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Abstract: The hydrogeochemical evolution of Bosten Lake has an important impact on the lake’s ecology
and water environment. Kriging interpolation, principal component analysis and Piper and Gibbs charts
were used to analyze the hydrochemical characteristics and genesis of Bosten Lake in summer and
autumn. The following are the main conclusions: (1) In summer and autumn, the hydrochemistry of the
lake follows the order of SO4

2− > Cl− > HCO3
− > Na+ > Mg2+ > Ca2+ > K+. (2) The concentrations

of TDS, Ca2+, Na+, Mg2+, Cl− and HCO3
− in Bosten Lake increased significantly in autumn. Ion

concentrations in most of the Little Lake District were higher than those in the Great Lake District.
(3) In summer, ion correlation was strong, the evaporation effect was strong and the TDS contribution
rate was high. Evaporation was weak in autumn, and Mg2+ and Ca2+ contributed more. (4) The
hydrochemical type (SO4·Cl-Na·Mg) was the same in both seasons; in summer, the Great and
Little lakes were mainly characterized by evaporation and crystallization; in autumn, evaporation
crystallization was dominant in the Great lake. (5) The ions mainly came from the dissolution of
gypsum, salt rock, calcite, etc. Cationic alternating adsorption occurred in summer.

Keywords: water chemistry; Piper trilinear diagram; kriging; Gibbs diagram; Bosten Lake

1. Introduction

Rivers and lakes are important water resources, indispensable for human life and
production; they also facilitate the material and energy cycle between the land and ocean,
and their hydrochemical properties have important implications for human health, aquatic
biota and ecosystem services [1,2]. The chemical composition of water not only indicates
surface weathering processes, but also reflects the source, composition and content char-
acteristics of regional hydrochemical elements. The chemical properties of water bodies
depend mainly on the chemical content of diagenetic minerals, such as sulfide, carbonates
and silicate, and the physical effects of evaporation and weathering [3,4]. In recent years,
some scholars have also conducted research on the water chemistry of lakes in semi-arid
areas, and the research work on Bosten Lake has mainly focused on water quality [5,6],
ecological service value [7,8] and lake area changes [9]. However, research on its water
chemistry is relatively scarce. Nurameem Armuk studied the water chemistry of Bosten
Lake using hydrogeochemical methods and isotopes, and came to the conclusion that
the ion concentration in the Bosten Lake Basin was ordered and isotopes were evenly
distributed in the lake [10].

Vernadcky first mentioned the water chemical composition of the Earth’s rivers, and
then many scholars analyzed the main solutes in the water chemistry of the basin. The
relationship between its source and the environment of the region through which it flows
was also analyzed. In 1970, Gibbs divided the factors affecting the water chemistry of the
basin into three categories according to the chemical composition of the main solutes in
the water body. This method is still widely used in the analysis of river chemistry [11].
Among those who have used this method are Prasanna et al., who used the hydrochemical
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method to prove that groundwater and surface water around Perumal Lake in India are not
affected by evaporation and precipitation, and the water bodies are not polluted except for
a small part [12]. Mandal et al. investigated the groundwater in the Kingston Basin using
hydrochemical methods to determine its hydrochemical type, confirming the contribution
of saline invasion [13]. Zhang et al. studied the hydrochemistry of water bodies (Ili, Junggar
and Erzis) in arid and semi-arid areas using the hydrochemical method, and it was proved
that evaporative karst decomposition and carbonate weathering were the main causes of
the hydrochemistry in these arid and semi-arid areas [14]. Wu Dingding et al., in addition to
the hydrochemical method, used stable isotopes to study groundwater in Hami Basin, and
it was concluded that the chemical type transformation of the groundwater and the main
recharge mode are atmospheric precipitation, and the discharge mode is evaporation [15].

Principal component analysis was introduced by Karl Pearson in Britain and Harold
Hotelling in the United States. In China, Professor Qiu Dong [16] has contributed greatly to
principal component analysis (PCA), conducting long-term and in-depth research on PCA.
Many experts and scholars [17] are also committed to the theoretical research of principal
component analysis. The comprehensive evaluation of principal component analysis has
been applied to many fields [18–21] such as medicine, education and environment. The fol-
lowing scholars have applied principal component analysis to the study of water chemistry.
Lanjwani et al. used multivariate statistical methods and geochemical modeling (GIS map)
to analyze the chemical composition and main ion sources of the groundwater of Bakrani
Taluka in Pakistan [22]. Lu Ying, using multivariate statistical methods, studied ground-
water chemistry in the Zhangye Basin and analyzed the hydrochemical characteristics of
evaporation and concentration, recharge and leaching and acid–base evolution of the main
loading variables at shallow and middle depths [23].

This study focuses on Bosten Lake as the research object, using Kriging interpolation,
principal component analysis, Piper three-line graphs, Gibbs charts, and main ion ratio
analysis to study the summer and autumn ion concentration characteristics, spatial distri-
bution of ions and TDS, water chemical types and water chemical genesis of Bosten Lake,
as well as the ion correlation and main sources. The findings will provide a reference basis
for the assessment of the quality of local surface water, treatment and protection of the
water environment, and the rational utilization of water resources.

2. Materials and Methods
2.1. Study Area

Bosten Lake is located in the Bayinggoleng Mongolian Autonomous Prefecture (Bazhou
for short), Xinjiang Uygur Autonomous Region, in the northeast of Tarim Basin. The
east and west sides are adjacent to the desert. Its geographical coordinates are between
82◦57′–90◦39′ E and 40◦25′–43◦21′ N (Figure 1). The drainage area is 7.73 × 104 km2, ac-
counting for 16.1% of the total area of Bazhou. The mountainous area is 3.47 × 104 km2.
The plain area is surrounded by deserts, and the ecological environment is extremely
fragile [24].

The Bosten Lake Basin is a typical continental arid climate with little rain, and the
temperature difference between morning and night is large, with large winds and sand. The
annual precipitation in Bosten Lake Basin is in the range of 70–600 mm. The average annual
evaporation is 1880.0–2785.8 mm, and the average annual temperature is 9.2–11.5 ◦C [9,25].
The Bosten Lake Basin is surrounded by mountains, high in the north and west, and low in
the south and east [26].

It is the gathering place of rivers of all sizes in Yanqi Basin and there are 13 rivers in
the basin. A total of 80% of its water flows in from the Kaidu River, and Bosten Lake is
the source of the Kongque River, with the main flow-producing area being in the Tianshan
Mountain system [27]. It is divided into two lakes, the main part of which is the Great
Lake, and the main part of the small lake is a plurality of shallow moorings, located in the
southwest corner of the Great Lake area. Surface tributaries and small lakes are connected
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in series. The water levels in the flood period and the dry period are quite different, and
the surface becomes dry during the dry period.
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Figure 1. Overview of the study area.

There are many ethnic groups living in the Bosten Lake Basin, with a population of
1,179,700 as of 2019, including Han, Uyghur, Mongolian, Hui and Kazakhs. The increase in
population and the development of science and technology have led to the rapid economic
development of the basin, and the GDP of the basin reached CNY 106.13 billion in 2019,
and the per capita GDP of the basin was CNY 62,749, of which the value of secondary
industries was CNY 62.9 billion, accounting for 59.2% of the GDP, which is the leading
industry in the economic development of the Bosten Lake Basin [28].

2.2. Acquisition and Testing of the Water Samples

In the summer and autumn of 2021 (in the northern hemisphere of China, June
represents summer and October represents autumn), water samples were collected and
monitored for HCO3

−, SO4
2−, Cl−, K+, Ca2+, Na+ and Mg2+. The samples were collected

from 33 sampling points covering the Great and Little lakes of Bosten Lake: 25 sampling
points (S1–S25) in the Great Lake District and 8 sampling points (A1–A8) in the Little Lake
District. Golden Beach, Silver Beach, Dahekou, and other scenic spots and factories around
Bosten Lake are greatly affected by human activities. Therefore, 20 sampling points were
set around the lake and 5 sampling points were set in the center of the lake, which is less
affected by human activities, to ensure the accuracy and equality of data. The Little Lake
District has a small scope and is a reed breeding area, so setting 8 sampling points can
achieve full coverage and make the data representative. The samples were collected at
0.5 m below the water surface in the center of the lake using a boat. They were stored in
transparent polyethylene bottles, which were preliminarily washed thrice and subsequently
marked. Three samples were collected from each point. The collection, preservation and
delivery of samples were performed in accordance with standards. Field measurements
of the pH (generally refers to the hydrogen ion concentration index and value of acidity
or alkaline of the solution) of water samples collected on the day was performed using an
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8601 AZ pH meter. TDS (total dissolved solids) and conductivity were measured using a
handheld conductivity meter. Laboratory determinations included the following: HCO3

−

was measured by acid titration; SO4
2− and Cl− were measured by ion chromatography;

K+ and Na+ were measured by flame atomic absorption spectrophotometry; and Ca2+ and
Mg2+ were measured by atomic absorption spectrophotometry [29,30].

2.3. Research Method

Statistical analysis was performed using Microsoft Excel and the variability of the
data was tested using the Yin–Yang ion balance method. The calculation showed that the
absolute value of the ion balance error was less than 5% or less for all water samples [31].
Spatial interpolation was performed using the kriging interpolation method, and the ho-
mology between various ions was assessed through correlation analysis. The Piper trilinear
diagram and Gibbs plots were drawn using Origin software and major ion ratio and the
alternating adsorption of the cations were considered to study the chemical characteristics
and evolution of the hydrochemistry of Bosten Lake.

Kriging interpolation is also known as the most optimal interpolation method of
spatial self-covariance. The ordinary kriging interpolation, which is expressed as Equation
(1), assumes few conditions and simple parameter requirements, which is one of the most
common grounds in statistical methods. Based on raw data and the characteristics of the
various functions, it performs a linear, unbiased, optimized estimation of unknown sample
points in limited regions [29,30].

P(x0) =
n

∑
i=1

λiP(xi) (1)

In the formula, P(x0) is the predicted value of the water quality index, λi is the weight
of the ith sampling point to the interpolation point, n is the number of measured sampling
points, and the ith sampling point of P(xi).

Principal component analysis (PCA) uses dimension reduction thinking to convert
multiple variables into a few variables, and these comprehensive variables can reflect most
of the information provided by the original variables. In this study, principal component
analysis was used to extract the dominant ions and variables in water chemistry and convert
multiple indicators into a few comprehensive indicators. The dominant ion contribution
rate to the water chemistry in summer and autumn was analyzed. The steps are as follows:
standardize the original data; establish the relationship matrix; calculate the eigenvalues
and eigenvectors of the correlation coefficient matrix; and calculate the comprehensive
score [32,33].

3. Results
3.1. Characteristics of the Hydrochemical Parameters

The results of the statistical analysis of chemical index data are presented in Tables 1 and 2.
The cation and anion concentrations followed the order Na+ > Mg2+ > Ca2+ > K+ and
SO4

2− > Cl− > HCO3
−, respectively, in both summer (June) and autumn (October). In sum-

mer, the average cation mass concentrations were 134.47 (Na+), 48.26 (Mg2+), 32.29 (Ca2+)
and 12.39 mg/L (K+), and the average anion mass concentrations were 404.35 (SO4

2−),
253.21 (Cl−) and 203.5 mg/L (HCO3

−). In autumn, the average cation mass concentrations
were 153.67 (Na+), 50.72 (Mg2+), 44.48 (Ca2+) and 11.9 mg/L (K+), and the average anion
mass concentrations were 422.3 (SO4

2−), 257.18 (Cl−) and 168.33 mg/L (HCO3
−). On the

whole, the ionic concentrations followed the same order between summer and autumn:
SO4

2− > Cl− > HCO3
− > Na+ > Mg2+ > Ca2+ > K+.
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Table 1. Hydrochemical parameters of the lake water during summer and autumn. pH is dimension-
less; TDS is in ppm; the other indicators are in mg/L.

Statistical Value pH TDS K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3−

Summer

Maximum
value 7.74 960 23.1 621 91.1 184 1190 1520 854

Minimum
value 7.05 481 1.54 7.73 15.0 9.02 11.9 32.6 95.5

Mean
value 7.49 671.79 12.39 134.47 32.29 48.26 253.21 404.35 203.5

Standard
deviation 0.14 115.24 6.87 115.47 17.47 30.96 236.53 310.41 147.75

Autumn

Maximum
value 8.52 893 73.9 971 103 146 545 988 198

Minimum
value 7.37 228 1.35 8.24 12.9 11.3 109 215 117

Mean
value 8.06 707.46 11.99 153.67 44.48 50.72 257.18 422.3 168.33

Standard
deviation 0.40 115.42 11.17 161.58 17.32 21.34 110.91 166.94 14.62

Table 2. Hydrochemical parameters of the Great and Little lake areas in summer and autumn. pH is
dimensionless; TDS is in ppm; the other indicators are in mg/L.

Statistical
Value pH TDS K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3−

Summer

Great
Lake

District

Maximum
value 7.69 960 44.4 373 61.1 101 763 963 557

Minimum
value 7.16 596 1.54 7.73 15.0 9.02 11.9 32.6 95.5

Mean
value 7.52 729.6 12.89 123.87 27.54 42.02 205.88 341.34 174.66

Standard
deviation 0.11 60.92 7.00 57.57 8.02 14.01 120.03 147.63 80.21

Little
Lake

District

Maximum
value 7.74 507 23.1 621 91.1 184 1190 1520 854

Minimum
value 7.05 481 6.82 22.5 25.0 27.1 102 183 150

Mean
value 7.40 491.13 10.82 167.59 47.11 67.74 401.13 601.25 293.63

Standard
deviation 0.19 9.82 6.17 207.84 27.73 53.29 396.07 527.42 243.35

Autumn

Great
Lake

District

Maximum
value 8.52 893 73.9 971 103 146 359 591 186

Minimum
value 7.43 627 7.86 79.3 29.4 38.6 149 253 153

Mean
value 8.17 758.4 12.77 135.9 40.1 49.27 216.72 354.4 167.08

Standard
deviation 0.38 41.19 12.53 171.34 13.39 19.97 35.44 56.76 8.50

Little
Lake

District

Maximum
value 8.05 657 13.8 331 81.7 85.8 545 988 198

Minimum
value 7.37 228 1.35 8.24 12.9 11.3 109 215 117

Mean
value 7.72 548.25 9.53 209.21 58.18 55.24 383.63 634.5 172.25

Standard
deviation 0.20 127.25 3.99 109.04 20.72 24.59 160.35 213.21 25.22

In summer, the pH of the Great Lake District was 7.52 and that of the Little Lake
District was 7.40, indicating weakly alkaline water in both districts. In autumn, the pH
of the Great Lake District was 8.17 and that of the Little Lake District was 7.72, indicating
alkaline water in the Great Lake District and weakly alkaline water in the Little Lake
District. In summer, the overall pH of the surface water in the study area ranged from 7.05
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to 7.74, with a mean of 7.49; in autumn, it ranged from 7.37 to 8.52, with a mean of 8.06.
This indicates that Bosten Lake is the most alkaline in autumn. In summer, TDS ranged
from 596 to 960 ppm (Great Lake District), with a mean of 729.6 ppm, and from 481 to
507 ppm (Little Lake District), with a mean of 491.13 ppm. In autumn, TDS ranged from
627 to 893 ppm (Great Lake District), with a mean of 758.4, and from 228 to 657 ppm, with
a mean of 548.25 (Little Lake District). Overall, the mean TDS of the surface water in the
study area was 671.79 ppm in summer and 707.46 ppm in autumn. Both pH and TDS were
higher in autumn than in summer and also higher in the Great Lake District than in the
Little Lake District.

3.2. Spatial Distribution of the Ions and the TDS

TDS can represent the comprehensive characteristics of solute quality in water. It is
relatively complicated to analyze ions alone. In addition, TDS and conductivity are strongly
related, and pH and water temperature do not show distinct features.

According to the spatial interpolation change in TDS in the study area (Figure 2o,p), the
spatial distribution of Bosten Lake’s TDS in summer and autumn varied greatly. The spatial
distribution map of TDS shows that TDS content was the lowest in summer (Figure 2o),
with that of the lakeside below Bosten Lake being greater than that above. An area of
high TDS content could be observed around the highest value on the southern right part,
surrounding the desert. This distribution indicates that the lake’s water body has a low
content of dissolved materials in summer. In autumn (Figure 2p), the TDS content was low
in the Little Lake District, and the overall TDS content was high in the Great Lake District,
with two high-TDS areas. This indicates a high content of dissolved materials in autumn.

In summer, the maximum Ca2+ concentration was found in the Little Lake District,
while the overall concentration in the Great Lake District was low. The Ca2+ concentration
in the Bosten Lake area showed a decreasing trend from bottom to top. In autumn, the
overall temperature of the Little Lake District decreased, while that of the Egret Lake area of
the Great Lake District reached the highest value. Ca2+ concentration in the upper left area
of the Great Lake District was moderate and the ion distribution was relatively dispersed.

In summer, the concentration of K+ ions showed an extreme value, and the maximum
value appeared in the lower left part of the lake. Moreover, the concentration of K+ in the
lakeside below Bosten Lake was medium to high, showing a decreasing spatial distribution
from bottom to top, and the concentration in the Little Lake District was low as a whole.
In autumn, there was an extreme value of K+ concentration in the Great and Little Lake
District, while the concentration in the center of the Great Lake District was low, and the
overall concentration was low and had a maximum value.

In summer, Na+ was generally low, and Na+ was on the high side where Kaidu River
enters the lake. The concentration of Na+ was low in the entire Great Lake District, and
there was no extreme value in the Little Lake District. The overall spatial distribution of
Na+ decreased from the middle to both sides. In autumn, the concentration of Na+ in the
center of the extreme lake was low in the Great Lake District, while the concentration of
Na+ in the Little Lake District was high.

In summer, Mg2+ was low, the concentration of Mg2+ at the entrance of Kaidu River
was high, and the concentration of Mg2+ in the Little Lake District was high. In autumn,
the Mg2+ concentration was higher as a whole, while lower in the center of the lake, with
two maximum values. As can be seen from the figure, the concentration of Mg2+ around
the Great Lake District was high and appeared to be an extreme value, while the Little Lake
District presented a trend of gradual decline from left to right.

In summer, Cl− concentration was lower in the Great Lake area, the lowest value was
found at the entrance of the Kaidu River, the lower value was higher, and the highest value
was found in the Little Lake District, decreasing from top to bottom. In autumn, the overall
Cl− concentration was higher, and the concentration of Cl− was lower in the center of the
lake, showing the maximum value in the upper right. The overall concentration of Cl− was
the highest in the Little Lake District, decreasing from left to right.
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In summer, HCO3

− was higher in the Little Lake District, but lower in the Great Lake
District as a whole, and the HCO3

− content was higher in the Great Lake District where
the Kaidu River entered the lake mouth. In autumn, the extreme value appeared in the
Little Lake District, and the HCO3

− concentration increased in the Little Lake District.
The overall HCO3

− concentration increased in the Little Lake District, and the HCO3
−

concentration markedly increased above.

3.3. Ion Source

The relationship and source of ions can be roughly deduced through correlation
analysis (Table 3). For summer, a very significant correlation was observed between
Mg2+ and Cl−, SO4

2−, Na+ and HCO3
−, with large correlation coefficients. Regarding

autumn, significant negative correlations were observed between TDS and SO4
2− and K+,
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with correlation coefficients of 0.483 and 0.381, indicating that the two ions contributed
significantly to TDS. Further, the correlation coefficient of SO4

2− was greater than that of
K+, indicating that the contribution of SO4

2− played a decisive role in autumn.

Table 3. Matrix of the correlation coefficient of water chemical parameters in summer and autumn.

HCO3− Cl− SO42− K+ Na+ Ca2+ Mg2+ pH

Summer

Cl− 0.944 **
SO4

2− 0.893 ** 0.985 **
K+ 0.707 ** 0.665 ** 0.620 **

Na+ 0.911 ** 0.961 ** 0.943 ** 0.684 **
Ca2+ 0.824 ** 0.924 ** 0.955 ** 0.545 ** 0.835 **
Mg2+ 0.945 ** 0.987 ** 0.971 ** 0.631 ** 0.967 ** 0.889 **
PH 0.012 −0.065 −0.131 0.104 0.101 −0.342 0.002
TDS −0.265 −0.29 −0.272 0.204 −0.103 −0.358 * −0.275 0.211

Autumn

Cl− 0.468 **
SO4

2− 0.136 0.889 **
K+ 0.02 −0.073 −0.142

Na+ 0.156 0.279 0.206 0.920 **
Ca2+ 0.392 * 0.582 ** 0.482 ** 0.651 ** 0.830 **
Mg2+ 0.15 0.350 * 0.292 0.843 ** 0.927 ** 0.875 **
PH 0.022 −0.199 −0.268 −0.217 −0.307 −0.367 * −0.263

TDS 0.222 −0.245 −0.0483
** 0.381 * 0.178 0.045 0.318 0.315

Pour: ** p < 0.01 (There was a significant correlation), * p < 0.05 (There is a weak correlation).

According to the correlation analysis, Mg and Na generally show a strong correlation
and have similar sources. The Cl/Na value was 1.88 in summer and 1.67 in autumn, which
are higher than the ratio for global seawater (Cl/Na = 1.15). This shows that the salt brought
by atmospheric circulation has an important contribution to the chemical composition of
the lake water, with a higher contribution in summer. K+ is generally derived from the
weathering of minerals such as mica and potassium feldspar. The K/Na ratio of the lake
water was 0.089 and 0.078 in summer and autumn, respectively, with an average of 0.084,
indicating that some potassium feldspar may not be completely weathered (low degree
of weathering). HCO3

− and Mg2+ are mainly derived from the dissolution of carbonate.
The correlation coefficient of SO4

2− with Ca2+ was 0.955 in summer and 0.482 in autumn,
indicating that, in addition to the strong weathering in summer, some gypsum dissolution
occurred, mainly derived from human activity. In autumn, Ca2+, as the main cation of the
lake water, indicates that calcium feldspar weathering is also the main weathering process
in the region.

Prior to principal component analysis, KMO and Bartlett tests were performed on
the data. As shown in Table 4, the KMO value was 0.674, greater than 0.5, and the
significance level was 0.000, less than 0.05, indicating that the data could be analyzed by
principal component analysis. The principal component analysis method was used to
extract two principal components with eigenvalues greater than 1, and the cumulative
variance contribution rate was 87.445%, indicating that the two principal components could
reflect 87.445% of the original information of the 18 indicators. The results of the principal
component analysis were good, and the two principal components were named F1 and F2.

Table 4. KMO and Bartlett’s tests.

Kaiser–Meyer–Olkin Measure of Sampling Adequacy 0.674

Bartlett’s Test of Sphericity
Approx. chi-squared 1220.246

df 153
sig 0.000
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The angle between the lines represents the correlation, and the smaller the angle,
the closer the correlation. If the angle between two lines is greater than 90 degrees, the
correlation is small and the correlation is negative. In the principal component diagram,
the longer the indicator arrow, the greater the contribution rate of the indicator. It can be
seen from the figure that, in summer (Figure 3a), there was a strong correlation and positive
correlation among all ions. F1 was the main ion, and its contribution rate reached 62.8%,
indicating that F1 was subject to strong evaporation. F2 only had a contribution rate of
21.9%, which was less affected. TDS had a positive correlation with a small number of ions,
among which TDS was the main contributor. In autumn (Figure 3b), there was a strong
and positive correlation among all ions. F1 was the main ion, but its contribution rate was
40.7%, indicating that the evaporation effect was weakened in autumn. The F2 contribution
rate was 30.1%, not considerably different from F1. TDS had a positive correlation with
most ions, among which Ca2+ and Mg2+ contributed the most.
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3.4. Hydrochemical Type

The Piper diagram can indicate the chemical composition characteristics of different
water samples, expressed as the milligram equivalent percentage of the main cations and
anions (Figure 4). In summer (Figure 4a), the main distribution of cations in Bosten Lake
was biased towards the Na++K+ axis, and the anion distribution was biased towards SO4

2−.
In the Great Lake District, Na++K+, Ca2+ and Mg2+ accounted for 53.9%, 13% and 33.1% of
all cations, respectively, and HCO3

−, SO4
2− and Cl− accounted for 16.9%, 49.5% and 33.6%

of all anions, respectively. The hydrochemical type mainly corresponded to SO4·Cl-Na·Mg.
In the Little Lake District, Na++K+, Ca2+ and Mg2+ accounted for 48.6%, 15.1% and 36.3% of
all cations, respectively, and HCO3

−, SO4
2− and Cl− accounted for 15.7%, 48.1% and 36.2%

of all anions, respectively. The hydrochemical type mainly corresponded to SO4·Cl-Na·Mg.
In autumn (Figure 4b), the main distribution of cations in the Great Lake District was biased
towards the Na++K+ axis, and the anion distribution was biased towards SO4

2−. In the
Great Lake District, Na++K+, Ca2+ and Mg2+ accounted for 50.6%, 16.2% and 33.2% of all
cations, respectively, and HCO3

−, SO4
2− and Cl− accounted for 15.7%, 49.9% and 34.4% of

all anions, respectively. The hydrochemical type mainly corresponded to SO4·Cl-Na·Mg. In
the Little Lake District, Na++K+, Ca2+ and Mg2+ accounted for 55.4%, 17.3% and 27.3% of
all cations, respectively, and HCO3

−, SO4
2− and Cl− accounted for 9.7%, 53.7% and 36.6%

of all anions, respectively. The hydrochemical type mainly corresponded to SO4·Cl-Na·Mg.
Overall, in summer and autumn, the same hydrochemical types were observed in the
Great and Little Lakes (SO4·Cl-Na·Mg). According to the analysis of water sample data
in summer and autumn, Na+ content was the highest among cations, followed by Mg2+,
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and the SO4
2− content was the highest among anions. The hydrochemical type indicates

that the lake water will generally follow the evolution law of sodium carbonate–sulfate–
magnesium sulfate–chloride type [34,35]. Accordingly, it can be determined that Bosten
Lake is in the middle and late stage of evolution and that it is a relatively mature lake.
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3.5. Hydrochemical Evolution

The Gibbs diagram can be used to intuitively evaluate the chemical composition,
formation, cause and mutual relationship of the components of lake water (Figure 5). The
vertical coordinates are the logarithmic coordinates of TDS mass concentration in the river
water, and the normal coordinates represent the ratio of the main cations Na+/(Na++Ca2+)
or the main anions Cl−/(Cl−+HCO3

−). The Gibbs diagram divides factors affecting the
chemical components of lake water into three aspects: evaporation and crystallization, rock
weathering, and atmospheric precipitation. On the whole, for the summer and autumn,
water sample points were mostly distributed in the middle and upper parts of the figure,
with higher TDS contents (mostly 400–1000). The Na+/(Na++Ca2+) or Cl−/(Cl−+HCO3

−)
ratios were distributed equally between 0.2 and 0.9. This shows that various ions in
Bosten Lake were essentially derived from evaporative crystallization, with a very small
part derived from rock weathering. Precipitation had almost no effect. In addition, most
chemical components of the water samples were distributed within the Gibbs diagram,
but a small number of water samples occurred outside the Gibbs plot. This shows that the
hydrochemical components were also affected by the monsoon climate and anthropogenic
interference to some extent.

For summer (Figure 5a,b), the ratio of Yin and Yang ions was 0.3–0.9, and the TDS
range was 400–1000, indicating that the chemical components in the Bosten Lake are
mainly derived from evaporation crystallization, with a small contribution from rock
weathering. For autumn (Figure 5c,d), the cation distribution was scattered and slightly to
the right, indicating that evaporation crystallization has a larger contribution compared
to rock weathering. A cation distribution shifting to the left indicates that evaporation
crystallization has a lower contribution than rock weathering. The anion distribution in the
lake area showed that the hydrochemical in the Bosten Lake was affected by evaporation
and crystallization, rock weathering and human activities. The cation ratio was greater
than the anion ratio, indicating that the Yin and Yang ions have distinctly different sources.
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3.6. Main Ion Ratio

To explore the water chemistry of Lake Bosten, the ratio diagram of main ions was
drawn to illustrate the source of ions and the relationship between ions.

In the Ca2+/SO4
2− figure, the 1:1 line represents the gypsum and anhydrite dissolution

line. In Figure 6a,b, the water samples of Bosten Lake in summer are distributed below the
1:1 line, which indicates the presence of Ca2+ and SO4

2− in the water body, except from
gypsum dissolution, and the excess in SO4

2− may come from other sulfuric acid mineral
dissolution. The water samples in autumn were generally distributed around the 1:1 line,
indicating that the main source of Ca2+ and SO4

2− in the water was gypsum dissolution.
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In the Na+/Cl− figure, the 1:1 line represents the dissolution line of salt rock. In
Figure 6c,d, the water sample points in both Great and Little Lake Districts of Bosten Lake
in summer and autumn were distributed on the 1:1 line, indicating that Na+ and Cl− in
water bodies in summer and autumn mainly came from the dissolution of salt rock.

Regarding (Ca2++Mg2+)/(HCO3
−+SO4

2−), the 1:1 line represents the dissolution line
of gypsum, aragonite, calcite and dolomite. It can be seen from Figure 6e,f that the water
sample points of Bosten Lake in summer and autumn were all at 1:1 below the line, which
indicates that the Ca2+, Mg2+, HCO3

− and SO4
2− in the water body mainly came from

the dissolution of gypsum, calcite and dolomite, and the excess in SO4
2− came from the

dissolution of other sulfuric acid minerals.
In the Ca2+, Mg2+ and HCO3

− plots, the lake area points of Bosten Lake were dis-
tributed above the 1:1 line for (Ca2++Mg2+)/HCO3

− plots (Figure 6g,h), which indicates
that Ca2+, Mg2+ and HCO3

− in the two seasons came from the dissolution of other calcium-
containing minerals in addition to the dissolution of calcite and dolomite. In summer, the
water samples in Bosten Lake and Little Lake District were distributed on the Ca2+/HCO3

−

1:2 line (Figure 6e,f), indicating that the ions in summer water mainly came from the
dissolution of aragonite and calcite, while the water samples in autumn were distributed
between 1:1 and 1:2, indicating that the ions in autumn mainly came from the dissolution
of dolomite and calcite.

Alternating cation adsorption is one of the important links of water–rock interactions
and also an indispensable part of the water cycle evolution process. By drawing the
relationship between (Na++K+-Cl−) and (Ca2++Mg2+)-(HCO3

−+SO4
2−) in Bosten Lake in

summer and autumn, the cationic alternating adsorption of Bosten Lake water samples in
two seasons can be analyzed (Figure 7).
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In the cation alternate adsorption diagram, the difference in (Na++K+-Cl−) represents
the decrease or increase in Na+ caused by other minerals except from salt rock dissolution,
and the difference in (Ca2++Mg2+)-(HCO3

−+SO4
2−) represents the decrease or increase in

Ca2+ and Mg2+ caused by other minerals except from the dissolution of gypsum and other
conventional minerals. A slope close to −1 indicates that cationic alternating adsorption
occurs in the water sample.

Figure 7a shows that the water samples of Bosten Lake in summer are all near the
1:1 line, and the ratio of (Na++K+-Cl−) to (Ca2++Mg2+)-(HCO3

−+SO4
2−) is as follows:

y = −0.99522x − 0.0428; the slope of the equation is −0.99522, which is infinitely close to
−1; and R2 = 0.9872, indicating that the cation alternating adsorption occurred and Na+

mainly came from the dissolution of salt rock. In autumn (Figure 7b), the water samples of
Bosten Lake and other lakes are relatively close to the 1:1 line, but the ratio of (Ca2++Mg2+)-
(HCO3

−+SO4
2−) is y = −0.65292x − 0.15706, the slope is −0.65292, not close to −1, and

R2 = 0.69933, indicating that the cation alternating adsorption was weak and Ca2+ and
Mg2+ had other sources. As can be seen from the alternating cation adsorption diagram
in summer and autumn, the alternating cation adsorption in the Bosten Lake water body
in summer was greater than that in autumn. The content of Na+ in the Bosten Lake water
body in summer increased, while the content of Ca2+ and Mg2+ was reduced. In autumn,
Na+ was decreased, while Ca2+ and Mg2+ were increased.

The following results were obtained from this study. Judging from the water chemical
parameters, overall, the trend of ion concentrations remained the same in summer and
autumn, following the order of SO4

2− > Cl− > HCO3
− > Na+ > Mg2+ > Ca2+ > K+, and

anions were more dominant in the lakes. However, in summer, the pH value of the Great
Lake District was higher than that of the Little Lake District, and the entire lake was weakly
alkaline. In autumn, the pH value of the Great Lake District was higher than that of the
Little Lake District, which was alkaline. According to the pH value of Bosten Lake, the
pH was higher in autumn, and the lake water was weakly alkaline. According to the
spatial distribution map, the concentrations of TDS, Ca2+, Na+, Mg2+, Cl− and HCO3

− in
Bosten Lake increased significantly in autumn, while the concentrations of K+ and SO4

2−

decreased. The ion concentrations in most of the Little Lake District were higher than those
in the Great Lake District. The correlation analysis and PCA showed that the correlation
between ions in autumn was lower than that in summer, but both were positively correlated.
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The evaporation effect was strong in summer, and the contribution rate of TDS was high.
In autumn, the evaporation was weakened, and Mg2+ and Ca2+ contributed more. In
summer and autumn, Na+ had the highest content among all cations, followed by Mg2+,
and SO4

2− which had the highest content among anions. Moreover, the hydrochemical
type (SO4·Cl-Na·Mg) was the same throughout the lake and in both seasons. Accordingly,
Bosten Lake is in the middle and late stages of evolution and is a relatively mature lake.
The Gibbs plot analysis showed that, in summer, the Great and Little lakes were mainly
characterized by evaporation and crystallization, with some rock weathering; in autumn,
evaporation crystallization was dominant in the Great lake, whereas rock weathering was
dominant in the Little lake. On the whole, the Great and Little lakes were affected by
evaporation crystallization, rock weathering and human activities; according to the ratio of
major ions, summer ions mainly came from the dissolution of gypsum, salt rock, calcite,
dolomite and aragonite, and the excess in Ca2+ and SO4

2− had other sources. The autumn
ions originated mainly from the dissolution of gypsum, salt rock, calcite and dolomite, and
the excess in Ca2+ had other sources. Cationic alternating adsorption occurred in summer
and the content of Na+ increased, while the content of Ca2+ and Mg2+ decreased. The
opposite occurred in autumn.

4. Discussion

The main ionic characteristics of watershed water chemistry as a major tool to study
the process of chemical weathering can reflect the source, weathering rate and impact on
climate change [36,37]. The evolution of water chemistry is closely related to the degree
of human activity. The transport of waste water, waste and waste gas will bring in more
NO3

−, Cl− and SO4
2− plasma and will change the content and concentration of water

chemical components [38]. TDS represents the comprehensive characteristics of solute
quality in water, with a certain representative value. According to our study, the content
of SO4

2− decreased in autumn. Bosten Lake is a tourist attraction and if strongly affected
by human activities, and there are surrounding salt fields as well as a large number of
farmlands. The lake is also subject to industrial wastewater and agricultural backwater.
Therefore, this activity plays a role in the ion composition of the lake water, which is one of
the main reasons for the rise in the pH value and TDS.

5. Conclusions

The research object of this paper was Bosten Lake. The following conclusions were
obtained by using the hydrochemical method. The ionic concentration order of the two
seasons was SO4

2− > Cl− > HCO3
− > Mg2+ > Ca2+ > K+, and the lake water was weakly

alkaline. Wei Xing et al. [39], using the Kashi Delta of Xinjiang as their research object,
concluded that the highest anion content was SO4

2− and the highest cation content was Na+.
Tian Yuan et al. [40] used the natural water of Tibet as the research object and concluded
that the content of SO4

2− was the highest when anions gradually change to SO4
2−, and the

content of Na+ was the highest when cations gradually change to Na+, which is consistent
with our conclusions. Zeng Xiaoxian et al. [41] concluded that the spatial difference of
ions was large by studying the Kashgar River basin in Xinjiang. The concentrations of
TDS, Ca2+, Na+, Mg2+, Cl− and HCO3

− in Bosten Lake increased significantly in autumn,
while the concentrations of K+ and SO4

2− decreased, thus achieving a similar conclusion
to that of Zeng Xiaoxian et al., Luan Fengjiao et al., Shen Beibei et al. and Zhang Jingtao
et al. who studied the water chemistry of the surface water or groundwater of rivers and
lakes in arid and semi-arid areas by Piper three plot and Gibbs plot, and they concluded
that the water chemistry type was SO4, and the water body was affected by evaporating
crystallization and rock weathering [42–44]. In our research, the hydrochemical type
(SO4·Cl-Na·Mg) was the same throughout the lake and in both seasons. In summer, the
Great and Little lakes were mainly characterized by evaporation and crystallization, with
some rock weathering, and in autumn, evaporation crystallization was dominant in the
Great lake, whereas rock weathering is dominant in the Little lake, which is consistent with
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their conclusions. Yang Jingyan et al. [45], taking the surface water of the Ilykesh River
Basin in Xinjiang as the research object; Zhang Jie et al. [31], using the surface water of
Xinjiang Erqiang watershed; and Mengqi [46], analyzing the groundwater of Shiyang River,
concluded that cation substitution and the dissolution of carbonate and silicate were the
main processes in their study areas. In summer, ions mainly originated from the dissolution
of gypsum, salt rock, calcite, dolomite and aragonite, and the excess in Ca2+ and SO4

2− had
other sources. In autumn, ions originated from the dissolution of gypsum, salt rock, calcite
and dolomite, and the excess in Ca2+ had other sources; cationic alternating adsorption
occurs in summer, which is in agreement with previous research.
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