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The Tibetan Plateau lies within the India—Eurasia collision zone and contains
abundant geothermal resources with pronounced regional differences in formation
mechanisms. Comparisons of geothermal system genesis across Tibetan tectonic units
remain limited. Hydrochemical and isotopic analyses, geothermometry, and silica—
enthalpy mixing models were applied to Longmu Co, Doma, and Yangbajing. The
integrated dataset was used to identify principal recharge sources, assess reservoir
water—rock equilibrium, and develop regional conceptual models of geothermal fluid
circulation. Longmu Co waters in northern Qiangtang are of the CI-HCOs—Na-Ca type,
mainly reflecting carbonate and evaporite dissolution. Doma waters in southern
Qiangtang are predominantly HCOs—Na, controlled by water—rock interaction and
cation exchange. Yangbajing waters in the Lhasa terrane are Cl-HCOs—Na, influenced
by silicate and evaporite dissolution. Meteoric water supplies all three systems.
Longmu Co receives recharge from surrounding mountains; Doma receives distant
high-elevation precipitation and snow and ice meltwater. Yangbajing receives
precipitation and meltwater from the Nyaingentanglha Mountains. Estimated recharge
elevations are 5236-5497, 6240-6362, and 5086—5436 m at Longmu Co, Doma, and
Yangbajing, respectively. Corresponding circulation depths are 5047-6806, 66537294,
and 4867-5345 m. Reservoir temperatures are 145-196, 175-192, and 225-247 °C, and
cold-water mixing fractions are 51-61%, 57-63%, and 66—69%, respectively. Doma
also shows a possible deep magmatic fluid signal. Conceptual models indicate a shared
deep thermal background but contrasting heat-source mechanisms. Yangbajing is
sustained primarily by intracrustal magma chambers; Doma and Longmu Co reflect
mantle heat flow and localized intracrustal melts under differing structural controls.
These comparisons inform geothermal exploration and resource assessment in high-
elevation collisional orogens.

Keywords: Tibetan Plateau; geothermal water; hydrogen and oxygen isotopes;
hydrochemical evolution; formation mechanisms

1 Introduction
As a core component of the Mediterranean—Himalayan geothermal belt (Guo et al.

2007), the Tibetan Plateau has undergone intense crustal uplift and deep tectonic
modification during continued continent—continent collision and orogenesis between
the Indian and Eurasian plates. It is among the most active regions globally in terms of



crustal thermal evolution and deep fluid activity. Its intricate fault systems provide
favorable pathways for hydrothermal circulation. Meanwhile, collision-induced crustal
thickening, partial melting, and the upwelling of hot mantle material provide substantial
deep heat for geothermal systems (Huang et al. 2026; Zhang et al. 2024). Together,
these conditions favor widespread hydrothermal activity across the region (Elenga et al.
2021). Tibet consequently hosts some of the most abundant high-temperature
geothermal resources in China. Its intense hydrothermal activity and diverse
geothermal manifestations have substantial scientific and practical significance for
understanding deep geological processes, constraining fluid evolution mechanisms, and
developing geothermal energy as a clean energy resource. Accordingly, the scientific
assessment and sustainable development of geothermal resources in Tibet have
attracted considerable research attention (Olasolo et al. 2016).

Tibet comprises tectonic terranes of different geological ages and origins. Large
differences in basement lithology, host-rock composition, tectonic activity, and near-
surface geological conditions have produced contrasting mechanisms of geothermal
fluid formation and pathways of fluid evolution. Existing research on geothermal fluids
in Tibet has mainly focused on detailed investigations of well-known high-temperature
geothermal fields, such as Yangbajing, Daggyai, and Gulu (Wang et al. 2021; Zhou et
al. 2023). Most studies have examined individual local systems, whereas large-scale
comparisons across different tectonic units from northern to southern Tibet are lacking.
Differences in the controls on heat supply and the evolution of fluids among geothermal
systems in different terranes remain unresolved, limiting a comprehensive
understanding of the regional controls on geothermal reservoir formation across the
Tibetan Plateau.

To address these limitations, three typical geothermal systems spanning southern
to northern Tibet were selected: Yangbajing in the Gangdese belt of the Lhasa terrane,
Doma in the southern Qiangtang depression, and Longmu Co in the northern Qiangtang
depression. Geothermal water samples were collected, and hydrochemical
characterization, multivariate statistical analysis, hydrogen and oxygen isotope tracing,
and geochemical geothermometry were integrated to investigate hydrochemical
evolution, recharge and circulation pathways, and deep reservoir characteristics in
different tectonic units. The principal mechanisms governing geothermal system
formation under different tectonic settings were thereby elucidated. The results provide
a theoretical and scientific basis for geothermal exploration, resource assessment, and
sustainable development in tectonically complex regions of the Tibetan Plateau.

2 Geological and geothermal setting

Three areas with geothermal manifestations, Yangbajing, Longmu Co, and Doma,
were selected for this study. They lie within the Gangdese belt of the Lhasa terrane, the
northern Qiangtang depression, and the southern Qiangtang depression, respectively,
and exhibit marked differences in their geothermal geological characteristics.

The Yangbajing geothermal field is located in Damxung County, Lhasa.
Tectonically, it lies north of the Yarlung Zangbo suture and the mantle suture of the



Tibetan Plateau and is controlled by the intersection of the approximately north—south-
trending Yadong—Gulu rift and the northeast-trending Nyaingentanglha piedmont fault.
The deep basement consists mainly of Precambrian to Paleozoic metamorphic rocks of
the Nyaingentanglha Group and Cretaceous to Paleocene intermediate—felsic intrusions
of the Gangdese belt. It is overlain by unconsolidated Quaternary glacial, alluvial, and
proluvial deposits ranging from several meters to several hundred meters in thickness
(Kapp et al. 2008; Tan et al. 2014). The deep reservoirs occur in fractured granitic and
metamorphic rocks, and drilling has encountered temperatures of 270 °C below a depth
of 1200 m (Lei et al. 2023). Hydrothermal activity is intense, with widespread
geothermal manifestations including boiling springs, thermal lakes, fumaroles, and
diffuse soil microseepage (Su et al. 2020; Yu et al. 2022). Compression associated with
plate collision has caused crustal thickening and partial melting. Geophysical
investigations have revealed a low-velocity, highly conductive layer at depths of 15-20
km. It is generally interpreted as a magma chamber containing residual crustal or mantle
melt and providing a stable intracrustal heat source for the region (Brown et al. 1996;
Wei et al. 2001; Zhang et al. 2017). Geothermal fluids are recharged mainly by snow
and ice meltwater and meteoric water from the Nyaingentanglha Mountains. They
circulate deeply along faults and fractures, are heated by magma chambers, and acquire
gaseous components released during crustal melting. The heated fluids migrate upward
and accumulate in fractured reservoirs before rising through fault conduits into the
shallow subsurface, mixing with cold water, and discharging at the surface as hot
springs (Wang et al. 2024). Previous studies indicate that the Yangbajing geothermal
field contains multiple vertically distributed high-temperature reservoirs at different
depths. These reservoirs are closely interconnected and form part of the same
hydrothermal system (Wang et al. 2022).

The Qiangtang Basin lies between the Hoh Xil-Jinsha River and Bangong Co—
Nujiang sutures. Extending approximately 1200 km from east to west and more than
300 km from north to south, it is the largest composite Mesozoic continental-marine
sedimentary basin in China (Cao et al. 2020). Its marine sedimentary succession,
deposited from the Late Triassic to the Early Cretaceous, exceeds 5000 m in cumulative
thickness (Liu et al. 2020). Tectonically, the basin belongs to the Qiangtang block,
where east—west extension has produced a series of normal faults and conjugate strike-
slip faults (Yin and Taylor 2011). The Longmu Co—Shuanghu suture divides the
Qiangtang block into the southern and northern Qiangtang depressions. Some studies
have proposed mantle-plume uplift beneath northern Qiangtang during the rapid
regional uplift of the Tibetan Plateau in the Quaternary (Liu et al. 2024). Shallow to
intermediate-depth thrust faults in the southern Qiangtang depression are
predominantly oriented approximately east—west. Faults in the central and southern
parts of northern Qiangtang mainly trend north-northwest, changing to east—west
farther north (Wang et al. 2019). Crustal zones of weakness formed by these major deep
faults and associated secondary faults provide preferential pathways for the upward
migration of deep thermal fluids and the development of surface hydrothermal activity.
The Qiangtang Basin has undergone multiple stages of tectonic evolution and preserves



evidence of Cenozoic magmatism (Liu et al. 2024). Previous studies have identified
widespread low-velocity bodies within the crust beneath the basin and an 18-km Moho
offset beneath the central uplift, suggesting the possible presence of partial melts or
conduits for the upward transfer of mantle heat (Liu et al. 2026; Wang et al. 2016; Zhang
et al. 2012). In addition, CO: in the region exhibits a pronounced mixed crustal-mantle
origin, and *He/*He ratios are markedly higher than those of typical crustal fluids,
indicating a contribution from deep mantle-derived volatiles. Three-dimensional
magnetotelluric inversion further indicates that the formation of the Doma geothermal
system is associated with the upwelling of deep hot material along ancient sutures,
faults, and other weak, fractured zones (Kapp et al. 2000; Wang et al. 2023; Zhang et
al. 2012). Terrestrial heat-flow values in the Qiangtang Basin mainly range from 43.0
to 98.5 mW/m?, and geothermal gradients range from 2.5 to 2.9 °C/100 m (Zhang et al.
2011; Zhao et al. 1998). This elevated deep thermal regime provides a sustained
present-day heat source for the geothermal systems.
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Fig. 1 a Location of the Tibet Autonomous Region, China; b simplified tectonic map of the
Himalayan-Tibetan orogenic belt (suture abbreviations: AMS, Anyimaqen—Kunlun—Muztagh
suture; JS, Jinsha River suture; SHS, Longmu Co—Shuanghu suture; BNS, Bangong Co—Nujiang
suture; IYS, Indus—Yarlung Zangbo suture); ¢ geological and tectonic map of Yangbajing
showing the sampling locations; d geological and tectonic map of the Qiangtang region showing
the sampling locations. The Chinese labels in panel d denote Siling Co and the legend

Doma is situated in the southern Qiangtang depression, within a tectonically
sensitive zone north of the Bangong Co—Nujiang suture. The southern Qiangtang block
mainly comprises two stratigraphic assemblages: Cambrian—Silurian weakly
metamorphosed limestone, sandstone, and slate, and Carboniferous—Permian
sedimentary rocks interbedded with mafic volcanic rocks (Zhang et al. 2012). The
Bangong Co—Nujiang suture is characterized by intense tectonic mixing and contains



abundant ophiolites, Late Cretaceous to Cenozoic intermediate—felsic intrusions, and
volcanic rocks. Longmu Co lies within the northern Qiangtang depression, along the
margin of the Shuanghu—Longmu Co Cenozoic active fault zone. Its regional tectonic
architecture is dominated by graben and half-graben systems formed under extension.
The main lithologies are sandstone, siltstone, mudstone, and carbonate rocks, with the
surface covered by unconsolidated Quaternary lacustrine, alluvial, and proluvial
deposits (Yin and Harrison 2000; Zhang et al. 2012).

3 Materials and methods
3.1 Sampling and analysis
Geothermal water samples were systematically collected from the Qiangtang and

Yangbajing regions of Tibet in 2025. To ensure sample representativeness, all water
samples were collected at outlets with stable discharge. All sampling and analytical
procedures strictly followed the Code for Geological Exploration of Geothermal
Resources (GB/T 11615—2010). Before sampling, the geographical coordinates,
elevation, and other location information for each sampling site were recorded using a
handheld GPS receiver. Geothermal water pH, temperature (T), and total dissolved
solids (TDS) were measured in situ using a portable multiparameter water-quality meter.
High-density polyethylene sampling bottles were rinsed 3—4 times with the water to be
sampled, and separate aliquots were collected for different analyses. Samples for cation
and Si0: analyses were filtered through 0.45-um membrane filters and immediately
acidified to pH < 2 using high-purity nitric acid to prevent cation hydrolysis and
adsorption. Samples for anion analyses were filtered and directly transferred to separate
bottles. Samples for hydrogen and oxygen isotope analyses were collected in
completely filled bottles without air bubbles, and the bottle openings were immediately
sealed with paraffin to prevent isotope fractionation caused by evaporation. All samples
were labeled in the field, immediately stored in a vehicle-mounted refrigerator at 4 °C,
and transported to the laboratory as soon as possible for analysis.

Comprehensive hydrochemical and isotopic analyses were conducted at the
Institute of Karst Geology, Chinese Academy of Geological Sciences. The analytical
methods and instruments are listed in Table 1. Major cations and dissolved silica were
determined using inductively coupled plasma optical emission spectrometry, whereas
the principal anions were measured by ion chromatography. Bicarbonate and carbonate
were determined in the field by double-indicator titration. The analytical results were
subsequently assessed using the percentage ionic charge-balance error. All charge-
balance errors were within +5%, indicating reliable analytical quality and suitability for
subsequent hydrochemical investigation. Stable hydrogen and oxygen isotopes (6D and
0'80) were measured using a liquid-water isotope analyzer, and the results are reported
relative to V-SMOW. Dissolved inorganic carbon isotopes (6'*Cpic) were measured
using gas isotope ratio mass spectrometry, and *H was determined using an ultra-low-
background liquid scintillation spectrometer.

Table 1 Major water-quality parameters of geothermal fluids and analytical methods



Parameter

No. Unit Setting Analytical method and instrument
. Portable multiparameter water-quality analyzer
! pH None Field (AQUAREAD AP700)
o . Portable multiparameter water-quality analyzer
2 T c Field (AQUAREAD AP700)
. Portable multiparameter water-quality analyzer
3 TDS mg/L Field (AQUAREAD AP700)
Inductively coupled plasma optical emission spectrometer
2+
4 Ca mg/L Lab (iCAP 6300)
. Inductively coupled plasma optical emission spectrometer
3 K mg/L Lab (iCAP 6300)
. Inductively coupled plasma optical emission spectrometer
6 Na mg/L Lab (iCAP 6300)
Inductively coupled plasma optical emission spectrometer
2+
7 Mg mg/L Lab (iCAP 6300)
. Inductively coupled plasma optical emission spectrometer
8 SiO; mg/L Lab (iCAP 6300)
9 HCOs~ mg/L Field Double-indicator titration
10 COs> mg/L Field Double-indicator titration
11
Cl mg/L Lab Ion chromatograph (DIONEX ICS-2100)
12 SO+ mg/L Lab Ion chromatograph (DIONEX ICS-2100)
13 F- mg/L Lab Ion chromatograph (DIONEX ICS-2100)
14 oD %0 Lab Liquid-water isotope analyzer (L2130-i)
15
80 %0 Lab Liquid-water isotope analyzer (L2130-i)
1 6 _ _ . . e .
H TU Lab Ultra-low-background liquid scintillation spectrometer
(Quantulus 1220)
17 8*Cpic %0 Lab Gas isotope ratio mass spectrometer (253 Plus)

3.2 Data processing
3.2.1 Saturation indices
The geochemical software PHREEQC 3.8.6 was used to calculate the saturation

indices (SI) of representative minerals in each group of geothermal water samples. An
SI of 0 indicates that the water is saturated with respect to the mineral and that
dissolution and precipitation are at equilibrium. An SI > 0 indicates supersaturation and
the potential for precipitation, whereas an SI < 0 indicates undersaturation and a
tendency for further dissolution (Ba et al. 2022).

3.2.2 Recharge elevation
The hydrogen and oxygen isotopic composition of precipitation exhibits a

pronounced elevation effect (Han et al. 2024), whereby oD and 60O become
systematically depleted with increasing elevation. Because oD in geothermal fluids is
relatively resistant to exchange during high-temperature water—rock interaction at depth,
it behaves comparatively conservatively. Stable isotope compositions can therefore be
used to quantitatively estimate geothermal water recharge elevations and their ranges,
using the following equation:



H — H + 5Dsamplc - 5DO

1
o (1)

where H is the inferred elevation of the recharge area (m); Ho is the sampling-site
elevation of each geothermal water sample (m); 0Dsample is the measured hydrogen
isotope composition of the geothermal water sample (%o); 5Do is the reference hydrogen
isotope composition of precipitation near the sampling site (%o); and grad is the isotope
elevation gradient (%o0/100 m).

3.2.3 Geothermometers
Cation geothermometers are based on the thermodynamics of cation-exchange

reactions in water—rock equilibrium systems. They estimate reservoir temperatures
using empirically calibrated relationships between geothermal fluid cation
concentrations and temperature. Their reliability depends on the state of mineral
equilibrium and the extent of water-rock reaction. The equations are as follows
(Fournier and Potter 1979; Giggenbach 1988):

Na—K cation geothermometer:

1217

T = -273.15 (2)
Na
log (j +1.483
K
K—Mg cation geothermometer:
T = 4410 —-273.15 3)

2
13.95 —log[KJ
Mg

Silica geothermometers estimate reservoir temperatures from the temperature
dependence of silica mineral solubility. Natural silica occurs in multiple mineral phases
with substantially different solubility curves. The applicable silica geothermometer
must therefore be selected by considering both mineral saturation states and the
reservoir temperature range to obtain a reasonable estimate of the deep reservoir
temperature. The equations are as follows (Arndrsson et al. 1983; Fournier 1977):

Quartz geothermometer with no steam loss:

B o935 (4)
5.19—log(SiO,)
Quartz geothermometer with maximum steam loss:
1522 —273.15 (5)

~ 5.75—-log(Si0,)



Chalcedony geothermometer with no steam loss:

_ 1032
4.69—1log(SiO0,)

-273.15 (6)

Chalcedony geothermometer with maximum steam loss:

_ 1112
4.91-1og(SiO,)

-273.15 7

3.2.4 Silica—enthalpy mixing model
Fournier and Truesdell proposed the silica—enthalpy mixing model in 1974

(Fournier 1977; Fournier and Truesdell 1974). By simultaneously solving the SiO:
concentration and enthalpy mixing equations for the cold-water endmember, mixed
fluid, and unmixed thermal water, either graphically or iteratively, the original deep
reservoir temperature and the cold-water mixing fraction can be determined together.
The equations are as follows:

X, f+X,-(-f)=X
{cf+ y(1=1)=X, )

H.-f+H,-(1-f)=H,

where X is the enthalpy of the cold water (J/g); Xb is the initial enthalpy of the
geothermal water (J/g); Xm is the final enthalpy of the mixed geothermal water (J/g);
Hc is the SiO: concentration of the cold water (mg-L™'); Hv is the initial SiO2
concentration of the geothermal water (mg-L™'); Hm is the SiO: concentration of the
mixed geothermal water (mg-L"); and f is the cold-water mixing fraction (%).

3.2.5 Circulation depth
Geothermal water in the study areas is recharged by meteoric water and snow and

ice meltwater. After being heated during circulation, it rises and discharges at the
surface as hot springs. Its circulation depth can be estimated from the geothermal
gradient using the following equation:

z-I"1

+Z, 9

where Z is the thermal water circulation depth (m); Zo is the depth of the constant-
temperature zone (m); T is the reservoir temperature (°C); To is the long-term mean
annual air temperature in the study area (°C); and G is the geothermal gradient (°C/km).

4 Results
4.1 Geothermal water chemistry
Geothermal water samples were collected from Longmu Co, Doma, and

Yangbajing. Three samples were collected from Longmu Co and designated BQTO1,
BQTO02, and BQTO03; six samples were collected from Doma and designated NQTOI,
NQTO02, NQTO03, NQT04, NQTO05, and NQTO06; and six samples were collected from
Yangbajing and designated YBJO1, YBJ02, YBJ03, YBJ04, YBJOS, and YBJ06. The
descriptive statistics for the hydrochemical constituents (Table 2) reveal pronounced
differences in temperature, mineralization, and ionic composition among geothermal



fluids from different tectonic belts across southern to northern Tibet. Spring discharge
temperatures were relatively consistent within each study site, with coefficients of
variation below 0.05. At Longmu Co, discharge temperatures ranged from 72 to 75 °C,
with a mean of 73 °C and a coefficient of variation (CV) of 0.02. At Yangbajing,
temperatures ranged from 74 to 80 °C, with a mean of 77 °C and a CV 0f 0.03. At Doma,
geothermal water temperatures ranged from 68 to 75 °C, with a mean of 72.3 °C and a
CV of 0.04. The pH values of geothermal waters at all three sites ranged from 7.2 to
8.7 and were relatively consistent, with coefficients of variation below 0.1, indicating
generally weakly alkaline conditions. Geothermal water at Yangbajing was distinctly
more alkaline than that at Longmu Co and Doma in the Qiangtang Basin, indicating
differences in fluid formation and evolution and in the conditions under which the
geothermal water is stored.

Total dissolved solids (TDS) concentrations in Doma geothermal water ranged
from 2068.5 to 2186.0 mg/L, with a mean of 2125.7 mg/L. At Longmu Co, TDS
concentrations ranged from 1066.0 to 1178.0 mg/L, with a mean of 1107.1 mg/L; at
Yangbajing, they ranged from 1024.0 to 1402.0 mg/L, with a mean of 1221.3 mg/L.
The substantially higher TDS concentrations at Doma indicate highly mineralized water
and reflect differences among the three systems in reservoir host rocks and fluid
evolution pathways. Doma is located within a sedimentary basin containing extensive
Mesozoic marine sedimentary strata rich in soluble salts. Continued leaching of these
salts during geothermal fluid circulation results in the markedly elevated TDS
concentrations.

Silica concentrations in geothermal water at Longmu Co ranged from 60.1 to 101.2
mg/L, with a CV of 0.29. This substantial compositional variability suggests that the
samples may originate from different reservoirs or may have undergone markedly
different degrees of fluid mixing or water—rock interaction. Silica concentrations varied
less at Doma and Yangbajing, with CVs below 0.1 at both sites. At Doma,
concentrations ranged from 81.6 to 93.7 mg/L, with a mean of 87.1 mg/L; at Yangbajing,
they ranged from 130.7 to 157.1 mg/L, with a mean of 140.5 mg/L. Silica is widely
used in geothermometry because its solubility increases with temperature under water—
rock equilibrium conditions. SiO2 concentrations at Yangbajing were markedly higher
than those in the two geothermal systems in the Qiangtang Basin. Assuming that water—
rock equilibrium was attained in the reservoir and that no substantial SiO- precipitation
occurred during ascent, this difference suggests that geothermal fluids at Yangbajing
may have followed deeper circulation pathways and experienced silicate mineral
dissolution at higher temperatures.
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Table 2 Statistical summary of the chemical composition of geothermal water

TDS T Sio:  pH K* Na* Ca*  Mg*  HCOs COos SO cr F-

Min 1066.0 72.0 60.1 73 262 239.6 91.1 12.4 346.0 / 109.5 3225 2.3

Max 1178.0 75.0 1012 79 363 269.1 94.7 12.8 369.4 / 114.4 350.9 32

Longmu Co | Mean 1107.1 73.0 76.1 75 300 2573 92.8 12.7 360.9 / 112.4 3322 2.6
N=3 SD. 61.7 1.7 22.1 0.3 55 15.6 1.8 0.2 12.9 / 2.5 16.3 0.6
Var. 3804.4 3.0 4862 0.1 299 243.1 33 0.1 167.6 / 6.4 264.3 0.3

cv 0.06 0.02 029 005 0.8 0.06 0.02 0.02 0.04 / 0.02 0.05 021

Min 2068.5 68.0 816 72 455 717.0 332 7.8 1962.3 / 129.4 22.9 3.1

Max 2186.0 75.0 937 76 531 764.3 62.2 8.2 2083.7 / 152.1 445 4.1

Doma Mean 2125.7 72.3 87.1 74 483 741.9 51.5 8.0 2013.8 / 139.2 28.4 34
N= SD. 51.7 2.7 5.2 02 28 19.5 13.3 0.2 473 / 9.2 8.1 0.4
Var. 2677.4 7.1 273 003 7.9 382.0 1760 0.03 2236.8 / 84.5 65.3 0.1

cv 0.02 0.04 006 002  0.06 0.03 0.26 0.02 0.02 / 0.07 0.28 0.11

Min 1024.0 74.0 130.7 7.8 415 292.8 3.6 0.0 159.2 0.0 358 266.0 9.9

Max 1402.0 80.0 157.1 87 554 456.0 24.8 0.3 447.0 110.4 163.4 4304 152

Yangbajing | Mean 12213 77.0 1405 82 483 383.7 10.4 0.1 292.2 43.8 73.3 3637 13.1
N=6 SD. 120.3 2.0 9.9 04 57 56.2 8.5 0.1 108.8 50.4 46.0 58.8 2.0
Var. 14479.5 4.0 978 02 322 31552 72.7 0.01 118274  2539.1 21146 34561 4.1

cv 0.10 0.03 007 005 0.2 0.15 0.82 0.73 0.37 1.15 0.63 0.16 0.15

Notes: Min. = minimum; Max. = maximum; Mean = arithmetic mean; SD = standard deviation; Var. = variance; CV = coefficient of variation; N = number of geothermal water

samples.

T denotes water temperature (°C); TDS denotes total dissolved solids. TDS, SiO-, K*, Na*, Ca?*, and Mg?* are expressed in mg/L; pH is dimensionless.



4.2 Isotopes
Hydrogen and oxygen stable isotopes are important constituents of water

molecules. Their abundances change during the hydrological cycle through evaporation,
fractionation, and water mixing; their abundances and ratios can therefore be used to
identify groundwater circulation processes and sources. As shown in Table 3, 6'%0
values in Longmu Co geothermal water ranged from —13.44 to —15.01%o, and 6D values
ranged from —98.9 to —105.8%o.. At Doma, 6'#O values ranged from —16.80 to —17.48%o,
and dD values ranged from —140.5 to —143.6%o. At Yangbajing, 8'®0 values ranged
from —13.79 to —18.77%o, and 6D values ranged from —141.0 to —149.9%o.

Table 3 Isotopic compositions of water samples and recharge elevations

Sampling §'*0 V- 8D

V- Recharge
Sampling Sample _elevation SMOW SMOW §°CV-PDB  °H

elevation

SmpenPe e 1D m (%0) (%0) %) (TU)  (m)

BQTO1 5090 -14.7 -104.3 1.36 3.82 5440

Longmu Co BQT02 5094 -13.44 -98.9 4.20 3.24 5236

BQTO03 5089 -15.01 -105.8 1.13 3.43 5497

NQTO1 4683 -17.44 -142.9 2.64 <2 6329

NQTO02 4684 -17.18 -141.8 3.27 <2 6288

Doma NQTO03 4685 -17.38 -142.8 3.02 <2 6327

Geothermal NQTO04 4686 -16.80 -140.5 4.21 <2 6240

water NQTO05 4688 -17.36 -142.8 3.25 <2 6330

NQTO06 4689 -17.48 -143.6 2.58 <2 6362

YBJO1 4288 -17.68 -148.2 -5.72 <2 5358

YBJ02 4289 -18.77 -150.2 -6.22 <2 5436

Yangbajing YBJO3 4290 -18.09 -149.8 -5.15 <2 5422

YBJ04 4291 -16.20 -145.1 -3.82 <2 5242

YBJO5 4292 -18.05 -149.9 -6.25 <2 5428

YBJO6 4293 -13.79 -141.0 -3.62 <2 5086

Surface LongmuCo  LQO1 -13.24 -95.2 e 18.01 e

water Doma LQuz -13.05 -100.1 S 9.9 S
Yangbajing  LQO03 — -16.73 -120.37

Diftferent carbon sources have markedly different 6'*C compositions, and 6*Cpic
(the carbon isotopic composition of dissolved inorganic carbon) can provide key
information on carbon sources and fluid evolution (Algicek et al. 2019). Among
inorganic sources, atmospheric CO: has a 6'*C value of approximately —7%o, upper
mantle carbon ranges from —8 to —4%o, and carbon derived from thermal decomposition
or metamorphism of carbonate rocks ranges from —2 to +2%o; marine carbonate rocks
typically have 8'*C values close to 0%o or positive values. Organic carbon generally has
more negative 6'*C values, ranging from —10 to —35%o, with characteristic biogenic
values of approximately —22 to —25%o (Foroutan et al. 2021; Hartanto et al. 2022). In
geothermal water at Longmu Co in northern Qiangtang, 6"*Cpic values ranged from
1.13 to 4.20%0, suggesting two possible sources: metamorphic decarbonation of
carbonate rocks or dissolution of marine carbonate minerals. At Doma in southern
Qiangtang, geothermal water had 8"*Cpic values of 2.58—4.21%o, which, in combination
with the regional geology, may reflect dissolution of marine carbonate rocks. At
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Yangbajing, 6"*Cpic values ranged from —3.62 to —6.25%o, within the range of upper
mantle carbon. In the context of the regional tectonic setting, a contribution of mantle-
derived CO: to the carbon component is possible, but further verification using other
gas isotopic indicators is required.

Tritium (*H) is a naturally occurring radioactive isotope of hydrogen with a half-
life of approximately 12.32 years. Large-scale thermonuclear testing in the 1950s and
1960s caused a sharp increase in atmospheric *H concentrations, followed by a
progressive decline. Accordingly, *H concentrations in geothermal water have been
used to provide preliminary estimates of groundwater circulation rates and to identify
mixing with modern water (Guo 2012). Concentrations below 1 TU indicate a
predominance of old water that infiltrated before 1952, whereas concentrations above
1 TU indicate a signal of recharge or mixing with modern precipitation. At Longmu Co
in northern Qiangtang, the *H concentration in surface water was 18.01 TU, whereas
geothermal water concentrations ranged from 3.24 to 3.82 TU. These values, above 1
TU but below the local surface water concentration, indicate mixing between deep old
water and shallow modern water. All geothermal water samples from Doma and
Yangbajing had *H concentrations below the detection limit (<2 TU). This weak tritium
signal indicates a very small contribution from modern precipitation and relatively long
fluid residence times.

S Discussion
5.1 Hydrochemical characteristics of geothermal water
The Schoeller diagram (Fig. 2) shows broadly similar cation patterns among the

three groups of geothermal fluids, with Na* dominant and Mg?" having the lowest
concentration in milliequivalents. These characteristics indicate that all three groups
have undergone water-rock interaction to varying degrees. Nevertheless, ionic
concentrations differ markedly among the tectonic belts. The cation abundance
sequence is Na® > Ca?" > K* > Mg?" at both Longmu Co and Doma, whereas it is Na* >
K* > Ca?* > Mg?* at Yangbajing.

In contrast to the relatively convergent cation patterns, the anion compositions of
the three geothermal systems show pronounced spatial differentiation on the Schoeller
diagram. HCOs~ dominates the anions in Doma geothermal water, which has relatively
low CI™ concentrations and an anion abundance sequence of HCOs™ > SO.* > Cl- > F~.
At Yangbajing, the sequence is CI- > HCOs~ > SO+* > F; Cl is the dominant anion,
SO4* has the lowest concentration, and COs*~ was detected in some samples. The anion
patterns of Longmu Co geothermal water are intermediate between those of Yangbajing
and Doma. HCOs™ and Cl= concentrations are similar, and the anion abundance
sequence is CI" > HCOs;™ > SO+ > F~.

12



1000 S

B BQTO02
i BQTO03
100 | @ NQTO1
- NQTO02

[ & @ NQTO03
10| JAl * NQT04
g - . 2 NQTO05

\ NQTO06

W \ % YBJOI
YBJ02
\ I % YBJO03
* YBI04
0.1 \ *YBJOS
: ! YBJI06

t
ot

Ion Concentrations (meq/L)
€

0.01 ¢

X

OOO] 1 1 1 1 1 1 1 1 1
K™ Na® Ca¥ Mg® CI' SO* HCO, F (€O

Ion Species

Fig. 2 Schoeller diagram

Piper diagrams provide a direct means of identifying hydrochemical types and
evolutionary patterns of geothermal fluids in different tectonic units (Zheng et al. 2019).
Projection of the geothermal water samples (Fig. 3) reveals distinct clusters for the three
regions, reflecting differences in hydrochemical evolution pathways among the tectonic
settings.

In the cation triangle on the left, all geothermal water samples cluster in the lower-
right region near the (Na* + K*) apex, indicating Na*" (K*)-dominated water. This
distribution suggests that silicate mineral dissolution or cation exchange with the host
rocks during deep circulation ultimately made Na* the dominant cation in all three
systems. Despite this common pattern, subtle differences occur among the tectonic
blocks: samples from Yangbajing and Doma lie closer to the rightmost (Na* + K*) axis,
whereas Longmu Co samples are shifted slightly toward the Ca*" apex. Compositional
differentiation is more pronounced in the anion triangle on the right. Doma samples
cluster near the (HCOs~ + COs*") apex and represent typical HCOs—Na water. Most
samples from Yangbajing and Longmu Co plot on the Cl-enriched side, where CI” is
the predominant anion. In the context of the regional geology, the chloride enrichment
at Longmu Co may result from leaching of halite-bearing host-rock minerals, whereas
CI" in Yangbajing geothermal fluids may partly reflect recharge by ascending, deep,
chloride-rich thermal fluids. According to the Shchukarev classification (Table 4), the
hydrochemical types are Cl-HCOs;—Na-Ca at Longmu Co in northern Qiangtang,
HCOs—Na at Doma in southern Qiangtang, and C1-HCOs—Na at Yangbajing.
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Fig. 3 Piper diagram of water samples

Table 4 Hydrochemical types of geothermal water

Sample  Sampling Hydrochemical Equivalent concentration percentage (%)

ID site type

K*+Na* Ca> Mg** HCOs+COs>  CI SO+~
BQTO1 CI'HCOs—Na-Ca 69.01 25.33 5.66 33.23 54.24 12.53
BQT02 LongmuCo CI'HCOs—Na-Ca 65.65 28.03 6.32 33.06 53.05 13.89
BQTO03 CI'HCOs—Na-Ca 68.35 25.63 6.02 34.47 52.03 13.50
NQTO1 HCOs—Na 93.24 4.98 1.78 88.49 3.45 8.06
NQT02 HCOs—Na 90.38 7.84 1.78 90.49 2.06 7.45
NQTO03 Doma HCOs—Na 90.28 7.83 1.89 90.45 2.05 7.50
NQT04 HCOs—Na 89.65 8.51 1.84 90.45 2.01 7.54
NQTO05 HCOs—Na 93.67 4.53 1.80 89.54 1.81 8.65
NQTO06 HCOs—Na 89.87 8.32 1.81 90.09 1.72 8.19
YBJO1 CI'HCOs—Na 98.91 1.06 0.03 31.23 60.99 7.78
YBJ02 CI'HCOs—Na 94.63 5.21 0.17 42.77 52.05 5.18
YBJ03 . CI'HCOs—Na 99.02 0.96 0.02 36.01 58.39 5.60

Yangbajing

YBJ04 CI'HCOs—Na 97.29 2.67 0.04 34.99 57.90 7.11
YBJOS ClI'HCOs—Na 99.02 0.95 0.03 37.01 57.32 5.67
YBJ06 ClI'HCOs—Na 92.92 6.99 0.09 27.20 53.03 19.77

Note: Hydrochemical types were determined using the Shchukarev classification, in which ions accounting for
more than 25% of the equivalent concentration are included in the water-type designation.
Gibbs diagrams were originally developed to distinguish the processes controlling
surface water composition. By integrating the Gibbs model with diagnostic ion ratios
and hydrogen and oxygen isotope tracers (Chen et al. 2023), researchers have
extended its application to the systematic identification of geothermal water formation
mechanisms.
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The Gibbs diagrams for geothermal water from Longmu Co, Doma, and
Yangbajing (Fig. 4) show that TDS concentrations in all samples fall between 1000 and
3000 mg/L, indicating moderately to highly mineralized geothermal fluids. At
Yangbajing and Longmu Co, CI7/(CI” + HCOs") ratios are concentrated between 0.5
and 0.9, and Na*/(Na* + Ca*") ratios exceed 0.7. These samples plot in the upper-right
evaporation—concentration field in both the anion and cation diagrams. Considering the
occurrence of these geothermal fluids, this distribution does not result from evaporation
and concentration in a near-surface environment. Instead, it reflects prolonged deep
circulation accompanied by intense water—rock interaction at high temperatures, or
mixing with deep, saline reservoir fluids enriched in Na* and CI-, ultimately producing
ionic enrichment. At Doma, Na*/(Na* + Ca?") ratios approach 1, whereas CI7/(Cl™ +
HCOs") ratios approach 0. This pattern demonstrates the overwhelming dominance of
HCOs™ among the anions and indicates the influence of carbonate host-rock leaching or
the input of deep CO: during fluid migration through the reservoir. In geothermal
systems, Gibbs diagrams serve only as qualitative indicators because deep water—rock
interaction and fluid mixing can also shift samples into the evaporation—concentration
field. Interpretation therefore requires joint consideration of isotopic evidence and ion
ratios.
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Fig. 4 Gibbs diagrams for hydrochemical analysis of geothermal water

Concentration ratios of major ions in geothermal water can indicate the
mechanisms of water—rock interaction during deep circulation and provide key
geochemical evidence for geothermal fluid formation and evolution (Zhou et al. 2023).
These relationships are compared below to further identify the sources of the major ions.

The Ca?>*—SO4+* relationship in Fig. 5a shows that Longmu Co geothermal water
is enriched in Ca** relative to SO4+*". This indicates that gypsum dissolution is not the
principal source of these two ions and that an additional Ca?*" source is present. In
combination with Fig. 5b and e, these results suggest that Ca?" at Longmu Co is derived
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mainly from carbonate rock leaching. Doma samples plot mainly near the y = x line in
the Ca**~SO4+*" diagram, indicating that gypsum dissolution may supply an important
proportion of the Ca?" and SO+*. However, reverse cation exchange causes substantial
adsorption of Ca** onto the host rocks, maintaining low Ca** concentrations in the water.
Most Yangbajing samples plot above the gypsum dissolution line and show a clear Ca**
deficit relative to SO+*. Together with the calcite saturation indices, this pattern
suggests that cation exchange may consume some Ca?* or that precipitation of minerals
such as calcite removes Ca** from the water, resulting in relative SO+>~ enrichment in
the fluid.

When Na* and CI™ are derived primarily from halite dissolution, their equivalent
concentration ratio approaches 1. Figure 5¢ shows that Na*/Cl ratios in Longmu Co
geothermal water are close to 1, indicating a strong common-source relationship and
suggesting that halite leaching may be their principal source. Na* concentrations in
Doma geothermal water generally far exceed Cl™ concentrations. Considered together
with the chloro-alkaline indices discussed below, this excess may result from cation
exchange during geothermal water migration or from additional Na* supplied by silicate
mineral dissolution. Yangbajing samples plot above the 1:1 line, indicating that halite
leaching is the dominant process controlling the concurrent increase in Na* and CI-,
with an additional Na* input beyond the equivalent amounts of Na* and CI™ supplied by
halite. The Na*/HCOs™ ratio is an important indicator of silicate dissolution. If both ions
originate solely from albite dissolution in the host rocks, their ratio should theoretically
approach 1. Longmu Co samples plot above the albite dissolution line (Fig. 5d), which,
together with the preceding results, indicates that sodium is derived mainly from halite
dissolution. Doma samples lie along the 1:1 line, indicating that hydrolysis of silicate
minerals such as albite is an important Na* source. Feldspar hydrolysis releases Na*,
whereas deep CO: input and carbonate leaching supply abundant HCOs™; cation
exchange provides an additional contribution of Na'. At Yangbajing, Na*/HCOs™ ratios
exceed 1, indicating an additional sodium source alongside silicate weathering during
geothermal water formation and evolution.

The ratio between (Ca** + Mg?") and (HCOs~ + SO4*") can be used to identify the
contributions of carbonate rock and some evaporite leaching to geothermal water
chemistry. When these ions are derived entirely from calcite, dolomite, and gypsum
dissolution, the (HCOs™ + SO4*)/(Ca?" + Mg?**) ratio approaches 1. In Fig. 5f, samples
from Doma and Yangbajing generally plot above the 1:1 line, indicating contributions
of HCOs™ and SO+*" from sources other than carbonate rocks and evaporites, potentially
including deep volatile CO: or shallow mineral dissolution (Zhang et al. 2021). In
particular, the pronounced HCOs~ excess in Doma geothermal water suggests that
substantial deep CO:. may have entered the system. Under these conditions, silicate
weathering, such as albite and K-feldspar hydrolysis, supplies abundant Na* to maintain
cation—anion balance (Fisher and Mullican 1997).

The chloro-alkaline indices CAI-1 and CAI-2 are key indicators of the direction
and intensity of cation exchange between groundwater and its host rocks. Negative
values indicate forward cation exchange, in which Ca?* and Mg?* in the water displace
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Na* and K* from the host rocks, resulting in pronounced Na* enrichment in the water;
positive values indicate reverse exchange. The relationship between (Ca** + Mg** —
SO+ —HCOs") and (Na* + K* — CI"), together with the distance of each data point from
the origin, can also be used to infer the intensity of cation exchange during geothermal
water circulation and migration. As shown in Fig. 5g and h, the chloro-alkaline indices
of all spring water samples from Longmu Co, Doma, and Yangbajing are negative, and
the data points cluster closely around the ion-exchange line.
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Fig. S Hydrochemical ion-ratio diagrams

This indicates that geothermal waters in all three regions experienced forward
cation exchange during deep circulation and flow, although the characteristics differ
markedly among regions. In Fig. 5h, Longmu Co samples lie close to the origin,
reflecting relatively weak exchange. Doma samples lie far from the origin, reflecting
intense cation exchange during geothermal water circulation that produced distinctly
Na-rich water. This confirms a deep reservoir environment characterized by strong
confinement, long circulation pathways, and slow circulation. Yangbajing data points
show some displacement along the 1:—1 line, indicating weaker cation exchange than

at Doma.
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Fig. 6 Saturation indices (SI) of selected minerals in the studied waters

Figure 6 shows the saturation indices of major minerals in geothermal waters from
Longmu Co, Doma, and Yangbajing. Calcite, quartz, and chalcedony are supersaturated
in all three systems, indicating a thermodynamic tendency toward mineral precipitation.
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Anhydrite, gypsum, and halite are undersaturated, indicating the potential for further
leaching if these minerals are present in the host rocks. Dolomite is also supersaturated
in geothermal waters from Doma and Longmu Co. Although the dolomite saturation
indices at Yangbajing are below 0, they approach saturation.

5.2 Recharge sources and elevations of geothermal water
Hydrogen and oxygen isotopes are natural tracers of water molecules that help

characterize fluid origins, recharge mechanisms, and deep evolution. They provide
strong evidence for interpreting geothermal system genesis and the intensity of water—
rock interaction. Comparing the isotopic compositions of geothermal waters with the
global and local meteoric water lines (GMWL and LMWL), magmatic water, and snow
and ice meltwater can identify recharge sources (Craig 1961; Giggenbach 1992; Guo et
al. 2010). The isotopic elevation effect can also be used to estimate recharge elevations.
Figure 7 shows the 6D—06'%0 relationships for the three groups of geothermal waters.
All three groups plot near the meteoric water lines, indicating that meteoric water is
their principal recharge source. At Longmu Co, both surface water and geothermal
water plot close to the meteoric water lines, indicating direct meteoric recharge. Despite
the substantial circulation depths of the geothermal fluids, isotopic exchange with the
surrounding rocks is weak, and the original recharge-water signatures are largely
preserved. At Doma, geothermal water and surface water occupy distinctly different
positions in the hydrogen—oxygen isotope diagram. Although the geothermal waters
plot near the mixing trend between snow and ice meltwater and magmatic water, they
remain far from the magmatic endmember. The contribution of magmatic water is
therefore limited. Recharge is dominated by meteoric water and snow and ice meltwater,
with a potential signal of magmatic-water mixing. However, this isotopic pattern is
more likely to reflect an oxygen shift caused by deep water—rock isotopic exchange.
Doma geothermal waters have markedly more negative dD and 6'#0 values than local
surface water. The depleted 8D values indicate recharge from high-elevation water
sources (Pichler 2005). At Yangbajing, geothermal waters are markedly depleted in 6D
relative to surface water, indicating recharge from high-elevation precipitation or snow
and ice meltwater. Their distribution along the snow and ice meltwater—-magmatic water
trend suggests water—rock isotopic exchange or the potential mixing of minor magmatic
fluids.

Equation 1 was used to estimate the elevations and extent of the recharge areas. A
dD elevation gradient of —2.6 %0/100 m for southwestern China was adopted (D'Amore
and Panichi 1985). This gradient is an empirical regional parameter, so the calculated
recharge elevations are estimates subject to uncertainty. The results indicate recharge
elevations of 52365497 m for Longmu Co geothermal water (Table 3). Local
topographic elevations and the hydrogen—oxygen isotope results discussed above
suggest that recharge occurs in the mountainous area to the east. Estimated recharge
elevations for Doma geothermal water range from 6240 to 6362 m, exceeding the
highest elevations near the study area. This suggests that recharge is not derived directly
from present-day local precipitation. Instead, it may originate from precipitation in
distant high-elevation mountains or from paleoprecipitation during colder periods.
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Estimated recharge elevations for Yangbajing geothermal water range from 5086 to
5436 m. Considering the surrounding topography and regional geological and
geomorphological setting, the snowline in the Nyaingentanglha Mountains near the
springs lies at 5500 m (Tan et al. 2014). This closely matches the estimated recharge-
elevation range, indicating that high-elevation precipitation and snow and ice meltwater

are the principal recharge sources.
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5.3 Reservoir temperature
Cation geothermometers are widely used geothermal tracers based on quantitative

relationships between cation partition coefficients and temperature during water—rock
equilibrium reactions. Their predictions depend on empirical calibration and are
therefore semi-empirical quantitative estimates (Giggenbach 1988). Giggenbach
combined the Na—-K and K-Mg geothermometers to develop the Na—K-Mg ternary
diagram (Fournier and Potter 1979). This diagram uses quantitative relationships
between ionic concentration ratios and temperature to distinguish fully equilibrated,
partially equilibrated, and immature waters. It assesses water—rock equilibrium and the
reliability of cation geothermometer estimates. In Fig. 8, Yangbajing geothermal waters
plot in the partial-equilibrium field, whereas the Longmu Co and Doma samples fall in
the immature-water field. These distributions indicate incomplete water—rock
interaction or mixing with shallow cold water during ascent. Reservoir temperatures
calculated using different cation geothermometers vary considerably. The Na-K
geothermometer yields 221-244 °C for Longmu Co, 178-188 °C for Doma, and 212—
249 °C for Yangbajing. The corresponding K-Mg estimates are 88—97 °C, 109-114 °C,
and 160-208 °C, respectively. Cation geothermometers are based on thermodynamic
equilibrium, whereas none of the sampled geothermal waters has attained equilibrium.
Their reservoir temperature estimates may therefore be substantially biased and are
presented for reference only.
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Silica geothermometry is a principal tool for estimating deep reservoir
temperatures (Guo et al. 2020; Zheng et al. 2015). Because silica mineral phases,
including quartz and chalcedony, differ in their solubility controls, their temperature
responses must be evaluated systematically to identify the most appropriate
geothermometer. The 1g(Si02)-1g(K?*/Mg) diagram (Fig. 9) was used to assess the
dissolution states of silica minerals and their suitability for geothermometry. The
sample distributions indicate differences in silica-controlling mineral phases and fluid
evolution among the geothermal systems. Doma and Longmu Co waters generally plot
between the quartz and chalcedony curves, indicating silica concentrations between
their respective equilibrium solubilities. Quartz is interpreted as the mineral controlling
silica equilibrium in these reservoirs. Most Yangbajing samples plot below the quartz
reference curve, possibly reflecting physical mixing with shallow, low-silica cold water
during ascent along faults.

The calculated results are presented in Table 5. The quartz geothermometer
without steam loss yields 111-138 °C for Longmu Co, 126—-134 °C for Doma, and 153—
164 °C for Yangbajing. The quartz geothermometer with maximum steam loss yields
110-133 °C, 123-130 °C, and 146-155 °C, respectively. The chalcedony
geothermometer without steam loss yields 81-111 °C for Longmu Co, 98—-107 °C for
Doma, and 128-141 °C for Yangbajing. The corresponding estimates with maximum
steam loss are 82-110 °C, 98-105 °C, and 125-137 °C, respectively. Silica
geothermometry applied directly to the SiO:. concentrations of collected samples
underestimates the original deep reservoir temperatures. A silica—enthalpy mixing
model is therefore required to account for cold-water mixing and reconstruct deep
reservoir conditions before mixing.
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Conventional cation and silica geothermometers are susceptible to cold-water
mixing, which can introduce substantial bias into their temperature estimates. A silica—
enthalpy mixing model was therefore applied to estimate deep reservoir temperatures
before mixing and the cold-water mixing fractions. For each spring system, the local
surface cold water considered to be closely hydraulically connected to the springs was
selected as the cold endmember. This selection was intended to represent the local
mixing process. The results are shown in Fig. 10. The silica—enthalpy equations yield
reservoir temperatures of 145-196 °C and cold-water mixing fractions of 51-61% for
Longmu Co, indicating medium- to high-temperature geothermal resources. For Doma,
the estimated reservoir temperatures are 175-192 °C and the cold-water mixing
fractions are 57-63%, indicating high-temperature geothermal resources. Yangbajing
has estimated reservoir temperatures of 225-247 °C and cold-water mixing fractions of
66—69%, also indicating high-temperature geothermal resources.
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Fig. 10 Geothermal water sample diagrams based on the silica—enthalpy equations

5.4 Geothermal water circulation depth
The estimated reservoir temperatures differ considerably because the methods rely

on different theoretical principles, applicability conditions, and assumptions about
subsurface physicochemical processes. Cation geothermometers apply only to
geothermal fluids in full water—rock equilibrium. Silica geothermometers applied
directly to mixed water samples cannot account for dilution by cold water. The
geothermal waters in the study areas contain substantial proportions of mixed cold
water. Because the silica—enthalpy mixing model accounts for this mixing effect, its
estimates of original reservoir temperatures are more appropriate for estimating deep
reservoir temperatures and circulation depths.

Based on previous studies, the depth of the constant-temperature zone was set to
30 m (Fournier 1977). The mean annual air temperatures were set to 0.5 °C for
Qiangtang and 2.5 °C for Yangbajing (Ma 2021; Zheng et al. 2019). Geothermal
gradients of 29 °C/km, 26.5 °C/km, and 46 °C/km were adopted for Longmu Co, Doma,
and Yangbajing, respectively (Liu et al. 2026; Ren et al. 2015; Ye and Mao 2024). These
parameters were substituted into the circulation-depth equation, yielding the results in
Table 5. Estimated circulation depths are 5047-6806 m for Longmu Co, 66537294 m
for Doma, and 4867-5345 m for Yangbajing. The estimated circulation depth of
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Longmu Co sample BQTO1 is markedly greater than those of the other two samples.
This suggests that its fluid may originate from a deeper reservoir and indicates a
multilayer reservoir structure at Longmu Co. Doma has the greatest circulation depths,
indicating deep fluid percolation and circulation along regional deep-seated major
faults. Yangbajing fluids circulate at comparatively shallower depths, yet their reservoir
temperatures are markedly higher than those in Qiangtang. This indicates a locally
anomalous geothermal gradient, with deep heat sources closely associated with residual
heat from young, localized magmatism in the southern Tibetan Plateau.

Table 5 Reservoir temperatures and circulation depths estimated using different methods

Quartz, Silica—

Sample  Nek KMy GOLRCS maimm SR o enbaly O Ciraton
(°C) ©C) §©) steam loss (°C) Q) fraction (%)
BQTO1 244 97 138 133 111 110 196 61 6306
BQTO02 225 88 116 115 87 87 155 54 5392
BQTO03 221 89 111 110 81 82 145 51 5047
NQTO1 184 112 126 123 98 98 183 63 6955
NQTO02 181 111 128 125 100 99 180 61 6841
NQTO03 184 110 129 126 101 101 182 60 6917
NQT04 181 109 127 124 100 99 175 57 6653
NQTO05 188 114 134 130 107 105 192 62 7294
NQTO06 178 109 133 130 106 105 189 61 7181
YBJO1 233 192 159 151 135 132 241 69 5215
YBJ02 249 160 164 155 141 137 247 69 5345
YBJO03 241 208 155 148 131 128 225 67 4867
YBI04 212 180 153 146 128 125 228 66 4932
YBIJ05 247 204 153 146 128 125 230 68 4976
YBI06 249 174 157 150 133 130 231 66 4997

5.5 Conceptual model of geothermal system genesis
Comparison of the Longmu Co, Doma, and Yangbajing geothermal systems in

northern Qiangtang, southern Qiangtang, and the Lhasa terrane reveals shared and
contrasting formation mechanisms. These patterns characterize geothermal systems in
different tectonic settings across the central and southern Tibetan Plateau.

The Longmu Co geothermal system in northern Qiangtang lies near the Longmu
Co—Shuanghu suture zone and contains a well-developed fault system. Its geothermal
waters are of the C1-HCOs—Na-Ca type. Their chemistry reflects the combined effects
of carbonate and evaporite dissolution and shallow evaporation—crystallization,
indicating complex water—rock interaction. Estimated reservoir temperatures range
from 145 to 196 °C, with circulation depths of 5047-6806 m. The considerable
differences among samples indicate a multilayer reservoir structure, with waters
potentially originating from reservoirs at different depths. Moho offsets and intracrustal
melt bodies occur beneath Qiangtang. The geothermal heat supply is attributed to a
combination of localized intracrustal melting and mantle heat flow. Glacier meltwater
and precipitation from the mountains surrounding the sampling sites provide
geothermal recharge, infiltrating downward and being stored in the reservoirs. During
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deep circulation, the water undergoes intense interaction with the surrounding rocks.
After absorbing sufficient heat and attaining thermal equilibrium within the reservoirs,
groundwater rises along preferential fault and fracture pathways. Hydraulic head from
high elevations and deep thermal buoyancy jointly drive this ascent, producing hot
springs at the surface. The ascending fluids mix with a proportion of shallow cold water.

The Doma geothermal system in southern Qiangtang lies near the Bangong Co—
Nuyjiang suture zone. Nearly east—west-trending major faults and subsidiary conjugate
strike-slip fracture networks are widespread, providing effective pathways for fluid
flow and heat transport. The geothermal water chemistry is jointly controlled by silicate
and evaporite dissolution and cation exchange. Estimated reservoir temperatures of
175-192 °C and circulation depths of 6653-7294 m characterize a typical deep-
circulation geothermal system. Recharge elevations are estimated at 6240—6362 m, with
recharge dominated by distant high-elevation precipitation and snow and ice meltwater.
Strong compression of crustal and mantle materials during plate collision generated
abundant deep crustal melts. The geothermal heat sources therefore mainly comprise
deep mantle heat flow and localized shallow melt bodies. Water infiltrating from high-
elevation recharge areas circulates over long distances at depth and gains heat from the
regional geothermal gradient. Volatile components, including CO- released along deep
faults, enter the groundwater and promote carbonate and silicate mineral dissolution
under high-temperature, high-pressure conditions. Combined with intense cation
exchange, these processes enrich the geothermal fluids in Na*, HCOs™, SiO2, and other
components, producing the characteristic HCOs—Na waters. Driven by temperature and
pressure, geothermal fluids rise along permeable pathways and discharge as hot springs,
mixing with shallow cold water during ascent.

Following prolonged compression and crustal thickening, the Lhasa terrane
developed an extensive system of nearly north—south-trending extensional rifts. The
Damxung—Yangbajing fault zone occupies the core of this regional strike-slip and
extensional tectonic system. Intense deformation disrupted the continuity of the strata,
creating a fault network that provides effective pathways for hydrothermal circulation.
The geothermal waters are of the C1-HCOs—Na type, with chemistry influenced jointly
by water—rock interaction and cation exchange. Estimated reservoir temperatures range
from 225 to 247 °C, with circulation depths of 48675345 m. The principal heat sources
are incompletely cooled, young granitic magma chambers formed by plate movement
in the shallow crust, together with deep mantle heat flow. Precipitation and snow and
ice meltwater from the Nyaingentanglha Mountains provide the main recharge. Driven
by gravitational head, this water infiltrates and undergoes deep convective circulation
along extensional faults. As fluids pass through magma chambers and high-temperature
source regions, they absorb substantial heat and receive deep magmatic volatile
components. This produces high-temperature hydrothermal fluids driven by a mixed
crustal and mantle heat supply. High temperatures promote intense dissolution of
basement rocks and extensive water—rock interaction. Density differences between hot
and cold fluids drive upward flow through the fracture network. Substantial shallow
cold-water mixing then occurs before the fluids discharge as hot springs.
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The geothermal systems display clear tectonic differentiation and shared
hydrothermal evolutionary characteristics from north to south across the Tibetan
Plateau. All three systems are mainly recharged by high-elevation precipitation and
snow and ice meltwater. Fluids circulate deeply along fault systems and gain heat from
the regional deep thermal regime or localized intracrustal thermal anomalies. Mixing
with shallow cold water accompanies ascent and surface discharge in all three systems.
However, tectonic setting controls differences in their genetic types. Longmu Co is a
medium- to high-temperature geothermal system controlled by tectonic and magmatic
activity (Wang et al. 2019; Xu et al. 2020). Doma is a structurally controlled, deep-
circulation, high-temperature geothermal system. Yangbajing is a convective high-
temperature geothermal system with a magmatic heat source (Duo 2003).
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northern Qiangtang; (c) circulation model for Doma geothermal water in southern Qiangtang; (d)
circulation model for Yangbajing geothermal water in the Lhasa terrane

6 Conclusions
Yangbajing in the Lhasa terrane and Doma and Longmu Co in the Qiangtang

terrane occupy three different tectonic units. Their geothermal systems differ in
hydrochemical type, recharge source, reservoir temperature, and reservoir type, as
summarized below.

1. Longmu Co geothermal waters are of the C1-HCOs—Na-Ca type, Doma
waters are of the HCOs—Na type, and Yangbajing waters are predominantly of the
CI-HCOs—Na type. These hydrochemical types are controlled by reservoir depth, the
intensity of water—rock interaction, and cold-water mixing during fluid ascent.

2. Longmu Co geothermal water is recharged by precipitation and snow and ice
meltwater from the mountainous area east of the study area. Estimated recharge
elevations are 5236—5497 m, with circulation depths of 5047-6806 m. Doma
geothermal water is recharged by precipitation and snow and ice meltwater from
distant high-elevation mountains. Gaseous components, including CO- released from
deep intracrustal melts, contribute to regulating the fluid chemistry. Estimated
recharge elevations are 6240—-6362 m, with circulation depths of 6653—7294 m.
Yangbajing geothermal water has estimated recharge elevations of 5086—5436 m and
circulation depths of 4867—5345 m. It originates from precipitation and snow and ice
meltwater in the nearby Nyaingentanglha Mountains and receives deep volatile
components released from magma chambers.

3. Among the three systems, reservoir temperatures are highest at Yangbajing
in the south, followed by Doma in the central area, whereas Longmu Co in the north
spans a broader range. Southernmost Yangbajing has reservoir temperatures of 225—
247 °C and is classified as a high-temperature geothermal system. Doma has the next-
highest temperatures, ranging from 175 to 192 °C, and is also classified as a high-
temperature geothermal system. Longmu Co has a broader reservoir temperature
range of 145-196 °C, suggesting that fluids may originate from reservoirs at different
depths. Its samples span the medium- to high-temperature range.

4. The silica—enthalpy mixing model indicates varying degrees of cold-water
mixing during fluid ascent in all three systems. Estimated cold-water mixing fractions
are 51-61% at Longmu Co, 57-63% at Doma, and 66—69% at Yangbajing.
Substantial cold-water mixing lowers geothermal water temperatures at the spring
outlets.

5. Yangbajing lies near the Gangdese belt of the Lhasa terrane. Shallow
intracrustal melt bodies form magma chambers that provide the principal sustained
heat supply, supplemented by mantle heat flow. It is classified as a convective high-
temperature geothermal system with a magmatic heat source. The Doma system in
southern Qiangtang lies adjacent to the Bangong Co—Nujiang suture zone, where
faults provide access to deep heat. Its heat sources comprise mantle heat flow and
localized intracrustal melt bodies, defining a structurally controlled, deep-circulation,
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high-temperature geothermal system. The Longmu Co system in northern Qiangtang
lies near the Longmu Co—Shuanghu suture zone and is jointly controlled by
neotectonic faulting and magmatic activity. Its heat sources comprise mantle heat
flow and localized intracrustal melt bodies, defining a geothermal system controlled
by tectonic and magmatic activity.
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