
Citation: Yu, X.; Yuan, X.; Guo, H.;

Zhang, Y.; Cao, H.; Luo, T.; Gong, Z.;

Huang, H. Coupling Hydrochemistry

and Stable Isotopes (δ2H, δ18O and
87Sr/86Sr) to Identify the Major

Factors Affecting the Hydrochemical

Process of Groundwater and Surface

Water in the Lower Reaches of the

Yarlung-Zangbo River, Southern

Tibet, Southwestern China. Water

2022, 14, 3906. https://doi.org/

10.3390/w14233906

Academic Editor: Liliana Lefticariu

Received: 5 November 2022

Accepted: 21 November 2022

Published: 1 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Coupling Hydrochemistry and Stable Isotopes (δ2H, δ18O and
87Sr/86Sr) to Identify the Major Factors Affecting the
Hydrochemical Process of Groundwater and Surface Water in
the Lower Reaches of the Yarlung-Zangbo River, Southern
Tibet, Southwestern China
Xiao Yu 1,2, Xingcheng Yuan 3,4, Hongyang Guo 3,*, Yunhui Zhang 3,4 , Huawen Cao 5 , Tongming Luo 2,
Zhaocheng Gong 2 and Haoqing Huang 2

1 Key Laboratory of Geological Survey and Evaluation of Ministry of Education,
China University of Geosciences, Wuhan 430074, China

2 Research Center of Applied Geology of China Geological Survey, Chengdu 610036, China
3 Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong University,

Chengdu 611756, China
4 Yibin Research Institute, Southwest Jiaotong University, Yibin 644000, China
5 Chengdu Centre, China Geological Survey, Chengdu 610081, China
* Correspondence: guohongyang855@163.com

Abstract: In Tibet, water resource has been less studied due to remote and harsh conditions. In this
study, hydrochemistry and stable isotopes (δ2H, δ18O and 87Sr/86Sr) were employed to investigate
the major factors affecting the hydrochemical process of groundwater and surface water in the
lower reaches of the Yarlung-Zangbo River, southern Tibet. Groundwater and surface water were
weakly alkaline and very soft to moderately hard water. The hydrochemical type of surface water
is mainly Ca-HCO3 (mainstream) and Ca-SO4-HCO3 (tributary), while the hydrochemical type
of groundwater was mainly Ca-SO4-HCO3. Multivariate statistical analysis and Gibbs analysis
proposed hydrochemical components were dominated by water-rock interaction. Ion ratio, saturation
index, and Sr isotope revealed calcite dissolution and silicate weathering with local sulfide oxidation
were involved in water–rock interaction. D-O isotopes indicated the recharge source was mainly
derived from atmosphere precipitation. The entropy-weighted water quality index indicated surface
water and groundwater reach the standard of drinking purpose in the lower reaches of the Yarlung-
Zangbo River. The hydrochemical type varied regularly along the Yarlung-Zangbo River. The
dissolution of carbonate rocks and local silicate weather and evaporate dissolution are the primary
hydrochemical process along the Yarlung-Zangbo River. This study would provide a preliminary
insight for hydrochemical process in the Yarlung-Zangbo River.

Keywords: Yarlung-Zangbo River; water resource; hydrochemistry; isotopes; water quality;
southern Tibet

1. Introduction

Water resources are of great significance to human existence. In decades, water
resources are becoming scarce, resulting in a shortage of water due to rapid economic
development and explosive population growth worldwide. Sustainable water resource
exploitation has become an urgent issue that is yet to be resolved [1–3]. Of note, water re-
sources fail to meet the drinking standard due to various natural processes (e.g., water-rock
interaction, climate change) and human activities (e.g., municipal sewage and agricultural
irrigation). Water quality is determined by the chemical compositions related to water
genesis. So far, a large number of research have concentrated on the hydrochemical genesis
and quality of water resource in basin and plain areas [4–8]. In contrast, less studies have
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concentrated on water resource in the alpine area due to remote location and severe condi-
tion. Water resource in the alpine area (e.g., Tibet, Alps, etc.,) are important with regard
to the origin of regional rivers such as Yangtze River, Rhine River, and etc. Therefore, the
study of water resource in the alpine area will provide unique insights that will be helpful
for sustainable water management.

The Qinghai-Tibet Plateau, with an average elevation of over 4000 m, is the highest
alpine area on earth. It is rich in water resources and thus is known as the “Asia’s Water
Tower”, feeding more than ten famous Asian rivers such as the Yangtze, Yellow, Yarlung-
Zangbo, etc. The water volume of 9 × 108 m3 has been investigated in the Qinghai-Tibet
Plateau, feeding a population of 30 × 108 in the world. Due to the harsh geo-environment,
only a few studies on water resource have been conducted in the Qinghai-Tibet Plateau.
More knowledge on water resource in the Qinghai-Tibet Plateau is yet to be achieved for
sustainable development.

The Yarlung-Zangbo River is located in the southern part of the Tibetan Plateau, with
an average elevation of more than 3000 m, making it one of the highest rivers in the world.
It originates from the Jemayangtse glacier at the northern foot of the Himalayas, traverses
southern Tibet from west to east, and finally flows out of the Chinese into India. Millions
of populations are living along the Yarlung-Zangbo River. Previous studies mainly focused
on the upper and middle reaches of the Yarlung-Zangbo River. Mao et al., found the
spatiotemporal variability of heavy metals and identify the source in the Lhasa River of
the Yarlung-Zangbo River [9]. Li et al., investigated the heavy metal distribution along
the Yarlung-Zangbo River [10]. Tan et al., analyzed the recharge sources and flow paths
of groundwater by O and H isotopes, major ions, and 222Rn concentrations in the middle
reaches of the Yarlung-Zangbo River [11]. Shi et al., uncovered the water–rock interaction
mechanisms of seasonal river–groundwater circulation using major ions and isotopes
(2H, 3H, 18O, and Sr) in the middle reaches of the Yarlungzangbo River [12]. So far, less
attention has been paid to the lower reaches of the Yarlung-Zangbo River, hampering the
comprehensive understanding of water resource in the Yarlung-Zangbo River.

In this study, surface water and groundwater samples were collected for hydrochemi-
cal and D-O-Sr isotopic analyses in the lower reaches of the Yarlung-Zangbo River. This
study aims to (1) identify the hydrochemical characteristics of groundwater and surface
water; (2) recognize the factors controlling the hydrochemical components; (3) assess the
quality of groundwater and surface water; (4) provide a comprehensive understanding
for hydrochemical process along the whole Yarlung-Zangbo River. The achievements will
immensely contribute to the sustainable exploitation of water resource in the Yarlung-
Zangbo River.

2. Materials and Methods
2.1. Description of the Study Area

The Yarlung-Zangbo River traverses in the southern Tibet of southwestern China.
The study area is located in the lower reaches of the Yarlung-Zangbo River (Figure 1),
between the latitude (N) 92.7–93.8◦ and longitude (E) 28.6–29.2◦. The average altitude of
the lower reaches of the river is about 3100 m. The lower reaches is about 496.3 km in
length, accounting for 24% in total. And the catchment area is about 49,959 km2, accounting
for 21% in total watershed area. The lower reaches of the Yarlung-Zangbo River is located
in a humid subtropical climate zone, with an average annual temperature of 8–10 ◦C. It is
dry in winter and spring and rainy in summer and autumn, influenced by the warm and
humid Indian Ocean monsoon. The average annual precipitation is higher than 2000 mm
and is mainly concentrated in July to September. The annual runoff is mainly recharged by
atmospheric precipitation, glacial meltwater, and groundwater.

The lower reaches of the Yangtze River are located at the intersection of the Himalayas,
the Nyingchi-Tanggula Range and the Hengduan Mountains, near the Eastern Himalayan
Syntaxis where the Eurasian and Indian plates collide [13–15]. The types of strata are vari-
ous in the study area. In the Gacha County, the strata are mainly composed of Triassic slate
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(carbonaceous), microphyllite, and metamorphic sandstone. In the Lang County, the strata
mainly consist of pre-Quakotanian strata, with lithology dominated by granulite, marble,
and plagiogneiss. In the Milin County, the strata are comprised of the Cretaceous diorite
granite and mica amphibolite. Groundwater is recharged by atmosphere precipitation on
the mountain top. Afterwards, it flows along the extensional faults and fractures and finally
exposes as springs in the valley. The flow of springs is 0.2 to 1 L/s.
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Figure 1. (a) Location of the Yarlung Zangbo River in China; (b) spatial characteristic of the Yarlung
Zangbo River; (c) distribution of surface water and groundwater sampling points in the lower reaches
of the Yarlung Zangbo River.

2.2. Field Samples and Laboratory Analysis

Field observations and sampling were carried out in July–August of 2019. pH and total
dissolved solids (TDS) were measured in situ by a portable multi-meter device (WTW multi
3400i). Before bottling, three-time rinsing was conducted by sampling water. A total of
43 surface water and 11 groundwater samples were collected in this study. All water
samples were transported to the laboratory under 3 ◦C within a week. The experimental
analysis was done in the Beijing Createch Testing Technology Co., Ltd., Beijing, China.
K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, NO3
−, and F− were measured by ion chromatogra-

phy. HCO3
− was measured by titration with HNO3. The charge balance error (CBE) was

examined by the error within 5% (Equation (1)). Sr and Sr isotope were analyzed using Ele-
ment XR ICP-MS. D-O isotopes were determined by Finnigan MAT253 mass spectrometer
according to the VSMOW standard.

CBE(%) =
∑
(

Mg2++Ca2++Na++K+
)
−∑(HCO−3 +SO2−

4 +NO−3 +Cl−+F−)

∑
(

Mg2++Ca2++Na++K+
)
+ ∑(HCO−3 +SO2−

4 +NO−3 +Cl−+F−)
×100 (1)

Calculation of saturation index (SI) using Phreeqc 3.0 based on MINTEQ database. As
Formula (2):

SI = log (IAP/K) (2)
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where IAP is the product of ion activity and K is the equilibrium constant. A mineral
with SI > 0 is supersaturated and precipitates, while a mineral with SI < 0 is unsaturated
and dissolves.

3. Results
3.1. Statistical Results of Hydrochemical Parameters

Statistical analysis is usually used to analyze general hydrogeochemical characteris-
tics [16]. In Table 1 and Figure 2, the pH values of surface water and groundwater had
a small range from 7.20 to 9.20 and from 7.90 to 8.90, with mean values of 8.35 and 8.47.
pH values showed that surface water and groundwater were weakly alkaline. The total
hardness (TH) of surface water and groundwater varied from 9.00 to 343.00 mg/L and
54.00 to 259.00 mg/L, with mean values of 92.77 mg/L and 158.18 mg/L. In general, the TH
value is subdivided into five degrees, including very soft (0–75 mg/L), soft (75–150 mg/L),
medium hard (150–300 mg/L), hard (300–450 mg/L), and very hard (>450 mg/L). In
Figure 3a, most of the surface water and groundwater belonged to very soft to moderately
hard water. The total dissolved solids (TDS) content of surface water and groundwa-
ter varied from 11.00 to 470.00 mg/L and 67.00 to 357.00 mg/L with mean values of
118.42 mg/L and 196.91 mg/L. Both surface water and groundwater were typical of fresh-
water (Figure 3a). Overall groundwater samples had the higher TH and TDS than those of
surface water samples.

Table 1. Statistical analysis of chemical parameters of surface water and groundwater in the lower
reaches of Yarlung Zangbo River.

Parameters pH TH TDS K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− F− Sr2+ 87Sr/86Sr δ18O δD

Max 9.20 343.00 470.00 1.24 6.16 82.70 44.90 2.87 409.00 92.10 0.36 2.02 0.72 0.721 −14.21 −97.12
Min 7.20 9.00 11.00 0.06 0.24 4.00 0.38 0.00 0.01 2.50 0.00 0.00 0.02 0.706 −17.55 −131.82

Mean 8.35 92.77 118.42 0.48 1.62 28.28 7.31 0.39 67.52 43.08 0.12 0.14 0.17 0.710 −15.59 −112.43
SD 0.43 83.86 113.72 0.25 1.52 22.31 9.66 0.49 88.31 23.48 0.08 0.42 0.20 - - -
CV 0.05 0.90 0.96 0.52 0.94 0.79 1.32 1.28 1.31 0.54 0.69 2.91 1.18 - - -

Skewness −0.94 1.00 1.22 1.03 1.54 0.92 1.77 2.93 1.77 0.46 0.68 3.89 1.35 - - -
Kurtosis 1.09 0.23 0.83 1.16 1.45 −0.24 3.80 13.87 3.77 −0.68 0.02 14.80 0.49 - - -

Max 8.90 259.00 357.00 3.07 28.20 82.10 20.80 6.74 213.00 238.00 4.19 0.19 0.71 0.716 −14.73 −108.65
Min 7.90 54.00 67.00 0.19 1.02 21.10 0.38 0.00 6.44 49.70 0.00 0.00 0.04 0.707 −17.33 −132.04

Mean 8.47 158.18 196.91 1.46 6.27 51.91 9.35 1.59 80.07 117.19 0.68 0.09 0.27 0.711 −16.21 −122.53
SD 0.31 75.54 102.43 1.11 7.18 22.60 7.34 1.86 72.76 49.98 1.14 0.07 0.21 - - -
CV 0.04 0.48 0.52 0.76 1.14 0.44 0.78 1.16 0.91 0.43 1.67 0.74 0.79 - - -

Skewness −0.61 −0.22 0.30 0.20 2.91 −0.04 0.29 2.25 0.72 1.20 3.00 −0.10 0.98 - - -
Kurtosis −0.69 −1.81 −1.42 −1.93 9.10 −1.95 −1.39 5.14 −1.20 1.82 9.42 −1.64 −0.14 - - -

Note: I = surface water; II = groundwater; SD = standard deviation; CV(%) = coefficient of variation; Units of
TH, TDS, K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, NO3

−, F−, Sr2+ are mg/L; units of δ18O, δD are ‰VSMOW,
—means no calculation.

Table 2. Statistics of major ions in the whole basin of Yarlung Tsangpo River (mg/L).

River pH TDS K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− F−

Global River 8.00 120.00 2.30 6.30 15.00 4.10 7.80 11.20 58.40 1.00 -
Upper reaches 7.77 102.50 1.08 17.67 20.24 4.37 3.25 20.60 70.48 0.17 -
Middle reaches 8.05 304.82 1.29 8.86 41.53 17.97 6.35 98.17 107.98 1.80 -
Lower reaches

(this study) 8.35 118.42 0.48 1.62 28.28 7.31 0.39 67.52 43.08 0.12 0.14

Note: Global River is after [17]. Upper reaches is after [18,19]. Middle reaches is after [11,12,20,21].—means
data absence.

In terms of ion components, the major cations in surface water ranked as Ca2+ > Mg2+

> Na+ > K+, with an average of 28.28, 7.31, 1.62, and 0.48 mg/L. The dominant cations were
Ca2+ and Mg2+, accounting for 75.03% and 19.40% in total, respectively. The main cations
in groundwater had the same order as those in surface water. But groundwater samples
possessed slightly higher average concentrations of Ca2+ (51.91 mg/L), Mg2+ (9.35 mg/L),
Na+ (6.27 mg/L), and K+ (1.46 mg/L). The dominant cations of groundwater were Ca2+ and
Mg2+, accounting for 75.24% and 13.55% in total, respectively. Major anion concentrations
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in surface water were SO4
2− > HCO3

− > Cl− > F− > NO3
−, with average concentrations

of 67.52, 43.08, 0.39, 0.14, and 0.12 mg/L. The anions were mainly SO4
2− and HCO3

−,
accounting for 60.69% and 38.72% in total, respectively. The main anion concentrations
in groundwater were HCO3

− > SO4
2− > Cl− > NO3

− > F−, with average concentrations
of 117.19, 80.07, 1.59, 0.68, and 0.009 mg/L. The anions were mainly HCO3

− and SO4
2−,

accounting for 58.71% and 40.11% in total, respectively.
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In statistics, variation coefficient is used to evaluate the variability and stability for each
variable. In statistics, standard deviation is used to evaluate the dispersion of data. Table 1
shows that the standard deviation of Ca2+, Mg2+, SO4

2−, and HCO3
− in surface water

and groundwater in the study area was relatively large, indicating the large dispersion of
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these ions. Hence, the contents of these ions in different downstream areas were obviously
different. variation coefficient is used to evaluate the variability and stability for each
variable. Variation coefficient has a positive relationship with variability and negative
relationship with variable stability, respectively. Lower variation coefficients indicate
less factors influencing hydrochemical evolution. As shown in Table 1, the coefficients
variation of pH, K+, and HCO3

− in surface water and pH and HCO3
− in groundwater

were small, reflecting their relatively constant concentrations in the region. And HCO3
−

concentration in surface water and groundwater was constantly high. In contrast, the
coefficients of variation of Mg2+, Cl−, SO4

2−, and F− in surface water and Na+, Cl−, and
NO3

− in groundwater were large, indicating that their concentrations vary highly and
are susceptible to the influence of hydro-meteorological conditions, topography, aquifer
media, and human activities. The skewness and kurtosis values of surface and groundwater
samples were small, indicating that the statistics of each ionic parameter in surface and
groundwater samples were close to normal distribution.
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The concentrations of major ions in the lower reaches of the Yarlung-Zangbo River
were compared with those in the whole Yarlung-Zangbo River and in the global rivers
(Table 2). In Table 2, the concentrations of Ca2+, Mg2+, HCO3

−, and SO4
2− in the whole

Yarlung-Zangbo River during the wet period were about two to three times higher than
the global river mean. In the Yarlung-Zangbo River, all ion concentrations in the middle
reaches were lower than those in the lower reaches. The phenomenon is probably due to
abundant precipitation leading to stronger dilution and lower ion concentrations in the
lower reaches. It is noted that Na+ concentrations in the upper reaches were 10.91 times
higher than those in the lower reaches. The higher Na+ concentrations were induced by
silicate weathering existing in igneous rocks of the upper reaches. Ca2+, Mg2+, and SO4

2−

concentrations were higher in the lower reaches, especially SO4
2− ion concentration is

3.28 times higher than in the upper reaches of the river. It is presumably due to the effect of
oxidative dissolution of Ca and Mg sulfides.

3.2. Hydrochemical Type

Piper trilinear diagram was used to analyze the hydrochemical types of surface water
and groundwater in the lower reaches of the Yarlung-Zangbo River. As shown in Figure 3b,
the cations of surface water and groundwater basically fell near the Ca2+ axis in the trilinear
diagram, and the anions were near the HCO3

− axis in the trilinear diagram. This indicated
that the dominant cations of surface water and groundwater were Ca2+, and the dominant
anions were HCO3

− and SO4
2−. The hydrochemical type of surface water was mainly

Ca-HCO3 (mainstream) and Ca-SO4-HCO3 (tributary), and the hydrochemical type of
groundwater is mainly Ca-SO4-HCO3. The hydrochemical type of surface water in the
lower reaches of Yarlung-Zangbo River showed a gradual transition from Ca-SO4-HCO3
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type to Ca-HCO3 type water from tributary to mainstream area. The hydrochemical
type of groundwater was similar to that of surface water in tributary. In Figure 3b, the
hydrochemical types of the middle and lower reaches were both Ca-Mg-HCO3-SO4 and that
of the upper reaches of the river is Ca-Na-HCO3-SO4. It indicated that the hydrochemical
type of the lower reaches is similar to that of the middle reaches but is different from that
of the upper reaches. This is due to the fact that the upstream is more influenced by silicate
dissolution, while the cations and anions in the lower reaches are mainly Ca2+, HCO3

−,
and SO4

2−. The hydrochemical type in the lower reaches may be controlled by dissolution
of carbonates (calcite, dolomite) and other sulfides oxidation.

3.3. Hydrogen and Oxygen Isotopes

The δ18O contents of surface water samples in the lower reaches of the Yarlung-Zangbo
River varied from −17.55‰ to −17.55‰, with an average value of −15.59‰. δD contents
varied from −131.82‰ to −97.12‰, with an average value of −112.43‰. δ18O contents of
groundwater varied from −17.33‰ to −14.73‰, with an average value of −16.21‰ The
variation of δD contents ranged from −132.04‰ to −108.65‰, and the average value was
−122.53‰ (Table 1).

3.4. Sr Concentration and Sr Isotope

The Sr content of surface water samples in the lower reaches of the Yarlung-Zangbo
River varied from 0.02 to 0.72 mg/L, with a mean value of 0.17 mg/L. The 87Sr/86Sr ratio
varied from 0.70555 to 0.72082, with a mean value of 0.71007. The Sr content of groundwater
samples varied from 0.04 to 0.71 mg/L, with a mean value of 0.27 mg/L The variation of
87Sr/86Sr ratio ranged from 0.70724 to 0.71620, and the average value was 0.71128 (Table 1).

4. Discussion
4.1. Multivariate Statistical Analysis
4.1.1. Correlation Analysis

Correlation analysis can be used to reveal the source relationship of ions by the
correlation between the different factors on the concentration of ions [22–24]. In this study,
SPSS 25 software was used to calculate the correlation coefficient matrix of the sample
indicators. In Figure 4, there was a good correlation between the TDS, TH, and each
ion, indicating a possible common source. The TDS and TH had the highest positive
correlation (greater than 0.9) with Ca2+, Mg2+, and SO4

2−, indicating that Ca2+, Mg2+,
and SO4

2− were important sources of TDS and TH. In addition, Na+, Ca2+, Mg2+ and
Cl−, SO4

2− and HCO3
− also showed significant positive correlations, indicating that the

TDS and TH were mainly controlled by Na+, Ca2+, Mg2+, Cl−, SO4
2−, and HCO3

−. Sr
showed better correlations with Ca2+, Mg2+, and SO4

2−, indicating that the water–rock
reaction was stronger in the lower reaches of the Yarlung-Zangbo River. Ca2+ had a high
correlation with SO4

2− (0.868), indicating that the dissolution of gypsum contributed to Ca2+

concentration. The correlation of Ca2+, Mg2+, and HCO3
− indicated that the dissolutions

of calcite and dolomite contribute to hydrochemical compositions of surface water and
groundwater. The correlation between Cl− and NO3

− is relatively well correlated with
correlation coefficient of 0.866, indicating the influence of anthropogenic activities. But
the influence of anthropogenic factors was limited due to the low concentration of NO3

−.
Cl− showed a positive correlation with K+ and Na+ with a correlation coefficient of 0.559,
indicating the local presence of evaporite dissolution. The comprehensive analysis of
various ion correlations can be concluded that the hydrochemical types of surface water
and groundwater in the lower reaches of the Yarlung-Zangbo were mainly influenced by
water-rock reaction, with less involvements of anthropogenic activities.

4.1.2. Principal Component Analysis

The principal component analysis (PCA) aims to use the dimensionality reduction to
transform multiple indicators into a few composite indicators (i.e., principal components).
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Each principal component is extracted to explain the information of the raw data variables.
The principal component contribution scores can explain the geospatial distribution and
temporal variation characteristics of the raw hydrochemical data [25–27].
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Figure 4. Pearson correlation coefficient matrix for each ion content of surface water and groundwater
in the Lower reaches of Yarlung Zangbo River. Data are from Table 1.

To further investigate the relationship between major ions and geological background,
principal component analysis was performed in this study. The data were first subjected
to the KMO and Bartlett’s sphere tests to determine whether factor analysis could be
performed. The KOM value was 0.656 (>0.6) and the significant probability of Bartlett’s
sphere test was 0 (the confidence level of <0.05). The results indicated that the variables
had high correlation with each other and were suitable for the PCA. According to the
Kaiser–Harris criterion, it is recommended to keep the principal components with eigen-
values greater than 1. In this study, a total of four principal components were extracted to
determine the output (Table 3). The three-dimensional spatial plots between the indicators
of the first three principal components were derived (Figure 5). In Table 3, the eigenvalues,
cumulative contribution of the four principal component factors is 81.662%. The PC1
variance contribution was 48.229%, mainly including seven indicators of the TH, TDS,
Ca2+, Mg2+, SO4

2−, Sr, and HCO3
−. The PC1 represented the carbonate dissolution, silicate

weathering, and the oxidative dissolution of sulfides. The variance contribution of PC2 was
20.600%, which mainly includes four indicators of Na+, K+, Cl−, and HCO3

−. Evaporite
dissolution will increase Na+, K+, and Cl− concentrations. Since the main anion is HCO3

−,
and the concentration of Cl− is very low, and there are various hydrochemical types in the
lower reaches of the Yarlung-Zangbo River from the previous paper, HCO3

− is classified as
the PC2. The variance contribution of PC3 was 11.065%, mainly including two indicators
of NO3

− and Cl−. There are residential gathering points near the lower reaches of the
Yarlung-Zangbo River, which may cause water pollution during human living, and have
a greater impact on NO3

− and Cl− ions. Therefore, PC3 represents the pollution effect of
anthropogenic activities, which has less influence due to the low concentration of NO3

−.
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PC4 variance contribution is 7.75%, which mainly includes one indicator of F−. Two sur-
face water samples in Ladin Snow Village had F− ion concentrations of 1.62 mg/L and
2.02 mg/L, indicating that the area may suffer from F− pollution. Thus, PC4 also represents
the pollution by local anthropogenic activities.

Table 3. Results of principal component analysis for each indicator of surface water and groundwater
in the lower reaches of Yarlung Zangbo River.

Index PC1 PC2 PC3 PC4

TH 0.981 −0.099 0.080 −0.054
TDS 0.975 −0.139 0.055 −0.023
Ca2+ 0.974 −0.002 0.084 −0.096
Mg2+ 0.894 −0.380 0.055 0.082
SO4

2− 0.889 −0.420 −0.030 0.007
Sr2+ 0.790 −0.026 0.095 −0.449

HCO3
− 0.596 0.687 0.275 0.001

Na+ 0.512 0.661 0.133 0.165
K+ 0.072 0.657 0.447 0.484
Cl− 0.394 0.656 −0.592 0.070

NO3
− 0.356 0.462 −0.770 −0.097

F− 0.528 −0.394 −0.054 0.542
pH −0.097 0.433 0.411 −0.466

Eigenvalue 6.270 2.678 1.438 1.008
Variance/% 48.229 20.600 11.065 7.754

Cumulative % of variance 48.229 68.829 79.894 87.648
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4.1.3. Self-Organizing Map

Self-organizing map (SOM) is a network based on competitive learning and consists
of an input layer, an output layer, and weight vectors, where the neurons in the output
layer are arranged in a matrix in a one- or two-dimensional space. They compete with each
other for opportunity to adjust the weight vectors based on the input vectors. Finally, the
neurons in the output layer are presented in the output space in a meaningful topology
based on the features of the input vectors [28–30].
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All the parameters of surface and groundwater sample were mapped onto neurons
by the SOM, and the correlations between indicators were compared based on the feature
images formed by the neurons (Figure 6). First, all samples were divided into two categories:
surface water (group 1) and groundwater (group 2). The feature images were analyzed by
establishing a right-angle coordinate system with the image orthocenter as the origin, and
the activation positions of neurons are the same, which indicates positive correlation [31].
In Figure 6, the high correlation between Na+, K+, Cl−, HCO3

−, and NO3
− and the

characteristic images of surface water and groundwater groupings indicated that these
ions aggregated to a similar extent in surface water and groundwater. And it is speculated
that there may be direct mixing between surface water and groundwater. As shown in
Figure 6, the group of the TDS, TH, Ca2+, Mg2+, SO4

2−, and Sr2+ were highly correlated
with group of K+, Na+, Cl−, and HCO3

−. The SOM result proposed that these may
have a common origin of water–rock interaction between surface water and groundwater.
It was consistent with the Pearson correlation coefficient matrix analysis and principal
component PCA classification. NO3

− and Cl− are closely related, indicating the source of
local anthropogenic activities.
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4.2. Governing Factors of Hydrochemical Compositions
4.2.1. Gibbs Analysis

The Gibbs diagram was used to classify the mechanisms controlling the chemical
fraction of groundwater into three types: precipitation, water–rock interaction, and evap-
otranspiration [32]. The Gibbs ratio was obtained by the ratio of Na+/(Na+ + K+) and
Cl−/(Cl− + HCO3

−) to the total dissolved solid (TDS) to visualize the different control-
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ling factors on hydrogeochemical compositions. In Figure 7, surface water samples and
groundwater samples in the lower reaches of the Yarlung-Zangbo River, as well as sample
sites in the middle and upper reaches of the Yarlung-Zangbo River, were distributed in
the area of rock dominance, indicating water–rock interaction is the main factor affecting
hydrochemical compositions.
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4.2.2. Ion Ratio Analysis

The ratio coefficients between various hydrochemical components have been used
to determine the hydrochemical process [33,34]. The ion ratios of each component in the
lower, middle, and upper reaches of the Yarlung-Zangbo River were also compared and
analyzed as a way to further understand the characteristics of hydrochemical changes
along the whole Yarlung-Zangbo River.

Silicate weathering, carbonate, and evaporative mineral dissolution can be determined
by the correlation ratios of Ca2+, Mg2+, Na+, and HCO3

− [17]. All samples in the upper,
middle, and lower reaches of the Yarlung-Zangbo River were located in the silicate and
carbonate dominating zones (Figure 8), indicating that silicate weathering and carbonate
dissolution were the main types of water–rock interaction. Figure 8 also showed that from
the upper to lower reaches of the Yarlung-Zangbo River, the dominated type of water-rock
interaction displayed a gradual transition from silicate dissolution to carbonate dissolution.

The molar ratio relationship between (K+ + Na+) and Cl− can reflect the sources of
Na+ and K+ [33]. As shown in Figure 9a, both surface water and groundwater in the
lower reaches of the Yarlung-Zangbo River fell below the y = x line and close to the
K+ + Na+ axis, indicating the occurrence of silicate weathering. Since the Cl− concentration
is not sufficient to balance Na+ + K+, it indicated that there are other minerals dissolved
to provide Na+ and K+ concentrations, such as dissolution of silicate minerals (sodium,
potassium feldspar, etc.,). In addition, excess Na+ and K+ concentrations existed in the
upper and middle reaches, indicating the silicate weathering.
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Ca2+ and Mg2+ concentrations in groundwater mainly come from dissolution of
carbonates or silicates and evaporites, so the molar ratio between (Ca2+ + Mg2+)/(HCO3

−

+ SO4
2−) can be used to determine the main source of Ca2+ and Mg2+ [35]. When the

ratio is close to 1, it indicates that carbonates (calcite, dolomite) dissolution and silicates
weathering are the main source of Ca2+ and Mg2+. When this ratio is much greater than 1, it
indicates that dissolution of carbonate minerals is the main source of Ca2+ and Mg2+. When
this ratio is much less than 1, it indicates that evaporite dissolution and silicate weathering
are the main source of Ca2+ and Mg2+. As shown in Figure 9b, most of the surface water
and groundwater are located near the y = x line. Hence, Ca2+ and Mg2+ in surface water
and groundwater in the lower reaches of the Yarlung-Zangbo River mainly originated from
the dissolution and weathering of carbonate and silicate minerals, as well as those in the
middle and upper reaches of the Yarlung-Zangbo River.

The molar ratios of Ca2+ and (Ca2+ + Mg2+) against HCO3
− can determine the dissolu-

tion of carbonate rocks [33]. As shown in Figure 9c,d, some points fell on the y = x line and
the remaining more points fall on the Ca2+ and Ca2+ + Mg2+ side, indicating calcite disso-
lution dominated the water–rock interaction in the lower reaches of the Yarlung-Zangbo
River. The excess Ca2+ and Mg2+ were presumed to be derived from the dissolution of Ca-
and Mg- bearing silicate minerals. The Ca2+/HCO3

− and (Ca2+ + Mg2+)/HCO3
− ratios of

water samples in the middle and upper reaches of the Yarlung-Zangbo River showed the
dissolution and weathering of carbonate and silicate minerals.

Molar ratio of Ca2+ and SO4
2− equal to 1:1 would indicate that Ca2+ and SO4

2−

concentrations originated from the dissolution of gypsum [27]. As shown in Figure 9e,
some surface water samples were located on the y = x line, from which it can be judged
that a small portion of Ca2+ and SO4

2− in surface water also originates from the dissolution
of gypsum. While most of surface water and groundwater samples fell above or below
the y = x line. And the cause of this phenomenon may be cation exchange process. The
sample points in the middle reaches of the Yarlung-Zangbo River mainly fell on the
y = x line, indicating that gypsum dissolution also exists in the middle reaches. The sample
points in the upper reaches fell below the 1:1 line, which may also be influenced by the
cation exchange process.

The molar ratio between Ca2+ and Mg2+ is called the calcium–magnesium coefficient.
Calcium-containing minerals are more insoluble than magnesium-containing minerals.
When the water–rock interaction is very strong, the insoluble ions mainly exist in water.
The ratio coefficient of Ca2+/Mg2+ is positively correlated with the degree of water–rock
interaction. As shown in Figure 9f, both surface water and groundwater samples were
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biased toward the Ca2+ axis, indicating that obvious water–rock interaction occurs in
surface water and groundwater.
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4.2.3. Ion Exchange

Ion exchange process can be verified by the relationship between the (Ca2+ + Mg2+) −
(SO4

2− + HCO3
−) and (Na+ + K+− Cl−) [30]. As shown in Figure 10a, the surface water
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and groundwater samples, and mid- and upstream water samples in the lower reaches of
the Yarlung-Zangbo River all fell near the straight line with a slope of −1. The slope of the
linear distribution of the surface water samples is −0.9953 and R2 is 0.1011; the slope of the
linear distribution of the groundwater samples is −0.6615 and R2 is 0.6063; the slope of
the linear distribution of the upstream water samples is −0.9582 and R2 is 0.0. The results
showed that the cation exchange is an important factor affecting water chemistry in the
Yarlung-Zangbo River.
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Cation exchange interaction can also be analyzed using the choroalkaline index [36]. Where
the indices CAI-I (=(Cl− − (Na+ + K+))/Cl−) and CAI-II (=(Cl− − (Na+ + K+))/(HCO3

− +
SO4

2− + CO3
2− + NO3

−)) are positive, it indicates that Na+ and K+ in water have been
exchanged by Ca2+ and Mg2+ in the surrounding rocks, while negative values indicate the
presence of reverse exchange, and the absolute value The larger the value, the stronger
the ion-exchange interaction, and if the value is equal to 0, it means that there is no ion-
exchange interaction in the water chemistry process. Figure 10b shows the CAI-I and CAI-II
relationships of surface water, groundwater, and water samples from the lower reaches of
the Yarlung-Zangbo River and the middle and upper reaches of the Yarlung-Zangbo River,
and it can be seen that the vast majority of water samples are less than 0, indicating that
Ca2+ and Mg2+ in surface water, groundwater, and water samples from the middle and
upper reaches of the Yarlung-Zangbo River have been exchanged by Na+ and K+ in the
surrounding rocks.

4.2.4. Saturation Index Analysis

The saturation index (SI) calculated by Phreeqc 3.0 is used to assess the equilibrium
state of various minerals in water [37]. In this study, SI values of calcite, dolomite, gypsum,
and halite were calculated for surface water and groundwater samples (Figure 11). The
results showed that the SI of calcite, dolomite, gypsum, and halite were all less than 0
and thus were undersaturated. The SI values of calcite, dolomite, gypsum, and halite had
the order as SI halite < SI gypsum < SI dolomite < SI calcite. Therefore, calcite dissolution is the
predominant process in surface water and groundwater. It was consistent with the results
of ion ratio analysis.
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4.2.5. Water–Rock Interaction Implied by Sr Isotope

The variation of strontium concentration and strontium isotope of surface and ground-
water can be used to identify the main water-rock interaction [38–40]. The mean values
of Sr content and 87Sr/86Sr ratio of groundwater were higher than those of surface water
in the lower reaches of the Yarlung-Zangbo River. Most of the 87Sr/86Sr ratios of surface
water and groundwater samples in the lower reaches of the Yarlung-Zangbo River were
greater than the mean value of modern seawater (0.70907) and the mean value of the middle
reaches of the Yarlung-Zangbo River (0.71136) [12], respectively (Figure 12a). It indicated
that a large amount of Sr2+ was dissolved from the rocks during the runoff. Meanwhile, the
surface water and groundwater in the lower reaches experienced water–rock interaction,
and then increased 87Sr/86Sr ratio in surface water and groundwater (Figure 12b). This
indicates that the 87Sr/86Sr ratios in surface and groundwater in the lower reaches of
the Yarlung-Zangbo River are influenced by water–rock interaction. The 87Sr/86Sr ratios
of most surface water and groundwater samples in the lower reaches of the Yarlung-
Zangbo River lied in the source field between carbonate rock (0.708–0.709) and silicate rock
(0.716–0.720), indicating that Sr content in surface water and groundwater in the lower
reaches of the Yarlung-Zangbo River is dominated by carbonate rock and silicate rock
weathering. In terms of regional distribution (Figure 12b), the 87Sr/86Sr ratios in surface
water and groundwater are higher in the eastern mainstem of the lower reaches of the
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Yarlung-Zangbo River and lower in the western mainstem, with an overall trend of increas-
ing along the river runoff path. The southwestern and southeastern tributaries show higher
87Sr/86Sr ratios, which may be due to the tributary areas being more influenced by silicate
rock weathering.
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Figure 12. 87Sr/86Sr vs. Sr (a) and87Sr/86Sr vs. 1/Sr (b) of surface water and groundwater samples
in the lower reaches of the Yarlung Zangbo River. Data were from Tables 1 and 2.

It was shown that the strontium isotopic compositions in different minerals are sig-
nificantly different, and the 87Sr/86Sr average ratio of 0.7075 and lower Mg2+/Ca2+ ratio
(~0.1) can be considered as the end member of dissolved limestone; 87Sr/86Sr average ratio
of 0.7093 and higher Mg2+/Ca2+ values (~1.05) as the end member of dissolved dolomite.
87Sr/86Sr mean ratio of 0.7200 and moderate Mg2+/Ca2+ values (~0.7) are used as end
members of dissolved silicate rocks [41]. As can be seen in Figure 13a, most of the surface
water and a small portion of the groundwater sample points were concentrated around the
limestone end member, indicating that they are mainly affected by calcite dissolution. The
remaining portion of the surface water and most of the groundwater sample points were
distributed near the limestone and silicate rock mixing line. This indicated that the surface
water and groundwater samples in this part are mainly controlled by calcite dissolution
and silicate weathering.
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During the dissolution of carbonate minerals, Sr behaves similarly to Mg. Ca2+ and
Mg2+ in groundwater correlate well with the variation of Sr, indicating that alkaline earth
metals have similar origin. Therefore, the ratios of Mg2+/Ca2+ and Sr2+/Ca2+ can be used
to trace the water–rock reaction [42]. As shown in Figure 13b, most samples of surface
water and groundwater were more concentrated and can also be analyzed with an approxi-
mate three-terminal member mixture, i.e., a mixture of limestone aquifer water, dolomite
aquifer water, and surface water. It indicated the direct mixing of surface water with
groundwater, which affects the chemical composition of surface water. Only a few water
samples in Figure 8b had high Mg2+/Ca2+ and Sr2+/Ca2+ ratios, indicating a small effect
of non-conformable dissolution/precipitation of carbonate rocks. Non-conformable disso-
lution/precipitation will elevate the Mg2+ content in water, does not result in significantly
larger Mg2+/Ca2+ ratios in surface and groundwater than the water in which calcite and
dolomite are in simultaneous equilibrium Mg2+/Ca2+ ratio (0.8).

4.2.6. Recharge Sources Determined by D-O Isotopes

Using δD and δ18O data of rainfall precipitation, surface water, and groundwater,
δD-δ18O scatter diagrams can be plotted, and by comparison with global meteoric water
line (GMWL) or regional atmospheric precipitation lines, the fractionation effect of δD and
δ18O in water bodies can be analyzed in depth to reveal the occurrence process and driving
mechanism and provide a tracer for hydrogeological studies.

In the δD-δ18O scatter plotting diagram (Figure 14a), it can be seen that both surface
water and groundwater samples were close to the local atmospheric precipitation line
(LMWL) [43] and the global atmospheric precipitation line (GMWL) [44]. The results
indicated that surface water and groundwater were derived from local atmospheric precipi-
tation. A small portion of surface water samples in the lower reaches of the Yarlung-Zangbo
River were located to the right of the atmospheric precipitation line and the GMWL, indicat-
ing that surface water was less influenced by evapotranspiration. The slope of the surface
water line in the lower reaches of the Yarlung-Zangbo River was 9.21, close to the local
atmospheric precipitation line of 8.08, while the intercept (31.146) is higher than the local
atmospheric precipitation line (12.37). The results were due to the water hydration with
silicate minerals during runoff, resulting in the δ18O depletion and slight δD enrichment
in surface water. And the strong oxygen isotope exchange caused δ18O loss and kinetic
fractionation during ice melt, which can have an impact on δD and δ18O balance. Therefore,
most of the surface water samples were located to the left of the atmospheric precipitation
line and global meteoric water line (GMWL) in the lower reaches of the Yarlung-Zangbo
River. Moreover, surface water mainly originates from the middle and upper reaches of
mainstream and tributary water atmospheric precipitation and ice melt. The δD and δ18O
values of most groundwater samples were located below the atmospheric precipitation line
in the lower reaches of the Yarlung-Zangbo River and the global atmospheric precipitation
line. It may be influenced by the isotope elevation effect and kinetic fractionation, result-
ing in lower δD and δ18O values in groundwater. Groundwater was mainly recharged
from atmospheric precipitation, ice and snow melt water, whose recharge elevation was
higher than that of surface water. A comparative analysis of the surface water lines of the
Yarlung-Zangbo River (Figure 14b) showed that the deviation was greatest in the middle
and lower reaches (slope of 5.79) and less in the upper reaches (slope of 7.088 and 9.21).
It indicated that the middle reaches of the Yarlung-Zangbo River was subject to stronger
evaporation and the upper reaches and lower reaches of the Yarlung-Zangbo River were
subject to weaker evaporation.

4.3. Assessment of Groundwater Quality Based on EWQI

The entropy-weighted water quality index (EWQI) method has been widely used to
assess the combined impact of water chemistry parameters on overall water quality [45–47].
When the EWQI value is below 100, it means that the water quality reaches the permit limit
for drinking water. Twelve surface and groundwater parameters were selected for EWQI
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calculations, including pH, TH, TDS, K+, Na+, Ca2+, Mg2+, Cl−, SO4
2−, HCO3

−, NO3
−,

and F−. The procedure was described as Zhang et al. [48]. The results showed that the
EWQI values of surface water varied from 1.84 to 81.34 with a mean value of 11.93, and the
EWQI values of groundwater varied from 7.14 to 21.77 with a mean value of 16.13. The
EWQI values of groundwater were slightly higher than those of surface water. The surface
water and groundwater quality can be classified into five classes according to EWQI. In
Figure 15, it showed that most of the surface water and all groundwater samples belonged
to excellent water of class 1. Only 2 surface water samples were good water of class 2
and also meet the WHO drinking standards. The two surface water samples exceeded the
fluoride standard of 1.62 mg/L and 2.02 mg/L, respectively, and may have been affected by
contamination from human activities. Figure 15 also shows a better linear trend of EWQI
and TDS for surface water and groundwater samples.
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4.4. Hydrochemical Conceptual Model of the Yarlung-Zangbo River

As shown in Table 2, the pH values increased from the upper to the lower reaches
of the Yarlung-Zangbo River and was weakly alkaline. The TDS and most of the ion
concentrations in the upper and lower reaches of the river were lower than those in the
middle reaches of the river, which is mainly due to the relatively strong evaporation in the
middle reaches of the river and the dilution effect of snow melting in the upper reaches and
increasing rainfall recharge in the lower reaches. Hydrochemical type was Ca-Na-HCO3-
SO4 in the upper reaches of the Yarlung-Zangbo River, whose hydrochemical compositions
were determined by silicate weathering and carbonate dissolution. Hydrochemical type
was Ca-HCO3 and Ca-HCO3-SO4 in the middle reaches of the Yarlung-Zangbo River, and
the main ions were derived from carbonate and evaporite dissolution. Hydrochemical
type was Ca-HCO3 and Ca-SO4-HCO3 in the lower reaches of the Yarlung-Zangbo River,
and the main ions were derived from carbonate and evaporite dissolution. Therefore, it
can be concluded that the whole basin of the Yarlung-Zangbo River is controlled by the
dissolution of carbonate rocks (Figure 16). Combined with Figure 10a,b, it shows that from
the upstream to the lower reaches of the river, the controlling factor of water chemistry
changes from water–rock action to water–rock action and atmospheric precipitation, and
the main form of water–rock action shows a trend of transition from silicate weathering and
dissolution to carbonate weathering and dissolution. Considering the low concentration of
Cl and NO3, anthropogenic activities were weak in the whole basin of the Yarlung-Zangbo
River (Table 4).
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Table 4. Comparison of hydrochemical characteristics between the lower reaches and the middle and
upper reaches of the Yarlung Zangbo River.

Reach Upper Reaches Middle Reaches Lower Reaches

Geographical position Jiema yangzongqu—Lizi section Shigatse—Gyaca section Gyaca—Millin section
Hydrochemical type Ca-Na-HCO3-SO4 Ca-HCO3 and Ca-HCO3-SO4 Ca-HCO3 and Ca-SO4-HCO3

Controlling factors Water–rock interaction Water–rock interaction Water–rock interaction,
Atmospheric precipitation

Ion source Silicate rock, Carbonate
rock, Evaporite rock

Carbonate rock, Evaporite
rock, Silicate rock

Carbonate rock, Silicate rock,
Evaporite rock

Influence of human factors Very low Very low Low

5. Conclusions

Hydrochemistry and stable isotopes (δ2H, δ18O and 87Sr/86Sr) were integrated to
identify the major factors affecting the hydrochemical process of groundwater and surface
water in the lower reaches of the Yarlung-Zangbo River, southern Tibet. The hydrochem-
ical compositions were further analyzed to reveal the spatial characteristics of water–
rock interaction along the Yarlung-Zangbo River. Four main conclusions were achieved
as follows:

(1) Surface water and groundwater were weakly alkaline and belonged to very soft
to moderately hard fresh water. Major cations in surface water and groundwater
ranked as Ca2+ > Mg2+ > Na+ > K+. Major anion concentrations in surface water were
SO4

2− > HCO3
− > Cl− > F− > NO3

−, and major anion concentrations in groundwater
were HCO3

− > SO4
2− > Cl− > NO3

− > F−, respectively. The hydrochemical type of
surface water is mainly Ca-HCO3 (mainstream) and Ca-SO4-HCO3 (tributary), while
the hydrochemical type of groundwater was mainly Ca-SO4-HCO3.

(2) Hydrochemical compositions of surface water and groundwater were mainly affected
by water–rock interaction. Silicate weathering, calcite dissolution, and cation exchange
were involved in water–rock interaction of surface water and groundwater. Evaporite
dissolution locally occurred in the tributary area. Surface water and groundwater were
recharged by atmosphere precipitation and local snow melting. Stronger evaporation
occurred in the middle reaches than that in the upper reaches and lower reaches of
the Yarlung-Zangbo River.

(3) The EWQI values indicated most of the surface water and all groundwater samples
belonged to excellent water of class 1. Only 2 surface water samples, having higher
fluoride concentrations of 1.62 mg/L and 2.02 mg/L, were good water of class 2.
Therefore, surface water and groundwater reach the standard of drinking purpose in
the lower reaches of the Yarlung-Zangbo River.

(4) Hydrochemical process displayed a changing trend along the Yarlung-Zangbo River.
Hydrochemical type was Ca-Na-HCO3-SO4 in the upper reaches of the Yarlung-
Zangbo River, whose hydrochemical compositions were determined by silicate weath-
ering and carbonate dissolution. Hydrochemical type was Ca-HCO3 and Ca-HCO3-
SO4 in the middle reaches of the Yarlung-Zangbo River, and the main ions were
derived from carbonate and evaporite dissolution. Hydrochemical type was Ca-
HCO3 and Ca-SO4-HCO3 in the lower reaches of the Yarlung-Zangbo River, and
the main ions were derived from carbonate and evaporite dissolution. Therefore,
the Yarlung-Zangbo River is controlled by the dissolution of carbonate rocks and
local silicate weather and evaporate dissolution. In this study, a hydrochemical-type
transition of Ca-Na-HCO3-SO4 → Ca-HCO3 and Ca-HCO3-SO4 → Ca-HCO3 and
Ca-SO4-HCO3 has been identified along the Yarlung-Zangbo River. The different
hydrochemical types would be produced by relevant water-rock interactions. The
achievements would be helpful for understanding the hydrochemical processes in
the catchment of the Yarlung-Zangbo River, providing a vital reference for water
resource management.
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