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Abstract: Groundwater is a valuable water source for drinking and irrigation purposes in semiarid
regions. Groundwater pollution may affect human health if it is not pretreated and provided for
human use. This study investigated the hydrochemical characteristics driving groundwater quality
for drinking and irrigation purposes and potential human health risks in the Xinzhou Basin, Shanxi
Province, North China. More specifically, we first investigated hydrochemical characteristics using a
descriptive statistical analysis method. We then classified the hydrochemical types and analyzed
the evolution mechanisms of groundwater using Piper and Gibbs diagrams. Finally, we appraised
the groundwater quality for drinking and irrigation purposes using the entropy water quality index
(EWQI). We assessed the associated human health risks for different age and sex groups through
drinking intake and dermal contact pathways. Overall, we found that (1) Ca-HCO3 and Ca-Mg-
HCOj3; were the dominant hydrochemical types and were mainly governed by rock weathering and
water—rock interactions. (2) Based on the EWQI classifications, 67.74% of the groundwater samples
were classified as medium quality and acceptable for drinking purpose. According to the values of
sodium adsorption ratio (SAR), residual sodium carbonate (RSC) and soluble sodium percentage
(%Na), 90.32% of the samples were suitable for irrigation, while the remaining samples were unfit for
irrigation because of the high salinity in the groundwater. (3) Some contaminants in the groundwater,
such as NO;~, NO, ™ and F~, exceeded the standard limits and may cause potential risks to human
health. Our work presented in this paper could establish reasonable management strategies for
sustainable groundwater quality protection to protect public health.

Keywords: groundwater quality; nitrate; fluoride; health risk assessment; entropy water quality
index; Xinzhou Basin

1. Introduction

Groundwater resources are indispensable for domestic drinking water supplies, irri-
gation resources and industrial activities, especially in arid and semiarid regions, owing to
the shortage of surface water [1-3]. However, groundwater contamination has become a
severe issue affecting human health and life in many countries and regions in recent years,
with population growth and agriculture and industry development [4,5]. Most common
contaminants in groundwater mainly include fluoride, nitrogen and many others. If they
exceed the standard limits for drinking water and are released untreated for direct human
use, they may have harmful effects on human health [6-9]. For example, drinking ground-
water with a high nitrate concentration in the long-term can cause methemoglobinemia,
gastric cancer and congenital disabilities [10,11]. Besides, long-term water consumption
with fluoride concentrations exceeding the standard limits will lead to dental and skeletal
fluorosis [12]. Simultaneously, pollution also affected the sustainable development of the
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ecological environment and society [5,13]. Therefore, the issue of groundwater quality
and safety has attracted the attention of many researchers, and groundwater quality as-
sessments associated with health risk evaluations have received considerable amounts of
attention worldwide, including in China, India and Iran [14-17].

Many traditional methods have been used to evaluate groundwater quality over the
past few decades, such as fuzzy comprehensive assessment methods [18], set pair analy-
ses [19], rough sets [20], multivariate techniques [21], hierarchical analyses [22] and water
quality indexes (WQI) [23]. However, some deficiencies exist in the application of these
assessment methods, such as the need to consider too many factors [24]. WQI is used to
quantify water quality by weighting the importance of various evaluation indexes, widely
used to describe groundwater quality due to its practicability and effectiveness [25]. How-
ever, the representation of evaluation results is sensitive to the weight of parameters [26].
Entropy weight can eliminate the influence of subjective factors on water quality param-
eters and give reasonable weight to the parameters, combined with WQI to effectively
quantify groundwater quality [3,27,28]. In this paper, the entropy water quality index
(EWQI) was used to evaluate groundwater quality.

Furthermore, health risk assessment can effectively characterize the potential impact
of groundwater on human health and provide a basis for water quality management
agencies to ensure water security [29]. Adimalla et al. [14] quantified the extent of the
health risks associated with fluoride and nitrates in groundwater in southern India. Xiao
et al. [30] appraised the quality of groundwater in the North China Plain. They found
that nitrate and other pollutants have a high potential noncarcinogenic risk to the human
body through groundwater ingestion. Zhang et al. [31] analyzed the groundwater quality
in the Guanzhong Basin of China and the impact of nitrite, nitrate, and fluorine on the
health of different populations. These researches have shown that ensuring the quality of
groundwater is of great significance to the protection of human health and the sustainable
development of society.

Xinzhou Basin is located in the semiarid area in central-eastern Shanxi Province, North
China. Groundwater is the primary water resource in the basin, accounting for 70% of the
total water consumption. Approximately 65% of the groundwater was used for irrigation
and 10% for domestic use. Surface water accounted for 30% of total water consumption
and came mainly from rainfall during the flood season. Although piped water networks
supply urban areas, there was no piped water, and residents used untreated groundwater
directly for drinking and irrigation in most rural areas. There were mainly coal, chemical,
metallurgy and other industries, while agriculture was primarily corn, sorghum and
vegetable cultivation in Xinzhou Basin. However, with rapid economic development since
the 1980s, industrial, agricultural and mining activities have dramatically increased the
water demand. From 1982 to 2000 in the Xinzhou Basin, the amount of groundwater
storage decreased by 2.7896 x 108 m3, with an average annual decrease of 1.469 x 107 m?.
Excessive groundwater exploitation had resulted in a continuous decline in groundwater
levels and the deterioration of groundwater quality in urbanized and agricultural areas in
recent decades, threatening approximately 1.66 million people’s health and safety.

In Xinzhou Basin, due to the discharge of domestic sewage and industrial wastewater
and the excessive use of agricultural fertilizer, the concentration of nitrate and nitrite in
groundwater is high. Besides, fluorine poisoning has become a specific disease in the
region due to the high concentration of fluoride ions in the drinking water many years
ago. Since the 1980s, the area has adopted methods such as improved water use and
reduced fluoride. These measures have significantly reduced the incidence of fluoride
poisoning among the population. Due to the pollution of nitrate, nitrite and fluoride,
groundwater quality in some areas of Xinzhou Basin was low, leading to endemic diseases
for residents [32]. Because of the importance of groundwater in the Xinzhou Basin, some
groundwater research has been carried out. For example, Han et al. [33-35] conducted
some research to identify groundwater flow systems and indicated possible water-rock
interaction processes based on hydrochemical characteristics and isotopic compositions.
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Although government departments have investigated groundwater quality in Xinzhou
Basin, few studies have been carried out on the potential health risks of groundwater
pollutants to residents in the area combined with groundwater quality.

This paper presents a case study assessing the groundwater quality used for drinking
and irrigation and its potential risks to human health. We selected the Xinzhou Basin,
a semiarid region, Shanxi Province, China, as the research area. By field sampling and
analysis, we obtained a series of hydrochemical data for the shallow groundwater. Specifi-
cally, we first investigated the hydrochemical characteristics using descriptive statistical
methods in the Xinzhou Basin. We then classified the hydrochemical types and analyzed
the evolution mechanisms of groundwater using Piper and Gibbs diagrams. Finally, we
appraised the groundwater quality using the EWQI. We quantified the potential health
risks of nitrates, nitrites and fluorine to residents of different age and sex groups through
drinking intake and dermal contact pathways. This study could be used to establish rea-
sonable management strategies for sustainable, groundwater quality protection to protect
public health.

In this paper, our work can be described as the following aspects:

(1)  We investigated the hydrochemical characteristics and evolutionary processes of
shallow groundwater in the Xinzhou Basin.

(2) We assessed the groundwater quality used for drinking water and irrigation.

(3) We evaluated the potential risks posed by noncarcinogenic factors to human health.

The remainder of this study can be summarized as follows. The materials and methods
used in this paper are described in detail in Section 2. Section 3 describes and analyses the
results of investigating the hydrochemical characteristics of groundwater and assesses the
groundwater quality and noncarcinogenic potential human health risks uncovered by our
work. Section 4 discusses the uncertainty of the model and compares the research results
with other studies. Finally, Section 5 summarizes several conclusions.

2. Materials and Methods
2.1. Brief Introduction to the Study Area

The study area is located in the central-eastern part of Shanxi Province in northern
China. The Xinzhou Basin is situated within a longitudinal range of 112.22~113.95° E
and a latitudinal range of 38.20~39.45° N and covers 3385.2 km? in total. The altitude
ranges from 700 m to 3000 m (Figure 1). The Xinzhou Basin lies in the semiarid continental
monsoon climate zone. The annual average amount of evaporation and precipitation is
approximately 1600 mm and 474 mm, respectively, with an annual mean temperature of
9 °C. The yearly rainfall in Xinzhou Basin is seriously unevenly distributed, mainly from
July to September, accounting for 60% to 70% of the total annual precipitation [34].

Xinzhou Basin is surrounded by mountains on all sides, such as Wutai Mountain and
Yunzhongshan Mountain, with a “6” shaped concave in the middle. The terrain drops
from the mountainous area to the basin, and the terrain inside the basin slopes slowly and
asymmetrically to the Hutuo river spreading 65~70° NE from both sides.

Xinzhou Basin is a Cenozoic rift basin, with Wutai anticline in the east and Luliang
anticline in the west. The strata lithology in the study area mainly includes magma,
metamorphic rock, carbonate rock, sandstone, shale and basalt. Metamorphic rocks mainly
include gneiss, amphibolite, quartzite and phyllite. The Quaternary sediments consist
of alluvial and lacustrine gravel, silt and silty clay with a thickness of approximately
50~360 m. The main minerals are amphibole, biotite, apatite and calcite.

The primary recharge sources of groundwater in Xinzhou Basin are precipitation
infiltration, lateral recharge in the mountainous area at the edge of the basin, surface water
seepage recharge in flood season and irrigation infiltration recharge. Hutuo River is the
main river in Xinzhou Basin, flowing from north to south, originated in the northern basin
of Fanshi County and Dingxiang County in the southeast basin outflow. Along the way,
there are the Yangyan River, Changle River, Yunzhong River and other larger tributaries.
Hutuo River runs 191 km in the basin, with an average longitudinal drop of 1.3%..
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Figure 1. Study area and groundwater sampling sites.

2.2. Field Sampling and Analytical Procedures

A total of thirty-one shallow groundwater samples were collected from different
wells in Xinzhou Basin, and their sampling locations were recorded by a portable global
positioning system (GPS) (Figure 1). Before sampling, the wells were pumped for ten
minutes to minimize the influence of residual water on the analysis results. All groundwater
samples were stored in 2 L sterile polyethylene bottles. All bottles were washed two to
three times using the water to be sampled before sample collection. All groundwater
samples were filtered through a 0.45 um membrane filter in the field. In order to stabilize
cations in solution, groundwater samples used for cation determination were acidified
to pH < 2 with concentrated nitric acid. After sampling, the groundwater samples were
sealed and stored at 4 °C and transported to the laboratory immediately. Groundwater
samples were collected and stored following the national technical specifications of the
Ministry of Environmental Protection of the People’s Republic of China [36].

Groundwater samples were analyzed in the laboratory of the Sanshui Experimen-
tal Testing Center of Shanxi Province. The groundwater quality test method referred to
the Chinese Standard Test Method for Drinking Water (GB5750-2006) [37]. The follow-
ing physicochemical parameters were analyzed: pH, total dissolved solids (TDS), total
hardness (TH), F~, NO;~, NO,~, Na*, K*, Ca?*, Mg?*, HCO3~, SO4?~ and Cl~. TDS
was determined by drying the samples at 105 °C and weighing them with an analytical
balance. Na*™ and K* were analyzed using flame atomic absorption spectrophotometry.
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Ca?*, Mg?* and TH were determined by EDTA titration. SO4>~ and Cl~ were measured
using ion chromatography (ICS-90A). HCO3; ™~ was tested using a traditional titrimetric
method. F~ and NO3;~ were measured using ion chromatography (ICS-1500), and NO, ™
was determined by spectrophotometry (7230G). Duplicates and instrument calibration
were carried out for quality assurance and quality control.

The accuracy of the test results was checked by calculating the charge balance error
(%CBE) for each sample by the following formula [9]:

Y cations — Y_anions

%CBE = . .
Y cations 4 ) anions

100 1)

where all cations and anions are expressed in meq/L. Generally, the %CBE should be
within the range of £5%, and the highest %CBE is 2.69% in this study, which confirms the
reliability of the ion analysis results.

2.3. Entropy Water Quality Index (EWQI)

The WQI is a convenient evaluation method to quantify water quality that was
proposed by Horton [38]. The concept of entropy was first proposed by Shannon [39]. Li
et al. [40] applied the entropy weight to the traditional WQI and proposed the EWQI. The
EWQI can make explicit the information of groundwater quality and eliminate the influence
of human subjectivity when calculating the weight of evaluation indexes. Because of its
simplicity, accuracy and consistency, the EWQI has been widely used by many scholars
around the world [3,28,41-44]. In this study, the EWQI is applied to characterize the
groundwater and can be calculated through six steps as follows:

Step 1: Establishment of the initial groundwater quality matrix. The initial matrix can
be established based on the chemistry analysis data of groundwater samples. Suppose
there are m groundwater samples, and each sample has n evaluation indexes, the initial
groundwater quality matrix is X, then x;; is the initial value of the jth evaluation indicator of
the ith groundwater sample. In this study, the values of m and n were 31 and 8, respectively.

X11 X120 Xin
X1 X2 ot Xop

X= ; . ) ()
Xml Xm2 - Xmn

Step 2: Normalization of groundwater quality matrix. There is usually a significant
variation in the units and quantity grades of different groundwater quality indicators,
which leads to a tremendous difference in the weight calculated. Therefore, the initial
groundwater quality matrix needs to be normalized by Equation (3), where y;; is the

normalized data value and (r,»j)]m ., and (rij)fﬂ ., are the lowest and highest range of indi-
cator j, respectively. Then, the standard groundwater quality matrix Y can be defined in

Equation (4).

7,'/' — (rij ){nin ff ] t
COES T (efficiency type)
= ©)
W (cost type)
1) max 7 ) min
Y Yi2 o Yin
21 2 W2
Y= y: y: - y:n )
Ym1 Ym2 - Ymn

Step 3: Determination of information entropy. The ratio p;; of the index value j of
sample i can be calculated by Equation (5), and the correction factor 10~ is used to ensure
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the significance of the equation. Hence the information entropy e; of indicator j can be
computed by Equation (6).

vij+ 104
= 5
P T (s + 109 ©
1 m
%= "inm ; pij In pij (6)

=1
Step 4: Calculation of entropy weight. The larger the value of ¢ is, the smaller the
influence of the j index. The entropy weight of each indicator w; can be achieved according
to Equation (7).
1- Ej
7:1 (1- ej)

Step 5: Determination of the quality rating scale. According to Equation (8), the
quality rating scale g; of index j can be determined, where ¢; indicates the content of index
j (mg/L) and s; denotes the standard limit of index j (mg/L) of drinking water quality in
China in this study:.

@)

w]-:—

i
q; = = x 100 8)
%]
Step 6: Computation of EWQIL. The EWQI can be computed by using Equation (9).

EWQI = Z wj X q; )
=1

According to the EWQ)], the quality of groundwater for human consumption can be
divided into 5 ranks, extending from extremely poor to excellent water [45], and more
details are listed in Table 1.

Table 1. Groundwater quality classification criteria according to EWQI [45].

EWQI Grade Groundwater Quality
<25 1 Excellent
25-50 2 Good
50-100 3 Medium
100-150 4 Poor
>150 5 Extremely poor

2.4. Human Health Risk Assessment

Contaminated groundwater may pose negative impacts on human health via oral
intake and dermal contact [31,46,47]. Long-term drinking and exposure to contaminated
groundwater will seriously harm human health, which will lead to fluorosis and gastric
cancer and other diseases [48]. Therefore, it is necessary to evaluate the health risks posed
by pollutants on human health to provide information support for groundwater manage-
ment [4,24,49]. It is useful to assess the potential harmful effects of exposure to pollutants
over a certain period of time on human health [31]. The Human Health Risk Assessment
(HHRA) model proposed by the United States Environmental Protection Agency (USEPA)
is the most widely used model to study the potential effects of groundwater contamination
on human health [6,25,50].

In this study, the health risks caused by oral and dermal contact were quantified
using the evaluation model recommended by the Ministry of Environmental Protection
of China [51], which is based on the USEPA model. According to different factors such
as weight and daily water consumption, the exposed population is divided into three
categories: children, women and men [50]. Similar to the USEPA model, the assessment
process involves four steps: hazard identification, dose response assessment, exposure



Water 2021, 13, 783

7 of 18

assessment and risk description [24,43,52]. However, the Chinese model assigns unique
parameters based on the characteristics of Chinese residents [50,53].

According to the available groundwater sample data and water quality assessment
results, NO3;~, NO,~ and F~ were representative contaminants in this area, so they are
selected as risk assessment indicators in this study. Since the contents of heavy metal ions
and organics that may cause harm to the human body are not detected in groundwater,
they were not calculated in the health risk assessment in this study. NO3;~, NO, ™ and
F~ are noncarcinogenic pollutants, referring to the International Agency for Research
on Cancer (IARC) and USEPA, so only noncarcinogenic risks were considered in this
research [53,54]. The models for noncarcinogenic risk through oral and dermal intake are
as follows [6,50,53].

The noncarcinogenic risk through the oral intake is expressed as:

Cx IR X EF x ED

Intake,,,; = BW < AT (10)
Intake,,,

HQoral = 7 (11)
o RfDoml

where Intake,,, is the average daily dose per unit weight by the oral pathway (mg/(kg-d));
C represents the content of evaluation index (mg/L); IR indicates the intake rate of ground-
water (L/d) through the oral pathway. In this study, the groundwater oral intake rate for
adults and children under 12 years old is 1.5 L and 0.7 L, respectively. EF represents the
exposure frequency (d/a), and its value is 365. ED is exposure duration (a), which value
for adults and children over the age of 12 is 30 and 12 years, respectively. BW and AT are
the average weight (kg) and time (d) of noncarcinogenic effects. The weight of children,
women and men is 15 kg, 55 kg and 70 kg respectively. For adults, the average duration of
noncarcinogenic effects was 10,950 days, and for children, it was 4380 days. HQ,,, and
RfD,, represent the hazard quotient and reference dose (mg/ (kg-d)) of noncarcinogenic
pollutants through oral exposure. In this study, the RfD,,,; values for F~, NO,~, and NO3~
were 0.04, 0.1 and 1.6 mg/(kg-d), respectively [53].
The noncarcinogenic risk through dermal contact is expressed as:

DA X EV x SA x EF x ED

Intakeorma = BW x AT 1

DA=KxCxtxCF 13)

SA — 239 x 417 o BO517 (14)
Intake

HQgermar = MTZ:ZZM )

RfDgermar = Rf Dorar X ABSq; 1o

where Intake g,y and EV are the average daily exposure dosage(mg/(kg-d)) and frequency
(1/d) by dermal intake, respectively. In this study, the value of EV is 1, which assumes that
all people in Xinzhou Basin are exposed to polluted water in various ways every day. DA
and SA represent the exposure dosage (mg/cm?) and exposed skin surface area (cm?) of
each individual event, respectively. K and t are the skin permeability coefficient (cm/h)
and the contact duration (h/d), which are assigned with 0.001 and 0.4, respectively. CF is a
conversion factor and equals 0.001. H represents the average height, which is 165.3 cm for
men, 153.4 cm for women and 99.4 cm for children. HQ jop01 and RfD o401 are the hazard
quotient and reference dosage (mg/(kg-d)) of noncarcinogenic contaminants by dermal
contact, respectively. ABS,; is the gastrointestinal absorption factor with a value of 1 [53].

The calculation parameters of different exposure pathways in the model are listed
in Tables 2 and 3. The total noncarcinogenic risk is expressed as the hazard index (HI). A
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value of HI < 1 means an acceptable noncarcinogenic risk, while HQ > 1 represents a high
potential health risk, which is unacceptable for residents [53].

HIi = HQoral + HQdermal (17)

n
Hlpra = ) HI; (18)
i=1

where HI; is the hazard index of noncarcinogenic pollutant i, and Hl,y,; is the total hazard
index of all noncarcinogenic pollutants concerned.

Table 2. Description and value of calculated parameters for noncarcinogenic risk by oral and dermal exposure.

Parameter Mean Unit Men Women Children
C The contaminant concentration mg/L - - -
IR Intake rate L/day 15 1.5 0.7
EF Exposure frequency Days/year 365 365 365
ED Exposure duration Years 30 30 12
BW Body weight kg 70 55 15
AT Average time Days 30 x 365 30 x 365 12 x 365
EV Daily exposure frequency - 1 1 1
K Permeability coefficient cm/h 0.001 0.001 0.001
t Exposure time h/day 0.4 0.4 0.4
CF Conversion factor - 0.001 0.001 0.001
H Average resident height cm 165.3 153.4 99.4

Table 3. Reference dose of noncarcinogens RfD; (mg/kg-d 1) and carcinogenic intensity coefficients
of chemical carcinogens q; (mg/kg-d~1).

Exposure Pathway Noncarcinogens NO;3;~ NO;,~ F~
Direct ingestion RfD; 1.6 0.1 0.04
Dermal absorption RID; 1x1073 1x1073 1x1073

3. Results and Analysis
3.1. Groundwater Chemistry
3.1.1. Hydrochemical Parameters

The statistical data of hydrochemical parameters of 31 groundwater samples and
standard permissible limits for drink water [37] were listed in Table 4. The pH values
varied from 7.60 to 8.38, which indicated that the groundwater was slightly alkaline in the
study region. The values of TDS ranged between 211.45 and 904.07. TH was varied from
107.59 to 470.38 mg/L. According to the Chinese standard for drinking water quality, all
the samples were within the allowable limit of TDS (1000 mg/L), while only one sample
was more than the permissible limit of 450 mg/L for TH [37].

The hydrochemistry of groundwater depends on the content of major ions [55]. The
average mass concentration of cations in descending order is Ca?* >Na* >Mg?* >K* and
the anion is HCO3~ >S042~ >Cl~ >NO3 >F~>NO, . The type of groundwater was
mainly Ca-HCO3. The Na™ in the groundwater was varied from 8.7 to 204.3 mg/L, with an
average of 47.9 mg/L, and only one sample exceeded the permissible limit for 200 mg/L.
The K* content is usually low in groundwater and mainly comes from feldspar or fertilizer.
K* ranged between 0.5 and 5.7 mg/L, with a mean value of 2.0 mg/L. Mg?" and Ca?*
are mainly from the dissolution of carbonate [56]. They are vital to human health, but
they may have harmful effects on the human body at high concentrations. Mg?* ranged
from 7.30 to 54.72 mg/L, with an average of 19.18 mg/L. Ca?* ranged between 31.06
and 98.20 mg/L, and its average was 60.02 mg/L. According to the mean value, Ca" is
significantly higher than Na*, Mg?*, and K*. For the main anions, SO4?~ ranged from 2.40
to 355.42 mg/L; C1~ was ranged between 8.91 and 121.13 mg/L; HCO3 ™~ ranged between
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160.06 and 321.96 mg/L. According to China’s drinking water standards, three samples
exceeded the acceptable limit of SO,%~ (250 mg/L), while all the samples were within the
limit of C1~ (250 mg/L) [37]. There were more HCO3 ™~ anions than SO42~ and Cl~ anions
in terms of their average content.

Table 4. The statistical data of hydrochemical parameters along with standard permissible limits for drink water in the

study area.
. Permissible . National Exceedin
Sample Unit Number Limit Max Min Mean SD CcV Standard [37] Standar (;g’
Ca2* mg/L 31 200 98.20 31.06 60.02 16.33 0.27 -

Mg?* mg/L 31 50 54.72 7.30 19.18 9.57 0.50 - -
K* mg/L 31 - 5.70 0.50 2.05 1.22 0.60 - -
Na* mg/L 31 200 204.30 8.70 47.94 47.58 0.99 200 1
S04~ mg/L 31 250 355.42 240 75.38 85.06 1.13 250 3
Cl- mg/L 31 250 121.13 8.91 28.92 27.83 0.96 250 0
HCO3~ mg/L 31 600 321.96 160.06 241.94 36.16 0.15 - -
NO;~ mg/L 31 20 43.60 1.00 12.96 9.37 0.72 20 5
NO,~ mg/L 31 0.02 1.22 0.00 0.06 0.21 3.69 0.02 7
PH - 31 6.5~8.5 8.38 7.60 - - - 6.5~8.5 0
F~ mg/L 31 1 3.50 0.00 0.60 0.74 1.24 1 3
TH mg/L 31 450 470.38 107.59 228.81 66.49 0.29 450 1
TDS mg/L 31 1000 904.07 211.45 374.10 163.47 0.44 1000 0
COD mg/L 31 3 1.35 4.26 1.90 0.52 0.27 3 2
SAR - 31 - 527 0.27 1.42 1.40 0.99 - -
RSC - 31 - 1.91 —5.05 —0.44 1.25 —2.88 - -

SD standards deviation, CV means Coefficient of Variation,

“-" indicates no value.

Xinzhou Basin is an agricultural area where fertilizers and pesticides are widely used,
so it is necessary to describe the content of nitrate and nitrite. As shown in Table 4, the
NO;3™ content ranged from 1.00 mg/L to 43.60 mg/L, with an average value of 12.96 mg/L.
NO,~ was varied from 0 to 1.22 mg/L, with an average of 0.06 mg/L. In terms of the
Chinese drinking water standard, 16.13% of the samples exceeded the prescribed limit
of NO3;™ (20 mg/L), while 22.58% of the samples exceeded the prescribed limit of NO,™
(0.02mg/L).

It is also essential to pay attention to the fluorine content in groundwater since the
residents in the study area have been suffering from fluorosis. F~ is beneficial at low
concentrations but toxic at high concentrations in drinking water [31,43]. In the study area,
F~ was varied from 0 to 3.5 mg/L with an average value of 0.6 mg/L, and the content in
three samples surpassed the Chinese standard allowable limit of 1.0 mg/L for drinking
water. Generally, the dissolution of fluorine-containing minerals such as amphibole and
biotite is the primary source of F~ in groundwater [50].

3.1.2. Types of Groundwater Based on Hydrochemical Characteristics

Piper diagram [57] is a simple and effective method to characterize and classify
hydrochemistry according to the content of primary ions in groundwater samples [9,58].
As indicated in Figure 2, most of the samples fall in zone A, B or D of the triangle on the
left, meaning that the cations in groundwater are mainly non-dominant, calcium and/or
sodium type. The anion triangle on the right shows that 83.9% of the samples fall in zone
E. The rest fall in zone B or zone C, indicating that the groundwater anion type is mainly
bicarbonate type, followed by non-dominant type or chloride type.

However, almost all samples fall in zones II and IV, demonstrating that shallow
groundwater in Xinzhou Basin mainly belongs to the Ca-Mg-HCOj3 type, Na-504-Cl type
and/or Ca-Mg-504-Cl type. The samples were primarily distributed in zones 1, 3 and
5, indicating that almost all groundwater samples were Ca-HCOj3 type, alkaline earth
exceeded alkalis and weak acids exceeded strong acids.



Water 2021, 13, 783

10 of 18

1 Alkaline earth exceed alkalis

2 Alkalis exceed alkaline earth

3 Weak acids exceed strong acids
4 Strong acids exceed weak acids
5 Ca-HCO, type

6 Ca-Cl type

7 Na-Cl type

8 Na-HCO, type

9 Mixed type

A Calcium type

B No dominant type

C Magnesium type

D Sodium type

E Bicarbonate type

F Sulfate type

G Chloride type

I Ca-Mg-SO,-Cl
IT Na-SO,-Cl
I Na-HCO,

IV Ca-Mg-HCO,

—_ — Cl —>

Figure 2. Piper diagram of the groundwater in the study area.

3.1.3. Groundwater Evolution Mechanisms

Gibbs diagrams are helpful for the rapid identification of the evolution mechanism
of surface water [59], but now, they are also widely applied in groundwater studies [9,13].
Generally, the natural factors that control the chemical characteristics of groundwater
include rainfall, evaporation and water—rock interaction.

Figure 3 shows that the Na*/(Na* +Ca®") of most samples was less than or close to 0.5,
the C1~ /(Cl~+HCO; ™) of all samples was less than 0.5, and the TDS values of all samples
varied between 100 and 1000 mg/L. All samples were plotted in the rock dominated
area, indicating that water-rock interactions and rock weathering were the main factors
controlling the chemical characteristics of groundwater in Xinzhou Basin. Han et al. [35]
reached a similar conclusion through isotope analysis in the study area. Groundwater
in Xinzhou Basin flows in porous medium and its interaction with the aquifer medium
controlled the chemical characteristics of groundwater. Intense rock weathering and water—
rock interaction increase the dissolution of fluorine-bearing minerals, which may lead to
higher concentrations of fluoride in groundwater in some areas of Xinzhou Basin.
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Figure 3. Gibbs diagrams of groundwater samples. (a) pNa*/p(Na*+Ca™); (b) pCl~ /p(Cl~+HCO5 7).

3.2. Groundwater Quality Assessment
3.2.1. Groundwater Quality Assessment for Drinking

The EWQI method was used to assess the groundwater quality of Xinzhou Basin for
drinking, and CI~, 50,42, NO;~, NO,, F~, COD, TH and TDS were considered. The
Chinese drinking water quality standards were used as the standard limit for groundwater
quality evaluation in the Xinzhou Basin. The groundwater quality level can be determined
according to the distribution range of the EWQI value. If the EWQI is less than 25, it is
defined as excellent quality; if it varies from 25 to 50, it is good quality; if it is between 50
and 100, the quality is medium; if it ranges between 100 and 150, it means poor quality; if it
was larger than 150, the quality is extremely poor. When the quality is poor or extremely
poor, the groundwater is not suitable for drinking, as in Table 1.

The results showed that the EWQI values varied between 58.37 and 246.23, with an
average value of 103.07. Hence there was no excellent or good quality groundwater (grades
1 and 2) in Xinzhou Basin. Among 31 samples, 67.74% of groundwater samples were
of medium quality and suitable for drinking purposes according to the classifications of
EWQL. The quality of six (19.35%) and four (12.9%) samples were poor and extremely poor,
respectively, which were considered unfit for drinking (grades 4 and 5). In Xinzhou Basin,
the shallow groundwater in most regions was of medium quality and can be drinkable
after simple treatment. The samples with high EWQI value were mainly distributed in
Dingxiang County and Xinfu District in the south of Xinzhou Basin and Fanshi County in
the northeast of Xinzhou Basin. Dingxiang County and Xinfu District were industrial and
densely populated areas, and the groundwater in these areas may be mainly polluted by
industrial wastewater. Fanshi County is known for planting rice, wheat and vegetables,
and agricultural activities may be the main cause of groundwater pollution. The shallow
groundwater body in the Xinzhou Basin can directly receive multiple replenishments. The
surface water and groundwater in the basin have a relatively close hydraulic connection,
easily polluted by agricultural, industrial or domestic sewage sources. The Hutuo River,
which is the largest river in the region, accumulates pollutants due to seasonal flow changes
and domestic sewage discharge, which affects the pollutant content of groundwater.

Nitrogen (NO3~ and/or NO, ~) contaminated samples accounted for 32.26%, which
were mainly distributed in the northeastern part of Xinzhou Basin, indicating that the
study area was seriously polluted by nitrogen. Nitrogen is a useful indicator of agricultural
pollution, mainly affected by agricultural production activities [56]. Large quantities of
nitrogen-containing fertilizers were used to increase crop yields. A large amount of animal
dung and sewage discharge were discharged without treatment. Nitrates and nitrites
present in them increased the nitrogen content of groundwater through irrigation and
forest filtration by rainfall. Residents of Fanshi County mainly rely on groundwater for
drinking. If residents drink groundwater polluted by nitrate and nitrite for a long time,
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it will have an adverse effect on their health, such as birth defects, methemoglobinemia,
gastric cancer and other diseases [60,61].

Fluorine pollution is another major problem due to fluorine poisoning among residents
in recent decades. Fluorine widely distributed in many fluoride-containing minerals such
as amphibole, biotite and fluorite [6,31]. Fluorinated minerals are easily dissolved in
an alkaline environment [62]. The concentration of fluoride in groundwater is not only
affected by natural factors but also by human activities, such as coal combustion, brick kiln
processing and aluminum smelting, and can also release fluoride into the environment,
where it is deposited and enters groundwater [27,63]. The water sample with the highest
fluoride ion content was situated in the central part of the Xinzhou Basin. The high fluoride
concentration in this area may be due to the insufficient intensity of water circulation and
easier evaporation and concentration of groundwater, resulting in fluoride enrichment.
Although fluoride is beneficial at low levels, high fluoride concentrations pose a non-
carcinogenic risk to humans, leading to health problems such as bone deformities and
dental fluorosis [64]. The higher the fluoride concentration in drinking water, the greater
the impact on human health.

3.2.2. Groundwater Quality Assessment for Irrigation

Besides, groundwater is also the primary source of agricultural irrigation water in
Xinzhou Basin. When groundwater is used for irrigation, salinity hazards and alkali
hazards must be considered [65,66]. Hence, the evaluation of groundwater quality for
irrigation is of great significance to ensure the health of soil and plants.

The sodium adsorption ratio (SAR) and the soluble sodium percentage (%Na) are
commonly used indicators to quantify potential sodium hazards in agricultural soil due
to irrigation [25]. The high concentration of Na* in irrigation water may increase the
osmotic pressure of the soil, reduce the permeability of the soil, limit the circulation of
water and air in the roots of plants and affect the growth of plants. In addition, when a
large amount of Na* is adsorbed on the soil particles, it causes the soil particles to disperse,
resulting in decreased production due to difficulty in cultivation [66]. The residual sodium
carbonate (RSC) can be used as an indicator of alkalinity damage in the soil to characterize
the potential of water to remove Ca®" and Mg?* from soil solutions. If the RSC value of
irrigation water is too high, it will limit the air and water flow through soil pores, leading
to soil salinization and consolidation [65]. RSC indicates the potential of water to remove
Ca?* and Mg?* from the soil solution. High RSC values in irrigation water may lead to
salinization and solidification of agricultural soils [65]. In this study, SAR, %Na and RSC
were used to evaluate groundwater quality for irrigation, and the formulas are listed below.

+
SAR = A (19)
Ca2++Mg2+
V 2
+
%Na = Na % 100 (20)

Ca’" +Mg?" + Na™ + K"
RSC = (cog— + Hco;) - (Ca2+ + Mg2+> 1)

If the SAR value of irrigation water is less than 10, the quality of irrigation water is
excellent; the quality is considered good when the SAR is between 10 and 18. Water is
deemed acceptable for irrigation when SAR is between 18 and 26; however, if the SAR
value exceeds 26, the groundwater is not suitable for irrigation [67]. As listed in Table 2,
the SAR value was between 0.27 and 5.27, with an average value of 1.42, indicating that all
groundwater in Xinzhou Basin was excellent for irrigation.

In terms of %Na, if %Na is less than 30%, it means that the groundwater is suitable for
irrigation; if %Na is in the range of 30~60%, it is acceptable; and if the value of %Na exceeds
60%, the groundwater is not suitable for irrigation [56]. As shown in Table 2, 28 (90.32%)
samples were suitable for irrigation in terms of the value of %Na, while the remaining
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samples were slightly above the acceptable limit (60%) for irrigation water. The average
value of %Na is 27.26, which is less than 60%. This means that irrigation water quality
can be improved in some areas by mixing groundwater from several sites, thus increasing
the utilization of groundwater. Similarly, if the RSC value is less than 1.25 meq/L, the
groundwater is suitable for irrigation; if the RSC value is greater than 2.5 meq/L, the
water is not suitable for irrigation; if the RSC value of irrigation water is in the range of
1.25~2.5 meq/L, it is barely acceptable [56]. In this study, the RSC range was —5.05 to 1.91,
indicating that all the groundwater in Xinzhou Basin was suitable for irrigation.

According to SAR, RSC and %Na, 90.32% of groundwater samples were suitable for
irrigation, while %Na of the remaining samples exceeded the limit. However, the high
salinity of groundwater in some areas of Xinzhou Basin was not conducive to the growth of
crops. Some appropriate measures need to be taken, such as mixing various water sources,
to eliminate the salt damage caused by irrigation water to the land and plants.

3.3. Human Health Risk Assessment

The above results showed that the groundwater in Xinzhou Basin was mainly con-
taminated by fluoride, nitrate and nitrite. In addition, 32.26% of the samples belonged to
groundwater types classified as having a poor drinking quality or extremely poor quality.
Therefore, it was essential to evaluate the potential health risks of fluoride, nitrate and
nitrite in groundwater to residents of Xinzhou. The HHRA model is an effective method
to assess the noncarcinogenic health risks of different groups (such as men, women and
children) in Xinzhou Basin [5,68]. The calculation results of noncarcinogenic health risks
for men, women and children in the study area through the oral intake and dermal contact
are presented in Table 5.

For men, the HQ,,,; value ranged from 0.02 to 2.14, with an average value of 0.51; the
HQerma value was less than HQ,,,;; and ranged from 8.84 x 1072 t0 1.03 x 1072, with a
mean value of 2.45 x 10~2. This indicated that the oral intake of polluted water was the
primary exposure pathway to noncarcinogenic risk. Moreover, the value of Hl;,; for men
ranged from 0.02 to 2.15. The HQ,,,; and Hl,;; values of 3 (9.68%) samples were greater
than 1, indicating that these samples may pose noncarcinogenic risks to men if they drink
contaminated groundwater in Xinzhou Basin. Similarly, the HQ,,,; were 0.02 to 2.72 for
women and 0.04 to 4.66 for children; the HQ oy a1 Values were 9.62 x 107°~1.12 x 10~2 and
1.5 x 107°~1.76 x 1073, respectively. The results showed that the HI,,,; values for women
and children were 0.02~2.74 and 0.04~4.66, respectively. The HQ,,,; values for women and
children exceeded the standard in 4 (12.9%) and 12 (38.71%) samples, respectively.

The health risk for children was approximately 2.18 times that for men and 1.71 times
that for women, indicating that children were more sensitive to groundwater pollution.
The HQyq1, HQgerar and Hlypyy values of women and children were higher than those of
men, which may be related to the lower body weight of women and children than men.

The contribution of pollutants to health risks varies. F~ has the largest contribution
to noncarcinogenic risks (63.4%), followed by NO3 ™ (34.15%). The contribution of other
pollutants to noncarcinogenic risks was less than 2.45%, indicating that F~ and NO3 ™~ may
be the main factors threatening the health of Xinzhou residents. The impact of various
pollutants on the potential noncarcinogenic health risks of residents increased in the order
of NO,~ <NO3~ <F~.
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Table 5. Assessment results of health risks through drinking water intake and dermal contact.
Sample HQoml HQdermal HItotal
Men Women Children Men Women Children Men Women Children
S1 0.29 0.37 0.63 1.39 x 1073 151 x 1073 236 x 1074 0.29 0.37 0.63
S2 0.44 0.56 0.96 213 x 1073 232 x 1073 3.63 x 1074 0.44 0.57 0.96
S3 0.53 0.68 1.16 257 x 1073 2.80 x 1073 437 x 1074 0.53 0.68 1.16
S4 2.14 2.72 4.66 1.03 x 1072 1.12 x 1072 1.76 x 1073 2.15 2.74 4.66
S5 0.28 0.36 0.62 1.37 x 1073 1.50 x 1073 234 x 1074 0.29 0.36 0.62
S6 0.52 0.66 1.13 251 x 1073 2.73 x 1073 427 x 1074 0.52 0.66 1.13
S7 0.55 0.71 1.21 2.68 x 1073 291 x 1073 455 x 1074 0.56 0.71 1.21
S8 0.44 0.57 0.97 2.14 x 1073 234 x 1073 3.65 x 1074 0.45 0.57 0.97
S9 1.24 1.57 2.69 596 x 1073 6.49 x 1073 1.01 x 1073 1.24 1.58 2.69
510 1.53 1.94 3.32 7.36 x 1073 8.02 x 1073 1.25 x 1073 1.53 1.95 3.33
S11 0.14 0.18 0.31 6.84 x 1074 7.45 x 1074 1.16 x 1074 0.14 0.18 0.31
S12 0.47 0.59 1.01 224 x 1073 244 x 1073 3.82 x 1074 0.47 0.59 1.01
S13 0.40 0.51 0.87 1.93 x 1073 2.10 x 1073 328 x 1074 0.40 0.51 0.87
S14 0.27 0.35 0.60 1.32 x 1073 1.44 x 1073 224 x 1074 0.27 0.35 0.60
S15 0.75 0.95 1.63 3.61 x 1073 393 x 1073 6.14 x 1074 0.75 0.96 1.63
S16 0.79 1.01 1.73 3.82 x 1073 416 x 1073 6.50 x 1074 0.80 1.01 1.73
S17 0.29 0.37 0.63 1.39 x 1073 152 x 1073 237 x 1074 0.29 0.37 0.63
S18 0.30 0.39 0.66 1.47 x 1073 1.60 x 1073 250 x 10~4 0.31 0.39 0.66
S19 0.18 0.23 0.40 8.83 x 1074 9.62 x 1074 1.50 x 104 0.18 0.23 0.40
520 0.27 0.34 0.59 1.30 x 1073 1.41 x 1073 221 x 1074 0.27 0.34 0.59
521 0.44 0.57 0.97 214 x 1073 233 x 1073 3.65 x 1074 0.45 0.57 0.97
S22 0.36 0.46 0.78 1.74 x 1073 1.89 x 1073 296 x 1074 0.36 0.46 0.78
523 0.63 0.81 1.38 3.05 x 1073 333 x 1073 520 x 1074 0.64 0.81 1.38
524 0.35 0.45 0.76 1.69 x 1073 1.84 x 1073 2.88 x 104 0.35 0.45 0.76
S25 0.02 0.02 0.04 8.84 x 107° 9.62 x 107° 1.50 x 10> 0.02 0.02 0.04
326 0.13 0.17 0.29 6.41 x 1074 6.98 x 1074 1.09 x 1074 0.13 0.17 0.29
527 0.65 0.83 1.43 316 x 1073 344 x 1073 537 x 1074 0.66 0.84 1.43
S28 0.16 0.20 0.34 759 x 10~4 827 x 1074 129 x 1074 0.16 0.20 0.34
529 0.49 0.62 1.06 234 x 1073 255 x 1073 3.99 x 10~4 0.49 0.62 1.06
S30 0.34 0.43 0.74 1.64 x 1073 1.78 x 1073 2.79 x 10~4 0.34 0.43 0.74
531 0.34 0.43 0.74 1.64 x 1073 1.79 x 1073 2.79 x 1074 0.34 0.43 0.74
min 0.02 0.02 0.04 8.84 x 107° 9.62 x 107° 1.50 x 1073 0.02 0.02 0.04
max 2.14 2.72 4.66 1.03 x 1072 1.12 x 1072 1.76 x 103 2.15 2.74 4.66
Exceed 3 4 12 0 0 0 3 4 12
number

4. Discussion

Groundwater was essential to ensure the health of humans and crops in Xinzhou
Basin. However, this study showed that the groundwater used for drinking and irriga-
tion in parts of the study area posed a potential noncarcinogenic risk to human health.
Groundwater, especially in agricultural and industrial areas, was deteriorating because of
a lack of sewage treatment procedures [62]. Therefore, it was necessary to strengthen the
quality management of groundwater in Xinzhou Basin, take some measures to improve
groundwater quality, reduce the potential health risks of groundwater to human beings
and realize the sustainable utilization and management of groundwater.

Moreover, nitrite, nitrate and fluoride contamination and health risk assessments have
been studied by many researchers worldwide [8,9,69]. Similar conclusions have been found
in different regions of China such as Guanzhong Basin [60], Ordos Basin [70] and Weining
Plain [50], and Western Gujarat, India [71], and Sanandaj city, Iran [72]. They found that
children are more likely to be exposed to potential health risks because they weigh less
than adults. Drinking groundwater with high concentrations of nitrogen and fluoride can
lead to blue baby syndrome/methemoglobinemia [73], stomach cancer [60] and dental and
skeletal fluorosis [69]. In this study, nitrate and nitrite are the primary pollutants in the
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groundwater of Xinzhou Basin. Nitrates from overuse of nitrogen-containing fertilizers,
domestic sewage discharge, landfill leachate and fecal leakage seep into groundwater
through irrigation and rainfall [74]. In addition, fluoride-bearing minerals such as mica
and hornblende are widely distributed in the mountain strata around the basin. Under the
influence of rock weathering and water-rock interaction, the fluorine in the fluoride-bearing
minerals is dissolved in the groundwater and enriched in the basin, which increases the
concentration of fluoride in the groundwater [31]. This may also be an important cause of
fluorosis among Xinzhou basin residents.

Besides, there might be uncertainties in the health risk assessment used in this study.
The selection of models and parameters might introduce some uncertainties into the health
risk assessment. For example, the parameters of BW, AT and EV in the model were
based on statistical averages [50]. However, different individuals may possess different
parameter values, and different intake rates lead to variable risks. Furthermore, other toxic
contaminations may pose a threat to human health, such as pesticides and heavy metals,
which were not tested in groundwater samples and were not considered in the assessment
of potential health risks to Xinzhou residents [11], will also cause deviations in the result.
Despite these uncertain factors, the research results are still valid and meaningful and can
provide information for management to improve groundwater conditions.

5. Conclusions

A case study investigating groundwater pollution and potential risks to human health
is presented in this paper. Sampling and collecting of groundwater in Xinzhou Basin were
first carried out. The hydrochemical characteristics and distributions of the groundwater
samples were carefully analyzed. The hydrochemistry types and evolutionary mechanisms
of groundwater were analyzed, and the groundwater quality and noncarcinogenic human
health risks were evaluated. The investigation results indicate the following;:

(1) Ca-HCOj and Ca-Mg-HCO; were the dominant water types. The hydrochemical
characteristics of groundwater were mainly governed by rock weathering and water—
rock interactions.

(2) Based on the EWQI classifications, 67.74% of the groundwater samples were classified
as medium quality and drinkable. According to the values of SAR, RSC and %Na,
90.32% of the samples were suitable for irrigation, while the remaining samples were
unfit for irrigation due to the high salinity of groundwater.

(3) NO3;7, NO;™ and F~ were the main contaminants of groundwater in the study
area. The noncarcinogenic risks of some groundwater samples exceed acceptable
levels. F~ and NO3™~ were the main contaminants contributing to the total noncar-
cinogenic risk. The order of contaminant contribution to noncarcinogenic risk was
F~>NO3;~ >NO,™.
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