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L B S R N

Abstract

The oasis area of the Cherchen River Basin (OACRB) is located in the southeast edge of the
Tarim Basin in Xinjiang, China. High boron (B) groundwater is observed in the OACRB
according to 40 groundwater samples collected in May 2023. Identification of the chemical
characteristics and B sources of groundwater in the OACRB is of great significance for the
sustainable development and utilization of groundwater resources and the protection of an-
imals, plants and human health. To explore the chemical characteristics and main B sources
of groundwater, Piper three-line diagram, Gibbs diagram, correlation analysis, hydrogeo-
chemical simulation and absolute principal component analysis (PCA-APCS-MLR) were
used for analysis. The contribution of different factors to groundwater B was quantitatively
evaluated. The results showed that the groundwater is weakly alkaline (with an average pH
of 7.94) and mainly brackish water and saline water with C1~ and Na* as the main anions
and cations. The groundwater is dominated by SO, - Cl-Na type. The average concentra-
tion (p) of groundwater B in the study area was 1.48 mg-L~! with the over-standard rate
was 45.0%. The APCS-MLR receptor model analysis revealed that groundwater chemical
components including B were mainly derived from leaching-enrichment, human activity,
primary geological factors, and unknown sources. Groundwater B is obviously greater than
the standard limit, which is mainly due to agricultural activities (fertilizers and pesticides)
and unknown sources.

Keywords: groundwater boron; hydrogeochemistry; PCA-APCS-MLR; source analysis;
Cherchen River Basin

1. Introduction

Boron (B) is an essential trace element for the growth and development of humans
and plants, which mainly exists in the lithosphere and hydrosphere in the form of boron-
containing minerals, boric acid (H3BO3), and borates [1,2]. In most cases, groundwater B is
less than a few hundred pg/L [3,4].

According to the World Health Organization [3], the limit of B in drinking water is
2.4 mg/L. According to China’s “Sanitary Standard for Drinking Water” (GB5749-2006), the
limit of B in drinking water is 0.5 mg/L, while it was modified from 0.5 mg/L to 1.0 mg/L
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in the “Sanitary Standard for Drinking Water” (GB5749-2022). The effect of excessive B
on human health is dose-dependent. Short-term acute exposure (>100 mg/L) can lead
to gastrointestinal bleeding, characteristic blue-green vomiting and skin erythema. Long-
term chronic exposure (>10 mg/L) can cause reproductive dysfunction (sperm reduction,
menstrual disorders), children’s developmental retardation (bone age delay, IQ decline)
and liver and kidney damage. Exposure to high B environment in pregnant women can
significantly increase the risk of fetal malformation and low birth weight infants, while
those with renal insufficiency are more prone to boron accumulation poisoning.

Groundwater B excess areas distributed worldwide, especially in Asia and Africa,
including India, Mexico, Saudi Arabia, China, the United States, and Bangladesh, etc. [5-8].
Long-term high B water intake not only has adverse effects on human reproduction [9,10],
but also affects the growth and yield of plants [11]. The human health risk of B in coastal
areas of Bangladesh was determined by calculating the estimated daily intake (EDI) and
hazard quotient (HQ) of infants, children, adolescents, and adults. According to the average
HQ value, children were classified as high-risk groups, followed by adolescents, adults
and infants [8].

The sources of groundwater B are related to the natural environment and human ac-
tivities. Borate minerals, volcanic activities, geothermal energy, and seawater are regarded
as important natural sources of boron in groundwater B [11,12]. Human activities can also
contribute B to groundwater via different pathways such as agricultural irrigation [13,14],
sewage discharge [15,16] and mineral exploitation [17].

The oasis area of the Cherchen River Basin is located in the southeastern margin of
the Tarim Basin in Xinjiang, China. Due to the scarce precipitation and strong evaporation,
the water source in this area is relatively scarce, and groundwater is the guaranteed
water source for residents’ life and production. Previously, salinization and pollution of
groundwater were studied [18]. In May 2023, high B content in river water and groundwater
in the oasis area of the Cherchen River Basin was observed for the first time. The source of
high B water is still unclear, resulting in further reduction in available water resources.

The research objective was to delineate the distribution area of high B groundwater
and to quantitatively reveal the sources and main controlling factors of high B ground-
water in the study area. Piper three-line diagram, Gibbs diagram, correlation analysis,
and hydrogeochemical simulation were used based on the analysis of 40 groundwater
chemical samples collected in the oasis area of the Cherchen River Basin in May 2023. The
distribution and enrichment mechanisms of groundwater B in the Cherchen River Basin
were analyzed and revealed from different perspectives, including distribution of soil B,
high B groundwater irrigation, application of B-rich pesticides/fertilizers, and water-rock
interaction, etc. This study could provide technical guidance to reduce the health risks of
local high B groundwater, ecological environment protection and economic sustainable
development of residents in the oasis area of the Cherchen River Basin and clarify the future
monitoring work of in situ high B groundwater sampling point and seasonal variation
pattern of high B groundwater. Due to the limitations of the study including lack of sea-
sonal monitoring, speciation analysis, and isotopic tracing, there was merely preliminary
speculation on the possible “unknown” sources. On this basis, B isotope analysis and
mineral analysis of water-bearing media will be used for analysis of more detailed sources
of high B groundwater in the future study, thereby providing a decision-making basis for
reducing the health risks of high B groundwater in the study area.

2. Study Area

The study area (83°45'-90°27' E, 36°11'-39°49’ N) is located in Qiemo County and
Ruogiang County, Bayingolin Mongol Autonomous Prefecture in Xinjiang, China (Figure 1).
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The study area is far from the ocean. Because the southern part is plateau and mountainous
area, the wet air does not easily flow in [19]. The study area has a warm temperate extreme
continental arid climate, with an average annual temperature of 10.1 °C. The average
annual precipitation in the area is 18.6 mm, and the annual evaporation is 2506.9 mm,
which is an extremely arid area. The Cherchen River evisedoriginates from the Muztagh
Peak on the northern slope of the Kunlun Mountains. The upper reaches of the Cherchen
River converge to the glacier tributaries of the Kunlun Mountains and the Altun Mountains.
It is a mixed recharge river of ice and snow melt water and groundwater. The average
annual runoff is 8 x 108 m3 [19].
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Figure 1. Distribution of groundwater sampling points and hydrogeological section in the Cherchen
River Basin.

The topography of the Cherchen River Basin is generally high in the south and low in
the north. The landforms in the plain area can be roughly divided into three types from
south to north: the southern alluvial plain area, the central Cherchen River Valley plain
area, and the northern eolian desert area. The outcropped strata is mainly Quaternary
with fine sand and gravel as the main lithology, while is mostly distributed in the western
conglomerate and mudstone are mostly distributed in the bottom. According to the type
of aquifer, groundwater can be divided into single structure phreatic water and double-
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layer structure phreatic-confined water. The groundwater depth ranges between 0.8 and
165 m [19]. The sampling points are distributed in the oasis area of a very narrow strip-
shaped region. Hydraulic connection of phreatic water and confined groundwater in
the confined water area is closely. In addition, since the groundwater in the confined
groundwater area is extracted under the mixed phreatic-confined aquifer exploitation
mode, no further classification of groundwater has been made. Groundwater is mainly
recharged by river infiltration, canal system water, and irrigation water infiltration and
lateral runoff recharge of piedmont rainstorm flood infiltration. Groundwater flows from
southwest to northeast along the river. The main discharge mode of groundwater is phreatic
evaporation, followed by lateral inflow and lateral outflow.

3. Materials and Methods
3.1. Sampling

In May 2023, 40 groundwater samples were collected in the study area (Figure 1),
including 16 phreatic water samples and 24 confined water samples. Before groundwater
sampling, according to the requirements of China’s Groundwater Environmental Moni-
toring Technical Specification (HJ 164-2020) [20], the groundwater was pumped for more
than 20 min, and the sampling was collected after the hydrochemical conditions tended
to be stable. The sampling bottle was washed three times with the water sample. The
water sample was filtered with a 0.22 pm microporous membrane and then acidified with
1:1 nitric acid to pH < 2 for cation analysis. After labeling, it was sealed and refrigerated at
4 °C for storage and determination.

3.2. Analytical Methods

The water temperature, conductivity (EC), dissolved oxygen (DO), redox potential (Eh),
and pH value were measured on site by multi-parameter analyzer (HANNA, HI9828).
According to the standard test method for drinking water (GB/T5750-2023) [21], K and
Na* were determined by flame atomic absorption spectrophotometry. Ca%*, Mg?*, HCO; ™,
CO532~ and total hardness (TH) were determined by ethylenediamine tetraacetic acid
disodium titration. Cl~ was determined by silver nitrate volumetric method. SO4%~
was determined by barium sulfate turbidimetry. NO3;~ was determined by ultraviolet
spectrophotometry. F~ was determined by ion selective electrode method. Total dissolved
solids (TDS) was determined by weighing method. B was determined by methylimine-H
spectrophotometry. The reliability test was used to verify the accuracy of the results. It was
found that the cation—anion balance error (E) values (—5.0% —4.7%) of 40 samples were
not greater than 5%.

3.3. Analysis Software

Principal component analysis (PCA) and multiple linear regression (MLR) were per-
formed using SPSS 26.0, and the outliers (>5%) in the data box were eliminated by the
cation—anion balance test. The APCS-MLR was gradually acheived by the following meth-
ods: (1) calculating the absolute principal component score (APCS) of the standardized
factor score matrix; (2) extracting the principal components by varimax rotation; establish-
ing the source contribution rate equation; (3) using Monte Carlo simulation (1000 iterations)
to evaluate the uncertainty.

4. Results and Discussion
4.1. Statistical Analysis of Conventional Chemical Index Content of Groundwater

The characteristic values of conventional chemical indexes of groundwater in the
study area are shown in Table 1. It can be seen that the groundwater is weakly alkaline
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as a whole, and the pH is between 7.35 and 8.33, with an average of 7.94. The p (TDS) of
groundwater ranged from 641 to 151,239 mg-L~!, with an average of 6218 mg-L~!. Among
them, fresh water [p (TDS) < 1000 mg~L’1] accounted for 33.3%, and brackish water and
saline water accounted for 66.7%. Table 1 shows that the higher TDS in groundwater is
mainly caused by higher Na*, C1~ and SO4>~.

Table 1. Hydrochemical characteristic parameters of groundwater in oasis area of Cherchen
River Basin.

Index Boron Maximum Value Minimum Mean Standard Coefficient

Change Index Value Value Deviation of Variation
pH 1.00 8.33 7.35 7.94 0.23 0.03
TH 1.00 10,056 209 969 1681 1.74
TDS 1.00 151,239 641 6218 23,904 3.84
K*+Na* 1.00 57,641 117 2053 9106 443
Ca?* 1.00 1254 44 180 249 1.38
Mg* 1.00 1682 17 126 269 2.13
Cl~- 1.00 79,617 136 2846 12,580 4.42
SO, 1.00 10,978 84 916 1890 2.06
HCO3™ 1.00 719 61 193 129 0.67
F~ 1.00 3.28 0.57 1.14 0.47 0.41
NO3;~-N 1.00 20.34 0.06 3.72 4.82 1.30

Note: Except that the pH value and the coefficient of variation were dimensionless, the other parameter units
were mg L~™1; n is the number of samples.

The average cation concentration of groundwater in the study area is K*+Na* >
Ca% > Mg2+, and the average anion concentration is C1~ > SO4%~ >HCO3~ >NO3;~ >F~.
The coefficient of variation can reflect the spatial distribution difference of main ions in
groundwater [22]. According to the coefficient of variation, only the coefficient of variation
(CV) of pH is 1.0 among all the parameters of groundwater in the area, indicating that
the spatial distribution of groundwater ion components is unstable, which is related to
the distribution of different geomorphic types in the study area. Local areas may also be
affected by human pollution.

4.2. Analysis of Groundwater Chemical Characteristics

The Piper three-line diagram has been widely used in the analysis of regional hy-
drogeochemical characteristics [23,24], and the changes of hydrochemical components
can reflect the dynamic response of the effluent and the surrounding environment to a
certain extent. Based on whether the percentage of milligram equivalent of major ions
in groundwater is higher than 50%, the dominant ions and main hydrochemical types
were determined [23,25], and the Piper three-line diagram of groundwater in the study
area was drawn (Figure 2). From Figure 2, it can be seen that the cations of groundwa-
ter in the area are concentrated in Area D, and the dominant cations are mainly K+Na
type (68.8%), followed by non-dominant type (31.2%); the dominant anions are mainly
CI™ type (45.8%) and non-dominant (43.8%), followed by SO42~ type (8.3%) and HCO3~
type (2.1%). According to the Shukalev classification method, there are 10 groundwater
hydrochemical types in the study area, mainly SO4-Cl-Na type (29.3%), SO4-CI-Na-Ca type
(12.0%), SO4-Cl-Na-Mg type (10.3%), and SO4-Cl-Na-Ca-Mg type (5.1%). It shows that the
enrichment degree of Na*, CI~, and SO4?~ in the groundwater of the Cherchen River Basin
is higher, followed by Ca?*, Mg?*, and HCOj3 ~. Therefore, mineral dissolution may be an
important factor controlling the hydrochemical types in the study area.
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Figure 2. Piper diagram of main ions in groundwater.

4.3. Distribution Characteristics of Groundwater B

The p (B) in the groundwater in the oasis area of the Cherchen River Basin ranged
from 0.12 to 10.60 mg-L~!, with an average of 1.48 mg-L~! (Table 1). The average value of
p (B) in groundwater is greater than 1 mg~L*1 (the limit of China’s drinking water health
standard (GB 5749-2022)), and the highest value in groundwater is 10.6 times the limit.
The high B groundwater are concentrated in the alluvial plain area, where agricultural
activities with the application of B-rich fertilizer/pesticide are relatively concentrated, and
soil B are relatively high in Qiemo County and Ruogiang County. With the infiltration of
agriculture irrigation water via soil, pollutants could enter the shallow groundwater and
affect groundwater quality. Therefore, the causes of groundwater B-over-standard may be
related to agricultural activities (large-scale use of B-containing fertilizers, B-containing
insecticides and B-containing herbicides in agricultural production) [21].

4.4. Correlation Analysis Between B and Main Chemical Indexes in Groundwater

Correlation analysis can be used to determine whether the sources of groundwater
ions are the same [26,27]. The correlation analysis between B and the main groundwater
chemical indexes in the study area was carried out (Figure 3). The results showed that
there was a significant positive correlation between B and TH, TDS, K*+Na*, Ca?*, Mg?*,
Cl~,S042~, F~ (r = 0.60~0.76), and there was a significant positive correlation between B
and HCO3 ™ (r = 0.43).
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Figure 3. Pearson correlation matrix of hydrochemical parameters. (** and *** indicate that the correlation
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coefficient is significant at the 0.01 level and 0.001 level, respectively. The long axis direction of
the ellipse represents the positive and negative correlation coefficient. The upper right-lower left
direction corresponds to the positive value, and the upper left-lower right direction corresponds to
the negative value. The flatter the ellipse is, the larger the absolute value of the correlation coefficient
is, and vice versa. The ribbon represents the range of the correlation coefficient).

There was a significant positive correlation between TH, TDS, K*, Na*, CaZt, Mg2+,
Cl~ and SO42~ in groundwater in the study area, with the correlation coefficient r > 0.91,
indicating the same source, which may be affected by the dissolution of evaporite or
human activities [28].

5. Analysis of Chemical Causes of Groundwater
5.1. Rock Weathering

The interaction between groundwater and surrounding rocks or other water-bearing
media leads to changes in the chemical composition of groundwater [29,30]. Gibbs diagram
is often used to qualitatively determine the source of ions in river water by atmospheric
precipitation, rock weathering, and evaporation concentration. The diagram was then
improved to analyze groundwater [31,32]. The groundwater hydrochemistry in the oasis
area of the Cherchen River Basin is mainly controlled by rock weathering and evapora-
tion concentration (Figure 4). p (Na*)/p(Na*+Ca?*) and p(Cl~)/p(Cl~+HCO; ") of most
groundwater samples are greater than 0.5, indicating that groundwater Na* and Cl~
are the dominant ions. Some groundwater sampling points are located outside the con-
trol area, indicating that the groundwater quality in the study area may be affected by
human activities.
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Figure 4. Gibbs diagram of groundwater (a) p(TDS) vs. ]o(Na*)/p(Na*+Ca*) and (b) p(TDS) vs.
p(C17)/p(C1~+HCO3 ™) in the study area.

The ion ratio can further determine the effect of different rock weathering on the
chemical composition of groundwater [33]. The groundwater samples in the study area are
between the evaporated salt rock and the silicate rock salt (Figure 5), which is more towards
the silicate rock salt area, indicating that the rock weathering in the groundwater of the
study area is mainly affected by weathering and dissolution of the silicate rock salt; a small
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number of groundwater sampling points are close to the evaporite salt rock endmember,
indicating that it is affected by the evaporite salt rock, especially the borate in the evaporite
salt rock (symbiosis of borosilicate minerals, calcite and pyroxene dissolved in water under
unsaturated conditions). Therefore it may be one of the sources of groundwater B.
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Figure 5. Endmember diagram of groundwater ion ratio (a) N(HCO3;~)/N(Na*) vs. N(Ca?*)/N(Na*)
and (b) N(Mg?*)/N(Na*) vs. N(Ca?*)/N(Na*) in the study area.

5.2. Hydrogeochemistry Modeling

The activity of various main components in groundwater and the saturation index of
various minerals can be simulated using PHREEQC software (version 3). According to the
test results of groundwater samples, 11 indexes including K, Na, Ca, Mg, Cl, S, C, pH, B,
F, and N are selected for simulation. The main components of each index in the selected
groundwater are shown in Table 2.

Table 2. Main elements in groundwater hydrochemical equilibrium model.

Element

K

Na Ca Mg Cl S C B pH F N

chemical species

K+

Na* Ca?* Mg? Cl- SO,2~ HCO;— B pH F  NO;-—

According to the PHREEQC simulation, groundwater B may occur as H3BO3, H,BO3 ™,
BF (OH);~, BF, (OH), ~, BF3OH™, and BF,;~. From Figure 1, the over-limit ratio of ground-
water B near the Qiemo County, Ruoqiang County and the Cherchen River is high (the
concentration of B in the Cherchen River measured in May 2023 is 1.91~3.23 mg-L~!); in the
oasis irrigation area, along the Cherchen River, groundwater B tends to increase. H3BO3
is mostly used in industry, life, and fertilizer, and is easily soluble in water. Therefore,
groundwater B may be derived from production and living pollution sources.

5.3. Impact of Human Activities

The oasis area of the Cherchen River Basin, including the oasis belt of Qiemo County
and Ruogiang County (Figure 1), is dominated by agricultural activities, followed by in-
dustrial activities. Nitrate, chloride, and sulfate in groundwater are usually more sensitive
components to pollutants produced by human activities [34]. Therefore, the relationship
between Cl~, Ca?*, NO; ~, and SO42~ ion ratios was used to study the effects of human
activities on hydrochemical components. SO4%~ is mainly derived from mining activities,
whereas C1~, Ca?*, and NO3 ™ are mainly derived from agricultural activities, domestic
sewage, etc. [35]. The groundwater in the study area has been affected by the combined
effects of human activity emissions (e.g., detergents and disinfectants used in daily life)
with urban sewage discharge (Figure 6a) [24] and natural sources, among which human
activity emissions is the dominant factor. To further verify the impact of human activ-
ities, the ratio of NO3~, SO4%~, and Ca?* in groundwater was shown in Figure 6b. It
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indicated that groundwater is affected by both agricultural activities and industrial and
mining activities (large-scale use of B-containing fertilizers, insecticides, and herbicides in
agricultural production) [36].
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In July 2023, the mean values of w (B) of soil of agricultural land in Qiemo County and
Ruoqiang County were 60.41 and 52.62 mg-kg !, respectively, both of which were higher
than the background value of w (B) of soil in Xinjiang (40.90 mg-kg~!) [37]. During the
irrigation period, B in the soil entered the groundwater along with the irrigation water, and
result in the increase in groundwater B in the irrigation area.

6. Quantitative Assessment of Groundwater Chemical Composition
Sources

6.1. Principal Component Analysis

Principal component analysis (PCA) can explain changes in hydrochemical data with
fewer variables [38], and can help to determine the relationship and source of ground-
water ions [39]. Before PCA, the applicability of the data should be checked using the
Kaiser-Meyer-Olkin (KMO) method and Bartlett’s spherical test [38].

Principal component analysis was performed using 12 indicators (B, Na*, K*, Ca?*,
Mg2+, Cl—,S04%~,HCO3~,NO3~, F~, TDS, and TH) in 40 groundwater samples (Table 3).
The KMO value was 0.644, and the significance level of Bartlett’s spherical test was close to
0, indicating that there was a strong correlation between the data and PCA could be carried
out. A total of three principal components were extracted, and the cumulative variance
contribution rate was 92.001%. The principal component F1 was the main controlling factor
with the contribution rate of 66.909%. The main loads of F1 were K*, Na*, CaZ*, Mg2+,
Cl, SO42’, TDS, and TH, which were basically consistent with the results of correlation
analysis, indicating that the chemical composition of groundwater was mainly affected
by the dissolution of minerals such as silicate rock salt and evaporite rock, which was
defined as the leaching-enrichment factor. The contribution rate of principal component F2
is 14.90%, and the main loads were B, NO3; ~, and F~. NO3~ concentration can reflect effects
of human activities on groundwater component to a certain extent [40], which is defined as
human activity factor. The contribution rate of F3 is 10.188% with the main load of HCO3~,
which has a positive correlation with B and is defined as the primary geological factor [41].
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Table 3. Common factor eigenvalues and component matrix.
Total Variance Explained
Rotated Component Matrix
Common Initial Eigenvalue Chemical Common Factor
Factor Total Variance Contribution Rate/%  The Contribution Rate/%  Indicators 1 2 3
1 8.029 66.909 66.909 Mg?* 0.994 —0.012 0.075
2 1.788 14.904 81.813 TH 0.988  0.093 0.052
3 1.223 10.188 92.001 K* 0.984 —0.047  0.008
4 0.700 5.834 97.834 TDS 0.982 —0.081 —0.002
5 0.171 1.426 99.261 SO,2~ 0.982  0.164 0.015
6 0.076 0.636 99.897 Cl~ 0.975 —0.107 —0.009
7 0.009 0.076 99.973 Na* 0.974 —0.108 —0.007
8 0.003 0.022 99.995 Ca% 0.901 0273  —0.007
9 0.001 0.005 100.000 F~ 0.072  0.937 0.001
10 0.000 0.000 100.000 B 0.458  0.645 0.552
11 0.000 0.000 100.000 NO;~-N 0.440 —0.557  0.226
12 0.000 0.000 100.000 HCO;™ —0.121 —0.066  0.964

Note: The bold font indicates the highest load of the index of the factor.

6.2. Source Contribution Analysis of Groundwater B

On the basis of PCA, the APCS-MLR receptor model was used to analyze the contri-
bution rate of each factor to the main ions in groundwater [35]. According to the analysis
results of the APCS-MLR receptor model, a linear fitting (Figure 7) of the predicted results
and groundwater B was established. The ratio of predicted to measured concentration
is close to 1 (R2 = 0.81), indicating that the constructed APCS-MLR receptor model is
basically reliable [42].
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Figure 7. Relationship between predicted and measured groundwater B.

According to the APCS-MLR receptor model, the contribution rate of each factor to
each index in groundwater was calculated [43]. The results showed that (Figure 8 and
Table 4) the contribution rates of leaching-enrichment factor (APCS1) to Na*, K*, Mg2+, Cl-,
S042~, TDS, and TH were 65.98%, 87.19%, 64.12%, 65.41%, 47.85%, 73.39%, and 51.40%,
respectively, and the contribution to other indicators was small, indicating that weathering
and dissolution of rocks were the main sources. The contribution rate of human activities
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(APCS2) to B was 31.20%, indicating that human activities had a great influence on the
enrichment of groundwater B, which was consistent with PCA.
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Figure 8. Contribution rate of different sources to B and main ions in groundwater.

Table 4. Contribution rate of different solute sources in groundwater.

Source

B

Na* K*' Ca** Mg?>* CI- S04 HCO;~ NO3;~ F- TDS TH

Leaching-enrichment
Human activities
Primary geology

Unknown sources

499 6598 8719 3511 6412 6541 47.85 1.92 6.16 0.68 7339 51.40
3120 2470 9.29 5036 394 2425 39.78 4.69 30.67 4574 18.65 26.93
28.66 241 265 252 2003 285 084 71.09 11.68 048 142 940
3515 690 086 12.00 1192 749 1152  22.30 5148 5310 6.53 1226

In addition, the unknown sources have a high contribution rate to B, NO3~, and
F*. Due to the limitations of the study including lack of seasonal monitoring, speciation
analysis and isotopic tracing, there was merely preliminary speculation on the possible
“unknown” sources. Possible recharge sources of B in groundwater will be further analyzed
based on the coupling application of §'!B and §!°N for a better determination of different
B and NO3~ sources including precipitation, B-rich siol, river water, farmland drainage,
chemical fertilizer, feces, and sewage, etc. [44].

On the whole, the contribution rates of leaching-enrichment factor, human activity
factor, primary geological factor, and unknown sources to B and ion components in ground-
water in the Cherchen River Basin are 42.02%, 25.85%, 12.84%, and 19.29%, respectively
(Figure 8). Rock weathering is an important contribution source of major ions in ground-
water, and human activities (especially agricultural activities) play an important role in the
enrichment of groundwater B.

7. Conclusions

(1) The groundwater in the study area is weakly alkaline as a whole, with an average
pH of 7.94. The groundwater is mostly brackish water and saline water. The decreasing
order of cation concentration was K*+Na*, Ca2*, and Mg2+. The dominant cation was K*
+ Na* (68.8%), followed by non-dominant type (31.2%). The decreasing order of anion
concentration was Cl—, S042~, HCO3;~, NO;~, and F~. The dominant anions are Cl type
(45.8%) and non-dominant type (43.8%).
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(2) The p (B) in groundwater is 0.12~10.60 mg-L~!, with an average of 1.48 mg-L 1,
and the over-limit rate is 45.0%. There is a significant positive correlation between B and
K* +Nat, CaZ*, Mg2+, Cl~,S04% ,F ,and a significant correlation with HCO3;~, which is
mainly affected by agriculture, industrial activities, and unknown sources, followed by the
dissolution of silicate and evaporite (such as borate).

(3) According to the PCA-APCS-MLR receptor model, the B and hydrochemical compo-
nents in groundwater are mainly derived from four sources, including leaching-enrichment
factor, human activity factor, primary geological factor, and unknown sources, with contri-
bution rates of 42.02%, 25.85%, 12.84%, and 19.29%, respectively. Rock weathering is an
important source of major ions in groundwater, and human activity is an important factor
for high B in groundwater.

(4) In order to reduce the health risk of drinking high B groundwater in the study area,
the groundwater exploitation layout of the centralized drinking water sources in the urban
area of Qiemo County and the decentralized drinking water sources in rural areas should be
adjusted. The use of water supply wells in the high B groundwater distribution areas that
have been identified from drinking water should be used for agricultural irrigation. The
farmland irrigation wells with lower groundwater pollution risks in the low B groundwater
distribution areas should be converted into drinking water supply wells.

(5) For the limitations of the study including lack of seasonal monitoring, the speci-
ation analysis of B and the possible “unknown” sources, B isotope analysis, and mineral
analysis of water-bearing media will be used for analysis of more detailed sources of high B
groundwater in the future study, providing a decision-making basis for reducing the health
risks of high B groundwater in the study area.

Author Contributions: J.D.: funding acquisition, project administration, investigation, conceptu-
alization, data curation, writing—original draft. F.G.: methodology, software, conceptualization.
J.Z.: funding acquisition, resources—review and editing. ].L.: data curation, writing—review and
editing. Y.Z.: writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was financially supported by National Natural Science Foundation of
China (42067035).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Hilal, N.; Kim, G.J.; Somerfield, C. Boron removal from saline water: A comprehensive review. Desalination 2011, 273, 23-35.
[CrossRef]

2. Srivastava, T.; Wanjari, N. Boron Isotopic Systematics and Its Significance in Natural Processes: An Overview. Nat. Environ.
Pollut. Technol. 2023, 22, 623-637. [CrossRef]

3. WHO. Guidelines for Drinking-Water Quality; World Health Organization: Geneva, Switzerland, 2004.

4. Ravenscroft, P.; Mcarthur, ].M. Mechanism of regional enrichment of groundwater by boron: The examples of Bangladesh and
Michigan, USA. Appl. Geochem. 2004, 19, 1413-1430. [CrossRef]

5. Kadam, A.; Wagh, V,; Jacobs, J.; Patil, S.; Pawar, N.; Umrikar, B.; Sankhua Kumar, S. Integrated approach for the evaluation of
groundwater quality through hydro geochemistry and human health risk from Shivganga river basin, Pune, Maharashtra, India.
Environ. Sci. Pollut. Res. 2022, 29, 4311-4333. [CrossRef]

6. Rodriguez-Espinosa, PF,; Sabarathinam, C.; Ochoa-Guerrero, K.M.; Martinez-Tavera, E.; Panda, B. Geochemical evolution and
Boron sources of the groundwater affected by urban and volcanic activities of Puebla Valley, south central Mexico. J. Hydrol. 2020,
584, 124613. [CrossRef]

7. Rehman, F; Cheema, T. Boron contamination in groundwater at a sewage waste disposal facility near Jeddah, Saudi Arabia.

Environ. Earth Sci. 2017, 76, 218. [CrossRef]


https://doi.org/10.1016/j.desal.2010.05.012
https://doi.org/10.46488/NEPT.2023.v22i02.007
https://doi.org/10.1016/j.apgeochem.2003.10.014
https://doi.org/10.1007/s11356-021-15554-2
https://doi.org/10.1016/j.jhydrol.2020.124613
https://doi.org/10.1007/s12665-017-6528-6

Water 2025, 17, 2397 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rahman, M.; Tushar, M.A.N.; Zahid, A.; Ahmed, KM.U.; Siddique, M.A.M.; Mustafa, M.G. Spatiotemporal distribution of boron
in the groundwater and human health risk assessment from the coastal region of Bangladesh. Environ. Sci. Pollut. Res. 2021,
28,21964-21977. [CrossRef]

Igra, AM.; Harari, F; Lu, Y.; Casimiro, E.; Vahtre, M. Boron exposure through drinking water during pregnancy and birth size.
Environ. Int. 2016, 95, 54—60. [CrossRef] [PubMed]

Cortes, S.; Espinoza-Navarro, O.; Ferreccio, C. High exposure to boron in drinking water and sperm parameters in Chilean Young
People. Int. J. Morphol. 2017, 35, 99-104. [CrossRef]

Cartwright, B.; Zarcinas, B.; Mayfield, A. Toxic concentrations of boron in a red-brown earth at Gladstone South Australia.
Soil Res. 1984, 22, 261-272. [CrossRef]

Bolan, S.; Wijesekara, H.; Amarasiri, D.; Zhang, T.; Ragayi, P.; Brdar-Jokanovic, M.; Rekasi, M. Boron contamination and its risk
management in terrestrial and aquatic environmental settings. Sci. Total Environ. 2023, 894, 164744. [CrossRef]

Patience, M.T.; Elumalai, V.; Rajmohan, N.; Li, P. Occurrence and distribution of nutrients and trace metals in groundwater in an
intensively irrigated region, Luvuvhu catchment, South Africa. Environ. Earth Sci. 2021, 80, 752. [CrossRef]

Turner, R.D.R.; Warne, M.S].; Dawes, L.A.; Vardy, S.; Will, G.D. Irrigated greywater in an urban sub-division as a potential source
of metals to soil, groundwater and surface water. J. Environ. Manag. 2016, 183, 806-817. [CrossRef] [PubMed]

Grassi, S.; Cortecci, G.; Squarci, P. Groundwater resource degradation in coastal plains: The example of the Cecina area
(Tuscany-Central Italy). Appl. Geochem. 2007, 22, 2273-2289. [CrossRef]

Iwashita, A.; Sakaguchi, Y.; Nakajima, T.; Takanashi, H.; Ohki, A.; Kambara, S. Leaching characteristics of boron and selenium for
various coal fly ashes. Fuel 2005, 84, 479-485. [CrossRef]

Gemici, U.; Tarcan, G.; Helvaci, C.; Somay, A.M. High arsenic and boron concentrations in groundwaters related to mining
activity in the Bigadig borate deposits (Western Turkey). Appl. Geochem. 2008, 23, 2462-2476. [CrossRef]

Sun, Y.; Zhou, J.L.; Yang, EY.; Ji, Y.Y.; Zeng, Y.Y. Distribution and co-enrichment genesis of arsenic, fluorine and iodine in
groundwater of the oasis belt in the southern margin of Tarim Basin. Earth. Sci. Front. 2022, 29, 99-114.

Li, J.; Ouyang, H.T.; Zhou, J.L. Main controlling factors of groundwater salinization and pollution in oasis zone of Cheerchen
River Basin in Xinjiang. Environ. Sci. 2024, 45, 207-217.

HJ 164-2020; China’s Groundwater Environmental Monitoring Technical Specification. Ministry of Ecology and Environment of
the People’s Republic of China: Beijing, China, 2020.

GB/T5750-2023; Standard Test Method for Drinking Water. State Administration for Market Regulation & Standardization
Administration of China: Beijing, China, 2023.

Li,J.; Zou, S.Z.; Zhao, Y.; Zhao, R K ; Dang, ZW.; Pan, M.Q.; Zhu, D.N.; Zhou, C.S. Major ionic characteristics and factors of karst
groundwater at Huixian Karst Wetland, China. Environ. Sci. 2021, 42, 1750-1760.

Qian, C.; Wu, X.; Mu, W.P; Fu, RZ,; Zhu, G.; Wang, Z.R.; Wang, D.D. Hydrogeochemical characterization and suitability
assessment of groundwater in an agro-pastoral area, Ordos Basin, NW China. Environ. Earth Sci. 2016, 75, 1356. [CrossRef]
Zhu, C.; Gong, ].; Tan, M. Hydrochemical characteristics and water quality dynamic analysis of shallow groundwater in Huaibei
Plain. Hydrogeol. Eng. Geol. 2025, 52, 56-67.

Li, J.; Yang, G.; Zhu, D.; Xie, H.; Zhao, Y.; Fan, L.; Zou, S. Hydrogeochemistry of karst groundwater for the environmental and
health risk assessment: The case of the suburban area of Chongging (Southwest China). Geochemistry 2022, 82, 125866—125876.
[CrossRef]

Umar, S.W.; Noraliani, A.; Bin, S.H. Reevaluating the hydrochemistry of groundwater in basement complex aquifers of Kaduna
Basin, NW Nigeria using multivariate statistical analysis. Environ. Earth Sci. 2021, 80, 208-233. [CrossRef]

Wang, S.; Chen, J.; Zhang, S.X.; Zhang, X.Y.; Chen, D.; Zhou, J. Hydrochemical evolution characteristics, controlling factors, and
high nitrate hazards of shallow groundwater in a typical agricultural area of Nansi Lake Basin. North China Environ. Res. 2023,
223, 115430. [CrossRef]

Zou, ].W,; Liu, E; Zhang, ] K. Hydrochemical characteristics and formation mechanism of shallow groundwater in typical
water-receiving areas of the Sourth-to-North water diversion project. China Environ. Sci. 2022, 42, 2260-2268.

Spahi¢, PM.; Marinkovi¢, G.; Spahi¢, D.; Sakan, S.; Jovani, I.; Magazinovi, M.; Obradovi, N. Water—Rock Interactions across
Volcanic Aquifers of the Lece Andesite Complex (Southern Serbia): Geochemistry and Environmental Impact. Water 2023,
15, 3653-3685. [CrossRef]

Gibbs, R.J. Mechanisms controlling world water chemistry. Scienice 1970, 170, 1088-1090. [CrossRef] [PubMed]

Zeng, Y.Y.; Zhou, J.L.; Zhou, Y.Z.; Sun, Y.; Zhang, J. Causes of groundwater salinization in the plain area of Kashgar River Basin in
Xinjiang, China. Environ. Earth Sci. 2021, 80, 801. [CrossRef]

Zhang, Z.; Liu, ET,; Chen, S.M,; Jiang, W.]J.; Zhang, H.; Gao, Z.P; Zhang, |.; Xie, H.L.; Meng, Q.H.; Xia, Y.B.; et al. Hydrogeochemi-
cal and isotopic insights into groundwater evolution in the agricultural area of the Luanhe Plain. Environ. Earth Sci. 2024, 83, 593.
[CrossRef]


https://doi.org/10.1007/s11356-020-11682-3
https://doi.org/10.1016/j.envint.2016.07.017
https://www.ncbi.nlm.nih.gov/pubmed/27502898
https://doi.org/10.4067/S0717-95022017000100017
https://doi.org/10.1071/SR9840261
https://doi.org/10.1016/j.scitotenv.2023.164744
https://doi.org/10.1007/s12665-021-10021-0
https://doi.org/10.1016/j.jenvman.2016.09.021
https://www.ncbi.nlm.nih.gov/pubmed/27658657
https://doi.org/10.1016/j.apgeochem.2007.04.025
https://doi.org/10.1016/j.fuel.2004.11.002
https://doi.org/10.1016/j.apgeochem.2008.02.013
https://doi.org/10.1007/s12665-016-6123-2
https://doi.org/10.1016/j.chemer.2022.125866
https://doi.org/10.1007/s12665-021-09421-z
https://doi.org/10.1016/j.envres.2023.115430
https://doi.org/10.3390/w15203653
https://doi.org/10.1126/science.170.3962.1088
https://www.ncbi.nlm.nih.gov/pubmed/17777828
https://doi.org/10.1007/s12665-021-10086-x
https://doi.org/10.1007/s12665-024-11857-y

Water 2025, 17, 2397 14 of 14

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Tayeb, K.S.; Houha, B.; Ouanes, M.; Vincent, V.; Elhoussaoui, A.; Barbieri, M.; Boschetti, T. Identification of the hydrogeochemical
processes and assessment of groundwater quality using Water Quality Index (WQI) in semi-arid area F'kirina plain eastern
Algeria. Environ. Earth Sci. 2024, 83, 626. [CrossRef]

Sun, M.Z.; Wu, W.H,; Ji, X.J.; Wang, X.; Qu, S. Silicate weathering rate and its controlling factors: A study from small granitic
watersheds in the Jiuhua Mountains. Chem. Geol. 2019, 504, 253-266. [CrossRef]

Liu, H.; Song, Y.; Li, Y.C.; Wei, W.; Zhao, G.H.; Wang, X.D.; Huang, ].M. Hydrochemical characteristics and control factors of
shallow groundwater in Anqing section of the Yangtze River Basin. Environ. Sci. 2023, 45, 1525-1538.

Parks, J.L.; Edwards, M. Boron in the environment. Critical Reviews in Environment. Sci. Technol. 2005, 35, 81-114.

National Environmental Protection Administration of China. Background Values of Soil Elements in China; Environmental Science
Press: Beijing China, 1990; pp. 180-215.

Shafiullah, G.; Al-Ruwaih, EM. Spatial-multivariate statistical analyses to assess water quality for irrigation of the central part of
Kuwait. Bull. Eng. Geol. Environ. 2019, 79, 27-37. [CrossRef]

Tian, H.; Du, J.; Sun, Q.; Yan, G.; Zhuang, K. Evaluation of shallow groundwater for drinking purpose based on water quality
index and synthetic pollution index in Changchun New District, China. Environ. Forensics 2021, 22, 189-204.

Sheng, D.R.; Meng, X.H.; Wen, X.; Wu, J.; Yu, H.; Wu, M.; Zhou, W.T. Hydrochemical characteristics, quality and health risk
assessment of nitrate enriched coastal groundwater in northern China. J. Clean. Prod. 2023, 403, 136872. [CrossRef]

Jiang, E; Zhou, J.L.; Zhou, Y.Z.; Sun, Y.; Han, S.B.; Lu, H. Hydrochemical characteristics and pollution source identification of
Groundwater in Plain Area of Barkol-Yiwu Basin. Environ. Sci. 2023, 44, 6050-6061.

Hou, X.K.; Zhang, K.; Duan, P.Z.; Wang, X.; Ta, L.; Guo, Y.; Xia, R. Pollution source apportionment of Tuohe River based on
absolute principal component score-multiple linear regression. Res. Environ. Sci. 2021, 34, 2350-2357.

Xue, D.; Botte, J.; De Baets, B.; Accoe, F,; Tatlor, P.; Van Cleemput, O.; Berglund, M. Present limitations and future prospects of
stable isotope methods for nitrate source identification in surface and groundwater. Water Res. 2009, 43, 1159-1170. [CrossRef]
Lei, C.; Guo, H.; Xing, S. Boron isotopes fractionation and its application progress in groundwater research. Hydrogeol. Eng. Geol.
2024, 51,219-231.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12665-024-11917-3
https://doi.org/10.1016/j.chemgeo.2018.11.019
https://doi.org/10.1007/s10064-019-01559-2
https://doi.org/10.1016/j.jclepro.2023.136872
https://doi.org/10.1016/j.watres.2008.12.048

	Introduction 
	Study Area 
	Materials and Methods 
	Sampling 
	Analytical Methods 
	Analysis Software 

	Results and Discussion 
	Statistical Analysis of Conventional Chemical Index Content of Groundwater 
	Analysis of Groundwater Chemical Characteristics 
	Distribution Characteristics of Groundwater B 
	Correlation Analysis Between B and Main Chemical Indexes in Groundwater 

	Analysis of Chemical Causes of Groundwater 
	Rock Weathering 
	Hydrogeochemistry Modeling 
	Impact of Human Activities 

	Quantitative Assessment of Groundwater Chemical Composition Sources 
	Principal Component Analysis 
	Source Contribution Analysis of Groundwater B 

	Conclusions 
	References

