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Abstract: Groundwater plays a significant role in domestic use and agricultural irrigation in rural
areas of northern China. The untreated wastewater from the chemical plant was directly discharged
into a seepage well, resulting in the pollution of groundwater. Assessing characteristics of groundwa-
ter organic pollution and identifying evolutionary mechanisms of hydrogeochemistry are beneficial
for groundwater protection and sustainable management. Statistical methods (correlation analysis
(CA) and principal component analysis (PCA)) combined with hydrogeochemical methods including
Piper, Gibbs, Gaillardet, and ions binary diagrams and the chloride alkalinity index were employed
to explore hydrogeochemical characteristics and evolutionary mechanisms. The results showed that
cations were predominantly located at the Ca?* end and anions were mostly close to the 5042 and
CI™ end. The ion concentrations of groundwater were mainly affected by water-rock interactions.
The weathering or dissolution of silicate (i.e., aluminosilicate minerals), evaporite (i.e., halite and
gypsum), carbonate minerals (i.e., calcite and dolomite), cation exchange, and anthropogenic activi-
ties contribute to the chemical compositions of groundwater. Based on CA and PCA, the dissolution
of halide minerals and the use of pesticides and fertilizers were the main factors controlling water
chemistry. Additionally, the dissolution of sulfur-bearing minerals and gypsum was the key factor
controlling the concentrations of Ca?* and Mg?*. Application of mathematical statistical methods
characterized that the exceedance rate of seven organic compounds with high detection rates were
as follows: carbon tetrachloride (39.83%) > 1,1,2-trichloroethane (28.81%) > chloroform (10.17%) >
trichloroethene (6.78%) > 1,1,2,2-tetrachloroethane (5.93%) > perchloroethylene (5.08%) > trichloroflu-
oromethane (0.85%). Simultaneously, pollution under the influence of volatilization and diffusion
was significantly less than that in the direction of groundwater runoff.

Keywords: groundwater; hydrogeochemistry; organic pollution; chemical plant; sustainable management

1. Introduction

Groundwater (GW), which provides drinking water to billions of people around the
world and supplies approximately 40% of the water for global irrigated agriculture, is
the world’s largest freshwater resource [1-3]. The population of the world is increasing
significantly, but the availability of water for all populations is decreasing. Clean and safe
GW is a vital guarantee for social and human sustainable development [4-6]. Unfortunately,
over-exploitation of GW coupled with frequent and intensive anthropogenic activities, such
as urban sewage discharge, landfill infiltration, industrial wastewater, and agricultural
pollution, have resulted in a decline in GW chemical quality and GW pollution [7-10]. GW
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quality, including the physical, chemical, and biological conditions of water entrapped
beneath the ground, has been a hot global research subject in recent decades [11,12]. GW
quality also has a significant impact on industrial and agricultural development, urban-
ization, environmental sustainability, and food safety [13]. The discharge of industrial
pollutants and the use of agricultural chemical fertilizers have resulted in elevated GW
concentrations of nitrate (NO3 ™), nitrite (NO, "), and sulfate (SO427) [14]. Both natural
processes (dissolution or precipitation of minerals, GW velocity, quality of recharge water,
and interaction with other types of water aquifers) and anthropogenic activities can largely
determine the GW quality in a region [7,15]. The decline in GW quality not only has
further exacerbated water deficits but also has a negative impact on human health. GW
quality degradation has gradually attracted global attention [16-19]. Therefore, sustainable
water resources management is essential for ensuring an adequate supply of water in the
future [20].

A complete understanding, investigation, and analysis of GW chemical characteristics
and quality are required to ensure sustainable management and safe usage of GW resources
for domestic, agricultural, and industrial purposes [21-23]. In this study, statistical meth-
ods (i.e., correlation analysis (CA) and principal component analysis (PCA)) were used
in combination with hydrogeochemical analysis methods (i.e., Piper diagram, Gibbs dia-
gram, Gaillardet diagram, ions binary diagram, and a chloride alkalinity index) to extract
important information hidden in the raw data population and to determine the complex
interconnections among water chemistry samples or indicators.

During the early stage, the major GW pollution sources came from conventional
components and toxic heavy metals. Inversely, over the last 30 years, the widespread use of
organic reagents and organic products resulted in organic pollution of GW [9,24,25]. Until
the 1990s, there were 184 types of organic pollutants found in GW, including halogenated
hydrocarbons, aromatic hydrocarbons, and pesticides; most of them had the characteristics
of severe toxicity, slow degradation, and difficulty in treatment [26,27]. Most of them
have the “three effects” of carcinogenicity, teratogenicity, and mutagenicity, which have a
serious impact on human health. The solubility of organic pollutants in water is not high,
and their concentrations in GW are generally small. Therefore, they are full of difficulties
in the detection and analysis of water samples due to the complexity and invisibility of
organic pollution.

The chemical plant mentioned in this article is situated in the northern part of China.
It is also close to residential living areas and drinking water reservoirs. The cleaning
or foaming agent products produced by the plant are nontoxic and newly upgraded
alternative products, but the production of raw materials are hazardous chemicals. In
the production process, anhydrous hydrofluoric acid and carbon tetrachloride are used
as the main raw materials with antimony pentachloride acting as a catalyst to produce
trichlorofluoromethane. The main reaction is shown in Equation (1):

CCl,+HF 5%  cCLE+Ha 1)
80°,709.1kPa

Although the production process does not produce wastewater, the wastewater from
the washing equipment and workshop is not treated by the water purification facility. The
regular production process further comprises water washing, alkali washing, and distilla-
tion processes, etc. The untreated production wastewater containing carbon tetrachloride,
sodium chloride, sodium fluoride, and other pollutants was directly discharged into the
seepage well. Other domestic wastewater and sewage were discharged directly into the
drainage ditch without treatment, resulting in the pollution of GW. As a consequence, it
is an extremely urgent task to investigate and analyze the degree of organic pollution in
the soil and GW. In conclusion, the main objectives of this study were (1) to identify the
GW hydrogeochemical characteristics and hydrogeochemical evolutionary mechanisms
in the study area [28] and (2) to investigate and assess the degree of organic pollution in
the soil and GW. The findings of this article provide technical support for the scientific
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implementation of groundwater pollution remediation and provide scientific basis for the
development, management, and protection of shallow groundwater resources in the study
area. Efforts have been made to protect the safety of drinking water and human health in
residential areas.

2. Study Area

The research area is located in the southwest of Shandong Province, China, with
an area of approximately 7 km? (Figure 1). It belongs to the warm-temperate monsoon
continental climate zone with an average temperature of 12.9 °C for many years (1960~2011)
and approximately 220 frost-free days throughout the year. The meteorological data show
that the annual average precipitation is 790.69 mm (1960-2013). Affected by the monsoon
climate, the annual precipitation has obvious seasonality, and there is the phenomenon
of alternating wet and dry years. Precipitation from June to August during the rainy
season generally accounts for 65.5% of the annual precipitation, and January has the least.
Geomorphology belongs to the plains area in the transition zone from the edge of the
mountain to the plains. The ground altitude is from 100 to 140 m, and the altitudes of the
eastern, western, and northern mountains are generally between 200 and 400 m. The only
way to discharge surface water and GW is in the low-lying area in the south.
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Figure 1. Location of groundwater samples and soil samples.
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As shown in Figure 2, the Quaternary Upper Pleistocene strata are widely distributed
in the study area. The main lithology is cultivated soil, clayey sands, and medium-coarse
sands, with a thickness ranging from two to five meters. Two types of aquifers, including a
phreatic aquifer and a confined aquifer, can be identified within the Quaternary deposits.
The phreatic aquifer, consisting of alluvial sands and coarse sands, is the main aquifer for
water supply. Only a small portion of water is provided by the confined aquifer composed
of sands, fine sands, and thin clayey layers for various uses. The lower layer of medium-
coarse sands or the thin clayey layer is metamorphic granite. Most of the granites are
exposed to a moderate weathering depth of which the thickness of the fully weathered
layer is 1.8~8.5 m, and the thickness of the strongly weathered layer is generally between
1.5 and 5.2 m. The thickness of the moderately weathered layer is 1.0~4.8 m, and most are
not exposed.
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Figure 2. Geologic profile of A-A".

3. Methods and Materials
3.1. Sampling and Measurements

Soil samples were collected from new boreholes Z6, Z34, and Z35 in April 2019
(Figure 1). Ten samples were collected from Z6, with a sampling depth ranging from 0.5 to
10.2 m. Seven and eight samples came from the Z34 and Z35 boreholes, and the sampling
depths were 0.5~9.6 and 0.9~14.5 m, respectively. Samplers had to wear white rubber
gloves and samples were kept in brown glass bottles. Soil test indicators included metal
indicators (i.e., iron, manganese, potassium, calcium, sodium, and magnesium) and organic
compounds including 129 volatile organic compounds (VOCs) and semi-volatile organic
compounds (SVOCs).

The present study collected 118 GW samples from 77 monitoring wells. The sampling
at different depths was conducted in 40 wells. Most of the samples were taken from
shallow GW (sampling depths less than 30 m). The GW catchment was classified into
upstream, midstream, and downstream to explore the hydrogeochemical characterization
and to assess the organic pollution characteristics of shallow groundwater. The specific
classification and sampling depth of the GW samples are listed in Table 1. The coordinates
of each sampling point were identified and recorded using real-time kinematics (RTKs).
Samples were collected from monitoring wells along the direction of the GW flow. The
samples were collected in duplicate. Simultaneously, parallel samples were collected from
individual wells. The sampling instrument was a Bailer tube. Since the samples to be
measured were mainly VOCs and SVOCs, they were stored in a brown wide-mouth glass
bottle. They were properly labeled and included the sample ID, name, and location of
the source highlighted on each bottle. Wells were cleaned before sampling, and before
taking a GW sample, the sample bottle was rinsed 2~3 times with the sample source water.
The electric conductivity (EC), dissolved oxygen (DO), water temperature (T), and the pH
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of the GW were measured using a portable analyzer in situ. When sampling, the water
sample were filled with the container without any space. After sampling, the bottles were
sealed under refrigerated conditions and transported to the SGS (Shanghai) laboratory
for water quality testing as soon as possible. Sample processing and preservation were
performed as per the “Criteria for Groundwater Quality” of China (GB/T14848-2017). The
relative deviation of parallel samples was less than 8%, indicating that the accuracy met
the requirements of quality control. The experimental data were true and reliable.

Table 1. The specific classification and sampling depths of the shallow groundwater samples.

Groundwater Sample Sampling Sample Sampling Sample Sampling
Classification Number Depth (m) Number Depth (m) Number Depth (m)
Z31-1 45 200-2 11.5 736-2 10.4
Z31-2 6.6 200-3 19.8 736-3 16.5
Upstream 731-3 9.1 76-2 7.3 138 54
733 53 Z6-3 10.4 z8-2 12
C3-2 7.7 186 6.5 78-3 20.8
C3-3 11.8 108 6.4
Z5-1 3.7 z2-2 9.3 Z14-3 14.8
Z5-2 7.8 Z2-3 12.8 713 12.8
75-3 12.2 143 3.3 722-2 9.6
107 42 142 44 722-3 11.3
79-2 11.1 141 47 103 3.2
79-3 17.6 140 5.1 180 4.4
710-2 10.3 738-2 7.6 Z20-2 48
Z10-3 16 738-3 11.2 Z20-3 6.3
Midstream 120-2 13.2 735-2 12.5 740-2 4.6
120-3 26 735-3 19.8 Z740-3 6.6
118 48 121 5.6 Z17-2 5.7
139-2 5.6 102 6.8 Z717-3 7.4
139-3 7.2 737-2 8.1 739-2 9.5
117 4 737-3 122 739-3 15.8
145 53 732 8.6 772 5.9
Z1-2 9 Z3-3 13.1 Z7-3 8.8
Z1-3 12.8 Z14-2 115 147 20.5
Z11-2 9.6 162 4.9 135 9.2
Z12-3 15.1 158 30.2 136 47
Z4 12.3 161 19.3 727-2 13.5
715-2 8.3 160 35.5 727-3 21
Z15-3 11.8 151 3.8 173-2 8.3
Z721-2 6 150 14 173-3 9.3
Z21-3 7.3 Z18-2 17.2 182-2 6.7
165-2 44 Z18-3 27 182-3 7.6
Downstream 165-3 5.6 Z19-2 12.1 729-2 16.7
163-2 43 719-3 16.4 729-3 25.8
163-3 5.3 725-2 10.9 732-2 16.8
164 3.8 725-3 144 732-3 25.8
148-2 44 123 6.8 127 5.7
148-3 5.4 728-2 13 126 3.1
Z16-2 8.7 728-3 17.8 205 41
Z16-3 13.7 204 49 206 6.2
159 42 726 11.6

3.2. Correlation Analysis

Correlation analysis is a useful tool for reflecting the interdependence between differ-
ent hydrogeochemical parameters [29,30]. In this article, Pearson correlation analysis was
employed to identify the correlation between each pair of GW physicochemical indices. A
statistical difference was considered at a 0.01 or 0.05 significance level.
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Detection rate of contaminants =

3.3. Principal Component Analysis

Principal component analysis is a powerful technique used to reduce the dimen-
sionality of the geochemical data set, which consists of a large number of interrelated
variables [31,32]. The Kaiser-Meyer—Olkin (KMO) and Bartlett’s sphericity methods were
used to verify the validity of PCA in reducing the dimensionality of the data set. In this
study, PCA was applied to discriminate the sources of the major ions.

3.4. Data Analysis

Various software was implemented to process the water chemistry data of the collected
samples. The plot of sampling location was made by ArcGis 10.4.1. Gibbs diagram, various
ion ratios plot, and heavy metals concentrations charts were produced from the scatter plots
of OriginPro 2017. GW organic pollution analysis charts were made from the bar charts
and line charts of OriginPro 2017. The Piper diagram was made using AqQa software.
The descriptive statistical analysis of eleven main parameters and six heavy metals was
performed using IBM SPSS Statistics 25.

3.5. Quality Standards and Control Methods
The charge balance errors (CBEs) are calculated using Equation (2) (all the ions are in

meq/L). The absolute values of the CBEs of most GW samples in the study area were less
than 5% [33], suggesting the accuracy of the measurements.

) cation—) anion

CBE =
Y cation + ) anion

100 )

The GW standard limits referred to the class III water criteria in “Criteria for Ground-
water Quality” (GB/T14848-2017 and DZ/T0290-2015), water quality index limits in “Hy-
gienic Criteria for Drinking Water” (GB5749-2006), or the drinking water limits in the “2012
Edition of the Drinking Water Criteria and Health Advisory” (United States).

The calculation formula of the pollutant detection rate is as Equation (3). For indicators
that exceed the limits of drinking water quality standards in relevant norms, it is necessary
to calculate the exceedance multiples. Exceedance multiples are calculated by Equation (4).
I'is the exceedance multiple of a pollutant, C is the measured concentration of pollutant
(ug/L), and Cy is the standard limit.

Number of samples detected

100%
Total number of samples sent for inspection x 100% (©)
C—-Cqx
I= A
Ch @)

4. Results and Discussion
4.1. General Characteristics of GW Hydrochemistry

Statistical analysis of hydrogeochemical data can provide a preliminary understanding
of the typical characteristics of GW chemistry in the study area. As shown in Table 2, the
range of the chemical compositions of the GW samples was quite large. The range of pH
among the samples was between 5.77 and 9.08, with an average of 6.95, which indicates
that the GW of the study area was generally weakly acid to neutral. The EC of the samples
ranged between 616 and 3000 us-cm ™1, with a median of 1219.60 ps-cm~!. TDS varied
between 374 and 1910 mg/L, with a median of 874.98 mg/L. TDS can act as an indicator of
changing characteristics of the GW ion compositions to a certain extent, since the changes
in TDS correspond to the changes in GW ion contents. Simultaneously, Z6 and Z9 were
distributed in where the chemical plant was located, with the high measurement of TDS
exceeding 1700 mg/L, indicating that chemical plant sewage had a significant impact
on the TDS of GW. Locations 158 and 151 neared the downstream area, with the highest
measurements of TDS exceeding 1800 mg/L. Since human activities had a significant impact
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on the TDS of GW. The TDS of some samples in the study area exceeded the level III water
quality categories in the “Quality Standard for Groundwater” of China (GB/T14848-2017)
with a maximum value of 1910 mg/L and an exceedance rate of 27.97%. The concentrations
of Ca?* and Na* ranged between 61.6~375 mg/L and 25.9 mg/L~219 mg/L, respectively.
Ca?* and Na* were considered the predominant cations, while 50,42~ and HCO;~ were
the major anions. The concentrations of SO42~ and HCO3~ ranged between 110~502 and
40~380 mg/L, respectively. The major cation compositions of GW in the aquifers according
to the average value were of the order Ca%* > Na*t > Mg2+ > K*, with Ca?* concentrations
being significantly higher than those of the other three cations. In contrast, the anions
abundance followed the order SO4%>~ > HCO3~ > Cl~ > NO; ™.

Table 2. General statistics about the physicochemical parameters of the groundwater samples.

Parameters Units Minimum  Maximum Mean SD CV (%)
pH 5.77 8.08 6.95 0.34 4.92
TDS mg/L 374.00 1910.00 874.98 349.33 39.92
Cl~ mg/L 29.60 765.00 147.20 127.54 86.64
SO, mg/L 110.00 502.00 183.94 57.65 31.34
NO;~ mg/L 0.00 98.30 21.02 18.69 88.88
HCOg,Z* mg/L 40.00 380.00 177.38 67.39 37.99
Ca?t mg/L 61.60 375.00 140.39 57.75 41.14
Mg2+ mg/L 13.00 67.10 27.73 10.46 37.70

K* mg/L 0.95 80.50 4.97 9.80 197.23
Na* mg/L 25.90 219.00 61.64 39.17 63.55

Mn* mg/L 0.16 5090.48 233.49 727.95 311.77

The coefficient of variation (CV) is the standard deviation divided by the mean of
the overall sample and can reflect the degree of stability of an indicator [34]. The data
were stable when CV was 40%, except for pH; the indicators that met this criterion was
TDS, SO4%2~, HCO3~, and Mg2+. This was indicated by the fact that their contents were
widespread and evenly distributed in the study area. Additionally, the CV of Ca?* and
Na* ranged from 40% to 80%, indicating that the levels of these indicators might vary
in different regions. The CV of C1~, NO3~, and K* were 86.64%, 88.88%, and 197.23%,
respectively. These large values showed that their spatial distribution was different and
might be attributable to point and diffused pollution from industrial activities.

4.2. Hydrochemical Types of GW

A Piper diagram can be used to characterize the compositional changes to main
anions and cations. Analogously, it reflects the chemical characteristics of GW to a certain
degree [35-37]. This is represented by the percentage of milliequivalent concentrations of
major anions (i.e., C1~, 50,42, and HCO3 ™) and cations (i.e., Ca2*, Mg2+, and Na* + K%).
The hydrochemical face depends on the location of the GW samples in the diagram. As
shown in Figure 3, the cations in GW samples were predominantly located at the Ca®* end,
and the distribution was more concentrated. The anions were mainly close to the SO4%~
and Cl~ end, which indicated that the GW in the study area originated from the dissolution
of gypsum and sulfate-containing sediments [38]. Similarly, the infiltration of wastewater
from chemical plants and domestic sewage also resulted in the high concentration of C1~ in
this region [39]. To clarify regional differences in the chemical characteristics of GW in the
study area, the GW catchment was classified into upstream, midstream, and downstream
for analysis (Table 1). In general, the dominant cation in the GW samples of the whole study
area was Ca2*, while the lowest was K*, because the weathering rate of potassium-bearing
rocks was low. In contrast, the anions were highly variable. Approximately 41.18% of the
total GW samples corresponded to the C1-5SO4—Ca-type upstream. The hydrochemical types
in the midstream were complicated; 15.69% of the samples had a hydrochemical type of
S504-Cl-Ca. Similarly, 15.69% of the samples had the hydrochemical type of C1-SO4—Ca. The
anions downstream were stable, and nearly 66% of the samples contained C1~, SO4%~, and
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HCO3;™ with a percentage of the milliequivalent concentration more than 25%. Meanwhile,
the dominant cation was Ca®*.

A Calcium type # Upstream

B No dominant type % @ Midstream

# Downstream

1 HCO,-CO,-Ca-Mg type
2 80,-Cl-Ca-Mg type

3 80,-Cl-Na‘K type

4 HCO,-CO,-Na-K type

C Magncsium type %Q" 2,
D Sodium type -
E Bicarbonate type
F Sulfate type

G Chloride type

Ca —
Figure 3. Piper diagram representing the chemistry of the groundwater.

4.3. Correlation Analysis

Pearson correlation analysis was used to discriminate the similar sources of major
ions with good correlation and to understand the major hydrogeochemical processes
that control the GW chemical characteristics [40]. The Pearson correlation matrices are
presented in Table 3. There was a positive relationship between Na* and SO42~ with a
correlation coefficient of 0.4, implying that the contribution of the dissolution of Glauber’s
salt, which can be explained by Equation (11) [41]. Na* was correlated with C1~ (correlation
coefficient of 0.392), indicating that the possibility of dissolution of halite. Moreover,
the dissolution of albite can increase the concentration of Na* and HCO3;~ (correlation
coefficient of 0.383) as expressed by Equation (12) [42]. As shown in Table 3, TDS and
EC were significantly correlated with Na* (correlation coefficients were 0.467 and 0.610,
respectively), demonstrating the important role of the dissolution of Glauber’s salt, halite,
and albite in forming the water’s chemistry. There was a strong positive relationship
between Ca?* and Mg?*, with a correlation coefficient of 0.845, because Ca?* and Mg?*
were the major contributors of total hardness. SO42~ was significantly correlated with Mg?*
(correlation coefficient is 0.518), demonstrating the contribution of sulfur-bearing mineral
dissolution to GW chemistry. Additionally, Ca?* was also significantly correlated with
SO42~ (correlation coefficient of 0.366), demonstrating that the gypsum may be responsible
for the source of SO42~. Moreover, Ca>* and Mg?* were also significantly correlated with
CI~ (correlation coefficients of 0.875 and 0.804, respectively), suggesting the possibility of
the dissolution of halide minerals. However, Na* was lowly correlated to C1~ compared
to Ca?* and Mg?*, suggesting the contribution of cation exchange may be responsible for
water chemistry. Potassium bicarbonate, as a soil acid improver, has the functions of an
insect resistance and an antibacterial. It is also a kind of pesticide, which is permitted in
organic agriculture. Potassium nitrate is used more frequently in economic crops such as
fruit trees and vegetables, and its fertilizer efficiency is fast, and the quality of agricultural
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products is relatively good. Similarly, calcium nitrate is a typical fast-acting foliar fertilizer.
It can act smoothly on acidic soil and has the characteristics of rapid calcium and a nitrogen
supplement. It can increase fertilizer efficiency by combining with potassium fertilizer.
As shown in Table 3, K* is significantly correlated with HCO3;~ and NO3~ (correlation
coefficients of 0.452 and 0.469, respectively), and the correlation between Ca?* and NO;~
was significant (correlation coefficient is 0.483), implying that the use of pesticides and
fertilizers as responsible for forming the GW chemistry.

Table 3. Pearson correlation matrix between different physical and chemical parameters.

pH K* Na* Ca%* Mg2+ Cl- SO42~ HCO;3;~ TDS EC NO;3;~
pH 1 0.033 —0.003 —0.533 ** —0.517 ** —0.587 ** —0.039 0.486 ** —0.382 ** —0.378 ** —0.154
K* 1 0.410 ** 0.301 ** 0.138 0.224 * 0.157 0.452 ** 0.472 ** 0.466 ** 0.469 **
Na* 1 0.325 ** 0.273 ** 0.392 ** 0.400 ** 0.383 ** 0.467 ** 0.610 ** 0.397 **
Ca?* 1 0.845 ** 0.875 ** 0.366 ** 0.016 0.830 ** 0.904 ** 0.483 **
Mg2+ 1 0.804 ** 0.518 ** —0.179 0.675 ** 0.725 ** 0.206 *
Cl~ 1 0.162 —0.191 * 0.767 ** 0.850 ** 0.228 *
SO,%~ 1 0.086 0.366 ** 0.386 ** 0.197 *
HCO3™ 1 0.141 0.239 ** 0.393 **
TDS 1 0.875 ** 0.554 **
EC 1 0.599 **
NO;~ 1

* Significant correlation at the 0.05 level (two tailed), ** significant correlation at the 0.01 level (two tailed).

4.4. Principal Component Analysis

Principal component analysis extracted three principal components (PCs) with eigen-
values greater than 1, and the results of PCs, variable loadings, and explained variance are
presented in Table 4. The cumulative explained variance of three PCs accounted for 79.11%,
suggesting that PCA efficiently reduced the dimensionality of the initial multidimensional
data set. PC1 explains 49.25% of the total variance and has strong loadings on EC, Ca?*,
TDS, C1—, and Mg2+, indicating the dissolution of halide minerals as the governing source
of these contents. However, PC2 and PC3 account for 20.52% and 9.35% of the total variance,
respectively. PC2 had a strong loading on HCO3;~, while PC3 was positively correlated
with SO4%~, implying anthropogenic activities (such as the use of pesticides and fertilizers),
and the dissolution of gypsum may be the dominant sources of these ions.

Table 4. Principal component loadings and explained variance for the first three components.

Parameter Component 1 Component 2 Component 3
EC 0.969 0.104 —0.054
Ca2* 0.933 —0.188 —0.058
TDS 0.911 0.052 —0.091
Cl~ 0.861 —0.358 —0.122
Mg?* 0.819 —0.371 0.264
NO3~ 0.581 0.448 —0.307
Na* 0.575 0.462 0.239
HCO;5;~ 0.119 0.876 —0.042
pH —0.493 0.646 0.26
K* 0.473 0.573 —0.257
SO42~ 0.466 0.122 0.802
Explained variance (%) 49.249 20.518 9.347

The absolute values of the loading values larger than 0.75 are in bold.

4.5. Natural Processes Controlling the Formation of GW Chemistry

The Gibbs semi-logarithmic coordinate plot is an important method for analyzing
the evolution of GW chemical components in the study area. The Gibbs diagrams help to
qualitatively describe and differentiate among the three dominant processes including pre-
cipitation, evaporation, and subsurface rock weathering processes, which control the water
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chemistry [43]. In Figure 4a, the TDS concentration was treated as a vertical coordinate,
and the horizontal coordinate was the ratio of y(Na*)/y(Na* + Ca%*) or y(Cl™)/y(Cl~
+ HCO37). The v represents the milliequivalent concentration (meq/L). In the current
study, y(Na*)/y(Na* + Ca?*) (Figure 4b) ranged from 0.16 to 0.73, while the y(Cl1~)/y(Cl~
+ HCO;37) ranged from 0.30 to 0.97. In the Gibbs diagram, most GW samples fell within
the area of rock dominance, and a few of them were distributed in the middle area be-
tween rock dominance and evaporation dominance, illuminating that the concentrations of
the ions were mainly affected by water—rock interactions and influenced by evaporation
and crystallization to some extent. On the other hand, the relationship between TDS and
v(Na*)/vy(Na* + Ca?*) showed that as the value of y(Na*)/y(Na* + Ca*) increased, TDS
did not change much, further indicating that cation exchange also had a relevant impact
on GW hydrochemistry. Some samples in the study area were scattered outside the Gibbs
model and might be affected by anthropogenic activities.
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= wn
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(a) (b)
Figure 4. (a) The plot of TDS versus Cl~/(Cl~ + HCO3 ™) (b) and TDS versus (Na*)/(Na* + Ca?*).

4.6. Mechanisms Responsible for the Formation of GW Hydrochemistry

We constructed Gaillardet diagrams to further analyze the types of rock involved
within the rock weathering processes driving GW hydrochemistry [44]. Figure 5 illustrates
the spatial variability in GW salinity. It can be seen that the samples with high salinity
were distributed where the chemical plant and residential district are located, indicating
that intensive anthropogenic activities, such as discharge of industrial wastewater and
domestic sewage, may result in high salinity in GW. The relationships between ions, such as
Ca?* /Nat, Mg2+ /Na*, and HCO5;~ /Na*, can be used to determine the effects of carbonate,
silicate, and evaporite rocks on controlling the hydrochemical compositions of GW. In the
current study, the ratios of y(Ca?"):y(Na*), y(Mg?*):y(Na*), and y(HCO; ~):y(Na*) ranged
between 0.37~5.43, 0.17~1.79, and 0.17~2.59, respectively. As shown in Figure 6, almost
all the GW samples fell within the silicate and carbonate rock weathering field, indicating
that the weathering of silicate and carbonate rock was the main source of GW chemical
composition in the study area.
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Figure 5. Spatial variability in groundwater salinity.
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Figure 6. Gaillardet diagrams of groundwater samples (a) (HCO3~ /Na*) versus (Ca2*/Na™), (b)
(Mg?* /Na*) versus (Ca?* /Na*).

Most of the samples in upstream and downstream distributed on both sides of the
y = x line in the ratio diagram of y(K* + Na*) and y(Cl™) (Figure 7), manifesting that
the dissolution of halite accompanied with aluminosilicate minerals. The milliequiva-
lent concentrations of Na* and Cl~ were in the midstream with extremely large and

irregular degrees of variation, suggesting that Na* had other major sources apart from
rock weathering.



Sustainability 2022, 14, 660 12 of 24

25
Upstream
® Midstream
A  Downstream
20
=
-alll bl
~
oz
+
‘s 101 o A
4
5F e
A adt w» ©
o® e
" @
0 1 | 1 1
0 = 10 15 20 25
CI' (meq/L)

Figure 7. The ratio diagram of y(K* + Na*) and y(C1™).

Sources of Ca?* and Mg?* in GW can be determined by the ratio of y(Ca?* + Mg?*)/y(HCO3~
+50427) [45]. Most of the water samples were located near the y = x line and closed to the
left side (Figure 8a), which indicated that the dissolution of gypsum (CaSO,-2H,0), calcite
(CaCO:3), and dolomite (CaMg(COs);) was an important factor affecting the hydrochemical
compositions of GW. The main reactions were as per Equations (5)—(8). Simultaneously,
the positions of water samples were located above the line of v(Ca?* + Mg2+) /YHCO3~
+S0427) =1, indicating the presence of the cation exchange process (Equation (9)). In
contrast, the water samples were located below the y = x line, representing the presence of
the reverse cation exchange process (Equation (10)).

CaS0,-2H,0 = Ca?t+50,%2~ +2H,0 (5)

CaCO3+H,0 + CO,= Ca’t +2HCO;5 ™~ (6)
CaMg(CO,),+2H,0 + 2CO,= Ca*" +Mg?* +4HCO;3 ™ ?)
2Ca(AlSiO, ), +6H,0 + 4COp= 2Ca’* +2A1,Si,05(OH),, +4HCO; ~ (8)
CaXp+2Nat — Ca?T+2NaX ©9)

2NaX + Ca?* — 2Na*™+CaX, (10)

NayS0,-10H,O = 2Nat +50,2~ +10H,0 (11)

2NaAlSizOg+2CO,+11H;0 = Al;Si;05 (OH)4—|—4H4SiO4 +2Na™ +2HCO; ™ (12)
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Figure 8. Binary diagram: (a) (Ca’* + Mg?*) versus (HCO3~ + SO4%7), (b) (SO42~ + Cl™) versus
(HCO;37), (c) (Ca*) versus (SO427), (d) (Ca*) versus (HCO3 ™), (e) (Ca®* + Mg?*) versus (HCO3 ™),
(f) (Ca®*) versus (Mg?*), (g) (Ca%* + Mg?*)/(HCO; ™) versus (SO42~ /HCO;7), (h) (Na* — CI7)
versus (Ca?* + Mg?*) — (HCO3 ™~ +S0,4%7), (i) CAI-II versus CAI-L

It can be seen from Figure 8b that the sample points were all located above the line
of Y(SO42~ + C17)/y(HCO3 ™) = 1, demonstrating that weathering and dissolution of
evaporite (i.e., halite and gypsum) were the main sources of SO42~. A simultaneous
increase in SO42~ and Ca®* in GW was caused by the dissolution of gypsum according
to Equation (5) [46]. There was a good positive correlation between SO4%~ and Ca?*, but
most sampling points were located above the line of v(Ca?"):y(S0427) =1 (Figure 8c), the
concentration of Ca?* was greater than SO42~, implying that a small portion Ca2* might
come from the dissolution of silicate (Equation (8)), calcite, or dolomite [47]. Industrial
and agricultural activities can also lead to elevated levels of Ca?* and SO42~ in GW. A
ratio of y(Ca?*):y(HCO;™) = 1 (Figure 8d) indicates the dissolution of calcite, while a
ratio of 1:2 indicates dolomite dissolution. Some samples did fall in the zone related
to y = x and between the y = x and y = 0.5x relationship line, indicating that carbonate
minerals contributed to the evolution of GW hydrochemistry. However, most samples
were located above the y = x line, confirming that the weathering of calcite and dolomite
were not the dominant process. Similarly, all sample points fell above the line of y(Ca?*
+ Mg2+):y(HC03’) = 1 (Figure 8e), further demonstrating that the reactions involving
dissolution of carbonate minerals were not dominant [23]. The ratio of y(Ca2+):y(Mg2+)
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(Figure 8f) has also been widely used to study the dissolution of major minerals. When the
sample points fall above the line of y(Ca2+):y(Mg2+) =2, it indicates that the dissolution of
silicate drives the GW hydrochemistry, while those that lie between the y = 2x and y = x
lines are influenced by calcite. Two sample points in the midstream were situated between
the y = x and the y = 2x line, manifesting that the dissolution of calcite has occurred. On the
contrary, most of the samples were located above the line of y(Ca2*):y(Mg?*) = 2, showing
that the dissolution of silicate was the primary process affecting GW hydrochemistry.

Y((Ca?* + Mg?*)/(HCO57))/v(SO42~ /HCO; ™) can be calculated to further analyze
the dissolution of carbonate rocks in GW by carbonic and sulfuric acid. When the ratio was
2, both sulfuric and carbonic acid were involved in the dissolution process of carbonate
minerals, while only carbonic acid was involved in the dissolution process of carbonate
minerals under the condition of the ratio being one. It can be seen from Figure 8g that
71.19% of the samples were located above the y = 2x line, which indicates that sulfuric
acid and carbonic acid were involved in the dissolution of carbonate minerals in the study
area. Furthermore, the contribution of carbonic acid was significantly more than that of
sulfuric acid. The remaining water samples mainly existed between the y = 2x line and the
y = x line.

Under certain conditions, some cations in the GW were adsorbed by rock and soil
particles. Similarly, rock and soil particles converted some of their cations into components
in GW [48]. The plot of y(Na* — Cl™) against y(Ca?* + Mg?") — (SO42~ + HCO3™) was
useful for evaluating the possible role of ion exchange in the GW chemical compositions. If
the ion exchange was the main controlling process of the GW composition, the relationship
between these two composite parameters was linear with a slope of —1. The plot (Figure 8h)
showed that a plot with a slope of —0.489, —0.895, and —0.979 for downstream, upstream,
and midstream aquifers, respectively, implied that a high level of ion exchange reaction
mostly occurred in the upstream and midstream aquifers.

The chloride alkalinity index, proposed by Schoeller, can be used to reflect cation
exchange between GW and an aquifer [49]. CAI-I and CAI-II were calculated by Equations
(13) and (14). When CAI-I > 0 and CAI-II > 0, the Na* and K* in the GW will exchange
with the Ca?* and Mg?* in the aquifer, and the contents of Ca?* and Mg?* will increase.
Conversely, when CAI-I and CAI-II are negative, Na* and K* in the aquifer exchange with
Ca?* and Mg?* in the GW [50]. The absolute values of A and B are positively correlated
with the cation exchange intensity. The results (Figure 8i) showed that Na* and K* might
have been exchanged by Ca?* and Mg?* from the aquifer, and accompanied with a higher
degree of cation exchange, as the Schoeller indices of most samples were positive.

Cl_—(Na++K+>
Cl-

CALI = (13)

Cl™—(Na ++1<+)

CAI-IIl =
5042_ +HCO3~ +C032_ +NO3~

(14)

4.7. Detection of Components in Soil

Since the land types around the small chemical plant belong to agricultural land,
“Soil Environmental Quality Soil Pollution Risk Control Standard for Agricultural Land”
GB15618-2018 and GB36600-2018 were used as references. The detected characteristic
pollutants were mainly carbon tetrachloride, chloroform, trichloroethylene, and trichlo-
rofluoromethane. Carbon tetrachloride was detected in all three sampling points, and the
detection rate was as high as 48%. In contrast, the detection values of four characteristic
organic pollutants were less than the control value in the risk control standard of soil
pollution in construction land, so there was no analysis of organic pollution about soil.
Among the 25 samples in the three sampling wells, 16 samples of organic matter were
detected, with a detection rate of 64%. The detection value was approximately between
1 and 17 g/kg, with an average of 5 g/kg. The maximum value occurred in the surface
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miscellaneous fill at the sewage well. Nine samples were not detected: one of them was
located at the surface backfill (0.5 m depth) of the Z34 sampling well and the others were
at the bottom of three sampling wells. According to the standard deviation of the organic
matter contents in 25 samples, there was a certain degree of instability in space and depth.

Six heavy metals were detected in three sampling points (Table 5). The average
concentration of heavy metals was Fe > Na > K > Ca > Mg > Mn, with Fe concentrations
being significantly higher than those of the other five indicators. Inversely, manganese
was the smallest, with an average value of 586.57 mg/kg, and it was relatively stable
compared with the other five heavy metals, as it had the minimum SD. In the three sampling
points (Figure 9), the contents of the middle and lower depths were higher than that of
middle and upper depths. The potassium content varied between approximately 6970 and
35,800 mg/kg, and the minimum value appeared at a 9.5 m depth of the Z35 sampling well,
which was located downstream of the chemical plant. The maximum value occurred at a
8.7 m depth of the sewage well (Z06), and the maximum and minimum values were in the
completely decomposed granite. The content of calcium was similar to potassium, and its
distribution was also very uneven, since the SD of calcium and potassium were quite large.
Calcium contents of Z06 and Z34, which were located in chemical plants, were generally
lower than that of Z35. The content of magnesium was between approximately 2550 and
21,800 mg/kg, and its contents in aquifer media changed obviously. In the range of buried
depths greater than 3.6 m, the magnesium content of well Z35 was generally higher than
that of Z06 and Z34. The contents of sodium in soil ranged from 12,500 to 37,000 mg/kg,
and the minimum value appeared in the fully weathered granite at the bottom of the Z06
(buried depth of 10.20 m). The maximum value appeared in the yellow medium sand at a
buried depth of 2 m. The larger standard deviation reflected the larger variation of samples
in space (plane surface and depth).

Table 5. General statistics of heavy metals in 25 soil samples.

Fe Mn K Ca Na Mg
Mean (mg/kg) 25,057.14 486.14 25,114.29 8127.14 20,614.29 6360.00
734 Maximum (mg/kg) 35,100 1140 29,700 12,500 30,600 8370
Minimum (mg/kg) 14,200 343 18,300 3490 13,800 3260
7670.48 289.04 4647.38 2758.48 6567.45 2027.76
Mean (mg/kg) 49,287.50 732.88 14,495.00 29,262.50 25,400.00 13,005.00
735 Maximum (mg/kg) 66,500 1270 21,900 44,900 30,200 21,800
Minimum (mg/kg) 23,100 309 6970 10,100 18,600 5810
20,435.29 349.57 6280.97 15,850.10 4816.04 5770.15
Mean (mg/kg) 20,800 540.7 28,000 12,948 25,710 4762
706 Maximum (mg/kg) 36,000 1400 35,800 26,100 37,000 8070
Minimum (mg/kg) 11,200 210 19,100 2900 12,500 2550
9173.51 337.10 6741.41 8348.62 8966.78 2106.38

All Mean (mg/kg) 31,714.88 586.57 22,536.43 16,779.21 23,908.10 8042.33
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Figure 9. Distribution plot of heavy metal contents in soil.

4.8. Detection of Organic Components in GW

Since organic pollutants produced by chemical plants in the study area had leaked
into GW, it was of little significance to judge GW quality according to the concentrations
of inorganic components. Laboratory indicators included 19 conventional indicators and
187 organic pollution indicators including VOCs and SVOCs. A total of 19 pollutants
(halogenated aliphatic hydrocarbons, THMs, and chlorinated hydrocarbons) were de-
tected. Dichlorodifluoromethane, vinyl chloride, chloroethane, trichlorofluoromethane,
1,1-dichloroethene, trans-1,2-dichloroethene, cis-1,2-dichloroethene, carbon tetrachloride, 1,2-
dichloroethane, trichloroethene, 1,1,2-trichloroethane, 1,3-dichloropropane, tetrachloroethene,
1,1,1,2-tetrachloroethane, 1,1,2,2-tetrachloroethane, and 1,2,3-trichloropropane were the
main halogenated aliphatic hydrocarbons in the study area (Figure 10). As shown in
Figure 11, the seven most frequently detected organic compounds included chloroform
(46.61%), trichlorofluoromethane (42.37%), carbon-tetrachloride (39.83%), 1,1,2-trichloroethane
(39.83%), trichloroethene (38.98%), 1,1,2,2-tetrachloroethane (34.75%), and perchloroethy-
lene (27.97%). The detection rate of the remaining 12 organic compounds ranged from
0.85% to 21.19%. Carbon tetrachloride had the highest exceedance rate, followed by 1,1,2-
trichloroethane (39.83% and 28.81%, respectively). The exceedance rate of seven organic
compounds with high detection rate was as follows (Table 6; Figure 12): Carbon tetra-
chloride (39.83%) > 1,1,2-trichloroethane (28.81%) > chloroform (10.17%) > trichloroethene
(6.78%) > 1,1,2,2-tetrachloroethane (5.93%) > perchloroethylene (5.08%) > trichlorofluo-
romethane (0.85%). Carbon tetrachloride was the most polluted of the 19 organic com-
pounds. Table 6 shows that the concentrations of carbon tetrachloride ranged from 2.2 to
69,500 nug/L with an average detection value of 2059.82 png/L. The detection concentration
of sample 118 was as high as 68,500 pg/L, and the maximum exceedance multiple was
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34,749. Secondly, the pollution degree of 1,1,2-trichloroethane was only lower than that of
carbon tetrachloride, and the maximum exceedance multiple was 699. It also appeared in
sample 118, and the maximum detected concentration was as high as 5900 ug/L (Table 7).
Compared with carbon tetrachloride and 1,1,2-trichloroethane, the other five organic com-
pounds with higher detection rates did not seriously exceed the standard. Among them,
chloroform had a higher exceedance rate (10.17%), the maximum exceedance multiple was
12.52, with the maximum concentration being 811 ng/L. We carefully observed the con-
centrations of organic compounds between upstream and downstream and found several
rules: the concentrations of organic compounds were higher at the head of the pollution
source, while the concentrations of pollutants in Z09 monitoring well exceeded Z06. It was
indicated that the pollutants migrated downstream along the flow direction of GW, and
accumulated near the Z09 monitoring well, and further migrated to the middle and lower
reaches. The concentrations of organic compounds in the upstream region of the pollution
source were 0. It was indicated that the pollutants transported along the flow direction
of GW and followed the direction from upstream to downstream, further indicating that
the upstream area was not affected by the diffusion of organic pollutants temporarily.
Due to the volatilization and diffusion of VOCs and SVOC:s, the area perpendicular to
the GW flow direction was also affected by pollution. Additionally, the GW pollution
under the influence of volatilization and diffusion was significantly less than that along
the direction of GW runoff. In the far downstream area, the concentrations of organic
compounds were low. The reason for this was that the existence of surface reservoirs had
played a significant role in blocking and diluting the migration path of pollutants. Some
rules can be found by plotting the variation of pollutants along the direction of GW flow in
the study area. The concentration variation trend and amplitude of carbon tetrachloride
and trichlorofluoromethane (Figure 13), 1,2-dichloroethane and 1,1,2,2-tetrachloroethane
(Figure 14), trichloroethene and perchloroethylene (Figure 15), and 1,1,2-trichloroethane
and chloroform (Figure 16) were generally consistent, indicating that the migration and
diffusion mechanisms of the above two organics in GW were similar.
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Figure 10. Comparison point plot of the excessive rate and detection frequency of organic pollutants.

Excessive rate




Sustainability 2022, 14, 660

19 of 24

oF

\x\°‘

609

50

40+

30

20

Number of detections

3
((\?»“ \01\6 {(\r&‘ «\fo“ {(\d“ ~§\z“ %\@“ \o(\6 \\a“ ‘\\d\o {(\‘b‘\ Q‘a“ .,!\?5‘ \\@“ S i\‘o‘? o\°<6\ \\{a \\\'a“

0\ aC?’

'o¥

(\\p‘ q\o‘S (;\\\ ,-\\\,o‘% WO \\\0\0\\\0&0 \z\‘?’

\° \\t Vv
RS,
(\ “

0\

c\\\o A0

lasd Number of detections

= Detection frequency

o>

&
Qo
‘b

B o O o
\\\o \\\ S 07 A0 0t o C“ @o
m“‘°o°“\v°‘°\\\§e*“°° e“ﬁcﬁ";\ A e
A AV A\
AP b

Figure 11. The bar and line plot of the detection frequency of organic pollutants.

Table 6. Organic pollution characteristics of the groundwater in the study area.

Detection frequency

Compound Detection Limit Average Detection Water Quality Over-Limit Ratio
p (ug/L)/Ratio Concentration (ug/L) Standard (ug/L) (%)
Trichlorofluoromethane 0.5/42.37% 666.12 10,000 0.85
Carbon tetrachloride 0.5/39.83% 2059.82 2 39.83
Trichloroethene 0.5/38.98% 175.74 70 6.78
1,1,2-Trichloroethane 0.5/39.83% 145.22 5 28.81
Perchloroethylene 0.5/27.97% 157.62 40 5.08
1,1,2,2-Tetrachloroethane 0.5/34.75% 410.67 400 5.93
Chloroform 0.5/46.61% 69.36 60 10.17
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Figure 12. The bar and line plot of the excessive rate of organic pollutants.
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Table 7. Difference of detection values of organic pollutants in groundwater.

Compound Units Water Quality Standard Detection Maximum  Detection Minimum
Trichlorofluoromethane ug/L 10,000 20,400 0.5
Carbon tetrachloride ug/L 2 69,500 2.2
Trichloroethene ug/L 70 5900 0.6
1,1,2-Trichloroethane ug/L 5 3500 0.6
Perchloroethylene ug/L 40 4240 0.9
1,1,2,2-Tetrachloroethane pg/L 400 11,700 1.8
Chloroform ug/L 60 811 0.6
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Figure 13. The content variation plot of CCly and CCI3F in three groups.
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Figure 16. The content variation plot of CH,CICHCl, and CHClj3 in three groups.

5. Conclusions

The present study collected 118 GW samples from 77 monitoring wells and 25 soil
samples from three new boreholes. To clarify the regional differences in the chemical
characteristics and evolutionary mechanism of GW in the study area, the GW catchment
was classified into upstream, midstream, and downstream for analysis. The following main
conclusions can be drawn.

The GW in the surrounding area of the chemical plant was classified as generally
weak acid to neutral water with a TDS ranging from 374 to 1910 mg/L. The orders of
cations and anions in the GW samples in terms of contents were Ca’* > Na* > Mg?* >
K* and SO42~ > HCO3~ > CI~ > NO;~, respectively. The results of the Piper diagram
showed that approximately 41.18% of the GW samples corresponded to the C1.50,—Ca
type upstream. The SO4-Cl-Ca type (15.69%) and the C1-5O4—Ca type (15.69%) were the
main hydrochemical types midstream. The anions downstream were stable; similarly, the
dominant cation was Ca?".

PCA indicated that the dissolution of halide minerals was the main source of ion
composition in GW. Anthropogenic activities (such as the use of pesticides and fertilizers)
and the dissolution of gypsum were partly responsible for forming the GW’s chemistry.
CA revealed that the dissolution of sulfur-bearing minerals and gypsum was the key factor
controlling the concentrations of Ca>* and Mg?*. Additionally, the dissolution of halide
minerals and the use of pesticides and fertilizers were important factors controlling the
water chemistry in the study area.

The Gibbs diagram showed that the ion concentrations of GW were mainly affected
by water-rock interactions and were influenced by evaporation and crystallization to some
extent. The results of the Gaillardet diagram and ions ratio analysis indicated that the
weathering and dissolution of silicate (i.e., aluminosilicate minerals), evaporite (i.e., halite
and gypsum), carbonate minerals (i.e., calcite and dolomite), cation exchange, and anthro-
pogenic activities were responsible for the GW’s hydrochemistry. Furthermore, sulfuric
acid and carbonic acid were involved in the dissolution of carbonate minerals (approxi-
mately 71.19%) in the study area. The contribution of carbonic acid was significantly more
than that of sulfuric acid. Moreover, the chloride alkalinity index (CAI-I, CAI-II) indicated
that Na* and K* might have been exchanged by Ca?* and Mg?* from the aquifer and
accompanied with higher degrees of cation exchange.

By analyzing the test results of heavy metals in soil, it is clear that manganese was
relatively stable compared with other heavy metals. The average concentration of heavy
metals was Fe > Na > K > Ca > Mg > Mn with Fe concentrations being significantly higher
than those of the other five indicators. The content of calcium was similar to potassium,
and their distribution was very uneven. In addition, the contents of magnesium in aquifer
media changed obviously. The larger standard deviation of sodium reflected the larger
variation of samples in space (i.e., plane surface and depth).

The seven most frequently detected organic compounds included chloroform (46.61%),
tri-chlorofluoromethane (42.37%), carbon tetrachloride (39.83%), 1,1,2-trichloroethane
(39.83%), trichloroethene (38.98%), 1,1,2,2-tetrachloroethane (34.75%), and perchloroethy-
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lene (27.97%). The exceedance rate of seven organic compounds with high detection rates
were as follows: carbon tetrachloride (39.83%) > 1,1,2-trichloroethane (28.81%) > chloroform
(10.17%) > trichloroethene (6.78%) > 1,1,2,2-tetrachloroethane (5.93%) > perchloroethylene
(5.08%) > trichlorofluoromethane (0.85%). The upstream area of the pollution source was
not affected by groundwater pollution. Moreover, the GW pollution under the influence
of volatilization and diffusion was significantly less than that along the direction of GW
runoff. Additionally, the existence of surface reservoirs played a significant role in blocking
and diluting the migration path of pollutants.
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