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Abstract: The protection of water resource has been the
signiﬁcant mission globally. Hydrochemical compositions
and recharge source are the critical tools to analyze the
water quality. In this study, 18 surface water and 5 groundwater samples were collected along the Xiongqu and Sequ
rivers in the northern Longzi county of southern Tibet. The
combination of factor analysis, correlation of major ions,
geochemical modeling, and D–O–Sr isotopes were employed
to clarify the hydrochemical compositions and recharge
source. The concentration of major ions followed the abundance order of SO24− > HCO−3 > Cl− for anions and Ca2+ > Mg2+
> Na+ > K+ for cations. Ca–HCO3 and Ca–SO4 types were
identiﬁed for groundwater and surface water. Based on ratios
of major ions and geochemical modeling, it is proposed that
the dissolutions of gypsum, calcite, and dolomite controlled
the hydrochemical compositions. D–O isotopes indicated a
meteoric origin for surface water and groundwater, with the
recharge elevation of 2,519–3,731 m. The 87Sr/86Sr ratios of
groundwater and surface water were compatible with those
of sulfate and carbonate minerals, revealing the main type of
minerals interacting with water. The achievements of this study
can provide a vital reference for groundwater utilization and
protection in the Longzi county and adjacent areas in the Tibet.
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1 Introduction
Water resource is the important and indispensable natural
resource for human survival [1]. With the growing population and increasing economic development, securing the
quality of water resource has been the major issue to be
addressed around the world [2–4]. The quality of water
resource is evaluated by hydrochemical compositions,
especially soluble species. It has been believed that hydrochemical compositions are inﬂuenced by natural processes
and anthropogenic activities [5–8]. Natural processes are
dependent on the recharge water and interaction with
environment (rocks or soils). Meanwhile, the origin of water
is critical to be traced for estimating the reserve volume of
water resource. Therefore, understanding the knowledge of
water–rock interaction and recharge origin is of signiﬁcant
for the utilization and protection of water resources [9].
The water–rock interaction is literally hard to be
ascertained due to complex hydrogeological conditions.
Up to date, various approaches have been carried out to
clarify the water–rock interaction. Multivariate statistical
analysis, including correlation analysis and factor analysis (FA), was used to investigate the possible source
of diﬀerent hydrochemical compositions [10]. Compared
with traditional correlation analysis, FA can accurately
trace the source of diﬀerent hydrochemical compositions
by dimensionality reduction. Correlation of major ions
has been widely discussed to interpret the factors governing the hydrochemical compositions. Gibbs [11] and
Gaillardet et al. [12] built the diagrams to prove the main
hydrochemical process. Then, the relationship between
major cations and anions can be used to analyze the type
of mineral dissolution and ion exchange in hydrochemical
This work is licensed under the Creative Commons Attribution 4.0 International
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evolution [13]. Moreover, the speciﬁc mineral dissolution
can be further recognized by saturation indices computed
by Phreeqc software [14–16]. D–O isotopes have been
believed to be an eﬃcient tool to trace the recharge source
of water resource [17–19], while Sr isotope is able to identify the rock type of aquifers [20–22].
Water resources, including groundwater and surface
water, are abundant in the Longzi county, which are exploited
for domestic and agricultural purposes. However, due to the
remote location and high elevation, scarce research was
carried out on the water resource. Once water resource is
seriously polluted, it is very diﬃcult to proceed with the
environmental remediation in such a remote and highland
area. Therefore, the hydrochemical composition and recharge
sources are yet to be investigated for evaluating the water
quality, which is critical to secure water environment in
advance.
The main purpose of this study is to assess the water
quality based on the hydrochemistry and isotopes of
groundwater and surface water in the northern Longzi
county of southern Tibet. The water–rock interaction is
clariﬁed using FA, correlation of major ions, geochemical
modeling, and Sr isotope. Meanwhile, the recharge of
groundwater and surface water would be a constraint
by D–O isotopes. The knowledge of this study would provide a vital reference for better utilization and protection
of water resource in the Longzi county and adjacent areas
in the Tibet.

2 Study area
The study area is located in the Longzi county, southern
Tibet within the area of N28°07′-28°52′ and E91°53′-93°06′.
The climate belongs to plateau temperate continental

Figure 1: Location of study area and groundwater sampling sites.

monsoon climate with annual average temperate of 5.5°C
and annual precipitation of 297.4 mm. The elevation has a
large variation of 3,000–6,000 m in the study area, characterized as mountain and valley landform. The Yarlung
Zangbo river traverses in the northern study area as regional
river. Xiongqu, Sequ, and Jiaqu rivers are situated in the
southern study area and utilized as domestic and agricultural purposes (Figure 1). Tectonically, the study area is
situated in the Himalayan region [23–25]. Volcanic and
igneous rocks are exposed in the regional area. The strata
are composed of sandstone and slate in the study area. The
structures are dominated by EW- trending and NE-trending
faults with minor NW-trending faults [26]. Groundwater
resources are abundant and possess 0.5 × 108 m3 in total.
They are reserved as bedrock ﬁssure water and sediment
pore water. However, the springs are not commonly exposed
in the surface. In statistics, the ﬂow of springs ranges from
0.5 to 3 L/s. The depth of groundwater is generally 0.3–10 m.

3 Groundwater sampling and
analytical techniques
Groundwater and surface water were sampled in the July
and August of 2020. Total of 18 surface water and 5
groundwater samples were collected along the Xiongqu
and Sequ rivers. Surface water samples were collected
from the Xiongqu and Sequ rivers and their secondary
streams. Groundwater was sampled from all ﬁve wells in
the study area. The depth of wells ranges from 5–20 m.
Each well was pumped out at least half an hour to eliminate stagnant water in the tube. Every bottle was rinsed at
least three times by water to be sampled and then sealed
with wax. The samples for cation analysis were acidiﬁed to
pH < 2 by 6 mol re-distilled HNO3. The parameters of pH,
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total dissolved solid (TDS), and temperature were measured in the ﬁeld. The experiment for hydrochemistry
and isotopes were conducted in the laboratory of the
Kehui testing Ltd, Beijing. Inductively coupled plasma
optical emission spectrometry (ICP-OES) was used for analyzing cation concentration (K+, Na+, Ca2+, and Mg2+), and
ion chromatography (ICS-2100) was employed for measuring anion concentration (Cl−, SO24−, NO−3 and F−). HCO−3
concentration was tested by acid–base Gran titration. D and
18
O isotopes were analyzed by LGR liquid water isotope
analyzer, and 87Sr/86Sr ratio was measured by thermal ionization mass spectrometry (Triton Plus).
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The cations (Na+, K+, Ca2+ and Mg2+) and anions (Cl−,
SO24− and HCO−3 ) were combined in the Piper diagram to
identify the hydrochemical type of groundwater and surface
water samples. In this study, two hydrochemical types were
recognized in the Piper diagram (Figure 3). Groundwater
samples showed the hydrochemical type of Ca–HCO3. Surface water samples are plotted in the transited area between
Ca–HCO3 type and Ca–SO4 type (Figure 3). The diﬀerent
hydrochemical types would be attributed to their hydrochemical evolution.

4.2 FA

4 Results and discussion
4.1 General hydrogeochemical
characteristics
The Schöeller diagram was employed to illustrate the variations in the physicochemical parameters of the groundwater and surface water samples. Groundwater samples
possessed pH values of 7.9–9.2 (mean = 8.8) and TDS
concentrations of 152–960 mg/L (mean = 358 mg/L). Surface
water samples had pH values of 8.1–8.7 (mean = 8.4) and TDS
concentrations of 102–413 mg/L (mean = 253 mg/L). Both
groundwater and surface water samples displayed weak alkaline aﬃnity in nature and large variation in TDS concentration. The concentration of major ions followed the abundance
order of SO24−> HCO−3 > Cl− for anions and Ca2+ > Mg2+ > Na+ >
K+ for cations (Figure 2). The pH value and SO24− concentration failed to reach the permissible limit of drinking
water (Table 1). NO−3 and F− of water samples had a range
of 0.00–0.77 and 0.03–0.25 mg/L, respectively, markedly
lower than the permissible limit of drinking water [28].

FA has been vastly used in the hydrochemical analysis. It
can identify the source of hydrochemical compositions by
dimensionality reduction [29–31]. In this study, 11 parameters including pH, TDS, and major ions were involved
in FA. Three factors with eigenvalue larger than 1 were
extracted, accounting for the 76.633% of the total variance (Table 2). Factor 1 accounted for 43.577% of total
variance and has a strong loading of TDS, Ca2+, Mg2+, and
SO24 . The dissolution of sulﬁde minerals is the main process dominating the hydrochemical compositions. Factor
2 was responsible for 22.410% of the total variance and
displayed medium positive loading of pH, K+, Cl−, NO−3
and F−. Considering the absence of Cl and F bearing
minerals, the Factor 2 would be aﬀected by anthropogenic activities. Factor 3 contributed only 10.646% of
the variances, and it only included a single major species,
HCO−3 . HCO−3 concentration was probably inﬂuenced by
the dissolution and precipitation of carbonate minerals
(dolomite and calcite).

Table 1: Statistical analysis of hydrochemical parameters of water
samples (units of all parameters are mg/L, except pH)
Parameters

Max

Min

Mean

WHO
standard [28]

%
of SEL

pH
TDS
K+
Na+
Ca2+
Mg2+
Cl−

9.20
960.00
1.51
16.90
177.00
68.90
4.97
679.00

7.90
102.00
0.15
0.15
24.10
5.39
0.00
30.30

8.69
335.17
0.58
7.19
71.46
25.28
1.12
188.26

6.5–8.5
1,000
—
200
200
150
250
250

25.7
0.0
—
0.0
0.0
0.0
0.0
21.7

236.00
0.77

67.50
0.00

121.04
0.23

—
45

—
0.0

0.25

0.03

0.11

1.5

0.0

SO2−
4
HCO−3
NO−3
F−
Figure 2: Schöeller diagram for groundwater and surface water
samples (unit: meq/L).

Note: % of SEL, % of samples exceeding acceptable limit.
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Figure 3: Piper trilinear diagram for groundwater and surface water samples [27].

Table 2: Factor loadings and eigenvalues of the 11 extracted factors
Scaled coordinates

Factor 1

Factor 2

Factor 3

pH
TDS
K+
Na+
Ca2+
Mg2+
Cl−

0.278
0.977
0.479
0.617
0.976
0.923
−0.116
0.922

0.677
−0.16
0.719
0.402
−0.089
−0.276
0.715
−0.227

−0.413
−0.083
−0.221
0.401
−0.06
0.021
−0.452
−0.184

0.607
0.018

0.283
0.565

0.502
0.444

−0.339
4.794
43.577
43.577

0.506
2.465
22.410
65.987

0.302
1.171
10.646
76.633

SO2−
4
HCO−3
NO−3
F−
Eigenvalues
Variance (%)
Cumulative (%)

4.3 Correlations of major ions
Gisbbs diagram has been used to identify the main process
(rock weathering, atmospheric precipitation, and evaporation) determining hydrogeochemical compositions [11]. In
this study, the concentration ratios of Na+/(Na+ + Ca2+)
and Cl−/(Cl− + HCO−3 ) ranged from 0.08 to 0.39 and from

0.03 to 0.42, respectively. The plots collectively show the
source of rock dominance (Figure 4a and b). Of note, the
Na+/(Na+ + Ca2+) cation weight ratios had a relatively wide
variation, supporting the existence of cation exchange in
the hydrochemical evolution. Gaillardet et al. [12] proposed a plotting diagram to further constrain the type of
aquifer rocks based on the concentrations of Ca2+, Mg2+,
HCO−3 , and Na+. The weight ratios of Ca2+, Mg2+, and HCO−3 ,
against Na+ were 5.11–314.33, 1.71–162.28, and 3.46–169.67,
respectively. The plots of groundwater and surface water
samples were situated in the transited zone between silicate
rocks and carbonate rocks (Figure 4c and d). Therefore,
carbonate and silicate minerals were the main minerals
interacting with groundwater and surface water.
The relationship among major ions can reveal the
possible type of minerals involved in the water–rock
interaction. The weight ratio of Ca2+ and HCO−3 were
used to clarify the dissolution of carbonate minerals.
The Ca2+/HCO−3 ratios of 1:1 and 1:2 demonstrated the dissolution of calcite and dolomite, respectively [32]. In this
study, the groundwater samples presented the distinguished Ca2+/HCO−3 ratios compared with surface water
samples. Groundwater samples followed the y = x equiline, whereas surface water samples had excess

Hydrochemical characteristics and D–O–Sr isotopes of ground and surface waters
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Figure 4: (a) TDS vs Na+/(Na+ + Ca2+), (b) TDS vs Cl−/(Cl− + HCO−3 ), (c) (Mg2+/Na+) vs (Ca2+/Na+), and (d) (HCO−3 /Na+) vs (Ca2+/Na+).

concentration and deviated rightward from the y = x equiline (Figure 5a). Hence, the hydrochemical compositions
of groundwater samples were determined by calcite dissolution, while the surface water samples would be inﬂuenced by the dissolution of gypsum or anorthite. The
concentration ratio would be equal to 1, when the hydrochemical compositions are controlled by gypsum dissolution [33]. Groundwater and surface water samples nearly
followed the y = x equiline, indicating the dominance of
gypsum dissolution (Figure 5b). It is noteworthy that
some surface water samples displayed the higher SO24−
concentration. The extra SO24− concentration was possibly
derived from the oxidation of metal sulﬁde. The weight
ratio between Na+ and Cl− would be 1 when the hydrochemical compositions are mainly aﬀected by halite
dissolution. In this study, most of groundwater and surface water samples were distributed below the y = x equiline and showed a rightward deviation. The excess Na+
concentration would be originated by silicate minerals

and cation exchange (Figure 5c). One surface sample possessed higher Cl− concentration than Na+ concentration,
Previous studies demonstrated that halite is absent in
the strata of southern Tibet [26]. Meanwhile, agricultural
activity is common in the study area of ﬁeld investigation.
Hence, the elevated Cl− concentration is more likely to be
polluted by agricultural activity. The weight ratio between
Ca2+ and SO24− would be 1 when the hydrochemical compositions are mainly aﬀected by gypsum dissolution. The
bivariate diagram of (Ca2+ + Mg2+) and (HCO−3 + SO24−) can
reﬂect the main hydrochemical process [34]. In Figure 5d,
groundwater and surface water samples plotted along the
y = x equiline, indicate that the hydrochemical compositions were controlled by calcite and gypsum dissolution.

NaCl → Na+ + Cl− ,

(1)

CaSO4 ⋅ 2H2O ⇄ Ca2 + + SO24− + 2H2O,

(2)

CaCO3(calcite) + H2CO3 → Ca2 + + 2HCO−3 ,

(3)
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2+
−
+
2+
−
2−
Figure 5: Correlation diagrams of (a) HCO−3 vs Ca2+, (b) SO2−
+ Mg2+.
4 vs Ca , (c) Cl vs Na , and (d) HCO3 + SO4 vs Ca

Figure 6: Saturation indices of calcite, dolomite, gypsum, and halite for groundwater and surface water samples.

Hydrochemical characteristics and D–O–Sr isotopes of ground and surface waters

CaMg(CO3)2 (dolomite) + 2H2 CO3
→ Ca2 + + Mg 2 + + 4HCO−3 .
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(4)

4.4 Saturation indices
The saturation indices (SI) are eﬃcient to recognize the
equilibrium status of speciﬁc minerals in the hydrochemical evolution (Parkhurst and Appelo, 2013). The SI
values of four main minerals (calcite, dolomite, gypsum,
and halite) were computed using Phreeqc 3.0. Calcite,
dolomite, and gypsum showed the oversaturated status
with positive SI values, while halite displayed the unsaturated status with negative SI values (Figure 6). Combined with the FA and correlations of major ions, it is
proposed that the hydrochemical compositions were primarily controlled by the dissolution of calcite, dolomite,
and gypsum and anthropogenic activities.

4.5 Stable isotopes of D,

18

O, and

87

Sr/86Sr

The δD (‰ Vienna standard mean ocean water (VSMOW))
and δ18O (‰ VSMOW) of surface water samples ranged
from −96.45 to −133.38‰ (mean = 120.69‰) and from
−14.00 to −17.76‰ (mean = 16.47‰), respectively. The
δD (‰ VSMOW) and δ18O (‰ VSMOW) of groundwater
samples ranged from −115.92 to −135.22‰ (mean = 124.88‰)
and from −15.66 to −17.06‰ (mean = 16.24‰), respectively.
It is noted that surface water samples showed relatively richer
δD and δ18O values. Both groundwater and surface water

Figure 8: Plot diagram of Sr concentrations and 87Sr/86Sr ratios.

samples were closer to the Global Meteoric Water Line
(GMWL) (solid line: δD = 8 × δ18O + 10‰) [35] and Local
Meteoric Water Line (LMWL) (dash line: δD = 8.2 × δ18O +
14.4‰) [36] (Figure 7). Hence, both groundwater and surface water are recharged by precipitation. As δ18O value
changes with elevation in a special geographic demarcation,
δ18O value was employed to calculate the recharge elevation.
Herein the function (−δ18O = 0.0031 × H + 6.19) was derived
from reference [37]. The calculated results of recharge area
ranged from 2,519 to 3,731 m.
The Sr concentrations and 87Sr/86Sr ratios of groundwater
were 0.13–1.26 (mean = 0.46 mg/L) and 0.710513–0.713763
(0.711918), respectively. The Sr concentrations and 87Sr/86Sr
ratios of surface water were 0.13–1.26 (mean = 0.46 mg/L) and
0.710513–0.713763 (0.711918) , respectively. The groundwater
and surface water displayed similar characteristics of Sr concentrations and 87Sr/86Sr ratios, indicating the active interaction between groundwater and surface water (Figure 8).
The 87Sr/86Sr ratios of groundwater and surface water were
compatible with those of sulfate and carbonate minerals,
revealing the main type of minerals interacting with water.

5 Conclusion

Figure 7: Plot diagram of δD (‰ VSMOW) and δ18O (‰ VSMOW).
The solid line is the GMWL (Craig, 1963), while the dashed line is the
LMWL (Tan et al., [36]).

In this study, 18 surface water and 5 groundwater samples were collected along the Xiongqu and Sequ rivers in
the northern Longzi county, for FA, correlation of major
ions, geochemical modeling, and D–O–Sr isotopes.
(1) The main anion and cation of groundwater and surface water samples were SO24− and Ca2+, respectively.
The hydrochemical type was Ca–SO4 and Ca–HCO3.
pH value and SO24− concentrations exceeded the permissible limit set by WHO for drinking purpose.

118



Xiao Yu et al.

(2) The dissolutions of gypsum, calcite, and dolomite
were responsible for hydrochemical compositions based
on ratios of FA, major ions, and saturation indices.
(3) D–O isotopes indicated a meteoric origin for surface
water and groundwater. The recharge elevation had a
range of 2,519–3,731 m. The 87Sr/86Sr ratios of groundwater and surface water revealed the dissolution of
sulfate and carbonate accounted for hydrochemical
compositions in the study area.
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