ion characteristics of the shallow groundwater and cold springs are opposite. The
concentrations of Ca?*, Mg?*, and SO,?~ are higher than in most geothermal waters. The
hydrochemical type of geothermal water in the Gudui is mainly the Cl-Na type, in addition
to CI-HCOg3-Na. The hydrochemical type of the local shallow groundwater is the SO4. HCO3-
Ca-Mg type (Figure 9). The hydrochemical characteristics of the geothermal water and
shallow groundwater are obviously different. The surface cold water’s characteristics may
be attributed to the absorption of steam and gas from the deep hydrothermal system by
the surface groundwater. This water may remain above the low-permeability cap rock,
resulting in the formation of water rich in SO4%~ [71]. The presence of a strong sulphur
smell in geothermal water may indicate a high concentration of H,S in the flash gas.
Since CI does not typically migrate with flash vapour, the concentration of Cl in shallow
groundwater and cold springs is low [43]. In the shallow underground environment, H,S
dissolved in groundwater is oxidized to SO4%~. This process results in the acidification
of cold springs and shallow groundwater, making them rich in SO42~. Exposed surface
geothermal water is closely related to deep thermal fluid, and this type of water is often
rich in CO; and H,S. Geothermal fluids may be affected by the mixing of near-surface cold
water, eventually forming Cl-HCO;3-Na type water (Figure 9). With increased intensity of
action, it may also transition to HCO3-Cl-Na type water [30].
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4.2.2. Recharge Source of Geothermal Water

The 8D values in the Gudui geothermal field range from —147.0%o. to —129.1%.,
while the 880 values range from —18.1%o to —15.29%o (Table S2). The scatter points of
hydrogen and oxygen isotopes in geothermal water and shallow groundwater samples in
the study area are generally distributed below the global meteoric water line (GMWL) [65]
and the local meteoric water line (LMWL) [34] (Figure 10). The distribution of shallow
groundwater scatter points is nearly parallel to the meteoric water line. This is because of
the influence of evaporation during rainfall, which causes shallow groundwater isotope
data to deviate from the meteoric water line [30]. The geothermal water exhibits a certain
degree of “180 drift”, indicating that water-rock interaction affects the geothermal water
during migration. Previous research indicates that the recharge sources of geothermal
water in Gudui may consist of three end-elements: magmatic water (rectangle A) [60],
meteoric water (rectangle B) [8], and snow-melt water (rectangle C) [19]. The isotope
points in the area lie on the straight line that connects magmatic water and snow-melt
water. They are located near the end-element of snow-melt water, indicating that the
primary sources of geothermal water are local snow-melt water and magmatic water. The
mixing ratio of magmatic water in Gudui geothermal water is estimated to be between
17% and 29% (Table S2) by the binary isotope mixing model (Equations (2) and (3)). The
recharge elevation of the Gudui geothermal water was estimated to be between 4764 m
and 5186 m, utilizing the 8D elevation gradient (—2.6%o0 /100 m) in the eastern Qinghai—
Tibet Plateau, as reported by Yu, Zhang, Yu, and Liu [66] (Equation (1), Table S52). Snow
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and ice accumulation persists above 5500 m on the Qinghai-Tibet Plateau throughout
the year [34,72]. The recharge elevation of the Gudui geothermal water is near the local
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Figure 10. The relationship between 6D and 5180 values of Gudui geothermal water.

4.2.3. Effects of Deep Geothermal Fluid

There is a certain linear relationship between the Na, K, and Cl in the geothermal
water, but the correlation is poor, suggesting that other geochemical behaviours, such
as water-rock interaction and ion exchange, greatly affect the geothermal water in the
area [73] (Figure 11). The minor element components of geothermal water in the study
area are significant (B, F, Li), obtaining the content of this scale from rock leaching is
difficult, especially in areas that have experienced long-term hydrothermal activity. Thus,
geothermal water in the area is mixed with deep geothermal fluid [30]. The concentrations
and ratios of B, F, and Li vary significantly due to variations in underground temperatures
and parent rock types in different hydrothermal areas of Gudui. These variations are
influenced by different types and degrees of water-rock interaction [43].
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Figure 11. Correlation diagram of CI~ and other hydration components of Gudui geothermal water.
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4.2.4. Analysis of Water—Rock Equilibrium State

The majority of the geothermal water in the Gudui geothermal field is classified as
immature water (Figure 12). The Na-K-Mg diagram indicates that the Gudui geothermal
water follows a distribution trend along the 240 °C Na-K isotherm. This indicates that
the geothermal water in Gudui originates from the same parent geothermal fluid, and
the temperature of the deep geothermal reservoir can reach 260 °C. During the exposure
of geothermal water, it is mixed with shallow cold water to varying degrees [30]. It is
inadvisable to employ a cationic geothermometer in estimating the temperature of Gudui
geothermal reservoir, as the geothermal water has not yet reached a state of full equilibrium.
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Figure 12. The Na-K-Mg triangle diagram [70] of Gudui geothermal water.

4.2.5. Reservoir Temperature

The quartz geothermometers estimate that the thermal reservoir temperature of Gudui
is between 78 °C and 223 °C, with an average of 159 °C. The temperature of the Gudui
geothermal reservoir is estimated to be between 51 °C and 209 °C by chalcedony geother-
mometers, with an average of 136 °C (Table S1). Given that the estimated mean values of
the two methods are both below 180 °C, the estimated mean value (136 °C) of the chal-
cedony geothermometers was employed as the shallow geothermal reservoir temperature
of Gudui. According to the calculation results of Wang and Zheng [43], the temperature
of the deep geothermal reservoir in the Gudui geothermal field can reach 266 °C. There-
fore, the estimated temperatures of the quartz and chalcedony geothermometers are low.
Considering that the geothermal water may be affected by the mixing of cold water during
ascent, the estimation results of the SiO, geothermometer are low. In this study, 136-266 °C
is used to represent the Gudui geothermal reservoir temperature.

4.3. Hydrogeochemical Evolution Process of Rehai Geothermal Field
4.3.1. Hydrochemistry Type

The primary ions present in the Rehai geothermal fluids are HCO3 ™~ and Na™ (Figure 13).
The Rehai geothermal springs are mainly of the HCO3-Cl-Na type, with some of SO4-CI-Na
type, HCO3-Na-Ca type, and HCO;3-Ca type (Figure 14). The local shallow groundwater is
of the HCO3-Ca type. Rehai geothermal water is formed within a volcanic geothermal sys-
tem. During the rising process, the Cl-rich geothermal water undergoes a gas-liquid phase
separation. The gas mainly consists of CO,. As geothermal water rises, the temperature and
pressure changes enhance the activity of CO,, leading to a reaction with the surrounding
rock and an increase in the HCO3; ™~ and Na* contents of the geothermal water [46,74]. The
HCO3-Ca and HCO3-Na geothermal water found in the Rehai geothermal field is formed
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due to the deep geothermal fluid rising to the surface and mixing with a large amount of
shallow cold water, or being heated solely by rock conduction (Figure 14) [54].

2 B 2- -
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Figure 13. The Schoeller diagram of Rehai’s geothermal water.
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Figure 14. Piper trilinear diagram [64] of the Rehai geothermal water.

4.3.2. Recharge Source of Geothermal Water

The 8D values in the Rehai geothermal field range from —91.4%. to —51.5%., while
the 5!80 values range from —12.35%o0 to —0.47 %o (Table S2). The recharge end-member in
Rehai comprises subduction-related volcanic water (rectangular A) [40], meteoric water
(rectangular B) [40], and snow-melt water (rectangular C) [75]. The hydrogen and oxygen
isotope points of geothermal water and shallow groundwater samples in the study area
were derived from the meteoric water area and distributed along the GMWL [65] and
LMWL [34]. At the same time, some geothermal waters are significantly shifted to the
subduction-related volcanic water area (Figure 15). The analysis indicates that geothermal
springs primarily receive recharge from meteoric water and are mixed with subduction-
related volcanic water during migration. The estimated mixing ratio of subduction-related
volcanic water in Rehai’s geothermal water ranges from 2% to 37% (Table S2), as determined
by the isotope bivariate mixing model (Equations (4) and (5)). The recharge elevation of
Rehai’s geothermal water was calculated between 1182 m and 2350 m by the elevation gradi-
ent of 0D (—3.0%0 /100 m) in the eastern Qinghai-Tibet Plateau [76] (Equation (1), Table S2).
Combined with the direction of groundwater flow in the Rehai area, it is speculated that
the recharge area of the Rehai geothermal springs may be located in the metamorphic rock
area of the Gaoligongshan group in the northeastern mountainous area [76].



Water 2024, 16, 1378

15 of 22

- LMWL

4
RH geothermal water /s .
¢
RH shallow groundwater ¢ 47
.. . ¢ //;
- Mixing line P4 //,////

GMWL ol

” '

¢ A:Subduction-related
A volcanic water area

,/
Jd B:Meteoric water area

C:Snow melting water area

0.0
o
®

s00 b

S

2 -100.0 |

2
é
3
-150.0 }
v
//
~200.0 .
-30.0

=15 3.8
8" 0% VSMOW)

15.0

Figure 15. The relationship between §D and §'80 values of Rehai’s geothermal water.

4.3.3. Effects of Deep Geothermal Fluid

The geothermal water in the area shows a strong linear relationship between K*, Na*,
and Cl~, suggesting the presence of a common parent geothermal fluid [31,46] (Figure 16).
There is no linear relationship between the CI~ and HCO3~ levels. The solubility of
thermal-liquid-altered minerals may control these levels [46]. Enrichment of B is typically
linked to granite dissolution and magmatic activity, while Li and F are commonly used as
markers to identify the extent of geothermal water activity [56]. The correlation between
the minor components B, F, Li, and Cl~ suggests that geothermal water is mixed with deep
fluid and that the formation of geothermal water is closely linked to deep magmatic activity
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Figure 16. Correlation diagram of CI~ and other hydration components of Rehai’s geothermal water.
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4.3.4. Analysis of Water—Rock Equilibrium State

Most of the Rehai geothermal springs are located in partially equilibrated and im-
mature water areas (Figure 17). This suggests that the water-rock reaction has not yet
reached equilibrium [46]. The majority of the water samples collected originate from the
shallow section of the geothermal system and are expected to mix with cold water during
the ascent. Currently, the water-rock interaction is in its initial-intermediate stage [74].
Some geothermal springs are located on the equilibrium line, indicating that some of the
water samples in the geothermal field originate from a relatively closed deep geothermal
reservoir with a high temperature of up to 280 °C. This suggests that they are less affected
by the mixing of shallow cold water. The Rehai geothermal water has not yet reached a
state of full equilibrium, and the cationic geothermometers are, therefore, not applicable in
the area.
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Figure 17. The Na-K-Mg triangle diagram [70] of Rehai’s geothermal water.

4.3.5. Reservoir Temperature

Quartz geothermometers estimate the temperature of the Rehai reservoir to be 81-282 °C,
with an average of 174 °C. The temperature of the Rehai geothermal reservoir is estimated
by chalcedony geothermometers to be 49-282 °C, with an average of 154 °C (Table S1).
Given that the estimated mean values of the two estimation methods exceed 150 °C, the
estimated mean value of the quartz geothermometer (174 °C) is taken as the lower limit of
the Rehai geothermal reservoir’s temperature. The maximum estimated temperature of the
quartz and chalcedony geothermometers is consistent, indicating the calculation results are
reliable. It is proposed that the geothermal reservoir temperature of the Rehai geothermal
field is between 174 and 282 °C. This result is similar to that reported by Li et al. [77].

4.4. Comparative Analysis of Yangbajing, Gudui, and Rehai Geothermal Fields

Differences exist in the geothermal reservoir environment of geothermal fluids of
varying evolution types. As a result, the interaction of geothermal fluids with environ-
mental media leads to the formation of distinct hydrochemical characteristics, element
composition, and distribution patterns [74].

When comparing the Schoeller and Piper diagrams of the geothermal water in the
three regions, it is evident that the hydrochemical types of the geothermal waters in the
Yangbajing and Gudui geothermal fields are relatively simple, with the Cl-Na type being
dominant. The Rehai geothermal field is characterised by geothermal springs that are
primarily of the HCO3-Cl-Na type. The geothermal springs in Rehai originate from deep
geothermal fluid (Cl-Na type water) that rises to a certain depth and is then contaminated
by meteoric water and interacts with surrounding rocks before rising to the surface along
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secondary fractures [30]. It is suggested that the underground hot water in Yangbajing and
Gudui belongs to deep circulation, and the geological environment is relatively closed. The
exchange capacity with the outside world is weak, the renewal rate is slow, and the water—
rock interaction is strong [34,62]. However, the geological environment of the geothermal
water in the Rehai geothermal system is relatively open. Its residence time is relatively
short, and the water-rock interaction is still in its early stages [74].

The stable hydrogen and oxygen isotopes of the Yangbajing and Gudui geothermal
fields are highly depleted, with 8D and 5'80 values much lower than those of the Rehai
geothermal field. This is because the Yangbajing and Gudui geothermal fields are located
in the southern part of the Qinghai-Tibet Plateau, with sampling elevations ranging from
4280 m to 4561 m and 4424 m to 4678 m, respectively. In contrast, the Rehai geothermal
water is sampled at an elevation of 1417 m to 1946 m. The 5D and §'80 values in meteoric
water decrease with increasing altitude [60]. The primary recharge source for geothermal
water in Yangbajing and Gudui is snow-melt water, while the Rehai geothermal field
is mainly recharged by meteoric water. The calculation results indicate that all three
geothermal fields have deep geothermal fluid sources. Rehai and Gudui geothermal
fields have a high mixing ratio of magmatic water (subduction-related volcanic water),
with averages of 22% and 21%, respectively. The mixing ratio of magmatic water in the
Yangbajing geothermal field is relatively small, at 17%. The estimated results are basically
consistent with previous conclusions (Rehai: mostly hot spring water <10%, some deep
borehole water can reach 54%; Gudui: 21-24%; Yangbajing: 15-23%) [19,34,40].

The Cl™ ratio diagram shows the content of minor elements, including F, B, and
Li. The highest content is observed in the Yangbajing geothermal field, followed by the
Gudui geothermal field. In contrast, the Rehai geothermal field has significantly lower
trace element content. This finding further verifies that the geological environment of the
Rehai geothermal system is more open. After mixing the deep fluid with geothermal water,
shallow cold water may also be mixed during the migration process, leading to a significant
reduction in trace element content.

By comparing the distribution of geothermal water samples from Yangbajing, Gudui,
and Rehai in the Na-K-Mg triangle diagram, it is evident that most of the samples from
the Yangbajing and Gudui geothermal fields are located near the partial equilibrium water
area. Additionally, the geothermal water sample points are significantly distant from the
distribution of cold water points, and a linear trend in the sample point distribution is
apparent. The sample points for geothermal water in the Rehai geothermal field are located
in close proximity to the sample points for cold water. The linear distribution trend of the
sample points is not well-defined. The difference in distribution may be attributed to the
more significant water-rock reaction between the geothermal waters of Yangbajing and
Gudui and the surrounding rock during the migration process. Additionally, the Rehai
geothermal water (cold water mixing ratio: 60-70%) is mixed with more shallow cold water
than Yangbajing (cold water mixing ratio: 40-50%) and Gudui (cold water mixing ratio:
20-40%) during the exposure process [30,55,60].

The geothermal water in the study area is immature, partially balanced or mixed water,
rendering it unsuitable for the use of cation geothermometers in calculating the geothermal
reservoir temperature. The silica dissolved in natural water is generally not affected by
other ions, nor by the formation and volatilisation of complexes, and the precipitation rate
slows down with the decrease in temperature. Consequently, the concentration of silica
in shallow groundwater can be employed to indicate the temperature of an underground
geothermal reservoir. The quartz and chalcedony geothermometers can be utilised to
calculate the temperature of thermal reservoirs [73]. Based on previous estimates, the Rehai
geothermal field has the highest reservoir temperature at 282 °C, followed by Gudui at
266 °C, and Yangbajing at 237 °C. When comparing the average temperature of geothermal
springs in the Rehai, Gudui, and Yangbajing fields (72 °C, 81 °C, and 77 °C, respectively),
it is evident that the temperature of the geothermal springs does not necessarily increase
with the temperature of the geothermal reservoir. The higher mixing ratio of cold water
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and the more open geological environment in the Rehai geothermal field result in greater
heat loss during the rising process of geothermal water [37,78].

5. Development and Utilization of Geothermal Resources

In summary, there are high-temperature geothermal reservoirs in the three geothermal
fields of Yangbajing, Gudui, and Rehai which can meet the needs of geothermal power
generation or geothermal heating. The systematic understanding and study of the genesis,
occurrence state, and circulation process of these geothermal resources can provide a
valuable theoretical basis for the exploitation and utilization of geothermal resources.
However, at present, only in the Yangbajing geothermal field has work successfully been
carried out on geothermal energy power generation, and the development and utilization of
both the Gudui and the Rehai geothermal fields are weak. Therefore, subsequent research
work on the development and utilization of geothermal resources needs to be strengthened.
Work can be carried out such as (1) strengthening the construction of geothermal energy
power generation. There are high-temperature geothermal springs and geothermal jets in
the Gudui and Rehai areas, and geothermal steam power generation or geothermal water
power generation units can be selected according to different types: geothermal steam
power generation through the heat exchanger unit on the steam group decompression,
expansion, purification for power generation; geothermal water power generation through
the vacuum to obtain water vapour, and the use of low-boiling-point material steam to do
work to generate electricity [79]. (2) Strengthening the development of physical therapy
in hot springs. Hot spring water has good medical value, which can treat arthritis and
reduce the probability of skin diseases. The development of hot-springs physiotherapy
has low requirements for equipment, technology, and cost, and is the simplest and most
direct way to develop and utilize geothermal resources. (3) Strengthening the construction
of geothermal heating. The average annual temperature in Tibet is only 2.5 °C [19], and
heating is vital to the lives of people in the Tibetan region. The equipment for geothermal
heating is more complex compared to spa physiotherapy, and usually requires the use of
a geothermal heat pump to extract hot water to a converter, which converts low-grade
energy into high-grade energy for heating. (4) Strengthening the research and development
of geothermal equipment and mining technology. At present, there are problems with the
equipment and technology of the geothermal power station in Yangbajing, such as different
degrees of scaling and corrosion occurring in the pipeline of the extracted geothermal water,
so that the safety and stability of the thermal system of the power station and the thermal
control system are reduced, and the operating costs are increased; the implementation of
tail water recharge of geothermal water is not sufficient, which restricts the sustainable
development of geothermal water [80,81]. For high-temperature geothermal resources, the
binary flashing cycle system has been developed to add a flasher and a mass pump to
simultaneously increase power generation capacity and ensure system stability [82].

In addition to the Yangbajing, Gudui, and Rehai geothermal fields studied in this paper,
there are more than 200 high-temperature hydrothermal systems with reservoir tempera-
tures higher than 150 °C distributed in the HBG, which have great potential for exploration
and development [17]. Future work should focus on other potential high-temperature
geothermal resources and conduct more extensive hydrogeological and geochemical inves-
tigations, including on hydrochemistry, isotopes, and gases. This will aid in understanding,
improving, and evaluating the distribution, characteristics, and development potential
of high-temperature geothermal resources in western China. It is of great significance to
promote the development of clean geothermal energy in China.

6. Conclusions

1.  The geothermal springs in the Yangbajing, Gudui, and Rehai geothermal fields are
primarily sourced from deep Cl-Na geothermal fluids. The geological environments
of the Yangbajing and Gudui geothermal fields are relatively closed, resulting in
a low proportion of cold water mixing. The hydrochemical type of the exposed
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geothermal springs is predominantly Cl-Na. The Rehai geothermal field has an open
geological environment with a high proportion of shallow cold water. This causes
the hydrochemical type of the geothermal spring to change from a CI-Na type to an
HCOs-Cl-Na type due to water—rock interaction and mixing with shallow cold water.

2. The geothermal waters in Yangbajing and Gudui are primarily recharged by snow-
meltwater and magmatic water, with magmatic water accounting for 17% and 21%,
respectively. The geothermal waters are mainly recharged by local meteoric water
and subduction-related volcanic water (with an average mixing ratio of 22%). The
recharge elevations of the three geothermal fields are 5174-5736 m, 4764-5186 m, and
1182-2350 m, respectively.

3. The Rehai geothermal field boasts the highest thermal reservoir temperature at 282 °C,
followed by the Gudui geothermal field at 266 °C, and finally the Yangbajing geother-
mal field at 237 °C. Due to significant heat loss during the rising process in the Rehai
geothermal field, the average temperature of the exposed geothermal springs in this
area is lower than that of the Yangbajing and Gudui areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16101378/s1, Table S1: Hydrochemical and physical compositions
of geothermal and cold waters in the Yangbajing, Gudui and Rehai geothermal fields; Table S2: 5D
and 5'80 compositions of geothermal and cold waters in the Yangbajing, Gudui and Rehai geothermal
field. References [83-89] are cited in Supplementary Materials.
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