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Abstract: The Fengfeng mining area is in the transition zone between the North China Plain and the
Taihang Mountains, and groundwater is the main source of water supply in the district. Under the
combined influence of human activities and natural geological conditions, the quality of different
types of groundwater varies greatly, posing a potential threat to the safety of drinking water. In
this study, hydrogeochemical processes in different types of groundwater were analyzed using
multivariate statistical analysis methods with ion-ratio relationships, and a groundwater quality and
health risk assessment model was developed. The research findings show that the main chemical
components and TDS in the groundwater have obvious spatial distribution characteristics, i.e., the
content of deep karst water (DKW) in the west is significantly lower than that of shallow pore water
(SPW) in the east, and the hydrochemical type has changed from HCO3—Ca to SO4—Ca. The chemical
components of SPW and DKW are mainly derived from silicates and carbonates, accompanied
by weathering dissolution of sulphidic minerals, especially SPW. The chemical components of the
groundwater was also influenced by the cation exchange reaction and human activities. The quality
of the SPW was significantly worse than that of the DKW, and the nitrates in SPW carry a high
non-carcinogenic risk, especially to children. The shallow pore water is not suitable for drinking
water. This study can provide guidance on the safety of drinking water in the Fengfeng coal mining
area and other areas with intensive industrial, mining, and agricultural activities.

Keywords: hydrogeochemistry; groundwater; health risk assessment; water quality assessment;
hydrochemical characteristics

1. Introduction

As an important component of water resources, groundwater is the main water source
for agriculture, industry, mining, and cities. Groundwater environmental problems have
become a major issue of global concern. With socio-economic development, the increasing
degradation of groundwater quality not only exacerbates water scarcity, but also poses
serious threats to human health [1-3]. For example, there is a positive correlation between
the Mg?* and Ca®* content of drinking water and the incidence of kidney stones [4], the
nitrate content of drinking water is closely associated with diseases such as vomiting and
stomach cancer [5], the arsenic contamination of drinking water in India’s Ganges Plain has
caused severe skin diseases [6-8], and the high fluorine groundwater in the Loess Plateau
area of China seriously restricts the safety of drinking water and social and economic
development [9,10]. Therefore, the assessment of groundwater health risks and quality is
important for the safety of drinking water.
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Under the influence of factors such as rock weathering, aquifer lithology, cation ex-
change, and human activities, the chemical components of groundwater undergo significant
changes during the cycle from the recharge zone to the discharge zone [11-13]. The chem-
ical characteristics of groundwater determine its water quality status. The identification
of the hydrogeochemical processes involved in the groundwater cycle provides insight
into the causes of groundwater quality degradation and is the basis for groundwater
quality evaluation.

Groundwater is vital to the Fengfeng coal mining area’s residential life and industrial
and agricultural production. Groundwater is the main source of drinking water in the
Fengfeng coal mining area [14]. In the last few years, the intensity of human activities
such as coal mining, agricultural fertilizers, and domestic sewage discharges has increased,
leading to a deterioration of groundwater quality [15-18]. Previous studies have focused
on the characterization and evolutionary mechanisms of karst groundwater chemistry. For
example, Liu [19] analyzed the major factors controlling water chemical components in
the study area using stable isotopes, and the results showed that the water’s chemical
components are influenced by a combination of natural and anthropogenic factors. Hao [20]
carried out the evolutionary mechanism of karst water chemistry in this area based on
a long series of water quality analysis data (1980-2017), and the results showed that the
hydrogeochemical processes varied markedly from period to period. During 1980-1996,
the karst water chemistry mainly originated from the dissolution of dolomite and rock
salt, while, during 2012-2017, the dissolution of gypsum and other minerals, in addition
to the dissolution of dolomite and rock salt, had a greater influence on water chemistry.
Wang [21] analyzed the hydrochemical characteristics in this area using machine learning
and isotopes, and concluded that the oxidation of sulfurous iron ore in sandstone aquifers is
the main factor contributing to the elevated SO,4%~ concentration in groundwater. Gao [22]
analyzed the source of groundwater using isotopes such as °H, '0, and §3*S, and the
results showed that the groundwater mainly originated from precipitation and that the high
SO42~ in the groundwater was mainly related to the dissolution of gypsum. The results
of previous research have provided us with guidance in understanding the evolutionary
processes of karst water. However, the safety of drinking water quality has been neglected
in this area and the potential threats to human health have not been fully elucidated.
According to the results of this water quality survey, there is a wide disparity between the
quality of shallow pore water (SPW) and deep karst water (DKW), with most SPW being of
poor quality, with sulfate, total hardness, and total dissolved solids exceeding the Standards
for Groundwater Quality of China (SGQC). Therefore, on the basis of a full analysis of
the impact of the human activities and natural geological conditions on the chemical
characteristics of different types of groundwaters, the establishment of an assessment
model for water quality and human health risks will not only help us to determine the
status of the water environment of different types of groundwaters, but also help us to
analyze the causes of the deterioration of the groundwater environment.

This study provides an interesting case study because of the wide variation in the
quality of different types of groundwater in the Fengfeng mining area in China. Based on
32 sets of groundwater samples, including 15 sets of SPW and 17 sets of DKW, the study
is the first to provide a comprehensive analysis of the hydrogeochemistry of the various
types of aquifers and the potential threats to human health. The main objectives were to
comprehensively identify the hydrogeochemical processes and analyze the main controlling
factors of water quality deterioration; on this basis, a water quality evaluation model and a
human health risk evaluation model were developed to fully elucidate groundwater quality
and its non-carcinogenic risk to children and adults.

2. Materials and Methods
2.1. Study Area

The study area is located in the eastern foothills of the Taihang Mountains, which
are the transition zone between the North China Plain and Taihang Mountains, covering
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an area of 394.09 km? in the west of Handan City, Hebei Province (Figure 1). The study
area has a predominantly East Asian monsoon climate with distinct seasonal characteris-
tics. The mean annual temperature and precipitation in the study area were 13.5 °C and
548.9 mm, respectively, and rainfall was mainly concentrated in the rainy season from June
to September. The altitude ranged from 883.0 m above sea level (m.a.s.l.) in the west to
125.5 m.a.s.l. in the east. The eastern part of the study area, on both sides of the Fuyang
River, is flat, with mainly villages, farmlands, and coal processing plants, and is the main
gathering area for human activities.

36°33'0"N
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Figure 1. Location of study area, showing sampling sites for groundwater. S1-S15 and K1-K17 are
SPW and DKW, respectively.

The main exposed strata in the study area are Ordovician (O) and Quaternary (Q),
and the aquifers include Ordovician limestone aquifer and Quaternary sediments aquifer.
The Ordovician limestone aquifer is widely distributed in the western part of the study
area, with a lithology of brecciated limestone and thick-layered flower mottled limestone,
etc. The groundwater is deeply buried and abundant, and it is also the main water supply
layer. Karst groundwater receives recharge from atmospheric precipitation in the western
mountains and runs off to the east. The Quaternary sediments aquifer is mainly distributed
along the Fuyang River, and the lithology is gravel and sand, with a thickness of 0—60 m,
and the groundwater is shallowly buried. The eastern part of the study area (Cishan Town
to Pengcheng Town) is rich in coal resources and is the main mining area of the Fengfeng
coal mine. The main coal-bearing strata are the Upper Carboniferous Taiyuan Formation
and the Lower Permian Shanxi Formation, with a total thickness of 170-250 m, and the
mining method is underground coal mining.
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2.2. Sampling and Analytical Techniques

The study involved the collection of 32 water samples from pumping wells in Septem-
ber 2022, including 15 SPW and 17 DKW (Figure 1). The sampling depths of the SPW and
DKW were 2.82-23.88 m and 110.58-273.72 m, respectively. The sampled wells were pro-
duction wells for irrigation and domestic supply. Prior to sampling, the well was pumped
until water quality parameters such as pH, dissolved oxygen, and electrical conductiv-
ity were stable. Total dissolved solids (TDS), temperature, and pH were determined in
situ, employing a portable multi-parameter analyzer (DZB-718, Shanghai Yidian Scientific
Instruments Co., Ltd., Shanghai, China). The major cations (K*, Na*, CaZ*, and Mg2+)
and total hardness (TH) were analyzed using inductively coupled plasma mass spectrom-
etry (ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA). Anions (Cl-, S042, F,
and NO3; ™) were analyzed using ion chromatography. The determination of bicarbonate
(HCO37) was carried out using the titration method. To verify the accuracy of the test
results, all the water chemistry test results were calculated using ion balance errors [23],
and the formula is as follows:

__ ) cations — ) _anions
Y cations + }_anions

x 100%, 1)

The concentrations of all cations and anions were expressed in milliequivalents per
liter. It was verified that the ion balance errors (E) of all the samples were within the
accepted +10% [24], thus meeting the analytical requirements.

2.3. Objective Combined Weight Water Quality Index (OCWQI)

The objective combination weighting method is a novel approach in water quality
assessment that takes into account the consistency and advantages of different weighting
methods. The objective combination weighting method is a harmonic optimization of
multiple weighting methods, which is more accurate than single weighting. The water
quality assessment based on the objective combination weighting method is described
as follows [25,26]:

(1) Determination of the entropy weight

Entropy weighting is an objective weighting method widely applied in environmental,
astrophysical, and life sciences [27,28]. The proposed method is grounded in information
theory, utilizing information entropy to compute the entropy weight for each index. Sub-
sequently, this entropy weight is employed to rectify the weights of individual indices,
thereby yielding a more objective measure. The entropy weighting method, however, fails
to consider the intercorrelation among indicators. The process of determining weights with
the entropy weighting method depends mainly on the decision matrix, which is expressed
as follows:
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where X represents a data matrix of m water samples and n water quality indicators.
Formulas (3) and (4) are the data standardization processing method and the standard-
ization matrix, respectively. Equations (5)—(7) were used for the calculation of the weight,
where e; and W,; refer to the information entropy and the entropy weight. For a given
indicator, the information entropy (¢;) can be used to determine its degree of dispersion.
The smaller the information entropy (¢;) and the greater the degree of dispersion of the
indicator, the greater the entropy weight (W,;), which means that the indicator provides
useful information for decision makers.

(2) Calculation of the weight according to the coefficient of variation method

The coefficient of variation method is an objective approach to assigning weights
that utilizes the information contained in each indicator and calculates the weight of the
indicator directly. The fundamental principle of this method is that indicators with larger
value differences are more challenging to attain, and such indicators can better reflect the
disparity of the evaluated unit. Therefore, they should be assigned higher weights. The
main advantage of the coefficient of variation method is that it eliminates the influence
of each index dimension. However, if the index value in the water sample changes only
slightly, the calculated weight is not of reference significance. The variation coefficient
weight is calculated with [29]:

@)

9
'U]‘ = ;j, (8)
Yj
Wej = o )

where X; and gj refer to the mean and standard deviation of X; (j=1,2,..., n), respectively,
x is the water quality indicators, and n is the sample size. W,; refers to the weight of the
coefficient of variation.

(3) Calculation of objective combined weight

According to the principle of minimum relative information entropy, the difference
between two probability distribution functions can be expressed as the difference between
the entropy of the two probability distribution functions. Based on this, the deviation
function of the combination weights can be constructed as:

minF =Y Wi (InW,j — InW,;) + Z Woj (In W,; — In W), (10)

j=1 =1

n n

where W,; and F are the objective combined weight and the objective function of the
minimum information entropy model, respectively.
The solution can be obtained through the utilization of the Lagrange multiplier method

as follows:
\ Wej Wej
Wy=—YV — (11)

Oj = n 7
Ej:l Wej'Wcj

This suggests that of all the combination weights taking the geometric mean requires
the least amount of information, while all other forms of combination weights add, to some
extent, other information that is not actually obtained.
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(4) The OCWQI is expressed as:

n C:

OCWQI = Y Wy, (12)
j=1 5j

where C; and §; represent the measured concentration (mg/L) and the standard limit

(mg/L) of the water quality indicators, respectively.

According to OCWQI, groundwater quality is divided into 5 categories [26], as shown
in Table 1.

Table 1. Groundwater quality categories based on OCWQIL.

OCWQI <25 25-50 50-100 100-150 >150

Classifications Excellent Good Medium Poor Extremely poor

2.4. Human Health Risk Assessment (HHRA) Model

The health risk assessment model, which is based on the harmful effects of different
pollutants on human health, is an effective way of assessing the potential harm of pol-
lutants on human health [30-32]. The HHRA model recommended by the United States
Environmental Protection Agency (USEPA) has been widely used to quantitatively assess
the health risks of environmental contaminants. This assessment method consists of four
parts: hazard identification, dose-response relationship, exposure assessment, and risk
characterization. In this study, nitrates are utilized as the main indicator of risk in drinking
water. The US Environmental Protection Agency considers this to be a non-carcinogenic
pollutant. The HHRA model is expressed as follows:

ADD

HQ =

CPW x IR x ED x EF

APD = ABW x AET ' 14
where HQ is the non-carcinogenic hazard index (dimensionless), ADD is NO3 ™~ [mg/(kg-d)],
RfD is the reference dose for non-carcinogens [mg/(kg-d)], CPW is the concentration of
contaminants (mg/L), IR is the amount of water consumed per unit time (L/day), ED is the
exposure duration (year), EF is the exposure frequency (days/year), ABW is the average
weight of the person (kg), and AET is the average exposure time (days). Table 2 lists the
values of the related parameters [30].

Table 2. The parameters of the HHRA model.

Parameters Adults Children
IR (in L/day) 1.5 0.78
ED (in year) 30 12
EF (in days/year) 365 365
AWSB (in kg) 65 15
AET (in days) 10,950 4380
3. Results

3.1. Descriptive Statistics

The statistical findings of the chemical components of the groundwater samples are
presented in Table 3. The findings indicate that the pH values of SPW and DKW are 6.9-7.4
and 7.4-8.2, respectively, with averages of 7.24 and 7.81. The groundwater in the study area
is primarily characterized by a weak alkaline nature.

As can be seen in Figure 2, the concentration of anions and cations in the SPW sam-
ples is significantly higher compared to that in the DKW samples. In total, 94.12% of the
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DKW samples had TDS less than 1000 mg/L with an average of 452.24 mg/L and were
mainly fresh water, while 73.33% of the SPW samples had TDS greater than 1000 mg/L
with an average of 1447.87 mg/L and were mainly brackish water. The order of anions
and cations in the SPW samples was SO42~ > HCO3~ > Cl~ and Ca?* > Na* > Mg?* > K*,
and the order of anions and cations in the DKW samples was HCO3™ > S042~ >Cl™
and Ca®* > Mg?* > Na* > K*. The chemical components of SPW are mainly dominated
by SO4%~ (267.00-1810.00 mg/L) and Ca?* (191.00-496.00 mg/L), and that of DKW is
mainly dominated by HCO;™ (189.00-316.00 mg/L) and Ca?* (62.20-243.00 mg/L). The
NO;3™ concentration in the SPW was 16.30-244.01 mg/L, with an average of 107.60 mg/L,
which significantly exceeds that found in the DKW, where the NO3 ™~ concentration was
1.73-57.57 mg/L with an average of 33.33 mg/L. The differences in the fluoride concen-
tration between the SPW and DKW were minimal, with average values of 0.50 mg/L and
0.27 mg/L, respectively. The higher coefficients of variation observed for Na* and F~ in
the SPW, as well as for SO4>~ in the DKW, indicate a greater degree of spatial variability in
the distribution patterns of their concentrations.

Table 3. Statistical results of the main chemical components in SPW and DKW. (All components are
expressed in mg/L, with the exception of pH).

Min Max Mean Medium SD Cv
Components
SPW DKW SPW DKW SPW DKW SPW DKW SPW DKW SPW DKW
pH 6.90 7.40 7.40 8.20 7.24 7.81 7.30 7.80 0.14 0.23 0.02 0.03
TH 622.00 283.00 1610.00 808.00 936.13 384.24 885.00 351.00 270.08 123.89 0.29 0.32
TDS 897.00 326.00 3295.00 1045.00 1447.87 452.24 1277.00  403.00 628.16 171.45 0.43 0.38
K* 0.89 0.57 9.56 2.29 2.80 1.25 1.78 1.07 2.38 0.53 0.85 0.42
Na* 37.30 5.89 604.00 19.10 99.30 10.18 58.70 9.35 142.68 3.37 1.44 0.33
Ca?t 191.00 62.20 496.00 243.00 298.13 110.17 291.00 103.00 85.10 41.13 0.29 0.37
Mg?* 26.60 19.10 90.20 48.80 46.71 26.61 40.80 23.80 16.69 7.32 0.36 0.28
Cl~ 62.50 10.10 172.00 28.80 108.02 16.86 99.30 17.70 37.35 5.04 0.35 0.30
SO42~ 267.00 58.00 1810.00 572.00 611.40 122.74 547.00 87.70 391.95 122.08 0.64 0.99
HCO;5~ 251.00 189.00 526.00 316.00 347.67 26224  352.00  266.00 73.66 31.35 0.21 0.12
NO3;~ 16.30 1.73 244.01 57.57 107.60 33.33 95.66 34.68 61.20 14.02 0.57 0.42
F~ 0.23 0.15 2.40 0.52 0.50 0.27 0.34 0.25 0.54 0.10 1.08 0.38
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Figure 2. A box plot depicting the primary chemical components in SPW and DKW.

3.2. Hydrochemical Types

Piper diagrams provide a visual representation of water chemistry types and char-
acteristics and are widely used in hydrogeochemical studies. The Ca?* concentration
accounted for 64.42% of the total cation concentration, and the SO4%~ concentration ac-
counted for 59.29% of the total anion concentration (in meq/L), which were the major
cation and anion in the SPW (Figure 3). In the DKW, the main ionic components were
Ca?* and HCO;~, which accounted for 67.40% and 58.64% of the total cation and anion
concentrations (in meq/L), respectively. A total of 66.67% of the SPW samples exhibited
a water chemistry type characterized by SO4-HCOs3-Ca, whereas, in the DKW samples,
HCO3-50,—Ca-Mg and HCO3-Ca were predominantly observed in 35.29% and 23.53% of
the samples, respectively.

3.3. Correlation Analysis

The water chemistry data were subjected to a correlation analysis in order to identify
the factors that influenced the groundwater quality and its source (Figure 4). A wide
variety of hydrogeochemical relationships were revealed by the correlation matrix of
11 hydrochemical components. A significant correlation was found between TDS and Ca?*,
S0,%~,Cl, and Mg2+, in the SPW at a significance level (p) of <0.01. In the DKW, TDS
was significantly correlated with Ca?*,5042, and Na™. This reflects the contribution of
these components to the groundwater salinity. A strong positive correlation between Ca®*
and SO42* in the DKW and SPW samples indicated a possible common source, such as
gypsum dissolution.
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Figure 3. Piper plots for SPW samples and DKW samples.
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Figure 4. Correlation matrix of chemical components in (a) SPW and (b) DKW.

4. Discussion
4.1. Hydrogeochemical Processes Identification
4.1.1. Rock Weathering Processes

Gibbs diagrams are the primary means of illustrating water-rock interactions in
groundwater [33,34]. In general, the relative relationship between Na*/(Na* + Ca?"),
Cl=/(Cl~ + HCO3;7), and TDS can reveal the dominant factors in the evolution of ground-
water chemistry, i.e., atmospheric precipitation, rock weathering, and evaporative crystal-
lization [35]. A Gibbs diagram (Figure 5) shows that the chemical components of ground-
water in the study area are primarily influenced by rock weathering, as evidenced by both
the SPW and DKW samples falling within the range associated with this process. This sug-
gests that both the SPW and DKW had experienced a long period of hydrologic processes.
Compared to the DKW, the SPW was affected by some degree of evapotranspiration.



Water 2023, 15, 4024 10 of 19
5 5
1073 O SPW 1073 O SPW
] O DKW ] O DKW
10f ] Evaporation L0* ] Evaporation
dominance dominance
-1 D J D D \\\*\
& Lo
310° 5 o @D 3104 © Eﬁ 0
&0 3 9 &0 3 O
g 1 & E 1 & .
2 1 Rock dominance A4 1 Rock dominance
= 107 - = 10° 4
10' 4 10"
10° T T T T T 10° T T T T T
00 02 04 06 08 10 00 02 04 06 08 1.0
Na™/(Na™+Ca*") CI"/(CI'+HCO;")
Figure 5. Gibbs diagram for SPW and DKW.

Many studies have shown that dissolutions of carbonate, evaporite, and silicate rocks
are the major factors affecting the chemical components of groundwater [36,37]. To further
reveal the degree of influence of weathering and the dissolution of different rocks on the
chemical components, the relationships between Mg?* /Na* and Ca?* /Na*, HCO3;~ /Na*
and Ca?* /Na* were analyzed. The results showed that the majority of water samples were
between carbonates and silicates (Figure 6). The DKW was skewed toward the carbonate
end of the spectrum, while the SPW was skewed toward silicate.
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Figure 6. End-member diagram for SPW and DKW.

The calculation results of the groundwater saturation index are presented in Figure 7.
The saturation indexes of calcite, dolomite, gypsum, and halite in the SPW samples
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were located in [0.38, 0.73], [0.26, 0.95], [-0.95,—0.20], and [—7.15, —5.70], respectively,
while, in DKW samples, they were located in [0.36, 1.11], [0.32, 1.77], [-1.76, —0.61], and
[—8.77, —7.93], respectively. These results show that calcite and dolomite were supersatu-
rated in both samples, while gypsum and rock salt were unsaturated.
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Figure 7. Saturation index of SPW and DKW.

Many studies have shown that the dissolution process of carbonate rocks is often
accompanied by sulfuric acid [38-40]. According to the relationships between Ca®* + Mg?*
and HCO;~, HCO;~ + SO42~, and Ca?* + Mg?*, the hydrogeochemical processes of
carbonates and sulfates were analyzed. Assuming that the dissolution of carbonate minerals

involves both carbonates and sulfuric acid, the dissolution process of carbonate rocks can
be expressed as follows:

CagMg, ,COs3 + HyCO3 = aCa’®" + (1 — a)Mg?" +2HCO5, (15)

2CagMg,; _,CO;3 +HySO, = 2aCa®" +2(1 — «)Mg?" +2HCO3 +SO;~  (16)

3CaaMg; ,COs3 + HyCO; + HySO, = 3aCa’" + 3(1 — a)Mg*" + 4HCO; + SO~ (17)

According to Equation (15), the equivalent ratio of (Ca2 + Mg2+) /HCO;37 is 1 and that
of SO42~ /HCO3 ™~ is 0 when only carbonic acid is involved in the weathering dissolution
of carbonate rocks. As shown in Equation (16), all the carbon in HCO3;~ comes from
the carbonate only when sulfuric acid is involved in the weathering of the carbonate
rock, the equivalent ratio of (Ca?* + Mg?*)/HCO; " is 2, and that of SO42~ /HCO3 ™~ is
1. Equation (17) demonstrates that the equivalent ratios of one (Ca** + Mg?*)/HCO;~
and SO,%2~ /HCO;~ are 1.5 and 0.5, respectively, when carbonic acid and sulfuric acid
participate in the weathering of carbonate rocks in a molar ratio of 1:1.

Figure 8 shows that the equivalent ratio of (Ca?* + Mg?*)/HCO;~ in the SPW and
DKW samples ranged from 2.57 to 4.85 and 1.47 to 3.65, respectively, with averages of 3.30
and 1.79. The equivalent ratios of (HCO3~ + SO427)/(Ca®* + Mg?*) in the SPW and DKW
samples ranged from 0.78 to 1.96 and 0.82 to 1.01, respectively, with averages of 0.96 and
0.88 (Figure 9). These results suggest that the excess Ca** and Mg?* are balanced by SO4%~.
Therefore, the hydrogeochemical evolution of SPW and DKW is accompanied by sulfate
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dissolution. The equivalent ratio of SO,%>~ /HCOj; ™~ in the SPW samples was greater than
1, with an average of 2.15. Considering that the SPW samples were mainly distributed in
coal mining areas, the oxidation of pyrite and dissolution of gypsum in coal-bearing strata
were the major factors contributing to the increase in the SO4?~ concentration. In addition,
the discharge of mine water also caused serious pollution to the SPW. According to Huang
(2018), in the 1990s, mine water discharges in the region had reached 40% of the water
resources extracted [41]. The discharge of large volumes of mine water increases the SO4%~
concentration of surface water and shallow groundwater.
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4.1.2. Cation Exchange

In order to analyze the impact of the cation exchange process on the chemical compo-
nents of the SPW and DKW, the correlation between (Ca%* + Mg2+) — (SO42~ + HCO37)
and (Na* + K*) — CI~ was plotted (Figure 10). The (Na* + K*) — Cl~ represents changes
in the Na* + K* levels, as well as the dissolution of halite and sylvite, and (Ca* + Mg?*)
— (SO4%~ + HCO3 ™) indicates an increase or decrease in Ca®* + Mgz‘r as well as the dis-
solution of calcite, dolomite, and gypsum [39]. Figure 10 shows that the SPW and DKW
samples were predominantly located above the 1:—1 contour. This finding indicates the
existence of cation exchange reactions in the SPW and DKW, although it was not the major
factor governing the chemical components of the groundwater.
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Figure 10. Plot of (Ca?" + Mg?*) — (SO42~ + HCO3 ™) versus (Na* + K*) — Cl~.

4.1.3. Anthropogenic Activities

With population growth, human activities, especially industrial and agricultural pro-
duction, have increasingly polluted the groundwater environment. A large number of
studies have found that NO;~, Cl~, and SO42~ can serve as indicators of the impact of
human activities on the groundwater environment [42—44]. To further analyze the influ-
ence of anthropogenic activities on groundwater, a relationship between NO3;~ /Na* and
Cl~ /Na* was plotted (Figure 11). Groundwater with serious anthropogenic pollution is of-
ten accompanied by high NO3; ™~ /Na* and C1~ /Na*, representing agricultural end-member.
Rock weathering contributes little to NO3; ~ and CI~ in groundwater, and low NO3~ /Na*
and C1~ /Na* are defined as weathering end-members of carbonate and silicate. The find-
ings indicate that the samples were mainly distributed near the agricultural end-member,
denoting that the groundwater was significantly impacted by agricultural activities.

Generally, the equivalent ratio of Na*/Cl~ should be 1 if the Na* and Cl~ in ground-
water are completely derived from the dissolution of halite. Figure 12 shows the relative
relationship between Na* and Cl~. The results showed that the DKW samples were mainly
distributed near the 1:1 contour, while most of the SPW samples were distributed below
the 1:1 contour, and the excess C1~ may be related to human activities, especially domestic
sewage discharges.
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4.2. Groundwater Quality Assessment

The water quality of the SPW and DKW in the study area was evaluated using the
OCWQI method. Table 4 shows the combined weights of the main water quality indicators.
The C17, Na*, and NO;~ had relatively large weights, which were 0.2024, 0.1482, and
0.1384, respectively.

Figure 13 shows the groundwater quality classification based on the OCWQI. The
results of the water quality assessment indicated the SPW samples were medium, poor,
and very poor, representing 33.33%, 46.67%, and 20.00%, respectively. However, most of
the DKW samples were classified as good, representing 94.12% of the total samples, and
only one sample was classified as medium. The quality of the pore water was generally
worse than that of the karst water (Figure 14). The area from Cishan to Pengcheng is a coal
mining area, and the chemical type is mainly SO4-HCOj3-Ca. The water quality of the SPW
in the east is obviously worse than that of DKW in the west. The primary cause for the
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deterioration of shallow pore water quality is attributed to the dissolution of sulphides
within the coal seam. In addition, human activities are intensive in the eastern part of the
study area, and domestic sewage and agricultural fertilizers are also important factors
causing shallow pore water pollution. Karst groundwater, which is less affected by human
activity, is more deeply buried and its water quality is generally better, making it more

suitable for drinking.

Table 4. Weight calculation results based on OCWQI.

Components W,; W,; Wo;
pH 0.2465 0.0063 0.0472
F- 0.0535 0.1439 0.1046
NO;~ 0.1158 0.1162 0.1384
TH 0.1302 0.0750 0.1179
TDS 0.0893 0.1018 0.1137
Na* 0.0542 0.2852 0.1482
S042- 0.0774 0.1478 0.1276
Cl™ 0.2330 0.1236 0.2024
300
o SPW samples
© DKW samples
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Figure 14. Spatial distribution of water quality based on OCWQI.
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4.3. Health Risk Assessment

Assessments of the health risks associated with groundwater can effectively guide
water resource management and water pollution prevention. The nitrate concentration
in the groundwater within this study area was generally elevated, particularly in the
eastern SPW samples. Nitrate has also been recognized as a non-carcinogenic pollutant by
the USEPA. The HHRA model was developed to assess the risk of nitrate contamination
of groundwater.

The findings showed that the Hazard Quotient (HQ) of nitrate for children ranged
from 0.04 to 5.08, with an average value of 1.42, while, for adults, it ranged from 0.03
to 4.36, with an average value of 1.22. For children, of the 32 water samples evaluated
(15 SPW and 17 DKW), 16 samples had HQ values less than 1 and were considered to be
no risk, while 13 and 3 samples were considered to be low risk (1 < HQ < 3) and high
risk (3 < HQ < 6), representing 40.62% and 9.38% of the samples, respectively (Figure 15a).
For adults, the no-risk, low-risk, and high-risk samples were 19, 11, and 2, representing
59.38%, 34.38%, and 6.25%, respectively (Figure 15b). Children are therefore more sensitive
to nitrate contamination and require higher-quality drinking water. The spatial distribution
of the HQ values characterizes the generally higher non-carcinogenic risk of nitrate in
the SPW samples. The SPW water samples were collected in the eastern region and were
shallowly buried and more sensitive to environmental pollutants, and pollutants from
human activities (agricultural fertilizers and domestic sewage) can easily enter the aquifer.
From the perspective of human health, the shallow pore water in the east is no longer
suitable for drinking, and the future should focus on the exploitation and protection of
karst water in the west.
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Figure 15. Spatial distribution of HQ values for (a) children and (b) adults.

5. Conclusions

The groundwater in the Fengfeng coal mining area plays a crucial role as the primary
water source, supporting various industries, agriculture, and the daily lives of residents. In
this study, 15 SPW samples and 17 DKW samples were used to reveal the hydrogeochemical
processes in groundwater systems. On this basis, an assessment of groundwater quality and
its potential impact on human health was conducted. The main conclusions are as follows:

(1) The concentrations of the major water chemical components in the SPW samples
were significantly elevated compared to those in the DKW samples, especially nitrate.
The SPW and DKW were weakly alkaline brackish water and weakly alkaline fresh water,
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respectively. The water chemistry type changed from SO4-HCO3-Ca in the western recharge
zone to HCO3-504-Ca-Mg and HCOj3-Ca in the eastern discharge zone.

(2) The major mechanism controlling the groundwater chemistry as rock weathering,
and the chemical components in the SPW and DKW mainly originated from the dissolution
of silicates and carbonates. The oxidation of pyrite and dissolution of gypsum had a
more obvious change in the chemical components of the SPW and DKW. Cation exchange
reactions and human activities also influenced the groundwater chemistry, although they
were not dominant factors.

(3) The groundwater quality of the SPW samples was medium, poor, and extremely
poor, accounting for 33.33%, 46.67%, and 20.00%, respectively. However, most of the DKW
samples were classified as good, accounting for 94.12%. The evaluation results of water
quality indicated that the SPW was obviously worse than the DKW, which was related to
the intensive human activities in the east.

(4) The non-carcinogenic risk associated with groundwater nitrate pollution was found
to be higher in children, with an average Hazard Quotient (HQ) of 1.42 compared to 1.22 for
adults. The spatial distribution of HQ corresponded to groundwater quality. Agricultural
fertilizers and domestic sewage contributed more nitrate to the SPW.

(5) The eastern region has a high population density and intensive agricultural, in-
dustrial, and mining activities, and SPW is easily contaminated. The findings from the
assessment of groundwater quality and health risks indicated that the SPW is not suitable
for consumption. The department of water resources management should prioritize the
conservation of groundwater resources and ensure the safety of potable water.
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