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Abstract: The hydrochemistry and quality of local shallow groundwater was assessed within the
Xinzhou basin in Shanxi, North China. Piper diagrams, correlation analysis, principal component
analysis, chloro-alkaline indices, ion proportion diagrams, and Gibbs diagrams were used to re-
veal the hydrochemical characteristics and evolution mechanisms of groundwater. Besides, two
indicators of sodium adsorption ratio and soluble sodium percentage, USSL and Wilcox diagrams,
and water quality index models were used to evaluate the groundwater quality for irrigation and
drinking. In general, groundwater in most areas of the basin is fresh water with total dissolved
solid lower than 1000 mg/L. But there are salt water in some parts of the southern basin, with total
dissolved solid higher than 1000 mg/L, due to industrial and domestic pollution. The hydrochemical
facies of groundwater in most areas are HCO3-Ca and mixed HCO3-Ca·Mg·Na types, while it is
HCO3·SO4·Cl-Na type in a small part of the basin. Nitrate pollution widely occurred in the basin
because of the use of nitrogenous fertilizers. The dominant mechanism controlling the evolution of
groundwater chemistry compositions was the weathering of rock minerals. It mainly reflected in
the dissolution of carbonate minerals. And the carbonate dissolution is the major origins of HCO3

−,
Ca2+, and Mg2+ in groundwater. However, Na-Ca exchange is the important source of Na+. Shallow
groundwater was suitable for irrigation and drinking except for some southern parts of the basin.
These results will be helpful for the protection and efficient management of groundwater in the
Xinzhou basin.

Keywords: hydrochemical characteristics; sources of main ions; groundwater evolution; nitrate
pollution; water quality assessment

1. Introduction

More than one third of the area in China has an arid to semi-arid climate and most
of this is located in the north of the country. Groundwater is the most important water
resources and widely used in those areas. Because it is more abundant than surface
water; meanwhile, groundwater is extracted easily and its quality is generally better than
the quality of surface water [1–5]. However, groundwater was increasingly affected in
recent decades [6]. Moreover, regional groundwater pollution has become a very common
problem in arid-semiarid areas with the growth of population and the development of
industry and agriculture [7–9]. Therefore, it is necessary to investigate and acquaint the
status, origin, and evolution of groundwater major ions in arid-semiarid areas, in order to
solve current water environment problems and achieve the sustainable utilization of water
resources. In addition, it is also important to evaluate groundwater quality for drinking
and irrigation.

Many studies on the chemical characteristics and quality assessments of groundwater
have been carried out [10–13]. Li Peiyue evaluated the status and evolution of groundwater
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compositions in two coalfields, and found that natural factors, like geological and hydro-
geological conditions, as well as human activities had a combined effect on groundwater
compositions, which can lead to the difference of groundwater chemistry characteristics
in different areas [11,14]. Su Zhenmin investigated chemical characteristics of ground-
water in Yinchuan area, and proved that surface water seepage, other aquifers leakage,
and hydrogeological processes such as mineral dissolution and their speed of dissolution,
as well as ion exchange played an important role in controlling the chemical evolution
of groundwater [15–17]. However, when one or more kinds of groundwater chemistry
compositions exceed their standard limits, it means groundwater pollution occurs. More-
over, groundwater pollution has a great impact on life and production. Therefore, various
methods have been developed to assess the potential risks of groundwater pollution to
human health and ecological safety. Tian Hui employed the water quality index model
(WQI) widely used over the world to assess the suitability of groundwater for drinking
purposes in the Hailun area, and then got the spatial distribution of the water quality index
based on the evaluated results [2]. Li Peiyue used three indicators, which were sodium
adsorption ratio (SAR), soluble sodium percentage (%Na), and residual sodium carbonate
(RSC), to assess irrigation water quality in a mining area, and found local groundwater
was suitable for agricultural purposes [11].

The Xinzhou basin, located in a typical arid-semiarid region, is an important agricul-
tural district where the area of cultivated land accounts for about 75%. It also distributes
scattered coal mines and gold mines. The life of local residents, agricultural irrigation,
and industrial production rely heavily on groundwater due to the shortage of surface
water. Thus, it is vital to ensure the safety of local groundwater resources. Han Dongmei
studied hydrochemical characteristics in some small areas of the Xinzhou basin, including
the Yangwu river alluvial fan, the Daying and Qicun geothermal system. And her study
revealed that groundwater chemistry was dominated by water-rock interaction; mixing
between thermal and non-thermal groundwater can change the chemical compositions
of groundwater [18–20]. Sun Jing and Zhang Xiaolun also discussed the hydrochemical
characteristics of local geothermal fields [21,22]. While previous research has focused
on the hydrochemical characteristics and evolution of small areas within the Xinzhou
basin, this and groundwater quality status has to our knowledge not been studied within
the whole basin. Therefore, this paper focuses on the groundwater of the whole basin
and the following research is done: (1) describing the hydrochemical characteristics of
shallow groundwater in the whole basin, including the concentrations of various ions,
the status of ions exceeding their standard limits, and hydrochemical types; (2) analyzing
the origin of main ions and the reason of nitrate pollution; (3) discussing the evolution
mechanisms of groundwater chemistry in the basin; (4) evaluating the quality of local
shallow groundwater; (5) proposing suggestions for pollution control.

2. Study Area

The Xinzhou basin is located in the middle-northern part of Shanxi province between
latitudes 38◦12′–39◦27′ N and longitudes 112◦13′–113◦57′ E, covering an area of 3385.2 km2

(Figure 1). It is in the arid-semiarid area of north China with annual average evaporation of
about 1600 mm and annual precipitation of 418 mm [19]. Hutuo River is the largest river in
the basin and flows through the whole basin. Its main tributaries include Yunzhong River,
Muma River, and Yangwu River, etc.
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The basin topography is a “6” shaped depression surrounded by mountains. And the
elevation in the north of the basin is higher than that in the south. The geomorphic types
from the basin watershed to the basin center are high middle mountains, middle mountains,
low middle mountains, hilly areas, alluvial proluvial inclined plains, and alluvial lacustrine
plains. Among them, the alluvial proluvial inclined plain and the alluvial lacustrine plain
are the main distribution areas of population, industry, and agriculture. And the boundary
between these two plains is approximately the Yunzhong River. The former, a long strip
shape area in a direction of NE40◦–70◦, is located in the north of the Yunzhong River,
mainly composed of quaternary alluvial proluvial sediments. The latter is located in the
southeast of the Yunzhong River, and mainly composed of quaternary alluvial lacustrine
sediments (Figure 1).

The strata outcropping in the study area include magmatic and metamorphic rocks of
Archean age, Cambrian-ordovician dolomite and limestone, Carboniferous-Jurassic layered
sandstone and shales, Tertiary basalt, and various Holocene and late Pleistocene sediments.
These sediments contain alluvial and lacustrine sand, sandy loam, silt, and silty clay. The
strata below the Cenozoic sediments in the basin are mostly the Archean igneous and
metamorphic rocks, and locally Cambrian limestone. Cenozoic sediments range between
50 and 2100 m thickness including about 50 to 360 m of Quaternary sediments [19].

The Quaternary sediments in the plain constitute the shallow aquifer of pore water.
The thickness of this aquifer is over 130 m. Hutuo River is its surface watershed. The main
recharge sources of this aquifer are lateral influx of groundwater from mountain areas,
as well as precipitation and irrigation water infiltration. Controlled by topography, the
shallow groundwater flows mainly from the piedmont on both sides of the basin to the
Hutuo River valley and from the upper reaches of the Hutuo River to the lower reaches
(Figure 1). The main discharge patterns include groundwater pumping, lateral outflow,
and evapotranspiration.
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3. Materials and Methods
3.1. Sample Data Collecting and Reliability Checking

A total of seventeen monitoring wells of shallow groundwater were chosen (Figure 1).
The monitoring wells are evenly distributed in the whole basin. We took one groundwater
sample from each monitoring well in May 2019. This study discussed the hydrochemical
characteristics of shallow groundwater and its quality in the study area based on the
analysis of fourteen kinds of indicators with larger values, including pH, total dissolved
solids (TDS), total hardness (TH), permanganate index (CODMn), HCO3

−, SO4
2−, Cl−, F−,

Ca2+, Mg2+, Na+, K+, and nitrogen compounds (NO3
− and NO2

−). However, CO3
2−, Fe3+,

Fe2+, NH4
+, and Mn2+ were not analyzed, because the content of them in all samples was

very low.
The ion concentration data of each sample were checked for accurately using the

method of calculating percent charge balance errors (%CBE) [6]. The formula is shown below:

%CBE =
∑ cations−∑ anions
∑ cations + ∑ anions

× 100% (1)

where all ions are expressed in meq/L. The relative errors (%CBE) of all samples after
calculation were less than 3%, which proved the reliability of the data. Therefore, all data
were used for analysis. The indicators of all samples are listed in Table 1.

Table 1. General information of samples.

ID pH TDS TH CODMn Ca2+ Mg2+ Na+ K+ HCO3− SO42− Cl− NO3− NO2− F−

XGQ3 7.87 264 149 0.93 39.89 11.00 37.78 1.24 252.42 10.16 4.79 17.88 0.01 0.42
XGQ5 8.05 356 276 0.88 59.84 29.69 13.92 1.01 233.19 10.01 28.75 81.95 0.03 0.44
XG6 8.12 324 190 0.93 36.26 23.09 51.28 0.79 299.82 10.36 20.54 16.50 0.03 0.70

XGQ7 7.95 394 290 1.21 74.34 24.19 22.02 3.28 240.60 113.32 10.95 10.17 0.02 0.22
XG9-1 8.05 221 190 0.93 47.14 16.49 6.02 1.01 229.10 9.22 4.11 7.90 0.02 0.12
XG12 7.83 478 367 1.02 54.40 54.98 36.86 1.01 437.88 9.46 41.07 23.12 0.01 0.22
XG13 7.48 261 226 1.35 59.84 17.59 6.49 1.01 244.30 9.13 9.58 22.14 0.05 0.22

XG19-1 8.02 340 226 0.93 43.52 27.49 37.63 0.79 288.71 20.21 17.80 28.02 0.00 0.72
XG21 8.12 1706 471 1.51 56.21 79.17 453.14 4.67 706.98 388.02 312.15 43.36 0.03 1.52

XGQ23 8.05 473 331 0.83 74.34 34.09 30.88 0.57 262.80 63.12 27.38 95.92 0.06 0.70
XG24 7.94 297 181 2.12 47.14 14.29 39.20 0.57 259.10 29.12 8.21 11.88 0.01 0.76

XGQ28 7.65 227 172 1.23 56.21 6.60 11.74 2.37 185.07 25.64 8.21 8.84 0.01 0.68
XG30-1 8.15 271 199 0.83 41.70 21.99 22.02 1.01 255.01 9.21 7.53 21.15 0.04 1.08
XG31 7.58 319 249 1.15 87.03 6.60 15.91 1.92 225.79 12.02 54.76 9.81 0.05 0.44

XG36-1 7.85 1743 602 1.02 56.21 111.06 372.01 5.60 644.06 357.10 175.24 333.19 0.11 1.52
XG48 8.15 364 217 0.85 63.46 13.20 52.64 2.37 322.03 13.16 32.86 8.11 0.01 1.12

XGQ50 7.71 356 285 1.03 61.65 30.79 17.08 1.01 329.43 10.36 16.43 33.90 0.03 0.68

Units: mg/L except pH. Total coliform (MPN/100 mL) was not detected in all samples.

3.2. Analysis Methods and Procedures

Statistical analysis methods were used to analyze the values of fourteen indicators,
which can get a preliminary understanding of the groundwater quality of the study area.
Piper and Gibbs diagrams were constructed to reveal groundwater types and its chemistry
evolution mechanisms. Correlation analysis and principal component analysis (PCA)
were used to find the correlation between indicators and the hydrochemical processes in
groundwater system. And then, combined with some other hydrochemical methods, like
ion proportion diagrams and chloro-alkaline indices etc., the sources of major ions can
be further determined. Besides, NO3

− was the most widely distributed ion exceeding
its standard limit. The reason and process of its appearance were analyzed combined
with the status of agricultural development in Xinzhou basin. Finally, two indicators of
sodium adsorption ratio (SAR) and soluble sodium percentage (%Na), as well as USSL
and Wilcox diagrams were used to evaluate irrigation water quality. Meanwhile, the
water quality index model (WQI) was employed to assess drinking water quality. Most of
analysis processes were performed using statistical analysis software SPSS (version 17.0)
and water chemical analysis software Aq·QA (version 1.1). Among them, the software
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of SPSS was used for statistical analysis, correlation analysis, and principal component
analysis. And the software of Aq·QA was used to draw piper diagrams to analyze the
chemical characteristics of samples.

3.3. Methods of Water Quality Assessment
3.3.1. Indicators of SAR and %Na

In general, irrigation water with high sodium content will affect the growth of crops.
Thus, commonly using two indicators of SAR and %Na assesses sodium hazards [23].
These two indicators can be calculated by:

SAR =
Na+√

Ca2++Mg2+

2

(2)

%Na =
Na+

Na+ + K+ + Ca2+ + Mg2+ × 100 (3)

where the unit of all ions is meq/L.

3.3.2. Drinking Water Quality Index Model

The WQI model, originally proposed by Brown in 1970, is a simple method to deter-
mine the suitability of groundwater for drinking purposes [2]. This method assesses the
quality of groundwater by converting the content of all kinds of ions into a simple value [13].
It can be applied based on pH, TDS, TH, CODMn, Ca2+, Mg2+, Na+, K+, HCO3

−, SO4
2−,

Cl−, NO3
−, NO2

−, and F−. The weight of each ion shown in Table 2 was assigned by its
relative importance to health of human referring to WHO standards [24]. The application
of the model consists of four steps.

Table 2. Weight (wi) and relative weight (Wi) of each indicator.

Ions Units Weight (wi) Relative Weight (Wi) WHO Standards 1

pH - 2 0.038 6.5–8.5
TDS mg/L 4 0.077 1000
TH mg/L 4 0.077 500

CODMn mg/L 5 0.096 10
Ca2+ mg/L 3 0.058 300
Mg2+ mg/L 5 0.096 30
Na+ mg/L 4 0.077 200
K+ mg/L 2 0.038 12

HCO3
− mg/L 1 0.019 500

SO4
2− mg/L 3 0.058 250

Cl− mg/L 4 0.077 250
NO3

− mg/L 5 0.096 50
NO2

− mg/L 5 0.096 3
F− mg/L 5 0.096 1.5

Sum − 52 1 -
1 WHO standards refer to the fourth edition of Guidelines for Drinking Water Quality [25].

Step one: calculating relative weight (Wi) according to Equation (4).

Wi =
wi

∑n
i=1 wi

(4)

where Wi, wi, n represent the relative weight of each indicator, the weight of each indicator,
and the number of indicators, respectively. The results are shown in Table 2.

Step two: calculating quality rating (qi) according to Equation (5).

qi =
Ci
Si
× 100 (5)



Water 2021, 13, 1993 6 of 16

where Ci, Si, and qi represent the value of each indicator, the corresponding WHO standard
value of this indicator, and the rating based on the value of this indicator, respectively.

Step three: calculating the sub-index (SI) according to Equation (6).

SIi = Wi × qi (6)

Step four: calculating the WQI of each groundwater sample according to Equation (7).

WQI =
n

∑
i=1

SIi (7)

The classification standard of water quality for drinking based on WQI is shown in
Table 3 [13].

Table 3. Water quality classification for drinking.

WQI Level Water Quality

<26 Excellent quality
26–50 Good quality
51–75 Poor quality
76–100 Very poor quality
>100 Unsuitable for any use

4. Results and Discussion
4.1. Hydrochemical Characteristics

The statistics of groundwater compositions in the study area are shown in Table 4.
From it, groundwater in this area was generally weakly alkaline with pH ranging from
7.48 to 8.15. And total coliform (MPN/100 mL) was not detected in all samples. Compared
with class III groundwater in the China’s quality standard of groundwater [26], the values
of CODMn and NO2

− in all samples were within acceptable ranges. However, the values
of TDS, TH, Na+, SO4

2−, Cl−, F−, and NO3
− in some samples exceeded their standard

limits and maximum exceeding multiples were 1.7, 1.3, 2.3, 1.6, 1.2, 1.5, and 16.7 times,
respectively. The values of TDS, TH, Na+, and SO4

2− exceeding their standard limits
were concentrated in two samples from wells XG21 and XG36-1, accounting for 11.8%
of seventeen wells. Those two wells are located near Dingxiang county in the south of
the basin where processing and manufacturing industry is relatively developed, and the
number of local migrant workers is large. The concentrations of Cl− and F− exceeding their
standard limits both occurred in the sample from well XG21. Besides, the concentration
of F− beyond its standard limit was also observed in the samples from wells XG30-1,
XG36-1, and XG48. Thus, the samples with the abnormal Cl− and F− accounted for 5.9%
and 23.5%, respectively. Moreover, the wells XG30-1 and XG48 are also distributed in
the south of the basin. The concentration of NO3

− exceeding its standard limit occurred
in nine samples from wells XGQ5, XG12, XG13, XG19-1, XG21, XGQ23, XG30-1, XG36-1,
and XGQ50, accounting for more than 50%. And those wells are evenly distributed in the
whole basin. Main cation order was Na+ > Ca2+ > Mg2+ > K+, and main anion order was
HCO3

− > SO4
2− > Cl− > NO3

−, based on the average concentration of each ion.
The Piper diagram is a common method to study hydrochemical types by describing

the content of major ions. A Piper diagram is shown in Figure 2. The lower left delta-
shaped region is the distribution position of cations. From it, samples were mainly plotted
in the zones of A and B, suggesting that the majority of samples are calcium-type and
mixed-type water. Only two samples from wells XG21 and XG36-1 were located in the zone
D which represents the area of sodium-type water. The lower right delta-shaped region
is the distribution position of anions. From it, most samples were plotted in the zone E,
suggesting the dominance of bicarbonate-type water. The samples from the wells XG21 and
XG36-1 were still different from others as before. They were mixed-type water in which
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the milligram equivalent percentages of HCO3
−, SO4

2−, and Cl− were all beyond 20%.
The intermediate rhombus reflects the overall hydrochemical characteristics of samples.
From it, most samples were located in the zones of 1, 3, and 5, which means alkaline earth
exceeding alkalies, weak acids exceeding strong acids, and carbonate hardness exceeding
50%, respectively. However, those two abnormal samples were predominated by alkalies
and strong acids. The chemical facies of the shallow groundwater were HCO3-Ca and
mixed HCO3-Ca·Mg·Na types in most areas of the basin, while HCO3·SO4·Cl-Na type in
the small parts of the southern basin, according to the above analysis.

Table 4. Statistical summary of indicators.

Parameters Max Min Mean National Standard

pH 8.15 7.48 7.92 6.5–8.5
TDS 1743 221 493.76 1000
TH 602.17 149.41 271.92 450

CODMn 2.12 0.83 1.1 3
Ca2+ 87.03 36.26 56.42 −
Mg2+ 111.06 6.60 30.72 −
Na+ 453.14 6.02 72.15 200
K+ 5.6 0.57 1.78 −

HCO3
− 706.98 185.07 318.61 −

SO4
2− 388.02 9.13 64.68 250

Cl− 312.15 4.11 45.9 250
NO3

− 333.19 7.90 45.52 20
NO2

− 0.11 0.004 0.029 1
F− 1.52 0.12 0.68 1

Units: mg/L except pH.
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4.2. Correlation of Indicators

The hydrochemical evolution had a great distinction between the areas near the wells
XG21 and XG36-1 and other areas, because the areas near those two wells were seriously
influenced by human activities. Therefore, only the data of fifteen samples from the
other wells were used for discussion. The correlation coefficients between hydrochemical
indicators are shown in Table 5. It should be noted that a correlation coefficient shows
the closeness between two indicators. And the absolute value of a correlation coefficient
exceeding 0.7, ranging from 0.4 to 0.7, or being less than 0.4 means a strong correlation, an
ordinary correlation, or a weak correlation, respectively. Besides, the following explanation
to Table 5 was based on the significance level of 0.01.
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Table 5. Pearson correlation coefficients of indicators.

pH TDS TH CODMn Ca2+ Mg2+ Na+ K+ HCO3− SO42− Cl− NO3− NO2− F−

pH 1
TDS 0.211 1
TH −0.061 0.885 ** 1

CODMn −0.374 −0.221 −0.216 1
Ca2+ −0.395 0.418 0.558 * 0.02 1
Mg2+ 0.203 0.773 ** 0.814 ** −0.274 −0.028 1
Na+ 0.532 * 0.389 −0.056 −0.048 −0.327 0.162 1
K+ −0.159 −0.025 −0.01 −0.02 0.486 −0.352 −0.109 1

HCO3
− 0.15 0.645 ** 0.544 * −0.176 −0.142 0.755 ** 0.535 * −0.248 1

SO4
2− 0.118 0.395 0.333 0.152 0.446 0.088 −0.01 0.515 * −0.204 1

Cl− −0.113 0.590 * 0.573 * −0.223 0.591 * 0.276 0.194 0.083 0.39 −0.127 1
NO3

− 0.216 0.521 * 0.526 * −0.326 0.231 0.472 −0.086 −0.427 0.004 0.131 0.207 1
NO2

− −0.24 0.203 0.363 −0.194 0.477 0.103 −0.362 −0.263 −0.167 0.06 0.269 0.524 * 1
F− 0.441 0 −0.267 −0.094 −0.188 −0.19 0.502 −0.072 0.055 −0.164 0.011 0.037 −0.075 1

* Significantly correlated at the 0.05 level (two-tailed). ** Significantly correlated at the 0.01 level (two-tailed). Principal Component Analysis.

From Table 5, TDS had a strong positive correlation with Mg2+ and an ordinary
positive correlation with HCO3

−, with correlation coefficients being 0.773 and 0.645, respec-
tively. TH also had a strong positive correlation with Mg2+ and the correlation coefficient
between them was 0.814. It suggests that the concentration change and space distribution
of Mg2+ have a significant impact on TDS and TH. Besides, HCO3

− also have a great
influence on TDS.

Mg2+ had a strong positive correlation with HCO3
−, with a correlation coefficient

0.775, indicating the dissolution of the minerals containing Mg2+ and CO3
2−/HCO3

−, such
as magnesite whose leading composition is MgCO3. The concentration of Ca2+ in most
samples was the highest among all cations (Table 1), and the groundwater types in the
basin were mainly HCO3-Ca and HCO3-Ca·Mg·Na types. Thus, it can be inferred that
Ca2+ mostly originates from the dissolution of carbonate minerals. However, Ca2+ did not
have an obvious correlation with HCO3

−. The possible reasons are as follows. HCO3
− has

several sources including the dissolution of minerals containing Ca2+ and no Ca2+, such
as calcite (CaCO3), dolomite (CaMg (CO3)2), and magnesite (MgCO3). Meanwhile, the
adsorption capacity of rock and soil to Ca2+ is bigger than that to Na+, and the content of
Ca2+ is higher than that of Na+ in groundwater. Thus, Na-Ca exchange happens during
groundwater flowing through the soil containing Na+, which results in Ca2+ leaving
groundwater and Na+ entering groundwater. Both of these factors together lead to the
result that Ca2+ had few correlations with HCO3

−. This may also illustrate that Na-Ca
exchange is an important source of Na+ in groundwater. NO3

− and NO2
− also had a

certain relevance. It will be explained later.
It should be noted that chemical reactions in a groundwater system are complex. So the

correlation analysis, though useful, can only provide a rough insight to water-rock reactions.

4.3. Principal Component Analysis

The method of PCA evaluates associated constituent loadings and then determines
principle components (PCs), based on the correlations between indicators [27]. This re-
search used the data from fifteen samples to extract PCs and Table 6 shows the total variance
explained of each PC and the loading of PCs. From it, five PCs with their eigenvalues more
than one were selected, accounting for 85% of the total variance. Among them, PC1 and
PC2, which explained 30.6% and 21% of the variance respectively, accounted for more than
50%. And other three PCs explained 13.4%, 10.9%, and 9.2% of the variance, respectively.
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Table 6. Total variance explained of each PC and loadings of PCs.

Indicators
Components

PC1 PC2 PC3 PC4 PC5

TDS 0.951 0.072 0.253 0.024 −0.067
TH 0.943 −0.232 0.041 −0.133 −0.117

Mg2+ 0.829 0.266 −0.125 −0.262 −0.339
HCO3

− 0.626 0.522 0.145 −0.500 0.079
NO3

− 0.622 −0.049 −0.478 0.457 −0.169
Ca2+ 0.439 −0.779 0.249 0.145 0.281
Na+ 0.194 0.745 0.442 0.063 0.170
pH 0.137 0.676 0.151 0.549 −0.215
F− −0.088 0.519 0.141 0.506 0.421
K+ −0.149 −0.463 0.773 0.121 0.081

SO4
2− 0.228 −0.400 0.553 0.358 −0.545

NO2
− 0.381 −0.462 −0.542 0.308 0.189

CODMn −0.359 −0.205 0.179 −0.381 −0.182
Cl− 0.647 −0.142 0.138 −0.116 0.650

Eigenvalue 4.28 2.94 1.88 1.52 1.3
% of variance 30.6 21 13.4 10.9 9.2
Cumulative % 30.6 51.6 65.9 76 85

Underlined and bold numbers are larger association parameters in each PC.

In PC1, TDS, TH, Mg2+, HCO3
−, and NO3

− had higher loadings. Mg2+ and HCO3
−

originated from the dissolution of carbonate minerals according to the previous correlation
analysis. For NO3

−, it can be inferred that this ion in groundwater is mainly from the
infiltration of nitrogenous substances with rainwater and irrigation water, because more
than 70% of the Xinzhou basin is cultivated land where a large number of nitrogen fertilizers
and potash fertilizers were used every year. This is also the reason why NO3

− exceeding
its standard limit occurred in more than half of the samples. For TDS and TH, these two
indicators had larger loadings in PC1, due to the facts that the values of them mainly
depend on high content ions; the content of Mg2+ and HCO3

− in groundwater is high in
the basin; both Mg2+ and HCO3

− have higher loadings in PC1. Thus, PC1 mainly reflects
the processes of carbonate mineral dissolution and human activity influences. In PC2,
Ca2+ had a negative loading and Na+ had a positive loading, suggesting Na-Ca exchange
happening. In addition, Ca2+ and Na+ in groundwater also had high content. Therefore,
PC1 and PC2 represent the processes that major ions with high content enter groundwater
by water-rock interactions and human activities.

In PC3, K+ and SO4
2− had higher loadings. K2SO4 may be the main source of K+ and

SO4
2− in groundwater, because it is an important potash fertilizer which was widely used

in agriculture. But K+ is easily absorbed by plants. It can lead to the lower content of K+

than that of SO4
2− in groundwater. Meanwhile, the concentration of SO4

2− was also lower
than that of major ions in most samples. In PC4 and PC5, F− and Cl− had higher loadings,
respectively. But the concentrations of them were low in groundwater. Both ions may
originate from the dissolution of minerals containing F− and Cl−. Consequently, PC3, PC4,
and PC5 represent the processes that minor ions with lower content than that of major ions
in most samples enter groundwater by human activities and water-rock interactions.

Overall, PCA classifies major and minor ions according to their sources.

4.4. Sources of Main Ions

The dissolution of carbonate minerals, Na-Ca exchange, and the use of nitrogenous
fertilizers are the main sources of Ca2+, Mg2+, HCO3

−, Na+, and NO3
−, according to the

previous description. This part will discuss those processes in detail. Na-Ca exchange is
discussed first for the sake of convenience.
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4.4.1. Na-Ca Exchange

Na-Ca exchange can change the concentrations of cations in groundwater. It is a
significant process in the evolution of hydrochemical compositions [15]. It can be studied
by chloro-alkaline indices (CAI-I and CAI-II) which were proposed by Schoeller [28]. The
formulas are shown below.

CAI− I =
Cl− −

(
Na+ + K+

)
Cl−

(8)

CAI− II =
Cl− −

(
Na+ + K+

)
HCO−3 + SO2−

4 + CO2−
3 + NO−3

(9)

The unit of all ions in these two formulas is meq/L. If the values of two indices
are negative, it indicates that a certain amount of Ca2+ in groundwater was replaced by
a corresponding amount of Na+ in soil. If the indices are positive, it indicates that the
reaction had happened in the opposite direction. A diagram of chloro-alkaline indices is
shown in Figure 3. From it, 86.7% of fifteen samples were located in the lower left area,
indicating that Na-Ca exchange is common in the basin. Therefore, Na-Ca exchange is
the important source of Na+ in the groundwater of the basin. It is consistent with the
inferential result of the correlation analysis and PCA.
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4.4.2. Dissolution of Carbonate Minerals

The dissolution of carbonate minerals is very common in the groundwater system
of northern China [14]. In theory, dissolving one or more kinds of carbonate minerals,
such as calcite (CaCO3), magnesite (MgCO3), or dolomite (CaMg (CO3)2), will introduce
Ca2+/Mg2+ and HCO3

− into groundwater with a proportion from 1:1 to 1:2, which depends
on the content of atmospheric CO2 participated in the reactions [14]. The proportion
diagrams of those ions are shown in Figure 4. Almost all of the fifteen samples were
located below the 1:2 line in the proportional relation between Ca2+/Mg2+ and HCO3

−

(Figure 4a,b). Meanwhile, nearly half of the samples fell out of the range from 1:1 to 1:2
in the proportional relation between Ca2+ + Mg2+ and HCO3

− (Figure 4c). These results
show that the molar concentrations of Ca2+, Mg2+, and Ca2+ + Mg2+ are less than double
that of HCO3

− in most samples. If the dissolution of carbonate minerals is really the
sources of those ions, there must exist in some other reactions which can affect the content
of those ions in groundwater. Na-Ca exchange which can reduce the content of Ca2+ in
groundwater is one of those reactions. Previous section has verified that Na-Ca exchange is
common indeed in the basin. Thus, convert Na+ into Ca2+ according to the transformation
relation of 2:1 (except for the samples from XG31 and XGQ5), then plot the proportion
diagram between Ca2+ + Mg2+ + 0.5Na+ and HCO3

− (Figure 4d). From it, all samples
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fell into the range from 1:1 to 1:2, suggesting that Na-Ca exchange is the cause leading to
the abnormal ionic proportional relations. All processes indicate that the dissolution of
multiple carbonate minerals, including calcite and magnesite etc., is the main sources of
HCO3

−, Ca2+, and Mg2+ in the groundwater of the basin. And it also illustrates indirectly
that Na+ in the groundwater of the basin mainly originates from Na-Ca exchange. These
results are consistent with the inferences of the correlation analysis and PCA.
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4.4.3. Transformation of Organic Nitrogen Fertilizers

Nitrogen compounds in groundwater usually originate from the use of nitrogen
fertilizers in agricultural areas [29]. The most common nitrogen fertilizer is urea. It is a
kind of organic nitrogen fertilizer and was widely used in the agriculture of the study area.
According to statistic, the average usage of urea was approximately 85 t/km2 [30].The
processes of its transformation and migration are as follows. Mineralization occurs with the
participation of bacteria in soil after fertilization. It turns organic nitrogen into NH4

+. Then
nitrification happens with the participation of nitrosobacteria and nitrobacteria. It first
transforms NH4

+ into NO2
−, and then transforms NO2

− into NO3
−. The transformation

is over at this time. Those inorganic nitrogen is continually absorbed by crops during the
total transformation. But there is also a certain amount of the residual inorganic nitrogen in
soil. It can enter shallow groundwater with the infiltration of rainwater or irrigation water
through aeration zone. Thus, those nitrogen compounds were observed in the groundwater
of the basin.

For NO3
−, its content in the groundwater of the basin was higher and more than

half of the samples exceeded its standard limit, due to the fact that more than 70% of
the Xinzhou basin is cultivated land. For NO2

−, it is an intermediate product and its
quantities generated in the transformation are very small. Therefore, its quantities entering
groundwater are also small. However, there was a positive correlation between NO3

−

and NO2
− in groundwater, with the correlation coefficient of 0.524 at the significance level

of 0.05 (Table 5), due to NO2
− directly involves in the formation of NO3

−. For NH4
+,
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its amount entering groundwater is very small, because the adsorption of aeration zone
results in most NH4

+ retaining in topsoil [31,32].

4.5. Formation Mechanisms of Groundwater Chemistry

Gibbs proposed two semi-logarithmic diagrams to assess the evolution mechanisms
of regional groundwater, including precipitation dominance, rock dominance, and evap-
oration dominance [33]. The vertical coordinates of these two diagrams are logarithmic,
both showing TDS; However, the horizontal coordinates of them are linear, showing the
values of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−), respectively. Gibbs diagrams of
the fifteen samples are shown in Figure 5. From it, all samples were located in the area
of rock dominance. This illustrates that the weathering of rock minerals is the dominant
factor which controls the evolution of the shallow groundwater in the basin. It can also
be observed that the values of TDS had no significant changes with the increasing values
of Na+/(Na+ + Ca2+), suggesting the influence of Na-Ca exchange. The exchange process
is that 1 mol Ca2+ in groundwater is replaced by 2 mol Na+ in soil. It can not change the
content of TDS significantly, because the mass of the former (40 g/mol) is approximately
equal to that of the latter (23 × 2 = 46 g/mol).
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4.6. Water Quality Assessment
4.6.1. Irrigation Water Quality Assessment

The Xinzhou basin is a typical agricultural area where irrigation mainly depends on
local shallow groundwater. Thus, groundwater quality directly affects the sustainable
development of local agriculture. SAR and %Na of all samples were calculated in order
to evaluate groundwater quality. It was found that SAR of fifteen samples ranged from
0.19 to 1.63 and the maximum of %Na was 37.3%, suggesting the probability of sodium
hazard is low. However, the values of SAR in two samples from wells XGQ36-1 and XG21
reached to 6.58 and 9.08 respectively, and the values of %Na reached to 57.0% and 67.4%
respectively, indicating the probability of sodium hazard is relatively high.

The US Salinity Laboratory diagram (USSL) and the Wilcox diagram can be used
to evaluate the suitability of irrigation water based on alkalinity and salinity [11]. The
vertical ordinates of those two diagrams are SAR and %Na respectively, and the horizontal
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ordinates of them are both electric conductivity (EC). EC can be measured or calculated
according to Standard Method 2510-A [34]. Its calculated values were used, because EC
was not measured. Plot the two diagrams (Figure 6). It shows that fifteen samples fell
into the C2S1 area in the USSL diagram and the area of “Excellent to Good” in the Wilcox
diagram, indicating that the groundwater in most areas of the basin is suitable for irrigation.
However, two samples from wells XGQ36-1 and XG21 fell into the C4S2 area in the USSL
diagram and the area of “Doubtful to Unsuitable” in the Wilcox diagram, suggesting their
unsuitability for irrigation. Those wells of XGQ36-1 and XG21 were previously mentioned
many times. They are both located in the south of the basin.
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4.6.2. Drinking Water Quality Assessment

The results of WQI are shown in Figure 7. From it, WQI generally increased with
TDS. Besides, the sample numbers of excellent quality, good quality, poor quality, very
poor quality, and unsuitable for any use were five, nine, one, zero, and two, accounting for
29.41%, 52.94%, 5.88%, 0%, and 11.76 respectively. Thus, more than 80% of samples were
excellent or good water quality, suggesting that groundwater in most areas of the basin
is suitable for drinking. The spatial distribution of groundwater quality for drinking was
drawn (Figure 8), based on the results of WQI model. From it, groundwater in some parts
of the southern basin was unsuitable for drinking, including the south, east, and northeast
of Dingxiang county, as well as the southwest of Yuanping county.
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In summary, the groundwater in most areas of the basin is suitable for irrigation and
drinking. However, its quality is extremely poor in some southern parts of the basin, which
leads to its unsuitability for any use. The main reason for the poor water quality in some
areas is the influence of human activities, especially the emission of industrial pollutants,
according to the previous analysis. Therefore, government should urge enterprises to do
well in the harmless disposal of industrial pollutants. Meanwhile, the real-time monitoring
and warning system of groundwater quality should be established. Moreover, in recent
years, the research and application of quality sensors is increasing. This technology is
meaningful to improve the accuracy of real-time monitoring and warning of groundwater
quality [35,36]. In the end, it is also necessary to formulate a plan to dispose of the
contaminated groundwater promptly. Only in this way can groundwater pollution be
prevented and controlled.

5. Conclusions

Shallow groundwater is an essential resource. It was widely used in the agriculture
and resident life of the Xinzhou basin. This research discussed the hydrochemical charac-
teristics and evolution of the shallow groundwater in the basin, with the methods of Piper
diagrams, correlation analysis, PCA, chloro-alkaline indices, ion proportion diagrams, and
Gibbs diagrams. Meanwhile, using two indicators of SAR and %Na, USSL and Wilcox
diagrams, and WQI models assessed local groundwater quality. The following conclusions
can be drawn.

(1) The concentrations of TDS, TH, Na+, SO4
2−, Cl−, F−, and NO3

− in some areas
of the basin exceeded their standard limits. Nitrate pollution among them was the most
extensive and almost occurred in the whole basin. The hydrochemical facies were HCO3-Ca
and mixed HCO3-Ca·Mg·Na types in most areas of the basin, but HCO3·SO4·Cl-Na type
in the small parts of the southern basin.

(2) The evolution of the shallow groundwater in the study area was dominated by
the weathering of rock minerals, except for the influence of human activities. The main
processes of hydrochemistry included the dissolution of carbonate minerals and Na-Ca
exchange. The former introduced HCO3

−, Ca2+, and Mg2+ into groundwater, and the latter
brought Na+ into groundwater.
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(3) Nitrate pollution originated from the use of nitrogen fertilizers in agriculture.
Organic nitrogen fertilizers were transformed into inorganic nitrogen in aeration zone after
fertilization. Then, those inorganic nitrogen was mostly absorbed by crops, and residual
parts entered shallow groundwater with the infiltration of rainwater and irrigation water
through aeration zone.

(4) Groundwater in most areas of the basin was suitable for irrigation and drinking.
However, its quality was poor in some parts of the southern basin. Those areas with poor
water quality should be focused on. And groundwater there needs to be treated before
irrigation and drinking.

More research should be done, such as the spatial distribution characteristics and
migration laws of nitrogen, the rational use of nitrogen fertilizers in large-scale agricultural
areas, and developing new fertilizers with low pollution, in view of the general problem
of nitrate pollution. Besides, government should urge enterprises to do well in harmless
disposal of pollutants, and strictly control the emission of pollutants in local industry areas.
Further enhancing the monitoring of groundwater quality is also necessary.
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