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The Nangqen and Qamdo (NQ-QD) basins in China have very rich geothermal and brine resources. The origin and
spatiotemporal evolutionary processes of its hot and saline springs however remain unclear. Geochemical and isotopic (18O,
2H, 3H) studies have therefore been conducted on the water from the geothermal and saline springs in the NQ-QD Basin. All
saline springs in the study area are of the Na-Cl geochemical type while geothermal waters show different geochemical types.
The oxygen and hydrogen isotopic compositions of the springs in the NQ-QD Basin are primarily controlled by meteoric
water or ice-snow melt water and are influenced by rock-water interactions. It is found that the saline springs in the study area
are derived from the dissolution of halite and sulfate that occur in the tertiary Gongjue red bed, while the hot springs in the
QD Basin are greatly influenced by the dissolution of carbonatites and sulfates from the Bolila (T3b) and Huakaizuo (J2h)
formations. Results from silica geothermometry and a silicon-enthalpy hybrid model indicate that the apparent reservoir
temperatures and reservoir temperatures for the hot springs in the QD Basin range from 57–130°C to75–214°C, respectively.
Deuterium analysis indicates that most of the hot springs are recently recharged rain water. Furthermore, the saline springs
have a weaker groundwater regeneration capacity than the hot springs. Tritium data shows that the ranges of calculated
residence times for springs in this study are 25 to 55 years, and that there is a likelihood that hot springs in the QD Basin
originated from two different hydrothermal systems. The geochemical characteristics of the NQ-QD springs are similar to
those of the Lanping-Simao Basin, indicating similar solute sources. Thus, the use of water isotope analyses coupled with
hydrogeochemistry proves to be an effective tool to determine the origin and spatiotemporal evolution of the NQ-QD spring
waters.

1. Introduction

Hot and saline springs usually refer to springs that form due
to the emergence of geothermal resources or saline minerals
from the earth’s crust. Geothermal resources can provide
clean green energy and have recently received considerable

attention. To further the understanding of such resources,
spring waters can provide significant information about
evaporite deposits and geothermal processes in the subsur-
face because of their halite dissolution and thermal conduc-
tivity. The Nangqen-Qamdo (NQ-QD) saline basin was
formed as part of the Neo-Tethys Ocean. The basin contains
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many evaporite deposits (halite, gypsum, aragonite, dolo-
mite, and magnesite deposition) and saline springs [1, 2],
and it is rich in geothermal resources which are mainly dis-
tributed in Dingqing, Chaya, Basu, Zuogong, Markam, and
Qamdo counties.

The research on underground brine and hot water before
2010 is limited to the exploration stage [3, 4], while the
research after 2010 has focused mainly on geological,
geophysical, and geochemical data that discuss potassium
prospecting, heat sources, and the distribution of hot ground
water [5–11]. Only a few studies have used isotopic charac-
teristics to examine the solute source of subsurface brine in
the study area [7, 8]. Further, detailed hydrochemistry and
isotopic characteristics have rarely been described to assist
in understanding the origin and spatiotemporal evolution
process of hot and saline springs in the study area. The
aim of this study is, therefore, to better describe the genesis,
circulation, reservoir temperature, residence time, and
spatiotemporal evolution of the hot and saline springs in
the NQ-QD basins of China using new hydrogeochemical
and water isotope techniques.

The hydrochemistry of springs is widely used to indicate
the solute sources, reservoir temperatures, and equilibrium
states of groundwater [12–14]. These factors largely control
the thermoenergetics potential for a geothermal system. Sta-
ble hydrogen and oxygen isotopic ratios are excellent tracers
for determining various physicochemical processes in the
ground water systems, such as the source of the water and
solutes, and the ground water circulation routes (including
recharge, runoff, and discharge) [15–19] and describe the
rock-water interactions [20, 21]. Tritium (3H), with a half-
life of 12.32 years [22], is a naturally occurring radioactive
isotope of hydrogen. As tritium is quite stable and not
affected by geochemical or biological reactions [23, 24], it
can be used to identify mean transit times (MTTs) of mod-
ern recharge within the last 50 years [25–28]. The annual
average tritium concentrations in prebomb years (before
1952) of meteoric water has decayed to levels below usual
detection limits, but it peaked at 6,000 TU in the summer
of 1963-1964 because of atmospheric nuclear testing
between 1952 and 1970 [26, 29, 30]. Tritium can therefore
be used to distinguish pre- and postbomb groundwater
recharge. Some studies have focused on the recharge, water
and solute sources, transit times, circulation and evolution
of ground water, potassium prospecting, and geothermome-
try of the study area, by assessing the hydrochemistry and
analyzing the isotopes of the geothermal waters and the
brines (δD, δ18O, and 3H), which not only occur in China,
for example, in the Tibetan plateau, Yunnan Province,
Tarim Basin and Qaidam Basin [19, 31–34] but also abroad,
for example, in the Goa and Tural-Rajwadi geothermal area
in India, Hawaii, and California in America and NW Iran
[35–39]. The approaches followed in the international exam-
ples are therefore applicable in our studies to better under-
stand the origin and circulation of saline and hot springs.

In this study, hydrogeochemical and isotopic charac-
teristics using δD, δ18O, and 3H of saline, hot spring,
and river samples collected from the Nangqen and Qamdo
basins are analyzed to better understand the circulation

depth, recharge sources, residence time, renewability, and
hot-cold water mixture ratio of spring waters. The results of
this study are also compared to results from certain springs
in the surrounding area (Lanping-Simao Basin, Tengchong-
Baoshan-Lancangjiang zone, and Yangbajing geothermal
field).

2. Geology and Tectonic Setting

The Nangqen Basin (32°00′ ~32°40′N, 96°00′ ~97°00′E) is a
Cenozoic lacustrine sedimentary basin, situated in the east-
ern Qinghai-Tibetan plateau between the Jinshajiang suture
and the Nujiang suture. It is a typical shearing-extensional
basin, formed by the collision of the Eurasian and Indian
plates during the middle Eocene, 45~50Ma ago [40, 41],
resulting in lithospheric shortening and thickening. The
NW–SE elongated Nangqen basin, about 55 km long and
18 km wide [42], is part of the Sanjiang fold system [43].
To the west, it is bordered by Carboniferous and Permian
organic limestone, to the east by a thrust fault, which is in
contact with late Triassic limestone [44]. The sedimentary
age of the Nangqen Basin is roughly Late Eocene to Early Oli-
gocene. Stratigraphic development is relatively complete, and
it is formed by a set of extremely thick stratified grayish to
purplish-red continental clastic rocks containing evaporites,
carbonates, and mudstones, accompanied by large-scale
high-potassium volcanic rocks [45, 46]. Tertiary Gongjue
red sandstone conglomerate and gypsum beds are widely
present within the basin. These red beds are overthrust by
late Triassic limestone in the eastern part, and the late Trias-
sic limestones are unconformably overlain by Gongjue red
beds in the western parts of the basin [47] (Figure 1). The
high-K2O volcanic rocks of the Nangqen Basin include
latites, tephrites, trachytes, shoshonites, tephriphonolites,
and phonotephrites [48], which belongs to the shoshonitic
series and which have been formed by partial melting of an
enriched mantle source [49, 50].

The Qamdo basin (29°00′ ~32°00′N, 96°00′ ~99°30′E) is
a typical composite back-arc and foreland basin, the back-
arc basin of late Paleozoic age, and the foreland basin of
Mesozoic age [51, 52]. The basin is located in the east of
the Qamdo-Qiangtang block. The Qamdo basin, about
370 km long and 60 km wide, is bordered in the west by
the northern Lancangjiang deep fault and in the east by
the Ningxia-Deqin deep fault and extends along an NW–
SE direction from the Nangqen Basin in the north to Mar-
kam County in the south. The basin has experienced several
stages of frequent sea-land changes, multiple tectonic move-
ments, and volcanic activities, including (1) a late Paleozoic
back-arc basin stage, (2) an early-middle Triassic uplift-
denudation stage, (3) a late Triassic sea-level fluctuation
stage, (4) a Jura-Chalky atrophy stage, and (5) a Cenozoic
extrusion and strike-slip stage [53, 54]. The northern section
of the Qamdo Basin (Qamdo area) has a relatively large
degree of denudation, which is mainly characterized by
quartzitic sandstone, siltite, shale, calcarenitic dolomite,
and bioclastic limestone from the Upper Triassic to Jurassic,
and is partly dominated by sandstone, siltite, gypsum,
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Figure 1: Continued.
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Figure 1: Continued.
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argillaceous limestone, and Gongjue red beds (evaporites)
ranging in age from the Cretaceous to the Paleogene.
The Mesozoic strata in the southern part of the Qamdo
basin (Markam area) are well preserved from Jurassic to
Paleogene, being especially characterized by Calcareous-
bioclastic limestone and gypsum along the Lancang River
near the Yanjing and Yuzhong areas [55] (Figure 1).

In this study, chemical and isotopic characteristics were
measured in saline and hot springs from the Nangqen and
Qamdo basins, and our comparative study includes saline
springs from the Lanping-Simao Basin and hot springs from
the western Yunnan geothermal belt and the Yangbajing
geothermal field. The Yangbajing geothermal field (29°38′

-30°20′N, 90°20′-91°35′E) has the highest reservoir temper-
ature of all the Chinese hydrothermal systems and belongs
to the Mediterranean–Himalayan geothermal belt. Yangbaj-
ing is located about 90 km northwest of Lhasa City, the
capital of Tibet. The geothermal field has two reservoirs of
different depths: a shallow one (180-280m) and a deep one
(950-1850m) [56, 57]. The western Yunnan geothermal belt
(21°00′-26°00′ N, 96°00′-102°00′ E) can be divided into the
Tengchong block, the Baoshan block, and the Lancangjiang
zone from west to east. The lithology of these areas is mainly
characterized by Gaoligong pluton complexes, muddy lime-
stone, sandstone, granite batholiths, and metamorphic
rocks, while the Lancangjiang zone and the Tengchong block

(e) (f)

Figure 1: (a) Sedimentary formations and tectonic foundation of the Nangqen-Qamdo Basin (NQ-QD). (b) Lithological sequence of Huakaizuo
Formation in Markam County, Qamdo Basin. (c) Lithological sequence of Jiapila and Bolila Formation in Xiao-Qamdo, Qamdo Basin. (d)
Lithological sequence of Gongjue Formation in Gongjue County, Qamdo Basin. (e) Lithological sequence of Gongjue Formation in Markam
County, Qamdo Basin. (f) Detailed lithological log of the 300m-thick Ria Zhong section in the Nangqen Basin, Qinghai, China.
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are the main geothermal areas in the western Yunnan geo-
thermal belt [58–60]. The Lanping-Simao Basin is divided
by Jingdong to the north for the Lanping sub-Basin
(25°00′-29°00′N, 99°00′-101°00′ E) and to the south for
the Simao sub-Basin (23°00′-25°00′N, 100°30′-102°30′ E).
Red beds with interbedded evaporates are well developed
in the Jurassic–Eocene strata [61, 62]. The saline spring
solutes in this study mainly originate from Tertiary Gongjue
red beds (gypsum, argillaceous limestone, and halite), while
the hot springs in Qamdo basin are strongly influenced by
Mesozoic strata from the Upper Triassic to Jurassic
(Figure 1).

3. Sampling and Analytical Methods

Twenty-seven water samples including 9 saline springs, 13
hot springs, and 5 river water sites were collected from the
NQ-QD Basin during the spring (April) of 2019 to obtain
their hydrochemistry, δ18O&δD, as well as 3H values. Hot
springs are decided to use the first term for water with a
sampling temperature of at least one Celsius degree above
human body temperature (37°C), that is, approximatively

29.4°C above the mean annual air temperature of the region.
The sampling sites are marked in Figure 2. They were fil-
tered through a filter membrane and then transferred into
enclosed and cleaned (rinsed with distilled water at least
three times) polyethylene bottles for hydrochemical and iso-
topic analysis.

All water samples were sent to the Salt Lakes Analytical
and Testing Department, Qinghai Institute of Salt Lakes,
Chinese Academy of Sciences (ISL CAS) for chemical analy-
sis. Chemical analysis of Ca2+, Mg2+, K+, Na+, Li+, Sr2+, and
B3+ was acidified after collection through the addition of
Suprapur HNO3 to bring the pH below 2 and which was per-
formed by inductively coupled plasma optical emission spec-
trometry (ICP-OES; IPIS Intrepid II XSP, Thermo Elemental,
Madison, WI, USA) with an analytical error of <±1%. Cl-,
SO4

2-, and Br- were measured using ion chromatography
(using the IC; Dionex 120, Dionex, Sunnyvale, CA, USA)
with an analytical error of <±5%. HCO3

– and CO3
2- were

determined by hydrochloric acid titration, with an uncer-
tainty of <±1%.

The deuterium (δD) and oxygen-18 (δ18O) isotope
analyses were performed at the Analytical Laboratory
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Table 2: Field observations, locations, water types, and isotope date of the surface waters, and saline and hot springs in the Nangqen and
Qamdo basins.

Sample name Location
Elevation

(m)
Water type (Schukalev’s

classification)
T(°C) pH

δDV-

SMOW

δ18OV-

SMOW

d
value

TU
Std
err

ZC-02 N31°43′59.0″
E096°

3743 Na-Cl 9.5 7.67 3.4 ±0.7

DG-01 N32°12′15.0″
E096°

4061 Na-Cl 11 7.8 -127.39∗ -14.52∗ -11.23 1.9 ±0.7

NRW-01 N32°08′38.7″
E096°

3700 Na-Cl 10.5 7.11 -124.14∗ -14.38∗ -9.1 1.3 ±0.4

NRW-02 N32°08′38.7″
E096°

3700 Na-Cl 10.5 7.15

BZ-02 N31°56′02.6″
E096°

4087 Na-Cl 8.5 7.05 -132.98∗ -16.00∗ -4.98 2.7 ±0.7

YZ-01 N30°44′05.0″
E098°

3787 Na-Cl 12.1 7.34 -134.9 -17.3 3.5 5.5 ±0.8

CT-01 N30°47′05.0″
E098°

3660 Na-Cl 11.7 7.12 -134.7 -17.3 3.7 <1.3

JY-01 N31°46′26.0″
E96°

3782 Na-Cl 14 7.15 -125.8 -16 2.2 6.9 ±0.8

JY-03 N31°46′26.0″
E96°

3782 Na-Cl 15.1 7.2

YZ-02 N30°44′9.0″
E98°

3708 Na-Cl 12.1 7.2

JQ-01 N31°40′9.1″
E96°

3556 Ca-Mg-Na-HCO3 11.2 7.55

ZC-01 N31°43′18.7″
E96°

3619 Ca-Na-Mg-HCO3 9.7 7.47 -119.2 -15.2 2.4

LCJ-01 N29°5′20.3″
E98°

2259 Na-Cl 16 8.34 4.1 ±0.7

JY-02 N31°46′26.0″
E96°

3782 Na-Mg-HCO3 15 7.31

JY-04 N31°46′26.0″
E96°

3782 Mg-Na-Cl 14.5 7.52

XL-01 N28°55′47.6″
E98°

2201 Na-Ca-SO4-Cl 54.2 7.3 3 ±0.5

XL-02 N28°55′47.6″
E98°

2201 Na-Ca-SO4-Cl 51.5 7.5 -131.9 -18 12.1

DR-01 N28°53′55.7″
E98°

2194 Ca-Na-SO4 45 7.8 -116.7 -15.7 8.9 2.8 ±0.6

DR-02 N28°53′56.7″
E98°

2172 Ca-Na-SO4 42 7.7

TL-01 N29°52′24.9″
E97°

3992 Na-HCO3 47 7.6 -159.5 -20.6 5.3 <1.3

QZK-01 N29°5′33.0″
E98°

2276 Na-HCO3 75 8.51 -131.4 -18.1 13.4 <1.3

QZK-02 N29°5′
33.7”E98°

2297 Na-Ca-HCO3 78 8.65

WY-01 N29°42′11.3″
E97°

3785 Na-HCO3 65 8.2 -161.1 -20.8 5.3 <1.3

WY-02 N29°42′11.3″
E97°

3785 Na-HCO3 70 8.1
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Beijing Research Institute of Uranium Geology (ALBRIUG
PRC). The δD and δ18O values were determined by water-
gas equilibration method at MAT 253 stable isotope ratio
mass spectrometer (Thermo Scientific, USA), and the
results are reported relative to SMOW with an analytical
precision of ±2‰ and±0.2‰, respectively. Tritium was
analysed by an electrolytic enrichment method followed
by a liquid scintillation counter (Perkin Elmer 1220c
Quantulus) with an analytical precision of 0.12 TU (±1σ
criterion) and was carried out at the Analytical Laboratory
Beijing Research Institute of Uranium Geology [35,
65–67]. Tritium water samples were collected in 500mL
clean high-density polyethylene bottles of which 250mL
of the water were distilled. The distilled sample was then
enriched by electrolysis at a low temperature (1~ 4°C).
Finally, the enriched sample was mixed with a scintillation
cocktail and put into a liquid scintillation counter with a
very low background (Perkin Elmer 1220c Quantulus).
The results are denoted by TU (tritium units), where 1
TU = 0:12 Bq/l.

4. Results

Chemical and isotopic data of spring waters from the NQ-
QD Basin are listed in Tables 1 and 2. The spring waters
had a wide range of salinities (32.74~327.44 g/L for saline
springs, 0.33-2.43 g/L for hot springs, and 0.4-1.72 g/L for
river waters). The cations and anions for saline springs in
the Nangqen and Qamdo basins fall near to the Na+K
and Cl endmembers, respectively (Figure 3), which have
similar chemical characteristics, with Na + K > Ca >Mg
and Cl > SO4 > HCO3. The chemical concentrations of the
hot springs are relatively consistent (Na + K > Ca >Mg for
cations, HCO3 > SO4 > Cl or SO4 > HCO3 > Cl for anions),
except for Dongba (Ca > Na + K >Mg). For river waters,
Ca is the main cation (Ca > Na + K >Mg), and HCO3 is

the main anion (HCO3 > SO4 > Cl) (except for Zaochi).
The Piper diagram shows five water types for the hot
springs in the Qamdo Basin, including (1) Na-HCO3
(Quzika-01, Rixue, Talu, Wuya), (2) Ca-Mg-Na-HCO3
(Dongba), (3) Na-Ca-HCO3 (Quzika-02), (4) Ca-Na-SO4
(Dari), and (5) Na-Ca-SO4-Cl (Xilu). All saline springs
in the Nangqen (Baizha, Niuriwa) and the Qamdo basins
are of the Na-Cl type, except Jiya-03 (which has a Mg-
Na-Cl signature). The Lancang river in Markam is of the
Ca-Mg-Na-HCO3 or Ca-Na-Mg-HCO3 type. The δD
values range from -161.1 to -116.7‰ for hot springs and
from -134.9 to -107.6‰ for saline springs. The δ18O
values of the hot springs range from -20.8 to -15.7‰,
whereas the saline springs range from -17.3 to -12.8‰.
The isotope composition greatly influences the water iso-
tope results for hot and saline springs, especially for high
salinity springs, which are characterized by mineral disso-
lution and cold water mixtures [68–70]. The tritium con-
tent for the hot and saline springs varies from <1.3 to
3.0 TU and from 1.3 to 6.9 TU, respectively, except for
the Chatuo hot spring.

The classical Gibbs diagram (Figure 4) shows that the
saline springs’ chemical composition is dominated by
evaporation crystallization processes because all the data
points plot on the evaporation crystallisation end member,
similar to the composition of seawater and saline springs
from the Lanping-Simao Basin (Figure 4). The chemical
composition of the hot springs in the study area is primarily
controlled by rock weathering and evaporation of atmo-
spheric precipitation-dominated water, which is partially
influenced by evaporation. Most of the data points of the sur-
face waters plot on the intermediate area between the rock
dominance end member and the evaporation/precipitation
dominance end member (Figure 4). This indicates that the
water chemistry of the Lancang and Tajiqu rivers may be a
product of rock-water interaction and evaporation, while

Table 2: Continued.

Sample name Location
Elevation

(m)
Water type (Schukalev’s

classification)
T(°C) pH

δDV-

SMOW

δ18OV-

SMOW

d
value

TU
Std
err

RX-01 N30°13′2.6″
E97°

3812 Na-HCO3 42 7.6 -156.5 -20 3.5 <1.3

DB-01 N29°51′31.7″
E97°

3327 Ca-Mg-Na-HCO3 62 7.8 -150.3 -20.2 11.3 1.5 ±0.5

Riazhong saline
spring

N32°15′15.1″
E96°

3759 Na-Cl 10.5 6.84 -128.28∗ -14.68∗ -10.84

Duolunduo saline
spring

N32°04′48.5″
E96°

3837 Na-Cl 11.9 7.54 -100.91∗ -12.88∗ 2.13

Ranmu saline
spring

N32°26′43.1″
E95°

4374 Na-Cl 6.1 6.98 -128.36∗ -16.05∗ 0.04

Gayang saline
spring

N32°03′47.9″
E95°

4225 Na-Cl 12 7.05 -129.57∗ -15.93∗ -2.13

Naxi saline spring N29°02′51.0″
E98°

2588 Na-Cl 10.5 7.58 -107.6 -12.8 -5.2

∗Data from saline springs in the Nangqen Basin were obtained from [7].
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the water chemical composition of Jiqu, which is situated in
Jiqu Township, Nangqian County, is mainly controlled by
evaporation. Most geothermal waters from western Yunnan
plot on the rock dominance endmember revealing water
that is dominated by rock-water interactions. Geothermal
waters from Yangbajing plot on the intermediate area
between the rock dominance end member and the evapo-
ration dominance end member indicating that rock disso-
lution and evaporation are the dominant processes
controlling the major ion composition of geothermal
waters from Yangbajing. Apart from precipitation and
evaporation, rock-water interaction is the most important
factor controlling the chemical composition of natural
waters, which is greatly influenced by the formation lithol-
ogy. Saline springs are mainly influenced by the dissolu-
tion of evaporate (gypsum and halite rocks), and hot
springs are influenced by the carbonatite and gypsum in

the Mesozoic strata, while geothermal waters from Yang-
bajing and western Yunnan are influenced by the granitic
batholiths and metamorphic rocks.

5. Discussion

5.1. Recharge Source and Circulation of Spring Waters

5.1.1. Evidence-Based on δ18O and δD Values. δ18O and δD
values can be used as an excellent tracer of various phys-
icochemical processes in groundwater systems. They pro-
vide key information on the fluid origin and recharge,
rock-water interaction, water contamination, evaporation,
and mixing rates [17, 72–75]. From the δ18O-δD plot
(Figure 5), it is seen that all the spring samples collected
from the Nangqen and Qamdo basins fall near the global
meteoric water line (GMWL) [17], the China meteoric
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10 Geofluids



water line (CMWL), and the Southwest China meteoric
water line (SW CMWL) [76]. However, the saline springs
in this study slightly deviate from the meteoric water line due
to the strong evaporation and intense rock-water interactions,
as evidenced by the Na-K-Mg and Gibbs plots (Figures 4 and
6(a)). This suggests that all the hot and saline springs mainly
originate from meteoric water, but saline springs in this study
may experience deeper water circulation, more intense rock-
water interaction, and more extensive evapoconcentration,
compared to meteoric water. Figure 5 reveals a deviation in
18O concentrations for theWuya, Talu, and Rixue hot springs.
This deviation is because of oxygen exchange from meteoric
waters to rock minerals during high-temperature hydrolitho-
genesis, which results in higher δ18O values in the water and
lower δ18O values in rocks.

The rainwater-dominated spring water can be assumed
to be mainly composed of glacial meltwater and modern
rainwater because the NQ-QD Basin is located in the
northern Hengduan Mountains, with an average elevation
of more than 3500 meters, and has perennial snow cover.
A binary mixing model was used to estimate the relative
contributions of glacial meltwater (MW) and modern pre-
cipitation (PPT) to spring waters in the study area. The
mixing model was calculated using the formula: δ18

Osprings = fmwδ
18Omw + f pptδ

18Oppt, where fmw and f ppt
are the fractions of springs originating from glacial melt-
water and modern precipitation in the study area, of
which the total value is 1. Because saline springs in this
study have shown slight δ18O deviations, this mixing
model is suitable for hot springs in Qamdo basin. The
δ18Omw and δ18Oppt values are represented by the δ18O

value of glacial meltwater (-20.74‰) from the mountain
pass between Zuogong and Rongxi [77] and modern pre-
cipitation (-16.9‰) from the Chaya county [78]. The
resulting estimated proportions of glacial meltwater in
hot springs ranged from 29% to 96%, while one hot spring
(Wuya) had no modern precipitation contribution.

The stable isotopic composition of precipitation exhibits
an obvious altitude effect [79–81], which means that the iso-
topic gradient can be used to infer the recharge areas of
the aquifers [82]. All the hot and saline spring samples
are located along the LMWL and display a good linear
correlation on the δD vs. δ18O chart (R2 = 0:87). The iso-
tope data (δD and δ18O) follow a linear relationship with
altitude, which can be expressed by the regression lines
Y = −395:92x − 4461:19 (R2 = 0:75) (δ18O for hot springs),
Y = −317:92x − 1562:0 (R2 = 0:76) (δ18O for saline springs),
Y = −46:01x − 3537:79 (R2 = 0:89) (δD for hot springs), and
Y = −41:64x − 1787:50 (R2 = 0:77) (δD for saline springs),
respectively (Figure 7). This indicates that hot and saline
springs originate from local precipitation. Field observations
prove that the river water originates in rainfall or snow-melt
water in high mountainous areas, but the large Lancang river
and Angqu river are not the main recharge sources of
the hot and saline springs. The rivers only seem to serve
as discharge conduits because the hot springs are much
more depleted in δD and δ18O isotopes than those of
the Lancang River water, while many hot springs develop
along the river from the upper reaches to the lower
reaches of the rivers [55], which indicates that river water
does not infiltrate deep into the geothermal reservoirs and
is not the recharge source of hot springs [83]. The Tibetan
Plateau is covered with ice and snow all year round, and the
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recharge elevation of the springs is approximately equal to
the snow line. The summer weather is warm and humid,
causing the snow line to move up and the ice to melt.
Under the action of gravity, the melt water circulates
along deep faults which are mainly caused by the uplift
of the Tibetan Plateau. Furthermore, there is no deep
hydrothermal recharge in the study area. If river waters
were to serve as the main recharge source for hot
springs, no such large-scale high pressure large flux geo-
thermal eruptions would exist because the elevation
from source to discharge are similar. Local people have
also observed an increase in hot spring fluxes in the
study area in recent decades. This could be caused by
an increase in melt water on the Tibetan Plateau due
to global warming in recent decades. The melt water
or rainfall in the northern Hengduan Mountains can
therefore be the main recharge sources of hot springs
along the Lancangjiang deep fault.

The relationship between δ18O & δD and the elevation
for meteoric water in eastern Tibet, western Sichuan, and
Guizhou can be expressed by the equation -δ18O ð‰Þ =
0:0031H ðmÞ + 6:19 and -δD ð‰Þ = 0:026H ðmÞ + 30:2,
respectively, whereH is the recharge elevation (m). This indi-
cates that the isotopic gradient is independent of the hot and
saline springs and the recharge elevations of the hot and
saline springs can be estimated by the isotopic gradient.
The δD values are relatively stable during high temperature

hydrolithogenesis due to the low hydrogen content in the
rock minerals; so, they can be used to calculate the recharge
altitude in this study. The calculated recharge elevation of
the springs in the Nangqen and Qamdo basins is as follows:
2720~3953m (average = 3628m) for the Nangqen saline
springs, 2977-4027m (average = 3625m) for the Qamdo
saline springs, and 3327-5034m (average = 4374m) for the
Qamdo hot springs. The estimated recharge elevations of
the hot springs in the Qamdo basin, using δ18O as a tracer,
range from 3170 to 4870m (average = 4151m). The ~200m
overestimation in the inferred recharge altitude of the hot
springs by δ18O tracers can be attributed to the δ18O deviation
because of the rock-water interaction and strong evaporation.
The Nangqen and Qamdo basins are located in the northern
Hengduan Mountains (above 4000m), which are close to the
mean altitudes of the saline and hot spring waters, which indi-
cates that the hot and saline springs are mainly derived from
meteoric water or ice-snow melt water from the northern
Hengduan Mountains. By contrast, springs sampled at eleva-
tions of ~3700m for the Qamdo saline springs, ~2300m for
the Yanjing Town saline springs, and~3100m for the hot
Qamdo hot springs, are lower than the recharge elevation of
the study area, being located ~500m lower for saline springs,
and more than 1000m lower for the hot spring. The long ver-
tical distance between the recharge area and the discharge area
may drive the rapid and deep circulation of the spring waters
under the action of gravity.
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Figure 5: Isotope composition (δD and δ18O) of the saline and hot springs in the Nangqen and Qamdo basins plotted against the GMWL,
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The depth of the spring water circulation (Zcirc) can be
estimated by the following formula: Zcirc = ðTr − T0/Grad
TÞ + Z0 (for the hot water system) andZcirc = 2Ts − T0/G
radT (for the cold-hot water mixed system), The average
geothermal gradient (GradT) is about 3°C/100m in the
study area, and the mean annual air temperatures and
the temperature of initial cold water, T0, for the Nangqen
and Qamdo basins, are 7.6°C and 4.4°C[55], Tr and Ts are
the reservoir temperature and the outlet temperature of

the hot springs in study area, respectively, and the depth
of the constant-temperature zone (Z0) is 20m. The mixing
of cold water with deep thermal water that is moving up
through the formations (Figure 7) is represented by the
mixed system formula. Different temperatures for the hot
springs can be used in the mixed system formula to calcu-
late the circulation depth of the hot springs. The estimated
circulation depth of the hot springs in this study ranges
from 2495m to 5002m.
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5.1.2. Evidence-Based on Deuterium Excess Parameter. The d
value comprehensively reflects the degree of exchange of the
local rock-water oxygen isotopes and also represents the
degree of deviation from modern atmospheric precipitation,
which is defined as d = δD − 8δ18O [80]. A d < 10% indicates
normal atmospheric precipitation, while a d < −10% indi-
cates that atmospheric precipitation was subjected to evapo-
ration and concentration, and a d > +10% indicates
precipitation that differs from current climatic conditions
[84]. The d value for cold springs in the study area varies
from -11.23 to 13.4 (average = 1:59), while the d value for
hot springs in the Qamdo basin varies from 3.5-13.4
(average = 8:54). For saline springs in the Nangqen Basin,
the d value varies from -11.23-2.13 (average = −5:16), and
for saline springs in the Qamdo basin, the d value varies
from -5.2-3.7 (average = 1:32). Most of the springs may
therefore have originated from normal atmospheric precipi-
tation, but the hot springs of Xilu, Quzika, and Dongba in
the Qamdo basin and the saline springs of Dagai and Riaz-
hong in the Nangqen basin may however have derived from
atmospheric precipitation that differs from current climatic
conditions. The saline springs of Dagai and Riazhong may
have experienced stronger evapoconcentration than the
other springs.

5.2. Solute Sources and Genesis of Spring Waters

5.2.1. Hydrochemistry Evidence. The ratios of the hydroche-
mical characteristics (such as the nNa/nCl, nCa/nMg,
100nSO4/nCl, nMg/nCl, and Br×103/Cl ratios) are of great
importance for understanding the genetic type and occur-
rence environment of groundwater. The nNa/nC1 ratio (or
metamorphic coefficient) represents the degree of strati-
graphic sealing. If the nNa/nC1 ratio of groundwater is
larger than the standard seawater value (0.85), it means that
groundwater is influenced by the infiltration of meteoric
water, and that the geothermal system is relatively open.
The nCa/nMg ratio exhibits positive correlations with the

residence time and degree of metamorphism of the deep
groundwater, and a higher ratio indicates that the strata have
better sealing properties. Generally, if the nCa/nMg ratio of
underground water is greater than 3, it represents a more
closed geothermal system. The redox environment of
groundwater can be measured by the 100nSO4/nCl ratio
(the desulfurization coefficient), which can be used to evalu-
ate the degree of sealing of the groundwater storage environ-
ment. Generally, if the 100nSO4/nCl ratio > 10:26 (the
standard seawater value), it indicates a weak desulfurization
acid and a relatively open groundwater storage environment.
The nNa/nCl, nCa/nMg, and 100nSO4/nCl ratios from the
hot springs in the Qamdo Basin display very large variations,
ranging from 1.04 to 23.05 (with an average of 8.25), from
0.35 to 5.96 (with an average of 2.96), and from 19.17 to
193.4 (with an average of 100.5), respectively. The nNa/nCl
and 100nSO4/nCl ratios of the hot springs in this study were
greater than 0.85 and 10.26, while the nCa/nMg ratios of
most hot springs were around 3, except for Quzika hot
spring. This can be attributed to infiltration of meteoric
water, weaker metamorphism, and a relatively open thermal
storage environment in the Qamdo Basin.

The Cl/Br ratio can be used as a tracer to determine the
source and evolution of surface water and groundwater with
low-to-moderate salinity, as well as to determine the input of
salinity in rivers and lakes [85–89]. Present-day seawater
exhibits constant Cl and Br concentrations, and its Cl/Br
molar ratio of 655 ± 4 (the Br×103/Cl (g/g) is about 3:44 ±
0:02) [90]. Br is generally not metallogenic by itself; so, it
can only stay in the mother liquid based on the isomor-
phism in the mineral crystal lattice. Br in the brine is
often enriched by migration and depleted by dilution,
and Mg is preferentially enriched in marine evaporite par-
ent halides during the deposition process. The Br×103/Cl
and the nMg/nCl ratios should therefore be low in leached
brines (0.87–0.08 or smaller for Br×103/Cl and 0–0.16 for
nMg/nCl) and high in sedimentary brines [91]. The nNa/
nCl ratio denotes the enrichment degree of sodium salt in
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brine, with a boundary of 0.87, and the nNa/nCl ratio in
leached brines ranges from 0.87 to 0.99 (≈1) [92]. The
approximate 1 : 1 nNa/nCl molar ratio of the saline springs
in this study is distinct from hot springs and surface
waters. All of the saline springs sampled in our study area
have low levels of bromide (0.01–3.42mg/L). The ratios of
Br×103/Cl (0.0002–0.078), nMg/nCl (0.003–0.039) and
nNa/nCl (0.90–1.01) in the saline springs suggest that
halite dissolution is the major process that dominates the
chemistry of the saline springs in the Nangqen and
Qamdo basins. The most likely source of halite is the
Gongjue Evaporite Formation, which is interbedded with
the Tertiary continental red clastic rocks from which the
saline springs emerge and which consists of relatively pure
gypsum, argillaceous limestone, and halite [55, 61, 93].

The ion ratio diagrams can further assist in understand-
ing the solute source of groundwater and surface waters. The
data for all of the saline springs in this study plotted below
the equivalence line (the 1 : 1 line), similar to the saline,
hot, and cold springs in the Lanping-Simao Basin
(Figure 8(a)). This means that the evaporite is the main
material source of the saline springs in this study and not
the carbonatite. In the Qamdo Basin, however, HCO3

- is
enriched relative to Cl- + SO4

2- for most of the hot springs
(except for the Dari and Xilu hot springs) (Figure 8(d)), indi-
cating that most hot springs may have derived from the disso-
lution of carbonatite, similar to the geothermal waters in
western Yunnan and the hot springs in Dari and Xilu, which
may have diluted the sulfate-bearing strata along both sides
of the Lancang River. Figure 8(a) implies that Na+, K+, and
Cl- for saline springs in this study and the Lanping-Simao
Basin primarily come from the dissolution of halite and syl-
vine, similar to hot and cold springs in the Lanping-
Simao Basin. Dating for most of the hot springs in this
study and the geothermal waters in western Yunnan lies
far from the equivalence line, indicating that hot springs

in this study are not associated with salt rock leaching.
From Figure 8(b), combined with Figures 8(e) and 8(c), sul-
fate is the principle source, and carbonatite is the minor
source of Ca2+ and Mg2+ in saline and hot springs in the
study area and the Lanping-Simao Basin because the corre-
lation of (Ca2++Mg2+) vs. SO4

2- is better than that of
(Ca2++Mg2+) vs. HCO3

-. The Ca2+ in hot springs also cor-
relates positively with Sr2+ (average = 2:85mg/L) and SO4

2-

(average = 351:1mg/L) and has calculated regression lines of
Y = 36:68X + 2:13 (n = 13, R2 = 0:93) and Y = 136:62X −
38:79 (n = 13, R2 = 0:96), respectively. This may be caused
by the interaction of the circulating hot springs with the evap-
oritic (CaSO4) units, which is confirmed by the wide distribu-
tion of Paleogene evaporite strata in the Qamdo Basin. While
Ca2+ and Mg2+ in geothermal waters from Yangbajing and
western Yunnan are less relevant to the evaporite or the carbo-
natite, they may have something to do with the large granitic
batholiths and metamorphic reservoir host rocks [34, 71].
The Ca+Mg is enriched relative to HCO3

- and depleted rela-
tive to Cl- in saline springs from the study area and in the
Lanping-Simao Basin, indicating that the dissolution of evap-
orites (halite, sylvine, and gypsum/anhydrite) is the principal
sources of solutes for the saline springs.

The alkali metal Li is not affected by secondary pro-
cesses and can be used as a tracer for deep rock dissolu-
tion processes [94]. Cl- and B- are the most conservative
constituents in the geothermal system and are fixed in
the fluid phase and have not equilibrated; so, the B/Cl
ratio and Cl-Li-B ternary diagram are the best geoindica-
tors to evaluate the possible origin of the fluid. Relative
Cl-, B-, and Li+ concentrations of the saline and geother-
mal waters of the study area and the comparative area
are compared with rock compositions in Figure 6(b) [94,
95]. Samples from the Dari and Xilu hot springs plotted
close to the chloride corner, indicating that these constitu-
ents originated in old hydrothermal systems, but other hot
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Figure 8: Plots of (Na +K) vs. Cl, (Ca +Mg) vs. SO4, (Ca +Mg) vs. Cl, (Cl + SO4) vs. HCO3, and (Ca +Mg) vs. HCO3 in spring waters from
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springs in this study may have originated in younger sys-
tems. The origin of the Dari and Xilu hot springs implies
much larger gains of Cl- and considerable Li+ losses, as
suggested by the local geological conceptual model, which
is characterized by clastic sedimentary rocks and mud-
stones in the Early to Middle Jurassic. The rock data plots
on the axis of the Li+ and B+ end elements and the hot
springs (Wuya, Quzika, Rixue, and Jiya) that interact with
carbonate-evaporite rocks are found below the middle of
the ternary phase diagram. The saline springs in the study
area and the Lanping-Simao Basin plotted close to the
chloride corner (Figure 6(c)) and are classified as mature
neutral chloride waters, which are associated with halite
dissolution. The Dari and Xilu hot springs plotted in the
field between steam-heated waters and volcanic waters,
but the hot springs in the study area are neutral to alka-
line (7.1-8.5, average = 7:6), which is not consistent with
steam-heated waters and are characterized by a low pH.
The Dari and Xilu hot springs are therefore likely to be
volcanic fluids in which hydrogen sulphide has been oxi-
dized to sulphate, while the other hot springs in this study
are thought to be bicarbonate water. Based on Figure 6(d),
all the saline springs in the study area plot in the Cl-SO4
field and the majority of the hot springs in the study area
plot in the Na-HCO3-SO4 field. The saline springs also
plot very close to the HCO3-end-member, which may
indicate that the saline springs mainly form by the disso-
lution of sulfates and halites in the Paleogene strata, and
that most hot springs are closely related to the widely dis-
tributed carbonate rocks in the study area of Jurassic and
Cretaceous age. The Dari and Xilu hot springs however
plot near the chemical divide (the line from calcite to
SO4), which may indicate the addition of meteoric water
to the sulfates and carbonate minerals. Surface waters plot
in the Na-HCO3-SO4 field, meaning that this water mainly
derives from meteoric water.

5.2.2. Stratigraphic and Lithologic Evidence. Both limestones/
dolomites (from the Late Triassic to Jurassic) and the Ter-
tiary Gongjue red beds (containing gypsum/anhydrite,
argillaceous limestone, and halite) are widely present in
the Nangqen and Qamdo basins. The Triassic carbonates
in the study area belong to the Bolila Formation, which
is characterized by arenaceous clastic dolomite, pelitic
dolomite, and clastic organisms in the form of micrite
[55]. The following reactions describe the dissolution of
the calcite (Equation (1)) and dolomite (Equation (2)),
where calcite is the dominant mineral in micrite. The dis-
solution of calcite and dolomite produces the total molar
concentrations of Ca- and Mg- ions are equal to the con-
centration of HCO3

-.

CaCO3 + CO2 + H2O⟶ Ca2+ + 2HCO−
3 , ð1Þ

CaMg CO3ð Þ2 + 2CO2 + 2H2O⟶ Ca2+ +Mg2+ + 4HCO−
3 :

ð2Þ
The Ca2+ and Mg2+ concentrations are more than

HCO3
- of saline springs in the study area, but the hottest

spring and surface water samples are located along the 1 : 1
line (Figure 8(e)), which can be explained by the addi-
tional dissolution of halite and sulfate-containing minerals
in the saline springs, while the hot springs in the Qamdo
Basin are mainly dominated by the dissolution of Triassic
carbonates and influenced to a lesser degree by gypsum
from Jurassic to Paleogene strata along the Lancang River.

Both gypsum and anhydrite are present in the Gongjue
Evaporite Formation and the Mesozoic strata of the south-
ern Qamdo Basin along with halite. Gypsum is highly solu-
ble in the presence of calcite or halite that is in solution [97].
The dissolution of gypsum results in equal milliequivalent
concentrations of Ca2+ and SO4

2- in solution and is
expressed by the following reaction:

CaSO4∙2H2O⟶ Ca2+ + SO2−
4 + 2H2O: ð3Þ

Data points are posted along the 1 : 1 line, and correla-
tions between Ca and Sr (R2 = 0:93), SO4 (R2 = 0:96), are
high for hot springs in the Qamdo Basin. This suggests
that the dissolution of sulfate minerals contributes to the
chemical composition of the saline and hot springs in this
study.

5.3. Reservoir Temperature. The Na-K-Mg1/2 ternary dia-
gram is commonly used to classify waters into fully equili-
brated, partially equilibrated, and immature waters for the
application of ionic geothermometers [98–100]. All the hot
springs and surface waters in the study area plot in the
immature water zone (close to the Mg1/2-end-member),
while most saline springs in this study and the Lanping-
Simao Basin plot in the fully equilibrated water zone and
partly equilibrated water zone (Figure 6(a)). This means that
rock-water interactions have reached equilibrium for most
of the saline springs in this study area, and that reactions
between the fluid and the rock were unable to reach equilib-
rium for hot springs or that the hot springs in this study area
may have mixed with surface water or may have been
diluted. [101] proposed that the content of conservative ele-
ments (e.g., Cl-) in geothermal water correlate well with
δ18O and δD values and B contents due to the mixing of cold
and hot water. All the hot springs in the Qamdo Basin dis-
play a good linear correlation between Cl vs. δ18O and δD
values, except for the Xilu and Dari hot springs that do not
show a linear Cl-B plot. This means that all of the hot
springs experienced mixing with cold water, but that the
Xilu and Dari hot springs may be affected by mixing with
other water sources (e.g., volcanic fluids).

Some geothermometers are commonly used: cation
geothermometers, silica geothermometers, and multimineral
equilibrium geothermometers [102]. As each geotherm-
ometer can only be used under very specific conditions, it
is very important to select the appropriate geothermometer
for the intended purpose. Using a cationic thermometer
requires fully equilibrated waters, so the cationic thermom-
eter cannot be used in hot springs. The silica geotherm-
ometer may be a reasonable choice for hot springs [103],
while the silica geothermometer and the multimineral
Na–K geothermometers can be used for equilibrated saline

17Geofluids



springs. Because of mixing with cold water, the reservoir
temperature calculated by the silica and multimineral Na–
K geothermometers are lower than the real value so, the
silicon-enthalpy hybrid model must be used to correctly
estimate the geothermal reservoir temperature (Tr).

The Silicon-enthalpy hybrid model to estimate the Tr
was calculated using the formulae:

HcX +Hh 1 − Xð Þ =Hs,

SiO2cX + SiO2h 1 − Xð Þ = SiO2s,
ð4Þ

where Hc, Hh, and Hs are the enthalpy of cold groundwa-
ter, the deep thermal groundwater, and the spring water,
respectively; SiO2c, SiO2h, and SiO2s are the SiO2 concentra-
tions of the cold groundwater, the deep thermal groundwa-
ter, and the spring water, respectively; and X is the mixing
ratio of the cold groundwater, where the estimated mixture
ratio of cold groundwater range from 39% to 79%
(Figure 9). Four representative formulas for silica thermom-
eter estimation are suggested by [104] that are as follows:

TQuartz−no =
1309

5:19 − log SiO2ð Þ − 273:15 25 − 250°Cð Þ,
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TQuartz−max =
1522

5:72 − log SiO2ð Þ − 273:15 25 − 250°Cð Þ,

TChalcedony =
1032

4:69 − log SiO2ð Þ − 273:15 0 − 250°Cð Þ,

TCalibrate silicon = −42:198 + 0:28831SiO2 − 3:6686 × 10−4 SiO2ð Þ2
+ 3:1665 × 10−7 SiO2ð Þ3 + 77:034 lg SiO2:

ð5Þ

The estimated reservoir temperature (Tr) of the hot
springs in this study is listed in Table 3. When the cold
water mixing effect is not corrected for, the calculated res-
ervoir temperatures using the chalcedony geothermometer
(24–103°C) are lower than that of the quartz-no steam loss
equation (57–130°C), the quartz-maximum steam loss at
100°C equation (63–127°C), and the calibrate silicon equa-
tion (57–130°C). The shallow reservoir temperature (appar-
ent reservoir temperature) of the geothermal system in this
study is therefore selected as 57–130°C (Table 3). When the
cold water mixing effect is corrected for, the calibrate silicon
reservoir temperature (79–214°C) is similar to the calculated
reservoir temperatures by the quartz-no steam loss equation

(78–213°C) and the quartz-maximum steam loss equation at
100°C (82–195°C), which is higher than that of the chalce-
dony geothermometer (49–197°C) (Table 3). Based on the
calculated results, the reservoir temperature of the geother-
mal system in this study is regarded as 78–214°C, similar to
the value calculated by the silica-enthalpy mixing model
(75–212°C), see Figure 9.

5.4. Residence Time of the Spring Waters. Tritium is very
mobile and exchanges very easily with hydrogen or water
molecules. It exists in various forms, such as the liquid form
as HTO, the gaseous form as HT, and in CH3T as organic
bound tritium (OBT) [105]. The tritium radioisotope (3H
or T) with a half-life period of 12.32 years is a direct tracer
of water movement in predominantly the HTO form in liq-
uid [106]. It can therefore be used to estimate mean transit
times (MTTs), groundwater recharge rates and renewability,
and the pathway of water in different hydrogeological set-
tings as well as the rates or directions of subsurface flow
[105, 107–111]. There are two major sources of tritium
in the atmosphere: atmospheric thermonuclear testing tri-
tium (that were produced from 1953 to 1963) and tritium
produced by cosmic rays. Atmospheric tritium is controlled
by latitude and season [112, 113], and nuclear testing tritium

Table 3: Estimated reservoir temperatures of the hot springs in the study area.

Sample ID Calibration status SiO2 (mg/L) Tquartz−no Tquartz−max Tcalibrate silicon T chalcedony

XL-01

Uncorrected state (cold water mixing effect is not eliminated)

65.2 114.6 113.6 114.9 85.7

XL-02 88.0 130.2 126.8 130.3 102.7

DR-01 37.3 88.7 91.1 89.2 57.8

DR-02 33.0 83.4 86.5 83.9 52.2

TL-01 66.2 115.4 114.2 115.6 86.5

QZK-01 49.0 100.9 101.7 101.3 70.9

QZK-02 30.9 80.6 84.1 81.1 49.3

WY-01 60.4 110.9 110.3 111.2 81.6

WY-02 57.4 108.3 108.2 108.7 78.9

RX-01 42.1 93.9 95.7 94.4 63.5

DB-01 16.7 56.7 63.0 56.6 24.4

16.7-88.0
56.7-
130.2

63.0-
126.8

56.6-130.3
24.4-
102.7

XL-01

Corrected state (cold water mixing effect is eliminated)

283.4 205.0 188.4 206.2 188.1

XL-02 314.2 213.0 194.8 214.4 197.5

DR-01 98.2 136.2 131.9 136.4 109.4

DR-02 106.5 140.7 135.7 140.9 114.4

TL-01 213.5 184.4 171.8 185.1 164.0

QZK-01 80.3 125.3 122.7 125.5 97.4

QZK-02 68.6 117.1 115.7 117.4 88.5

WY-01 116.2 145.8 139.9 145.9 120.0

WY-02 106.3 140.6 135.6 140.8 114.3

RX-01 200.4 180.1 168.3 180.7 159.0

DB-01 29.2 78.4 82.1 78.9 47.0

29.2-314.2
78.4-
213.0

82.1-
194.8

78.9-214.4
47.0-
197.5

Calibration status: uncorrected state (where the cold water mixing effect is not corrected for). Corrected state (where the cold water mixing effect is corrected
for).
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can be used to discriminate recharge water in terms of mod-
ern groundwater or water that recharged before nuclear test-
ing [114].

The tritium content in the groundwater can trace the
origin of supplemental water, where a tritium content
less than 1 TU can be interpreted as submodern ground-
water recharge before 1952, and a tritium content rang-
ing from 1 to 4 TU reflects a mixture of modern and
submodern groundwater recharge. The tritium content
of the hot springs in this study area appears to be gen-
erally low (<4 TU). The highest value recorded is ~3.0
TU for the Xilu hot spring, with most hot springs show-
ing a tritium content below the detection limit (1.3 TU).
The hot springs in Talu, Quzika, Wuya, and Rixue can
therefore be interpreted as having been recharged by sub-
modern water from before 1952, while the hot springs in
Xilu, Dari, and Dongba are dominated not only by sub-
modern water but also by modern water. The tritium
content of the saline springs ranges from 1.3 to 6.9
TU, except for the Chatuo hot spring, which has less
than 1.3 TU. It can be inferred that most saline springs
have been influenced by a combination of modern and
submodern water, and that modern water played a larger
role than submodern water in the saline springs in
Youzha and Jiya.

With atmospheric nuclear tests no longer being carried
out, the tritium content in meteoric water has already
returned to close to its natural level. The groundwater of dif-
ferent ages and recharge sources may mix under certain
hydrodynamic conditions. Mixing of cold surface water
and water from shallow thermal reservoirs tend to keep the
tritium content of the groundwater relatively high, but the
relatively long replenishment and circulation cycles in the
groundwater system decrease the tritium content of the

groundwater, complicating isotope dating with tritium iso-
topic in practice. Tritium content in groundwater can how-
ever be used to qualitatively estimate age ranges (mean
transit times) and groundwater migration processes in geo-
thermal systems [40, 83, 117] because geothermal waters
with relatively long replenishment and circulation cycles in
the region’s deep reservoirs are essentially tritium free or
have relatively low tritium levels.

A simple isotopic model can be used to calculate the hot

water residence time using the formula t = ln ð3H/3H0Þ/−
0:056, where 3H0 and 3H are the background values and
the measured tritium values of the hot springs in TU.
Because tritium has a half-life of 12.43 years, so the decay
constant (λ) of tritium is equal to 0.056 a-1. The background

value of tritium (
3
H0) in this study was chosen as the tritium

content of meteoric waters in Lhasa City (28.15±1.29 TU).

The
3
H0 values that were below the detection limit (1.3

TU) were taken as 1.3 TU for the estimation of the ground-
water residence time. The ranges of the calculated residence
time for hot and saline springs are approximately equal
(25.1–54.9 years for hot springs and 29.2–54.9 years for
saline springs). The background value of tritium
(28:15 ± 1:29 TU) calculated in this study is greater than
the current natural background value of tritium (10 TU);
so, it can be inferred that the water of the springs in this
study area has been transported, and that the underground
groundwater retention time was at least 6.6-36.4 years.

5.5. Conceptual Model of Spring Water Circulation. The
evolution of water resources in the NQ-QD Basin is very
complicated, and a conceptual model for the circulation
of the spring water in this study is proposed (Figure 10).
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Figure 10: Sketch map of the evolution of springs in the Nangqen-Qamdo Basin.
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With the uplift of the Tibetan Plateau and the retreat of
the Tethys Sea, many unique geothermal fields and salifer-
ous strata developed in the NQ-QD Basin. In addition, the
NQ-QD Basin contains two groups of northeast and
northwest-trending faults stretching tensile active faults,
which can serve as favorable conduits for conducting
groundwater circulation. The hydrochemistry and water iso-
topic characteristics of springs indicate the spring waters
from the study area originated from leaching and circulation
of meteoric water or ice-snow melt water recharge from the
northern Hengduan Mountains combined with rock-water
interaction. While spring waters flow through the host rocks,
which are characterized by evaporates, carbonate rocks, sili-
cate rocks, and volcanic rocks, the geochemical data show
that dissolution of evaporates (such as halite and gypsum/
anhydrite) in, for example, the Tertiary Gongjue red beds
are the principle sources of solutes that control the chemistry
and the salinity of the saline springs in this study, whereas the
solute sources of hot springs in the QD Basin may mainly be
controlled by the dissolution of carbonatites and sulfates
from the Bolila (T3b) and the Huakaizuo (J2h) formations.
The recharge source of groundwater containing soluble min-
eral components (such as salts, gypsum, and carbonates) lea-
ched from host rocks and flows along large fracture zones
through which it can penetrate the formation for deep circu-
lation, with a depth ranging from 2494m to 5005m for the
hot springs. The hot springs may have a stronger groundwa-
ter regeneration capacity than the saline springs. This water
is then heated by the geothermal system which originates
from the magmatic heat source after which further rock-
water interaction occurs. Spring waters ascend via faults to
the surface of the earth (the discharge area) and then mix
with shallow cold groundwater under tectonic and static
pressure. Based on tritium concentrations, the calculated res-
idence time for the hot and saline springs ranges from 25 to
55 years to migrate from the recharge area to the discharge.

6. Conclusion

(1) Based on detailed chemical and water isotopic data
for O and H, the spring waters in the NQ-QD Basin
mainly derive from the leaching and circulation of
meteoric water or ice-snow melt water from the
northern Hengduan Mountains and are greatly
influenced by rock-water interactions. The saline
springs in the NQ-QD Basin mainly form due to
the dissolution of halites and sulfates in the, for
example, the Tertiary Gongjue red beds, which is
the most important salt-bearing formation in this
region. It is composed of continental red clastic
rocks and evaporates that include relatively pure
gypsum/anhydrite, argillaceous limestone, and halite.
The hot springs in the QD Basin may have derived
from the dissolution of carbonatites (limestones/
dolomites) from the Late Triassic (T3b) Bolila For-
mation and the sulfate-bearing strata along both sides
of the Lancang River from the Jurassic (J2h) Huakai-
zuo Formation. The hydrochemical characteristics of
the springs in the NQ-QD Basin are similar to those

of the Lanping-Simao Basin but differ from spring
waters collected from the western Yunnan geother-
mal belt and the Yangbajing geothermal field, sug-
gesting that solute sources are similar between NQ-
QD springs and Lanping-Simao springs

(2) Because the water from the hot springs in this study
mixes with surface water and may be diluted, the
apparent reservoir temperature and actual reservoir
temperature in the Qamdo geothermal system are
calculated using silica geothermometry and the
silicon-enthalpy hybrid model. These two methods
yielded reservoir temperatures of 57–130°C and 75–
214°C, respectively. Based on the tritium concentra-
tions and the deuterium excess parameters, saline
springs in this study are considered to have a more
closed hydrogeological environment and experiences
less groundwater recharge than hot springs, where
the calculated residence time for the hot and saline
springs range from 25 to 55 years

(3) Based on the calculated reservoir temperatures and
ternary phase diagram, the circulation depths of the
hot springs in the QD Basin are predicted to range
from 2495 mamsl to 5002mamsl. Hot springs may
have originated from different hydrothermal systems
(older for the Dari and Xilu hot springs, and younger
for others). Our findings provide new insights into
the possible spring water circulation and the origins
of the NQ-QD Basin.
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