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Abstract: The shallow groundwater of the quaternary system in the Baoshan basin, Yunnan Province
is seriously polluted, threatening human health and restricting local socio-economic development;
therefore, it is necessary to investigate the hydrochemical characteristics and formation mechanisms
of the shallow groundwater of the quaternary system in the Baoshan basin. This study used EVS
2022 to establish a 3D visual geological model of the quaternary system in the basin and divided the
shallow groundwater aquifers of the quaternary system into three groundwater systems, sampling
22,9, and 4 groups in each groundwater system, respectively. Mathematical statistics, Piper’s trilinear
diagram, Gibbs plots, the Gaillardet model, the ion ratio method, groundwater saturation, and the
PCA-APCS-MLR model were used to analyze the groundwater hydrochemical characteristics and
genesis of the study area. The results show the following: (1) The types of groundwater chemicals are
mainly HCO3-Ca-Mg type and HCO3-Ca, the causes of the water chemical characteristics are mainly
influenced by water-rock interaction and alternate cation adsorption, and the rock types with which
the groundwater exchanges substances are carbonate rocks and silicate rocks. (2) The Fe?*, Mn?*, and
NHj3-N contents in groundwater systems I and II exceed the standard, which is the human activity
area, and groundwater pollution is mainly affected by human activities. (3) Four main categories
of factors were obtained according to the PCA-APCS-MLR model, namely dissolution filtration,
migration and enrichment factors, geological and human activity factors, and environmental factors
and pollution factors; the cumulative contribution of variance was 77.84%, and the groundwater
chemical characteristics were jointly influenced by hydrogeological conditions and human activi-
ties. The results of this study provide a basis for groundwater protection and management in the
Baoshan basin, where groundwater system I is the key area for pollution and should be strengthened
for control.

Keywords: quaternary shallow groundwater; hydrochemical characteristics; water pollution;
PCA-APCS-MLR model; Baoshan basin

1. Introduction

Groundwater has the characteristics of wide distribution, stable changes, good water
quality, and easy application, making it an important resource indispensable for the long-
term and stable development of human beings on Earth [1]. The current demand for
groundwater resources has increased greatly, and unreasonable exploitation has caused
the deterioration of groundwater quality. Probing its groundwater chemical characteristics
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and causes can provide an important guarantee for groundwater quality monitoring and
the sustainable development of socio-economic, industrial, agricultural, and ecological
health [2-4].

Groundwater chemistry components are changing every moment due to the fact that
groundwater exchanges substances with the external environment through flow, and the
formation and evolution of groundwater during the water cycle are influenced by nat-
ural factors such as water—rock interaction [5-7], evaporation concentration [8-10], ion
exchange [11,12], and redox [13]. Many scholars at home and abroad have conducted vari-
ous studies on groundwater chemical characteristics and hydrochemical causes; the main
research methods include statistical analysis [14,15], graphical methods [16,17], and ion
proportionality [18,19], and the related research results are becoming increasingly fruitful.
The impact of human activities such as industrialization and urbanization on groundwater
is increasing [20,21], and many scholars have carried out risk assessment, pollution source
identification, and wastewater treatment for heavy metals and organic matter contami-
nation in groundwater [22]. However, traditional methods of water chemistry analysis
encounter difficulty in quantitatively describing the complex evolution of groundwater
chemistry under the conditions of human activities, and multivariate statistical models
currently provide a more accurate and convenient method of groundwater chemistry
characterization and pollution cause analysis [23,24].

The Baoshan basin is a typical quaternary fault basin in western Yunnan province, and
quaternary groundwater is an important water supply source for resource production and
the life of residents in the basin; however, groundwater indicators such as iron, manganese,
and ammonia nitrogen seriously exceed the standard levels, which greatly threatens the
productiveness of the region and safety of local people [25]. In order to ensure the long-term
and stable utilization of quaternary groundwater resources in the Baoshan basin, it is urgent
to understand the chemical characteristics of this groundwater and analyze the causes of
pollution; however, few studies in this area have been reported in recent years. In this paper,
we combine traditional hydrogeochemical methods and multivariate statistical methods
to describe in detail the statistical characteristics of chemical indicators and groundwater
chemical types in the quaternary groundwater of the Baoshan basin, determine the sources
of groundwater ionic components, and analyze the causes of groundwater pollution,
with the aim of providing a scientific basis for groundwater development, utilization,
management, and protection in the Baoshan basin.

2. Materials and Methods
2.1. Study Area

The Baoshan basin in western Yunnan, with geographic coordinates of 98°08’ to
99°16’ E and 24°56’ to 25°14’ N, is located at the junction of China and Myanmar. The
Baoshan basin is a lacustrine plain landscape surrounded by mountains and hills; the basin
is oriented in the north—-south direction [26] and is 15 km long and 7-10 km wide, with a
total area of 230 km? (Figure 1). The Baoshan basin is located at low latitudes and high
altitudes, with an average annual temperature of 14.7 °C. The average annual rainfall in
Baoshan is about 1047.3 mm and the average annual evaporation is 1650.3 mm [27]. There
are many rivers in the Baoshan basin, with the Donghe River being the main water system
in the basin, flowing from the northern part of the basin; its tributaries on the east and west
sides converge into the main river channel and then run off from north to south, finally
discharging to the Nujiang River. The main stream of the Donghe River is 25.3 km long in
the basin, which is the lowest erosion datum in the region.

The Baoshan basin is covered by quaternary sediments, and the surface outcrops are
the quaternary holocene and quaternary pleistocene. The quaternary holocene sediments
are mainly lacustrine deposits, which are gray and brown clay and pebble gravel layers
mainly distributed in the center of the Baoshan basin and with a maximum thickness of
35.84 m [28,29]. Atmospheric precipitation is the main recharge term for groundwater in this
formation. In addition, agriculture and industry are mostly concentrated in the central part
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of the Baoshan basin, and agricultural irrigation water and domestic wastewater infiltrate
into the aquifer in a facultative form. Due to the large hydraulic gradient, the bedrock
fracture water and carbonate rocks in the surrounding mountains recharge the central part
of the basin, and when the rainfall is high the river level rises rapidly, which locally causes
the river to backcharge the groundwater [30]. The quaternary pleistocene consists of river
and lake phase sediment of river alluvium, including clay, red clay, and gravel layers, which
are mainly distributed at the edge of the Baoshan basin. The main source of groundwater
recharge in this formation is atmospheric precipitation, and it is in contact with karst
aquifers in the southern and northeastern part of the bedrock mountains; groundwater
receives recharge from karst water and fissure water in the mountains. Groundwater in the
region mainly runs toward the middle of the basin with a slow seepage rate, and eventually
discharges to the Donghe River [28,29]. The surrounding mountainous areas are dominated
by sedimentary clastic and carbonate rocks, and the main lithologies include limestones,
argillaceous limestones, shales, and sandstones.
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Figure 1. Distribution of regional hydrogeology and groundwater sampling points in the Baoshan
basin, SW China: (a) location of Yunnan Province; (b) location of Baoshan basin; (c) regional hydroge-
ology of the Baoshan basin. The green points are the water samples in groundwater system I, the red
points are the water samples in groundwater system II, and the yellow points are the water samples
in groundwater system III.

2.2. Groundwater System

By collecting engineering geological borehole data, the quaternary strata in the basin
can be generalized into seven layers according to the nature and water-richness of the
geotechnical body: plain fill, clay, cobble and gravel, clay, sand and gravel, clay, and red
clay. The 3D geological modeling software Earth Volumetric Studio (EVS) [31] was used to
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establish a 3D geological model of the quaternary system in the Baoshan basin (Figure 2a)
in order to visualize and analyze the quaternary strata in the Baoshan basin visually and
clearly and then delineate the groundwater system, providing a basis for groundwater
chemical characterization.
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Figure 2. Three-dimensional geological model of quaternary system in Baoshan basin: (a) strati-
graphic structure and (b) groundwater systems.

According to the hydrogeological conditions in the region, the Baoshan basin was
divided into three groundwater systems, namely, groundwater system I, groundwater
system II, and groundwater system III (Figure 2b).

2.3. Sample Collection and Testing

The groundwater samples were collected from residential wells and agricultural
irrigation wells in 2019, and the sampling depths ranged from 0 to 20 m. The samples were
all shallow groundwater. The groundwater system was used as the unit, with 22 groups of
groundwater system I (green points in Figure 1c), 9 groups of groundwater system II (red
points in Figure 1c), and 4 groups of groundwater system III (yellow points in Figure 1c),
totaling 35 groups; the sampling points were labeled according to the sampling order.

A total of 28 indicators were selected for the water chemistry test, including pH,
TDS, TH, seven major ions, organic substances, inorganic substances, and heavy metals.
pH was measured on site using a PHS-3C pH meter, and the rest of the indicators in the
groundwater samples were measured in the laboratory of Yunnan Sino-sci Testing Tech.
Co, Ltd. (Shenzhen, China), HCO3~, Cl~, and S0,42~ were determined by acidity titra-
tion, the silver nitrate volumetric method, and the barium sulfate turbidimetric method,
respectively; CaZt and Mg2+ were determined using the ASS method; Na*, K*, FeZ*, and
Mn?* were determined via the FAAS method; and TDS, TH, COD, and NH;-N were de-
termined using the weighing method, EDTA method, CODMn method, and nano-reagent
photometric method, respectively.

To ensure the reliability of the data, the anion and cation balance reliability test was
performed on all the test results; the results showed that the relative error of anion and
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cation balance for all the water samples was between +6% and that the test results were
reliable. In this paper, ArcGIS 10.2, EVS 2022, Origin2021, PHREEQC 3.7.3, and SPSS 27
were used for water chemistry characterization, and the PCA-APCS-MLR model was used
for groundwater pollution source analysis using SPSS software.

3. Results
3.1. Hydrochemical Characteristics

SPSS software was used to analyze 35 sets of water samples within the Baoshan basin
and to count the parameter characteristic values of the water chemistry conventional compo-
nents of the groundwater samples collected (Figure 3 and Table 1). The mean values reflect
the overall situation of each conventional ion concentration index in the whole study area.
The mean values of the cation concentration in each groundwater system of the shallow qua-
ternary groundwater in the Baoshan basin are in the order of Ca?* > Na* > Mg?* > K* from
high to low, and Ca?* is the most abundant cation in the shallow groundwater of the basin.
The average values of anion concentrations from high to low are HCO3~ > Cl™ > SO42~, and
HCO3™ is the most abundant anion in the groundwater of the basin. For the three ground-
water systems described separately, the TDS concentration values were in the range of
186.00-617.00 mg/L, 230.00-751.00 mg/L, and 247.00-320.00 mg/L, with mean values of
343.20 mg/L, 484.56 mg/L, and 293.73 mg/L, over all freshwater (TDS < 1000 mg/L). The
TH concentration values were in the range of 117.00-446.00 mg/L,
135.00-442.00 mg/L, and 159.00-379.00 mg/L, with mean values of 278.86 mg/L,
278.00 mg/L, and 291.00 mg/L. One group of hard water (300 mg/L < TH < 450 mg/L)
was found in each of groundwater system I and groundwater system II, while the rest were
slightly hard water (150 mg/L < TH < 300 mg/L).
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Figure 3. Box diagram of groundwater chemical composition in Baoshan basin.

The coefficient of variation was mainly used to compare the relationship between
statistical indicators; a smaller coefficient of variation indicates that the variability of the
variables is not significant, and a larger number of variances indicates that the chemi-
cal components of groundwater underwent a complex evolutionary process during its
formation and evolution [32]. The pH intervals of the three groundwater systems were
6.17-8.27 mg/L, 7.22-8.29 mg/L, and 7.63-8.17 mg/L, with mean values of 7.81 mg/L,
7.96 mg/L, and 7.83 mg/L, respectively. The coefficients of variation were 0.07, 0.05, and
0.03, indicating that the spatial variability of the pH was not significant, and the ground-
water was weakly alkaline in general. The coefficients of variation of Ca?*, Mg?*, Na*,
HCO;3 7, and CI™ ranged from 0.19 to 0.52, indicating that the distribution of the above ions
was relatively stable in each groundwater system. The SO42~ concentration ranges were
0.00-33.22 mg/L, 5.10-40.40 mg/L, and 8.30-31.20 mg/L, with mean values of 11.66 mg/L,
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22.98 mg/L, and 19.30 mg/L, respectively. The coefficient of variation was 0.90 in ground-
water system I, 0.53 and 0.66 in groundwater system II and III, and the concentrations at
water sample points 901 and 913 were 40.4 mg/L and 35.1 mg/L, respectively, which were
more than twice the average value. It was speculated that the local ultra-high value of
SO4%~ in groundwater system I might be related to mixing with hot spring water. The K*
concentration ranges were 1.11-19.20 mg/L, 0.58-28.00 mg/L, and 2.73-12.40 mg/L, with
mean values of 7.22 mg/L, 9.65 mg/L, and 7.81 mg/L, respectively, in the groundwater
systems. The coefficients of variation were 0.92 and 0.94 in groundwater systems I and
II, respectively, and 0.58 in groundwater system III. The concentrations at water sample
points 913, 921, and 922 were 28.00 mg/L, 18.50 mg/L, and 19.20 mg/L, respectively,
indicating that K* is unevenly distributed in groundwater concentration values and is
a sensitive factor susceptible to the groundwater environment and the local location of
K*. The very high value of K* may be closely related to local agricultural production.
The coefficients of variation of FeZ*, Mn2*, and NH;3-N were greater than in groundwater
systems I and II, and the coefficient of variation of COD was greater than in groundwater
system I. In groundwater system III, Fe>* and Mn?* were not detected, and the coefficients
of variation of NH3-N and COD were 0.23 and 0.22, respectively; the above four indicators
had obvious spatial variation, and represent the main pollutants in the groundwater of the
Baoshan basin.

Table 1. Statistical results of the groundwater chemical parameters.

. Groundwater System I (n = 22) Groundwater System II (n = 9) Groundwater System III (n = 4)
Indicators Min Max Mean Cv Min Max  Mean Cv Min Max  Mean Cv
pH 6.17 8.27 7.81 0.07 7.22 8.29 7.96 0.05 7.63 8.17 7.83 0.03
TDS 186.00  617.00  343.20 0.38 230.00 751.00 48456 0.38 247.00  320.00 29375 0.12
TH 117.00  446.00 278.86 0.32 135.00  442.00 278.00 041 159.00  379.00 291.00 0.33
Na* 15.70 75.00 28.40 0.49 14.50 54.00 27.46 0.51 19.30 25.80  23.18 0.12
K* 1.11 19.20 7.22 0.92 0.58 28.00 9.65 0.94 2.73 12.40 7.81 0.58
Ca® 29.30 182.00 78.79 0.46 45.00 126.00  84.67 0.37 38.60 4530  42.33 0.07
MgZ+ 12.40 73.30 28.34 0.53 14.90 39.10 2253 0.37 19.10 6470  36.15 0.55
Cl~ 5.80 46.10 27.39 0.42 7.30 5540  25.96 0.61 8.70 3790 2573 0.49
S04~ 0.00 33.22 11.66 0.90 5.10 40.40 2298 0.53 8.30 3120 19.30 0.66
HCO;3™ 55.59 146.00  110.06 0.19 89.80 146.00 123.39 0.13 61.70 108.00 92.18 0.23
NH;3-N 0.00 1.40 0.15 2.55 0.00 19.90 2.62 2.48 0.00 0.70 0.23 1.47
Fe?* 0.00 0.78 0.07 2.83 0.00 0.26 0.03 3.00 0.00 0.00 / /
Mn?* 0.00 1.14 0.15 2.12 0.00 0.17 0.02 2.66 0.00 0.00 / /
COD 0.35 6.53 1.44 1.09 0.51 1.34 0.80 0.37 0.46 0.74 0.56 0.22

Notes: pH is dimensionless, the rest of the units are mg/L; “/” means there is no such calculation result.

By analyzing the relationship between the ratio of the molarity of ions to the molarity
of the total dissolved ions and TDS, the contribution of the major ionic components to TDS
in groundwater can be obtained (Figure 4). The contribution of HCO3;™ to TDS ranges
from 19.8% to 60.8%; the contribution of Ca%* to TDS ranges from 11.5% to 37.4%; and
the contribution of Na* to TDS ranges from 4.9% to 19.8%. The anion with the highest
contribution to TDS in all three groundwater systems was HCO3; ™, and the cations with
high contribution were Ca?* and Na*. This shows that the highest content of HCO3 ™, Ca?t,
and Na* in the groundwater of the study area is consistent with the results of the statistical
characteristic value analysis of water chemistry parameters.

3.2. Hydrochemical Types

The Piper trilinear diagram can reflect the main anions and cations in groundwater
and their concentration ratios, and provides a classification basis for analyzing groundwa-
ter chemical types [33], which plays a very important role in revealing hydrogeochemical
laws. According to the analysis of the Piper diagram (Figure 5), the water sample points
mainly fall in the 1/3/5 zone of the Piper diagram, indicating that the mass concentra-
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tions of alkaline earth metal ions in the samples all exceed the mass concentrations of
alkali metal ions. Ca2* was the dominant cation in the study area, with concentrations
ranging from 25.16% to 70.81% milligram equivalent percent, followed by Mg?* and Na*,
with concentrations ranging from 15.9% to 61.29% and 8.48% to 36.12% milligram equiv-
alent percent, respectively. HCO3~, a weak acid ion, is the core anion in the study area,
with the concentration of this ion ranging from 37.05% to 93.6% milligram equivalent
percent, followed by Cl~, with concentrations ranging from 6.4% to 46.11% milligram
equivalent percent.
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Figure 4. Contribution of major ions to TDS in groundwater: (a) contribution of Na* to TDS;
(b) contribution of Ca?* to TDS; (¢) contribution of Mg2+ to TDS; (d) contribution of SO4%~ to TDS;
(e) contribution of HCO3~ to TDS; (f) contribution of C1~ to TDS.
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Figure 5. The Piper trilinear diagram for the groundwater samples.

The hydrochemical types in the study area include HCO3-Ca, HCO3-Ca-Na type,
HCO;-Ca-Mg type, HCO;3-Cl™Ca type, C1~Ca type, HCO3-Cl~Ca-Na type, and HCO3-
Cl~Ca-Mg type. The groundwater chemistry types at the groundwater sample sites in
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groundwater system III were all HCO;-Ca-Mg types. Each hydrochemical type was dis-
tributed in groundwater system I and groundwater system II, and the HCO3-Ca-Mg and
HCO3-Ca types were the main groundwater chemistry types in the study area.

Total salinity (TIS) is another important indicator used to characterize groundwater
chemistry; it characterizes the sum of the concentrations of the major anions and cations.
The major anions (SO4%2~ and HCO5; +Cl™) in the water samples were selected as charac-
teristic values [34] and the isosalinity contours were plotted (Figure 6). The water sample
points of groundwater system I were distributed between 7 and 16 meq-L~! salinity con-
tours, the water sample points of groundwater system II were distributed between 9 and
16 meq-L ! salinity contours, and the water sample points of groundwater system Il were
distributed between 7 and 11 salinity contours. The milligram equivalent concentration of
SO42~ at each water sample site was less than 0.50 meq-L~!, while the milligram equivalent
concentration of HCO3~+Cl~ was greater than 1.75 meq-L~!, indicating that the main
anions in the groundwater of the Baoshan basin were HCO3;~. Among the individual
groundwaters, the groundwater of groundwater system II had the highest percentage of
HCO3;™+Cl1~ while groundwater system III had the least.
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Figure 6. Correlation diagram of SO,%>~ and HCO3~+Cl~.

3.3. Natural Sources of Groundwater lon Fractions
3.3.1. Gibbs Plots

Gibbs plots can directly reflect the constraints and formation system of the main ions
in the water column, including water-rock interaction, evaporation, and rainfall, which
can lead to changes in the chemical composition of the groundwater column and changes
in TDS [35].

The TDS values of the shallow groundwater of the quaternary system in the Baoshan
basin ranged from 186 mg/L to 751 mg/L, Na*/(Na* +Ca%") from 0.12 to 0.52,
and CI~ /(C17+HCO3 ™) from 0.04 to 0.42. The groundwater sample points of the three
groundwater systems were mostly scattered in the area where the
Na*/(Na*+Ca?*) and Cl~ /(Cl~+HCO3 ) were less than 0.5 in the horizontal coordinate
(Figure 7). The anions and cations in the groundwater mainly originated from the material
exchange between the groundwater and the surrounding rock layers. The Na* /(Na*+Ca?*)
of individual water sample points in groundwater system I was greater than 0.5 and the
water sample points were shifted to the upper right region, indicating that the groundwater
at these water sample points is buried at a shallow depth and is affected by evaporation to
an extent.
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3.3.2. Dissolved Filtration of Rocks

The Gibbs plots allow a preliminary judgment to be made: the hydrochemical genesis
of groundwater in the study area is closely related to water-rock interaction. To illustrate
the specific water-rock interaction process, the Gaillardet model needs to be invoked for
a further explanation of the water—rock process [36]. The model has three different units
of water-rock interaction along the diagonal of the rectangle from the lower left to the
upper right corner for evaporite, silicate, and carbonate rocks, in that order. The ratio of
HCO;~ /Na* to Ca?*/Na* is calculated, and the position of this value in the model is the
type of water-rock interaction. The Gaillardet model was established based on the test data
of groundwater samples taken from the study area (Figure 8), from which it can be seen that
the groundwater sample points in the study area are mainly located in the action interval
of silicate and carbonate rocks, and far from the evaporite action interval. Combined with
the types of geotechnical bodies in and around the basin, a preliminary conclusion can be
drawn that the formation of groundwater chemical characteristics in the basin is mainly
related to the dissolution and filtration of carbonate rocks and silicate rocks.
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Figure 8. Gaillardet diagram based on the relationship between Ca?* /Na* and HCO3~/Na*.
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3.3.3. Ion Proportionality Coefficient Characteristics

Through the Gaillardet model analysis, only the types of rocks that exchange material
with groundwater in the basin can be known as carbonate rocks and silicate rocks. However,
it is not possible to analyze which rock types exchange material with groundwater more
strongly; thus, the ionic proportion coefficient method is needed in order to make any
further judgment [37].

The ratio of Na*™ and Cl~ concentrations is called the groundwater genesis factor, a hy-
drogeochemical parameter characterizing the degree of Na* enrichment in
groundwater [37]. If the value of Na*/Cl™ in groundwater is close to 1, this indicates
that Na* and CI” in groundwater mainly originate from the atmospheric precipitation or
dissolution of rock salt; if the value is >1, this indicates that Na* and CI™ may originate
from cation exchange [37]. The Na*/Cl™ ion ratio coefficient relationship (Figure 9) shows
that most groundwater samples have a good correlation between sodium and chloride ions.
There are 85.8% of groundwater sampling points with Na*/Cl~ > 1, indicating that Na*
and Cl~ are mainly subject to alternate cation adsorption. A total of 14.2% of groundwater
sampling points with Na*/Cl~ < 1 confirm that the source of CI~ is not unique and that
the possibility of groundwater contamination by human activities (domestic sewage and
livestock manure effluent) is extremely high.
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Figure 9. Relationship between Na* and C1™.

The contribution of the dissolution of other rock types to groundwater chemistry can be
judged by the relationship of the ratio coefficient of (Ca?*+Mg?*)/(SO42~ +HCO3 ). When
the sample points are located above the 1:1 line, Ca**+Mg?* is more than SO~ +HCO;~,
implying that the water-rock interaction is dominated by the dissolution of carbonate rocks.
When the sample points are located below the 1:1 line, this indicates that the water—rock
interaction is dominated by weathering dissolution of silicate rocks. The groundwater
sample points in all three groundwater systems are located above the 1:1 line (Figure 10),
indicating that carbonate rocks are the main factors controlling the sources of Ca?*, Mg?*,
SO42~, and HCO3 ™~ in groundwater in the Baoshan basin. The dissolved amount of
carbonate rocks in groundwater system I and groundwater system III is greater than that in
groundwater system IL

According to the (C1~+S0,42~)/HCO3 ™ ratio coefficient relationship (Figure 11), the
water sample points in groundwater system III are all located below the 1:1 line, indicating
that the groundwater components in this system mainly originate from carbonate rock
dissolution in the mountains around the basin. Most of the water sample points in ground-
water system I and groundwater system II are located below the 1:1 line, indicating that the
groundwater components in the system mainly originate from carbonate rock dissolution.
A small number of water sample points near Hanzhuang are located above the 1:1 line,
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which is due to the poor runoff conditions in the area, which mainly dissolve materials
in the loose quaternary rock layers. In general, most of the groundwater sample points
in the study area are distributed below the 1:1 line and a small number of water sample
points are distributed below the 1:1 line, indicating that the dissolution of carbonate rocks
dominates in the groundwater of the study area.

20
@ Groundwater system [
B Groundwater systemll
A Groundwater systemlIl
154 e
=
=3
o
g
iy 101 ®
% me .
& A @
S X i
54 [ % u |
¢ XYy
=== T T T T
1 2 3 4 5

HCO, +SO,” (meq-L ")

Figure 10. Relationship between (Ca?*+Mg?*) and (SO42~+HCO; ™).
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Figure 11. Relationship between (C1™ +50,27) and HCO; ™.

The cations in groundwater in the basin alternatively adsorb with the cations in
the rock and soil bodies on the runoff pathway during the runoff process. The dissolu-
tion of atmospheric CO; in groundwater, which results in the production of HCO3;™ in
groundwater, accelerates the dissolution rate of carbonate rocks following the following

chemical equation:
CaCO3+CO,+H,0 = Ca’t+2HCO;~ (1)

MgCO;+CO,+H,0 = Mg?" +2HCO;~ 2)

CaMg(CO;)z + CO,+H0 = Ca*"+Mg*" +4HCO; ™~ (3)
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The dissolution of limestones and argillaceous limestones leads to higher Ca?* and
Mg?* concentrations in groundwater. The low mineralization of groundwater in the basin
provides favorable conditions for the alternating cation adsorption of Ca?* and Mg?* in
groundwater, with Na* and K* attached to the surface of rock and soil bodies. However, as
the concentration of Na* and K* in groundwater increases, it may cause a reverse reaction.
In this study, the chloride and alkali index was selected to analyze the specific exchange
process of groundwater in the basin [38].

CAIl =Cl~ — (Nat+K")/Cl™ (4)

CAI2 =Cl™ — (Na™+K")/SO]” +HCO; +NO; +CO3~ ®)

The exchange of cations in groundwater can be divided in two ways: forward exchange
and reverse exchange.
The positive cation exchange effect is

(Ca%*or Mg? ") (rock)+2Na™ (groundwater)

6
— 2Na*rock 4 (Ca®*or Mg?") (groundwater) (©)

The reverse cation exchange interaction is
2Na*rock + (Ca**or Mg?*)(groundwater) @)

— (Ca%*or Mg?*)(rock)+2Na™ (groundwater)

According to the chlor-alkali index in the study area (Figure 12), the vast majority of
water sample points in groundwater system III fall into the CAI1 < 0 and CAI2 < 0 regions,
indicating that reverse exchange occurs in this groundwater system and that the Ca?* and
Mg?* contents in groundwater are reduced. Most of the water sample points in groundwa-
ter system I and groundwater system II fall in the area of CAIl1 < 0 and CAI2 < 0. Only in
the area around Hanzhuang do the water sample points fall into the area of CAI1 > 0 and
CAI2 > 0, indicating that the Ca?* and Mg?* contents are high in most areas of the two
groundwater systems and that it is easy for reverse exchange to occur. In the area
of Hanzhuang, positive exchange occurs due to the low Ca?* and Mg?* contents in
the groundwater.
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Figure 12. Chloro-alkaline indices diagram of groundwater.

3.3.4. Groundwater Saturation Index

To further understand the presence of possible mineral phases and the dissolution
state in groundwater, the saturation index (SI) of minerals was calculated using PHREEQC
software [39]. When SI < 0, this indicates that the mineral is in an unsaturated (dissolved)
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state, while SI > 0 means that the mineral is in a saturated (precipitated) state and SI = 0
means that the aqueous solution is exactly in equilibrium with the mineral [39]. In the three
groundwater systems, the average saturation indices were 0.12, 0.38, and —0.13 for calcite,
0.09, 0.49, and —0.34 for dolomite, and 0.01, 0.38, and —0.43 for aragonite, respectively,
and the above minerals were basically in equilibrium in the groundwater (Figure 13).
The average saturation indices of hard gypsum, gypsum, rock salt, and potassium salt
in the three groundwater systems were less than 0, and the above minerals were in an
unsaturated state in the groundwater. This indicates that the weathering dissolution of
calcite and dolomite is the main controlling factor of the chemical composition in the
groundwater, which is consistent with the results of the previous analysis.

saturation index of groundwater

B Groundwater system I
- Groundwater system II
] Groundwater system III
T The 1L.5IQR line
— Neutrality line
Mean value

-10 T T

Anhydrite Aragonite Calcite

?i@*i@

Halite

Dolomite  Gypsum Sylvite

Figure 13. Box diagram of groundwater mineral saturation index in Baoshan basin.

3.4. Chemical Controlling Factors of Groundwater

The groundwater chemical characteristics of the study area are influenced by human
activity factors in addition to hydrogeological conditions, water-rock interactions, and
alternate cation adsorption. To further determine the degree of influence of each indicator
on the chemical characteristics of the groundwater, a model was used to conduct a further
analysis [40,41]. A total of fourteen indicators, including pH, K*, Na*, Ca%t, Mg2+, Cl,
S042~,HCO;~, TDS, TH, Fe?*, Mn?*, NH3-N, and COD, were selected for factor analysis
considering both the detection rate and exceedance. The KMO-Bartlett sphericity test was
performed for each index and the significance level was close to 0, indicating a strong
correlation between the index variables that satisfied the test criteria. The Kaiser normalized
maximum variance method was used to rotate the component matrix; four main factors (F1,
F2, F3, and F4) were obtained, with a cumulative variance contribution of 77.84% (Table 2).

Table 2. Total variance interpretation for PCA analysis of groundwater samples.

Initial Eigenvalue

Extraction of the Sum of Squares of Loads

Sum of Squared Rotating Loads

Ingredients - - - - - -
Total Variance (%)  Accumulation (%) Total Variance (%)  Accumulation (%) Total Variance (%) Accumulation (%)

1 4.517 32.262 32.262 4.517 32.262 32.262 4.059 28.990 28.990

2 3.430 24.499 56.761 3.430 24.499 56.761 2.639 18.850 47.840

3 1.738 12.413 69.173 1.738 12.413 69.173 2.442 17.441 65.281

4 1.213 8.667 77.841 1.213 8.667 77.841 1.758 12.560 77.841

The main loads of dissolution filtration, migration, and enrichment factors (F1) are
Ca?*, Mg?*, SO,2~, TDS, and TH (Table 3), with contributions of 64.56%, 84.72%, 76.14%,
86.52%, and 85.33%, respectively (Figure 14). The aquifer in the plain area has loose
granular material, well-developed voids, and good runoff conditions, and the dissolution
of carbonate and silicate rocks, such as tuffs, muddy tuffs, sedimentary clastic rocks, and
clays, is the dominant factor in groundwater circulation. Meanwhile, the dissolution and
enrichment of minerals during groundwater flow affects the changes in TDS and TH.
During this process, the pore space of the aquifer is developed, the runoff is strong, the
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hydraulic slope to the plain area gradually becomes slower, and the abundant carbonate
rock and silicate rock minerals in the area are subject to the hydrogeochemical effect of
dissolution—filtration-enrichment during the groundwater runoff process. As the local
SO4%~ concentration is high, there may be deep hot water recharge as well.

Table 3. Rotation factor loading matrix of groundwater indicators.

Ingredients
Water Chemistry Index
F1 F2 F3 F4

Zscore (pH) 0.273 —0.097 0.853 0.043

Zscore (Na*) 0.036 0.818 —0.144 0.085

Zscore (K*) 0.026 0.801 —0.326 0.061
Zscore (CaZ*) 0.754 0.271 0.232 —0.460
Zscore (Mg?") 0.870 —0.067 0.061 —0.008
Zscore (C17) 0.485 0.796 0.038 0.087
Zscore (SO427) 0.725 —0.001 —0.139 —0.33
Zscore (HCO3™) —0.178 —0.212 0.847 —0.143
Zscore (TDS) 0.977 0.087 0.025 —0.010
Zscore (TH) 0.978 0.103 0.032 —0.008
Zscore (Fe?*) —0.417 0.451 0.247 0.817
Zscore (Mn2*) 0.043 —0.158 —0.148 0.859
Zscore (NH3-N) —0.216 0.556 0.103 0.720
Zscore (COD) —0.083 0.488 —0.114 0.801

BN Er2 s [C]r4 [ Others
= = = . ]

PH Na~ K Ca* Mg® ClI SO HCO, TDS TH Fe** Mn*" NH;-N COD
Figure 14. Contribution rate of index source for each factor.

The geological and anthropogenic factors (F2) are mainly loaded with Na*, K*, and
Cl~ (Table 3), with contributions of 72.02%, 78.10%, and 64.19%, respectively (Figure 14).
The center of the Baoshan basin is mainly deposited in the river and lake phase, and Na*,
K*, and Cl~ are mainly derived from the cation exchange of groundwater in the basin.
The center of the basin is densely inhabited and the rocks are highly permeable; thus,
the groundwater is transported faster. Massive fertilization due to agriculture leads to
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the transport of groundwater to the central part of the basin, while Na*, K*, and CI~ in
agricultural wastewater gather in the center of the basin.

The main loads of the environmental factors (F3) are pH and HCO5 ™~ (Table 3), with
contribution rates of 82.36% and 82.38%, respectively (Figure 14). HCO3™ in the region
mainly derives from carbonate dissolution; the main lithologies in the area, such as Mawang-
tun in the northeastern part of the Baoshan basin and Hanzhuang in the western part, are
tuffs and muddy tuffs; the groundwater runoff conditions in the pre-hill zone are strong,
and carbonate weathering dissolution is strong and dominated by dissolution and filtration.
Meanwhile, the shallow groundwater is mainly recharged by atmospheric precipitation,
and the two together make HCO3 ™ the main anion in groundwater.

The main loads of the pollution factors (F4) are Fe?*, Mn?*, NH3-N, and COD (Table 3),
with contributions of 72.24%, 73.44%, 64.31%, and 65.48%, respectively (Figure 14). The
pleistocene quaternary in the Baoshan basin is rich in ilmenite, and the dissolution of water
leads to Fe?* and Mn?" in the groundwater. The mineral layer contains pore pressurized
water, and the top and bottom plates of the mineral layer are clay and red clay, which
are poorly water-rich and have a relatively water-insulating effect, providing favorable
conditions for the enrichment of Fe and Mn ions in the groundwater. The concentration of
NH;3-N and COD increases due to livestock breeding, agricultural fertilization, and indus-
trial wastewater. The high concentration of NH3-N and COD in groundwater indicates the
presence of organic matter pollution, and ammonia nitrogen dissolves in water, making
the groundwater environment reductive, which in turn reduces the material in titaniferous
sand ore to divalent free state Fe and Mn, causing the concentration of Fe2t* and Mn?* in
groundwater to increase.

4. Conclusions

Shallow groundwater chanting of the quaternary is widely used in the production
and life of the inhabitants of the Baoshan basin. In this paper, the chemical evolution of
groundwater and the causes of water contamination in the Baoshan basin are discussed
using mathematical and statistical methods, the TIS diagram, Piper’s trilinear diagram,
Gibbs plots, the Gaillardet model, the ion scale factor, the saturation index, and the PCA-
APCS-MLR model. The following conclusions can be drawn.

(1) The geochemical type of the shallow groundwater of the quaternary in the Baoshan
basin is dominated by HCO3-Ca-Mg and HCO3-Ca. The main cations are Ca%*,Na*,
and Mg2+, and the main anions are HCO3™~ and Cl~, among which Cajy,, Na,, and
HCO;™ have a high contribution to TDS, which is consistent with the results of the
statistical eigenvalue analysis of water chemistry parameters. The total salinity (TIS)
corroborates that HCO3 ™ is the main anion in the region. FeZ*, Mn?*, and NH;3-N
have variation coefficients greater than 1 in groundwater systems I and II, and are the
main pollutants in the groundwater of the Baoshan basin.

(2) The genesis of water chemical characteristics is mainly influenced by water-rock
interaction. The types of rocks with which material exchange with groundwater
occurs are carbonate rocks (limestones, argillaceous limestones, red clay) and sil-
icate rocks (sandstone, shale, clay), which are the main sources controlling CaZ,
Mg2+, S042~, and HCO; ™ in the groundwater of the Baoshan basin. Na*, K*, and
CI™ in groundwater mainly originate from alternate cation adsorption, and agri-
cultural pollution is an important source as well. According to the results of the
PHREEQC softwares calculation of groundwater mineral saturation, it is clear that
the weathering dissolution of calcite and dolomite is the main controlling factor of
chemical composition in the groundwater, which is consistent with the results of the
previous analysis.

(3) Based on the calculation results of the PCA-APCS-MLR model, four main factors were
obtained, namely, dissolved filtration, migration, and enrichment (F1), geological
and human activity (F2), environmental factors (F3), and pollution factors (F4), with
a cumulative variance contribution of 77.84%. F1 was mainly loaded with Ca?*,
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Mg2+, SO42~, TDS, and TH; for F2, the main loads were Na*, K*, and Cl—; for
F3, the main loads were pH and HCO3~; and for F4, the main loads were Fe2+,
Mn?*, NH3-N, and COD. Pollution due to Fe?* and Mn?* mainly derives from the
groundwater dissolved filtration of titaniferous sand ore in the quaternary strata and
industrial wastewater discharge, while NH3-N pollution mainly derives from the
direct discharge of domestic and agricultural wastewater.

In view of the current situation that Fe2*, Mn2*, and NH3-N exceed standards in
the shallow groundwater of the quaternary in the Baoshan basin, the spatial distribution
characteristics and migration pattern of pollutants should be further studied. Industrial
wastewater and agricultural wastewater should be discharged after reaching the standards
to prevent further pollution of the groundwater.
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