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Abstract: Groundwater pollution has emerged as a significant water crisis in various regions around
the globe. Groundwater serves as a crucial source of water for human consumption and agricultural
activities in the Sichuan Basin where groundwater quality has yet to be concentrated. A total of
41 groundwater samples were collected from domestic wells in Suining city of the Sichuan Basin,
which were used for analyzing the hydrogeochemical processes and suitability for irrigation and
drinking purposes. In the study area, groundwater samples belonged to the HCO3-Ca type. Hydro-
chemical compositions were dominated by carbonate and silicate mineral dissolution with positive
cation exchange. Agricultural activities and urban sewage were the primary sources of NO3

− pollu-
tion. The irrigation water quality index (IWQI) was calculated using electronic conductivity (EC),
Na+, Cl−, HCO3

−, and sodium adsorption ratio (SAR). The IWQI values showed that the suitability
of groundwater irrigation was generally good and presented the decreasing trend southeastwardly.
According to the entropy-weighted water quality index (EWQI), the groundwater quality for drinking
purposes was generally good. However, there were some local areas with poor water quality con-
centrated in the southeast part. According to the human health risk (HHR) model, the groundwater
was deemed safe for adults and children. However, for infants, the nitrate level in the groundwater
remained high and posed potential health risks. The combined IWQI and EWQI evaluation served as
a valuable reference for the utilization of the groundwater resource in the Sichuan Basin, as well as
other comparable regions worldwide.

Keywords: hydrochemistry; GIS; groundwater quality; health risk assessment; Sichuan Basin

1. Introduction

Groundwater is a valuable natural resource that is crucial to numerous human activi-
ties [1]. Groundwater has become the primary water source for industry and agriculture
in the world, due to its extensive coverage area, large storage capacity, excellent water
quality, stable flow, and strong resistance to external pollution factors [2–7]. The world’s
population has been growing exponentially in recent years, posing a significant threat to the
quality of groundwater worldwide [8–11]. The occurrence of many serious water pollution
incidents around the world has caused major environmental and health problems [12,13].
In situations where groundwater pollution is extensive, the agricultural industry’s con-
tinued use of low-quality groundwater for irrigation can result in soil pollution. This can
cause deterioration to the soil’s physical and chemical properties, ultimately leading to a
reduction in its fertility [14]. Contaminated groundwater used for domestic and drinking
purposes will generate both carcinogenic and non-carcinogenic health risks to humans [15].
Thus far, nitrate, arsenic, and fluoride have been the primary pollutants responsible for
groundwater contamination [16].
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The suitability of groundwater for irrigation is determined by the mineral elements
present in the water and their impact on the soil and crops [17,18]. The quality of ground-
water for irrigation is evaluated based on the concentration of anions and cations. Common
indicators for evaluating groundwater irrigation quality include the sodium adsorption
ratio (SAR), sodium percentage (Na%), permeability index (PI), and residual sodium car-
bonate (RSC) [19–23]. The irrigation water quality index (IWQI) is a crucial and unique
model for evaluating the suitability of groundwater for agricultural irrigation [24]. How-
ever, since each groundwater index has different dimensions and magnitudes, principal
component analysis (PCA) is often used to simplify IWQI calculations by reducing di-
mensionality [25]. The entropy-weighted water quality index (EWQI) is a crucial tool for
assessing the suitability of groundwater for drinking purposes. It assigns varying weights
to different water chemistry parameters based on their characteristics, reducing the impact
of subjective weight assignments on calculation results. This improves the accuracy of
the evaluation and makes it more objective [26,27]. Nitrate pollution in drinking water
has severe implications on human health. Long-term consumption of groundwater with
excessive nitrate content can result in methemoglobinemia, digestive cancer, and blue
baby syndrome [28]. To validate the sustainable utilization of groundwater resource, it is
necessary to assess the groundwater quality for irrigation and drinking purposes.

The Sichuan Basin, located in southwestern China, possesses abundant groundwater
resources. The Sichuan Provincial Government has prioritized the management and utiliza-
tion of these resources. In recent years, numerous scholars have conducted groundwater
surveys and evaluations of groundwater quality in the Sichuan Basin and its surrounding
areas [24,29,30]. Despite the importance of groundwater resources for agricultural irri-
gation, studies analyzing and investigating these resources within the Sichuan Basin are
scarce. Additionally, the long-time high-dosage nitrogen fertilizer uses and heavy reliance
on agricultural fertilizers in the region has led to high levels of nitrate contamination
in many areas [31–34]. This study aims to analyze the hydrochemical characteristics of
groundwater and identify the factors dominating hydrochemistry in the Sichuan Basin.
Additionally, the study will assess the suitability of groundwater for agricultural irrigation
by utilizing the basic irrigation index and IWQI and evaluate the quality of groundwater for
drinking purposes and health risk analysis (Figure 1). The findings of this evaluation can
serve as a guide for similar areas, while also helping to prevent and manage groundwater
resource pollution in the Sichuan Basin.
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2. Materials and Methods
2.1. Study Area

The study area belongs to Suining city and is located in the central region of the Sichuan
Basin, within the longitude of 105◦10′–105◦39′ E and the latitude of 30◦40′–31◦10′ N
(Figure 2a,b). It is located in the transitional zone between the low mountains in the
north and the hilly terrain in the south of Sichuan and is characterized by a typical low
mountain and hilly terrain. The study area has higher elevations in the north and lower
elevations in the south, with elevations of 291 to 652 m. The mountainous and hilly area
within the county covers over 85% of the total land area, making it a major agricultural
area [35]. The study area has a subtropical monsoon climate with an annual average tem-
perature of 17.2 ◦C. The maximum temperature is 37.2 ◦C and the minimum temperature
is −2.4 ◦C. The annual average precipitation is 887.3 mm, with a minimum of 660.7 mm
and a maximum of 1389.2 mm. Abundant rainfall has resulted in the development of
well-connected rivers and streams due to the low mountain and hilly terrain. This has led
to a high overall river network density. The study area is primarily composed of sandstones
and mudstones from the Jurassic and Cretaceous periods, with some areas of Quaternary
sediments [36]. These sandstones and mudstones are mostly interbedded and include
calcareous and feldspathic sandstones. Precipitation infiltration is the primary mode of
groundwater recharge in the area, which is facilitated by the abundant precipitation.
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The study area has a variety of soil types, such as purple soil, alluvial soil, yellow soil,
and paddy soil. Among these, purple soil covers the largest portion of the mountainous
hilly area, accounting for approximately 86.3% of the total land area [37]. This type of soil
is mainly composed of purple clay and purple sandy soils with gravels, sands, and clays.
However, it has poor water-holding capacity and weathering resistance. Although purple
soils exhibit higher pH values and have a greater fertility status, their fertility primarily
results from the extensive use of chemical fertilizers in the past. Nitrogen, potassium,
and phosphorus fertilizers have been utilized to stabilize the soil’s nutrient content, while
organic fertilizers and boron and zinc fertilizers can enhance soil fertility. Unfortunately, the
excessive use of agricultural fertilizers and the illegal disposal of sludge in the name of “soil
improvement” in the study area have seriously polluted the surrounding environment and
led to serious groundwater contamination [34,38]. In addition to agriculture, the study area
has experienced significant industrial growth in recent years. The factories are primarily
located in the southern part of the study area, where the population is concentrated, as well
as in the new industrial area in the southeast.

2.2. Methodology
2.2.1. Sampling and Analysis Methods

The study collected 41 groundwater samples from domestic tube wells and public
water supply wells located in the central Sichuan Basin. The sampling points were illus-
trated in Figure 2c. The sampling depths were varied from 50 m to 100 m. To mitigate the
potential impact of stagnant water in the pipeline during sampling, this study employed a
technique of pumping more than three times the volume of the wells in each borehole. Prior
to collecting the samples, the sampling bottles were thoroughly rinsed with the target water
samples at least 3–5 times. The study measured geophysical–chemical parameters, such
as pH, TDS, TH, and the concentration of major anions and cations. Sampling involved
measuring physical and chemical properties in situ using a portable multimeter device
(WTW multi 3400i), including pH, TDS, TH, and temperature. Groundwater samples were
collected and sent to the Sichuan Geological Survey Institute for hydrochemical analysis.
Anion content was determined using ion chromatography, while cation content was mea-
sured using atomic absorption spectrophotometry. To confirm the reliability of the chemical
analysis of each sample, groundwater ion balance tests were performed using Equation (1)
after excluding other ions below the test line. The calculated results were accurate as the
water sample error was within the acceptable range of ±5% [39].

CBE =
∑
(
Mg2+ + Ca2+ + Na+ + K+

)
−∑

(
HCO−3 + SO2−

4 + NO−3 + Cl− + F−
)

∑
(
Mg2+ + Ca2+ + Na+ + K+

)
+ ∑

(
HCO−3 + SO2−

4 + NO−3 + Cl− + F−
) (1)

2.2.2. Principal Component Analysis (PCA)

Principal component analysis (PCA) is a multivariate statistical method that effectively
identifies the factors controlling the hydrogeochemical compositions [40–42]. PCA on
hydrogeochemical parameters can simplify intricate analytical metrics, reducing the di-
mensionality of the analysis and allowing for the preliminary identification of contaminant
sources in groundwater [43,44]. To ensure comparability between the different indica-
tors, z-score normalization was performed prior to conducting PCA. To determine the
suitability of the dataset for PCA, KMO (Kaiser–Meyer–Olkin), and Bartlett tests were con-
ducted. KMO measures the bias correlation between variables and indicators, and a value
greater than 0.5 indicates that the data are suitable for factor analysis processing. Bartlett’s
sphericity test measures the degree of correlation between each indicator variable, and a
significance level ρ less than 0.05 indicates relevance between each variable indicator [45].
Only principal components with eigenvalues greater than 1 were included in the analysis.
The PCA calculation was carried out using SPSS25.0 software.
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2.2.3. Nitrate Pollution Index (NPI)

Nitrate pollution is a major contributor to groundwater contamination on a global scale.
To quantify the extent of nitrate contamination in groundwater, a straightforward nitrate
pollution index (NPI) is utilized. The value of NPI is calculated using Equation (2) [46]:

NPI =
Cm −Cs

Cs
(2)

The equation for determining NPI involves measuring the nitrate concentration (Cm)
of water samples and comparing it to the threshold value (Cs) induced by human activities,
which is recommended to be 10 mg/L [47]. The resulting NPI can then be classified into
one of five levels [48], each with its corresponding grading as listed in Table 1.

Table 1. Study area water quality evaluation index classification and results statistics.

Indices Range Classification Distribution%

Electrical
conductivity

(EC)

<250 Excellent 0.00%
250–750 Good 36.58%
750–2000 Doubtful 58.54%

>2000 Unsuitable 4.88%

Sodium
adsorption ratio (SAR)

<10 Excellent 100.00%
10–18 Good 0.00%
18–26 Doubtful 0.00%
>26 Unsuitable 0.00%

Residual
sodium carbonate (RSC)

<1.25 Good 97.56%
1.25–2.5 Doubtful 2.44%

>2.5 Unsuitable 0.00%

Permeability
index (PI)

Class I (>75%) Excellent 7.32%
Class II (25–75%) Good 92.68%
Class III (<25%) Poor 0.00%

Irrigation
water quality
index (IWQI)

[85, 100] No restriction 2.44%
[70, 85] Low restriction 39.02%
[55, 70] Moderate restriction 53.66%
[40, 55] High restriction 2.44%
[0, 40] Severe restriction 2.44%

Nitrate Pollution
Index (NPI)

<0 No pollution 68.30%
[0, 1] Light pollution 21.95%
[1, 2] Moderate pollution 7.32%
[2, 3] Significant pollution 0.00%

>3 Very significant pollution 2.44%

Entropy-weighted
Water Quality
index (EWQI)

<50 Excellent 87.80%
50–100 Good 9.76%

100–150 Medium 2.44%
150–200 Poor 0.00%

>200 Extremely poor 0.00%

2.2.4. Evaluation of Irrigation Water Quality Based on Hydrogeochemical Indexes

To ensure a comprehensive evaluation of irrigation water quality, it is crucial to utilize
multiple indicators. This study specifically selected four indicators, including SAR, Na%,
RSC, and PI, to fully interpret and evaluate the chemical properties of the water.

The SAR is an important measure of the concentration of Na+ in groundwater. A
higher SAR value indicates a greater adsorption effect on Na+, which can alter the structure
of soil agglomerates and reduce infiltration performance, ultimately leading to decreased
drainage performance. These problems arise due to the replacement of exchangeable Ca2+

and Mg2+ ions in soil with Na+ ions, which leads to the dispersion of soil particles and
the breakdown of soil structure. High SAR conditions lead to dry, compact, and hard soil,
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which in turn reduces air and water infiltration rates. This problem is influenced by various
factors, such as soil type and salinity ratio. Therefore, it is essential to calculate SAR values
before using water for agricultural irrigation. Wilcox proposed a calculation formula for
SAR values, as shown in Equation (3) [22,46].

SAR =
Na+√

(Ca2+ + Mg2+)/2
(3)

The %Na is a crucial factor in evaluating the appropriateness of irrigation water. If
water contains high levels of sodium, it can react with carbonates and cause soil alkalinity
to rise. Additionally, excessive amounts of sodium chloride can lead to soil salinization,
which decreases soil permeability and hinders water flow through the soil, ultimately
affecting crop growth. The formula for calculating the sodium percentage is presented in
Equation (4) [19,49].

%Na+ =
Na+

Ca2+ + Mg2+ + Na+ + K+ × 100% (4)

The suitability of irrigation water quality is evaluated based on the RSC parameter,
which indicates the relationship between weak acids and alkaline earth minerals present in
groundwater. RSC values can be calculated using Equation (5) [50]. High RSC values in
irrigation water can negatively impact crop yields and cause severe alkali damage if used
for prolonged periods. Therefore, it is important to consider RSC values when selecting
water for agricultural irrigation.

RSC =
(

HCO−3 + CO2−
3

)
−
(

Ca2+ + Mg2+
)

(5)

The soil structure is significantly influenced by the PI parameter, which can also be
utilized to evaluate if groundwater is appropriate for irrigation. The PI is determined by
the correlation between cations and bases present in water. When specific ions, such as
calcium, magnesium, sodium, and bicarbonate ions, are excessively present, they can harm
the soil structure and decrease its permeability. This reduction in soil permeability can
negatively affect the absorption of nutrients and crop growth. The PI can be calculated
using Equation (6).

PI =
Na+ +

√
HCO−3

Ca2+ + Mg2+ + Na+
× 100% (6)

The ion units involved in the above formula are all meq/L.

2.2.5. Irrigation Water Quality Assessment Based on the IWQI

In order to determine the most influential factors affecting irrigation water quality, a
PCA was conducted. The results of this analysis were used to select key parameters for
calculating the IWQI using Equation (7) [22,51].

IWQI =
n

∑
i=1

qiwi (7)

To calculate the IWQI, Equation (7) uses the variable n, which represents the num-
ber of parameters affecting the WIQI, as determined through PCA. The value of the ith
parameter is indicated by qi, as calculated using Equation (8), while the weight of the ith
parameter in the IWQI calculation is represented by wi, also calculated using Equation (9).
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Table 2 provides the recommended water quality parameters by the UCCC, along with the
evaluation criteria established by Ayers and Westcot [52] for each parameter.

qi = (qi)max −
[(

xij − xin f

)
×

(qi)amp

xamp

]
(8)

Table 2. Parameter limiting values for quality measurement (qi) calculation.

qi EC (µS/m) SAR (meq/L)0.5 rNa+ rCl− rHCO3−

85–100 [200, 750) [0, 3) [2, 3) [0, 4) [1.0, 1.5)
60–85 [750, 1500) [3, 6) [3, 6) [4, 7) [1.5, 4.5)
35–60 [1500, 3000) [6, 12) [6, 9) [7, 10) [4.5, 8.5)

0–35 EC < 200 or
EC > 3000 SAR ≥ 12 rNa+ < 2 or

rNa+ ≥ 9 rCl− ≥ 10 rHCO3
− < 1 or

rHCO3
− ≥ 8.5

Note: EC unit is µS/m, SAR unit is (meq/L)0.5, and other units are meq/L.

In Equation (8), (qi)max represents the highest value of qi within the grading range
assigned to the ith parameter. The variable xij is the measured value of the jth sample
for the ith parameter, and xinf represents the lower limit of the grading range assigned to
the ith parameter. The term (qi)amp refers to the range of qi for the ith parameter, which is
calculated as the difference between the highest and lowest values of qi within the grading
range for that parameter. xamp is a term used to refer to the grading range for the ith
parameter in xamp. It is calculated as the difference between the upper and lower limits
of that grading range. However, if xij exceeds the maximum graded upper limit, xamp is
computed as the difference between xij and the maximum graded upper limit.

wi = ∑k
j=1

(
Fj×

∣∣Aij|)/∑k
j=1 ∑n

m=1

(
Fj×

∣∣Amj|) (9)

In Equation (9), Fj represents the eigenvalue of the jth principal component, while
Aij represents the eigenvector of the jth principal component corresponding to the ith
parameter. The total number of principal components selected by PCA is denoted by k,
and n represents the number of parameters used to calculate IWQI.

2.2.6. Entropy-Weighted Water Quality Index (EWQI)

The EWQI is a method of evaluating regional water quality by using the test results of
multiple water quality parameters to represent it in a dimensionless value. The calculation
of EWQI involves using entropy weight calculation to minimize the impact of subjective
factors and improve the objective accuracy of the index. The following steps outline the
calculation of EWQI [23,24]:

The first step in calculating the EWQI is to create an initial matrix that represents the
water quality values. This is done by consolidating and displaying the data that has been
sampled and monitored in the form of a matrix, as shown in Equation (10). The number of
samples is denoted by m and the number of parameters by n, resulting in an initial matrix
of water quality values denoted by X. Within the water quality matrix X, the measurement
value of the jth evaluation index for the ith water sample is represented by Xij.

X =


x11 x12 · · · x1n
x21 x22 · · · x2n

...
...

. . .
...

xm1 xm2 · · · xmn

 (10)

The second step involves the standardization of water quality data to account for
differences in the scale and dimensions of the values for each evaluation index. This step
helps to reduce the impact of human subjective factors. The standardization process is
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carried out using Equations (11) and (12), where (xij)max and (xij)min represent the maximum
and minimum values of the evaluation variables in column j of the initial water quality
numerical matrix, respectively. The resulting matrix, Y, is the standardized water quality
numerical matrix.

yij =
xij −

(
xij)min(

xij)max −
(
xij)min

(11)

Y =


y11 y12 · · · y1n
y21 y22 · · · y2n

...
...

. . .
...

ym1 ym2 · · · ymn

 (12)

The third step is to determine the weight of each evaluation factor. To reduce the
impact of subjective factors and improve the objectivity of the results, the entropy weighting
method is employed to determine the weights of each evaluation factor. The entropy weight
of the jth evaluation factor, denoted by wj, is calculated using Equations (13)–(15). Here, m
represents the number of samples to be evaluated for water quality, and n represents the
number of evaluation factors. Pij is the ratio of yij in the standardized water quality value
matrix to the sum of the index values in the column while ej represents the information
entropy of the jth evaluation factor. Finally, wj is the weight of the jth evaluation factor in
the study.

pij =
yij

∑m
i=1 yij

(13)

ej = −
1

ln m∑m
i=1 Pij ln Pij (14)

wj =
1− ej

∑n
j=1 (1 − ej

) (15)

The fourth step is to calculate the water quality ratio according to the evaluation criteria
of each evaluation factor, as shown in Equations (16) and (17). Among them, Cij indicates
the measured concentration value of the ith parameter in the data corresponding to the j
evaluation factor, and Sj corresponds to the groundwater quality evaluation standard of
the j evaluation factor.

qij =
Cij

Sj
× 100 (16)

qpH =


CpH−7
8.5−7 × 100 CpH > 7

7−CpH
7−6.5 × 100 CpH < 7

(17)

The fifth step is to calculate and classify the water quality index. After obtaining
the weight wj of the jth indicator in the study and the water quality proportion qij, the
water quality index (WQI) can be calculated, as shown in Equation (18). According to
the calculated EWQI, groundwater can be classified into five groundwater categories
(Table 1) [23,24,53].

EWQI = ∑n
j=1 wjqij (18)

2.2.7. Human Health Risk Assessment

The methodology utilized for analyzing health risks is based on the health risk assess-
ment model proposed by USEPA [54], which has been widely accepted and utilized by
the academic community. The two primary pathways of human exposure to groundwater
pollutants are through skin contact and oral ingestion. Previous studies have indicated that
the main human health hazards arise from the oral ingestion of groundwater pollutants,
rather than from dermal contact [55–57]. The study categorized the population into four
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groups based on age and gender: infants aged 0–6 months, children aged 7 months to
18 years, adult males over 18 years, and adult females over 18 years. The assessment
methods and calculations used are presented in Equations (19)–(22). The study defined
hazard index (HI) and hazard quotient (HQi) as measures of the potential non-carcinogenic
risk posed by various groundwater contaminants and pollutants. The CDI refers to the
daily exposure dose (mg·kg−1·d−1) when taken orally, while RfD pertains to the reference
dose (mg·kg−1·d−1) of the corresponding contaminant when taken orally. Ci stands for the
measured concentration of contaminant i in groundwater, IR represents the average daily
drinking volume (L·d−1), EF and ED denote the exposure frequency (d·a−1) and annual
exposure duration (a), respectively. BW is the average body weight of the inhabitants (kg),
and AT is the average time (d).

HQi =
CDIi

RfDi
(19)

HI = HQ1 + HQ2 + · · ·+ HQi (20)

CDIi· =
Ci × IR× EF× ED

BW×AT
(21)

AT = ED× 365 (22)

The hazard index (HI) is used to evaluate and grade the potential risk of groundwater
pollution. If the HI is less than 1, the potential risk is considered negligible. If HI falls
between 1 and 4, the potential risk is moderate and requires groundwater pollution treat-
ment based on the actual situation. If HI exceeds 4, the potential risk is high, and further
groundwater treatment and control are necessary.

3. Results
3.1. General Hydrogeochemical Characteristics

This study utilized quantitative analysis of various physical and chemical parameters
to gain a better understanding of groundwater formation and its water quality. The
hydrochemical data were analyzed using SPSS 25.0. Descriptive statistical analysis was
conducted, including mean, minimum, maximum, standard deviation, and coefficient
of variation. Table 3 presents the statistical analysis results of the exceedances of each
component based on the standards set by the World Health Organization (WHO) [58]
and the current situation in China [59] for drinking water purposes. Figure 3 presents a
combination of a box plot and a normal distribution curve. This visual representation not
only showcases the maximum value, mean, standard deviation, median, upper quartile,
and lower quartile included in the box plot but also provides insight into the overall
distribution of the data. The pH values of the sampled groundwater ranged from 7.2
to 8.1, while the TDS ranged from 316 to 1636 mg/L. It is worth noting that only two
groundwater samples had TDS values higher than the permissible limit for drinking water
(1000 mg/L). Based on the pH and TDS values, the study area can be inferred to have weak
alkaline groundwater with low to medium mineralization. The groundwater hardness
ranged from 208.94 to 887.63 mg/L, with an average of 435.96 mg/L. The study found that
approximately 30% of water samples had exceeded the standard for hardness, indicating
that the overall water quality is hard. The high total hardness (TH) values observed were
attributed to the presence of Ca2+ and Mg2+ ions in the water [43], which are commonly
associated with rocks rich in minerals such as calcite and dolomite found in the aquifers of
the study area.
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Table 3. Statistical analysis of hydro-chemical parameters of groundwater samples (units of all
parameters are mg/L, except pH).

Parameters Max Min Mean SD CV Limit % of SEL

pH 8.10 7.20 7.64 0.22 3.00% 6.5–8.5 * 0.00
TDS 1636.00 316.00 617.47 272.80 44.00% 1000.00 * 4.88
TH 887.63 208.94 435.96 134.29 31.00% 450.00 * 29.27
K+ 44.47 0.62 5.09 8.64 170% - -

Na+ 219.34 7.31 41.38 44.88 108% 200.00 * 7.32
Ca2+ 272.83 40.28 132.08 46.57 35% 200.00 * 9.76
Mg2+ 50.10 9.75 24.59 8.84 36% 150.00 * 0.00
Cl− 351.50 3.05 54.69 72.50 133% 250.00 * 4.88

SO4
2− 449.40 23.83 96.52 89.66 93% 250.00 * 7.32

HCO3
− 644.86 144.29 400.68 87.87 22% - -

NO3
− 49.70 0.02 8.57 8.90 104% 10.00 ** 31.71

F− 0.80 0.12 0.35 0.14 40% 1.00 * 0.00

Note: SD, standard deviation; CV (%), coefficient of variation; % of SEL.% of samples exceeding acceptable limit; *
WHO guideline; ** Chinese guideline.
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The study area exhibited a range of K+ concentration, from 0.62 to 44.47 mg/L, with
an average value of 5.54 mg/L. The southwest region had higher K+ levels. This is possibly
due to a significant amount of potassium feldspar sandstone. The study area’s soil is
mainly purple soil, and the parent rocks of the soil have a relatively high K+ content. The
samples had Na+ concentrations ranging from 7.31 to 219.34 mg/L, with an average value
of 41.38 mg/L. Similarly, the Cl− concentrations ranged from 3.05 to 351.50 mg/L, with an
average value of 54.69 mg/L. The distribution of Cl− concentration was found to be similar
to that of Na+, indicating the presence of salt rock distribution in the study area. The study
area exhibited a range of Ca2+ concentration from 40.28 to 272.83 mg/L, with an average of
132.08 mg/L. The Mg2+ concentration ranged from 9.75 to 50.10 mg/L, with an average of
24.59 mg/L. Additionally, the HCO3

− concentration ranged from 144.29 to 644.86 mg/L,
with an average of 400.68 mg/L. The Ca2+, Mg2+, and HCO3

− concentrations are a result
of carbonate mineral dissolution. The study found that the concentration of SO4

2− in the
sampled water ranged from 28.83 to 449.40 mg/L, with an average of 83.52 mg/L. It was
observed that the samples with high concentrations of SO4

2− also had high concentrations
of Ca2+. This suggests a possible relationship between the dissolution of gypsum layers in
the geological formations of the study area and the high levels of SO4

2− and Ca2+ found in
the water samples. The concentration of NO3

− in the water samples ranged from 0.02 to
49.70 mg/L, with 31.71% of the samples exceeding the allowable drinking limit of 10 mg/L.
On the other hand, the concentration of F− ranged from 0.12 to 0.80 mg/L, which is well
below the recommended limit of 1 mg/L.

Based on the results presented in Table 3, it is evident that the major cations and anions
exhibit a coefficient of variation greater than 10%, indicating significant spatial variability
and heterogeneity in their distribution. Among the major cations and anions, K+, Cl−, and
Na+ show the most significant variation. On average, the cation content is highest for Ca2+,
followed by Na+, Mg2+, and K+. Similarly, the anion content is highest for HCO3

−, followed
by SO4

2−, Cl−, NO3
−, and F−. The water chemistry type of the sampled groundwater

can be determined by using Piper’s trilinear diagram [24,30,60], which also reflects the
relative content of major ions and general water chemistry characteristics in groundwater.
The study found that the groundwater sampled was primarily of the HCO3

− Ca type, as
indicated in Figure 4. This is in line with the observation that Ca2+ and HCO3

− are the
dominant cations and anions in the region. However, some high salinity groundwater
types, such as mix HCO3-Na·Ca and mix Cl-Mg·Ca, may be attributed to water–rock
interactions in the study area. Based on the analysis of Table 3, it can be concluded that
apart from TH and NO3

−, all other water chemistry parameters of the samples are within
the permissible limits for drinking water. This suggests that the groundwater in the study
area is a viable source of high-quality drinking water.
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3.2. Principal Component Analysis (PCA)

This study utilized the PCA method to identify the main factors that influence the
hydrochemical composition of groundwater in the study area. The data types included
major ions such as K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, NO3

−, F−, as well as pH, EC,
and SAR. Prior to importing the hydrochemical parameters into SPSS 25 software for PCA,
Z-score standardization was performed. PCA was utilized to reduce the dimensionality of
the twelve parameters and expose their relationships. The KOM (KMO = 0.586 > 0.5) and
Bartlett tests (ρ = 0.000 < 0.05) in this study showed that the above data were suitable for
analysis using PCA. The findings of PCA are presented in both Table 4 and Figure 5.

Table 4. Factor loading matrix and EWQI weights for each parameter of PCA.

Parameters PC1 PC2 PC3 PC4 Communality Wi

EC 0.921 0.021 −0.099 −0.205 0.900 0.204
pH −0.372 0.181 −0.449 0.651 0.796 -

Ca2+ 0.833 −0.136 0.281 −0.223 0.842 -
Mg2+ 0.481 0.456 0.317 0.297 0.628 -
Na+ 0.907 0.109 −0.289 0.191 0.954 0.215
K+ 0.305 −0.324 0.338 0.325 0.418 -

HCO3
− 0.629 −0.112 0.577 0.321 0.843 0.178

SO4
2− 0.856 −0.162 −0.187 −0.260 0.861 -

Cl− 0.932 0.065 −0.176 0.024 0.904 0.205
NO3

− 0.047 0.745 −0.098 −0.415 0.740 -
F− −0.062 0.749 0.389 0.091 0.725 -

SAR 0.766 0.133 −0.409 0.294 0.858 0.198
Eigenvalue 5.417 1.554 1.315 1.184 - -
Cumulative 45.144 58.092 69.046 78.911 - 1
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Table 4 showcases the contribution of various parameters to the four principal compo-
nents. The selected principal components, which had eigenvalues greater than 1, accounted
for 78.91% of the total variance. PC1 had the highest percentage of variance, at 45.14%, and
showed a strong load of EC, Ca2+, Na+, Cl−, SO4

2−, and SAR. This suggests that natural
mineral dissolution and precipitation processes have a dominant effect on these parameters.
PC2 contributed to 12.95% of the total variance and exhibited strong loads of F− and NO3

−.
The absence of fluoride-containing minerals, such as fluorite, in the study area suggests
that the F− is likely a result of human activities. The presence of excessive NO3

− in the
study area may be attributed to human activities such as the construction of industrial
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parks and a prolonged history of agriculture. In order to identify the key parameters for the
IWQI analysis, parameters with loadings greater than 0.35, such as EC, Na+, Cl−, HCO3

−,
and SAR, were selected as potential candidates [61,62].

3.3. Ion Source Analysis

The Gibbs diagram is a useful tool for understanding the correlation between aquifer
lithology and water composition [63]. It is divided into three distinct fields, namely
evaporation-dominated, water–rock interaction-dominated, and precipitation-dominated.
Figure 6 illustrates the Gibbs diagram of water samples from the study area. Upon plot-
ting the Gibbs diagram points in Microsoft Excel, it is apparent that the total dissolved
solids (TDSs) of the water samples fall mostly between the range of 100 and 1000 mg/L.
Additionally, the ratios of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) are observed to be
predominantly within the range of 0–0.4. The Gibbs diagram suggests that water–rock inter-
action is the primary factor contributing to the formation of groundwater chemistry in the
study area. The increasing trend of the cation weight ratio Na+/(Na+ + Ca2+) in Figure 6b
indicates that cation exchange also plays a role in the hydrogeochemical composition.
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Prior research has demonstrated that examining the proportion of major ions present
in groundwater can be a valuable technique for detecting potential water–rock interactions
within groundwater systems [24,30]. In relation to Figure 7a, if the concentrations of Na+

and Cl− are obtained from salt dissolution, the molar ratio of Na+/Cl− will be equivalent
to 1, as indicated in chemical Equation (23). This study found that groundwater samples in
the study area are distributed evenly around the y = x line, with the presence of salt rock in
the aquifer, indicating that the Na+ and Cl− concentrations are primarily derived from salt
dissolution. The results also showed that some samples had higher Na+ concentrations,
which could be attributed to cation exchange during groundwater runoff processes. This
occurs when groundwater interacts with feldspar minerals in sandstone, leading to the dis-
solution of Na+ in minerals and its accumulation in groundwater. During runoff processes,
Ca2+ in groundwater can undergo positive cation exchange with Na+ in surrounding soil,
resulting in the distribution of groundwater samples on both sides of the y = x line.
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− +
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calcite, dolomite, gypsum, and halite.

In Figure 7b, it can be observed that gypsum dissolution releases equimolar amounts
of Ca2+ and SO4

2− in groundwater, as shown in chemical Equation (24). The study area has
gypsum thin layers in the aquifer. However, the ratio of SO4

2−/Ca2+ in the water samples is
mostly less than 1, which suggests that the presence of Ca2+ in the water is not solely due to
gypsum dissolution. It could also be a result of the dissolution of other carbonate minerals,
such as calcite and dolomite. To determine the source of Ca2+ in the study area, Figure 7c,d
were plotted. The Ca2+/HCO3

− ratios for the dissolution of dolomite and calcite are 1:1
and 1:2, respectively. The findings from Figure 7c reveal that most of the samples in the
study area are positioned between the y = x and y = 2x lines, indicating the presence of both
dolomite and calcite dissolution. However, several samples fall below the y = x contour,
implying the existence of other Ca2+ sources besides these two. This further supports the
earlier mentioned source of gypsum dissolution. The results presented in Figure 7d indicate
that all sample points are situated above the 1:1 HCO3

− to Mg2+ ratio line, which confirms
the occurrence of both calcite and dolomite dissolution. Additionally, the excess HCO3

− is
compensated for by other cations. Equations (25) and (26) represent the chemical equations
for the dissolution of calcite and dolomite, respectively. The Ca2+/Mg2+ ratio depicted in
Figure 7e is frequently utilized to distinguish between the dissolution of carbonate minerals
and silicate minerals as sources of ions in groundwater. A Ca2+/Mg2+ ratio greater than
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2 indicates silicate mineral dissolution, while a ratio between 1 and 2 suggests calcite
dissolution. Dolomite dissolution results in a Ca2+/Mg2+ ratio of 1. The hydrochemical
composition of groundwater in the study area is influenced by both carbonate and silicate
mineral dissolution, as indicated by Ca2+/Mg2+ values greater than 1 in most groundwater
samples, as shown in Figure 7e. The ratio shown in Figure 7f provides an explanation for
the source of Ca2+ and Mg2+. As observed in the (Ca2+ + Mg2+) and (HCO3

− + SO4
2−)

binary diagram, the groundwater samples in Figure 7f are near the y = x line. This indicates
that the primary source of ions in groundwater is due to the dissolution of calcite and
silicate minerals.

NaCl→ Na+ + Cl− (23)

CaSO4 · 2H2O
 Ca2+ + SO2−
4 + 2H2O (24)

CaCO3(Calcite) + H2CO3 → Ca2+ + 2HCO−3 (25)

CaMg(CO3)2(Dolomite) + 2H2CO3 → Ca2+ + Mg2+ + 4HCO−3 (26)

The occurrence of ion exchange reactions between groundwater and aquifers is com-
monly assessed by examining the relationship between the concentrations of Na+, K+, and
Cl− versus Ca2+, Mg2+, HCO3

−, and SO4
2− [64]. The distribution of groundwater samples

above the y = x line suggests that major ions’ relative concentration in the groundwater
system is affected by cation exchange reactions. Furthermore, the chloro alkaline indices
index (CAI-I and CAI-II) can determine whether the cation exchange process is forward or
reverse [65]. These indices are calculated using Equations (27) and (28), which involve ion
concentrations expressed in meq/L. In Figure 7g,h, it can be observed that most groundwa-
ter samples exhibit negative CAI-I and CAI-II values. This suggests that forward cation
exchange reactions are taking place, wherein Ca2+ and Mg2+ ions in the groundwater are
being replaced by K+ and Na+ ions in the aquifer. In Figure 7i, the saturation indices (SI) of
specific minerals (calcite, dolomite, gypsum, and halite) in the groundwater system were
calculated using PHREEQC (Version 3) software to further determine their status. The
presence of positive SI values in carbonate minerals (such as calcite and dolomite) suggests
that the groundwater’s ion composition is linked to the dissolution of these minerals. On
the other hand, the negative SI values observed in gypsum and halite indicate that these
minerals are not in a saturated state in the groundwater system and therefore dissolve less
in this area.

CAI-I =
(
Cl− −

(
Na+ + K+

))
/Cl− (27)

CAI-II =
(
Cl− −

(
Na+ + K+

))
/
(

HCO−3 + SO2−
4 + CO2−

3 + NO−3
)

(28)

3.4. Nitrate Pollution Analysis

As mentioned in the previous section, the study area is mainly affected by excessive
NO3

− ions, which accounts for 31.71% of the total samples (Table 3). This section aims
to analyze the sources of nitrate pollution. It has been established that human activities,
including agricultural and industrial practices, as well as municipal wastewater, contribute
significantly to NO3

− pollution [58,59]. As depicted in Figure 8, the samples that surpass
the acceptable limit are dispersed throughout agricultural and residential areas, providing
evidence that the surplus of NO3

− is predominantly a result of human activities.
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The data presented in Figure 9a clearly shows that the NO3
− content in a significant

number of groundwater samples exceeded the natural limit of 10 mg/L, indicating that
nitrate pollution is likely due to human activities. To better understand the extent of this
pollution, the NPI was introduced, and further analysis was conducted on the groundwater
samples in the study area. The NPI–TDS relationship graph (Figure 9b) illustrates that the
groundwater samples collected from the study area exhibit a range of nitrate pollution
levels, with some showing no pollution while others exhibit severe pollution. Mild pollution
was detected in 21.95% of the samples, while highly polluted water samples (SY20, SY14,
SY02) were found in areas where human habitation and agriculture are prevalent. This
confirms that the excessive nitrate levels are primarily caused by human activities. The
study found that areas with high nitrate concentrations also had higher concentrations of
TDS, Ca2+, Mg2+, HCO3

−, Cl−, and SO4
2−. This suggests that anthropogenic influences

not only increase nitrate concentration, but also increase groundwater salinity.
Under natural conditions, the NO3

− to Cl− ratio in groundwater is generally small.
However, human activities such as agricultural, household, and municipal pollutant inputs
can influence this ratio [66,67]. The NO3

− to Cl− ratio in naturally sampled groundwater
with no human influence typically falls between 0.05 and 0.22. The study revealed that the
NO3

−/Cl− ratio of groundwater ranged from 0.00 to 1.22, with 29.26% of the groundwater
samples exceeding the natural upper limit of 0.22, accounting for 12 samples. This suggests
that human activities in the area have a significant impact on the groundwater chemistry.

To better understand the sources of anthropogenic pollution that affect groundwater
chemistry, correlations between Cl−/Na+ and NO3

−/Na+ as well as between NO3
−/Cl−

and Cl− were investigated. In Figure 10a, most groundwater samples were plotted near or
on the y = x line, suggesting that the concentration of NO3

− was influenced to some extent
by agricultural activities and domestic wastewater. Figure 10b, on the other hand, shows
that groundwater samples were primarily situated in areas where household/municipal
inputs were dominant, with agricultural activities being a secondary factor contributing to
NO3

− levels exceeding the standard in the study area. According to Figures 9b and 10a,
the high levels of NO3

− in the study area are primarily a result of urban wastewater
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discharge and, to a lesser extent, agricultural activities. This finding is consistent with
the spatial distribution of nitrate-exceeding groundwater, which is mainly concentrated
in the residential and agricultural areas of the study area, as shown in Figure 9. Thus,
anthropogenic factors, such as urban sewage discharge and agricultural activities, are the
main contributors to the excessive NO3

− levels in the groundwater of the study area.
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3.5. Evaluation of Irrigation Water Quality by Basic Hydrogeochemical Indexes

In this study, the suitability of groundwater for agricultural irrigation is determined
by comparing the results of different indicator analyses with the corresponding irrigation
water classification parameters provided in Table 1.

3.5.1. Salinity Hazard

Salinity is a crucial factor in determining the suitability of irrigation water, and it can
be measured through conductivity (EC) or total dissolved solids (TDS). EC is an indicator
of water conductivity and can reveal the harmful effects of salts on crops. In the study area,
the EC values of groundwater samples ranged from 537 to 2286 µS/cm (with a mean of
906.27 µS/cm), as illustrated in Figure 11b. The salinity of groundwater in the study area
increases from northwest to southeast. Only 36.58% of groundwater samples are suitable
for irrigation without affecting crops. The irrigation suitability of 58.54% of groundwater
samples is questionable, with EC values of two sample points exceeding 2000 µS/cm.
If saline water is used for irrigation, the concentration of salts in the soil may rise to a
harmful level and adversely affect the crops. The nutritional uptake and water retention
of agricultural crops rely on the salt content in water, which means that each crop has a
specific salinity limit. As a result, it is crucial to regulate the salinity of irrigation water
when using groundwater for irrigation. In the southeast of the study area, groundwater
can be utilized to irrigate crops that can tolerate high salinity levels, such as sunflowers,
rye, wheat, and olives.

3.5.2. Sodium Hazard

The sodium adsorption ratio (SAR) is a useful indicator of sodium hazards in irrigation
water. It is calculated by comparing the concentrations of Na+ to Ca2+ and Mg2+ [68]. SAR
is related to salt absorption on soil surfaces and can be used to evaluate the extent of
damage caused by Na+ in irrigation water. Additionally, Na+ in irrigation water can
replace Ca2+ and Mg2+ in the soil, which can reduce soil permeability. The SAR values of
all samples range from 0.20 to 3.62 meq/L. According to Table 1, all samples fall under
the excellent category in the SAR classification of irrigation water. This suggests that the
groundwater in the study area is appropriate for irrigating all soil types as long as the SAR
is used as the evaluation index (Figure 11d).

3.5.3. Residual Sodium Carbonate (RSC)

RSC is a useful tool for assessing the negative impact of carbonate (CO3
2−) and bicar-

bonate (HCO3
−) on the quality of agricultural irrigation water. When the concentrations of

CO3
2− and HCO3

− ions in groundwater are higher than those of the Ca2+ and Mg2+ ions,
the precipitation of Ca2+ and Mg2+ can occur. This can negatively affect soil permeability,
cause soil compaction, and harm crop growth, rendering the groundwater unsuitable
for irrigation purposes. Based on the guidelines provided by the US Salinity Laboratory,
irrigation water quality can be categorized into three groups. Water sample with an RSC
value of less than 1.25 meq/L is considered appropriate for irrigation. However, water with
RSC values ranging from 1.25 to 2.5 meq/L may not be suitable for irrigation and requires
further investigation. Water with RSC values exceeding 2.5 meq/L is deemed unsuitable for
irrigation purposes. Figure 11f displays the RSC classification of irrigation water, indicating
RSC values that range from −7.25 to 2.03 and an average value of −2.07. The Table 1 shows
that 97.56% of groundwater samples were classified as suitable for irrigation, with only one
sample being of doubtful suitability.

3.5.4. Permeability Index (PI)

The long-term use of irrigation water containing high levels of Na+, Mg2+, Ca2+, and
HCO3

− can have a significant impact on soil permeability. To assess the suitability of
groundwater for irrigation, this study utilized the permeability index (PI). The PI was used
to establish a correlation between the total ion concentration and irrigation water quality,
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which was categorized into three groups: excellent for PI > 75%, good for 25% < PI < 75%,
and poor for PI < 25%. Based on the analysis and calculation of the permeability index of the
samples, it was found that approximately 7.23% of the groundwater was of excellent quality
for irrigation purposes, while approximately 92.86% of the groundwater was considered
good for irrigation (Table 1). These findings suggest that the impact of irrigation water
on soil properties is minimal. However, it is still recommended to monitor the long-term
effects of groundwater and surface water irrigation on soil permeability in the study area.
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3.5.5. Percentage of Sodium (%Na)

The %Na is a useful indicator for evaluating the potential damage of sodium to
soil structure. The %Na is used to classify irrigation water quality into five categories.
According to the sodium content, irrigation water quality can be categorized as excellent if
%Na is less than 20, good if it falls between 20 and 40%, usable for irrigation when %Na
is between 40 and 60, questionable if %Na ranges between 60 and 80, and not suitable for
irrigation if the %Na is greater than 80. Therefore, for long-term agricultural irrigation,
water with sodium content below 60% is considered suitable. Water with a sodium content
higher than 60% is unsuitable for use as irrigation water as it can cause sodium hazards to
the soil through long-term irrigation practices. In the study area, the sodium content of
water samples ranged from 5.36% to 53.79%. The groundwater in the study area is suitable
for irrigation as the %Na is below 60%. Further exploration was conducted to determine its
suitability for irrigation based on the relationship between the EC and %Na ratio, as shown
in Figure 10c.

3.5.6. Wilcox Diagram

The Wilcox diagram is a tool that can be used to assess the quality of irrigation water
based on both %Na and EC [69]. By plotting water samples on a graph with EC as the
horizontal axis and %Na as the vertical axis, the diagram can classify irrigation water
quality into five categories: excellent, good, permissible, doubtful, and unsuitable. Water
samples that fall within the excellent or good regions are deemed suitable for agricultural
irrigation. However, if they fall within the usable region, there is a potential risk of alkali
damage when utilized for irrigation. This risk, although relatively small, can be mitigated
by implementing appropriate measures. Water located in the marginally usable region
for irrigation presents a risk of both salt and alkali damage. Conversely, water located in
the unsuitable region is not appropriate for irrigation and can cause severe salt and alkali
damage. In this study, water samples were plotted on the Wilcox diagram (Figure 10c) to
determine their suitability for irrigation.

Of all the groundwater samples analyzed, only two fell within the marginally usable
range, while the remaining samples were categorized as either excellent or good. This
indicates that most of the samples are suitable for irrigation purposes. Based on the findings
presented in Figure 11b, it is evident that groundwater samples with electrical conductivity
(EC) values exceeding 2000 µS/cm are predominantly located in the southeastern region
of the study area. This can be attributed to the construction of the industrial zone in the
area. As a result, it is recommended that groundwater from the southeastern area should
be avoided when selecting water sources for irrigation purposes.

3.5.7. USSL Diagram

The U.S. Salinity Laboratory’s diagram (USSL diagram) was utilized to evaluate the
groundwater’s suitability for irrigation by assessing its water quality in greater detail [70].
The irrigation water was classified into four categories (C1, C2, C3, and C4) based on the
degree of salinization harm. These categories were determined by the water’s electrical
conductivity, with ranges of less than 250, 250–750, 750–2250, and greater than 2250 µS/cm,
respectively. The water was classified into four categories based on the degree of sodium
(alkaline) hazard, namely S1 (low degree of alkaline hazard), S2 (moderate degree of
alkaline hazard), S3 (high degree of alkaline hazard), and S4 (very high degree of alkaline
hazard). These categories were determined based on the sodium adsorption ratio, with the
ranges being <10, 10–18, 18–26, and >26, respectively. The USSL classification system can
be used to categorize irrigation water into sixteen different categories. The groundwater
samples in the study area were projected onto the USSL diagram and the results are
displayed in Figure 10d.

The collected water samples are classified as S1 low-alkali damage water and are
primarily found in the C2–S1 and C3–S1 areas, which are characterized by medium to
high salinity and low-alkali damage water. The C3–S1 region has water samples with
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high salinity but relatively low alkali content, making it conducive to the growth of most
salt-tolerant crops. On the other hand, the C2–S1 region has water samples with moderate
salinity and low alkali content, making it suitable for the growth of all moderately salt-
tolerant crops.

According to data from the USSL chart, groundwater samples collected from the
Shehong area have been categorized as having medium to high salinity and low sodium
hazard. As a result, the groundwater in this area is suitable for irrigating most soils, with
the exception of those with a low salt tolerance. This makes it relatively harmless. However,
it may require special management of the groundwater salinity, and salt-tolerant crops
should be selected for cultivation.

4. Discussion
4.1. Irrigation Water Quality Index (IWQI)

After conducting PCA on a set of physicochemical parameters, four principal com-
ponents were obtained. The components with relatively high loadings were EC, Na+,
Cl−, HCO3

−, and SAR, indicating their importance in water quality assessment. There-
fore, these five parameters were selected as the main parameters for calculating the IWQI.
Table 2, established by Ayers and Westcot [71], defines key parameters for irrigation water,
which have been identified by UCCC [61]. Table 4 lists the normalized weights for these
selected parameters.

The results presented in Table 1 and Figure 12a show that the use of groundwater for
irrigation in the study area has negative impacts on soil and crops at all levels. Moderate
restriction was found in most groundwater samples (53.66%), while one sample showed
high restriction, and another showed severe restriction.
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According to Figure 11b, only 2.44% of the groundwater in the study area is categorized
as unrestricted, meaning it can be used for most plants or crops without significant issues
of alkali or salt damage to soils (as shown in Figure 10b,d). Approximately 39.02% of the
groundwater is categorized as low-restriction irrigation water, suitable for use in irrigating
soils with predominantly sandy texture and moderate permeability. However, it is not
recommended to use this type of water for soils with heavy texture and high clay content as
it may result in alkali damage. The predominant soil type in the study area is light-textured
calcareous purple soil, which makes the groundwater suitable for irrigation without much
concern about alkali damage. However, salt-sensitive plants are at an increased risk when
using this water for irrigation. Approximately 53.66% of the groundwater samples are
classified as moderately restricted irrigation water, making moderately salt-tolerant plants
more suitable for cultivation in this region. In soils with favorable leaching conditions and
moderate to high permeability, utilizing groundwater for irrigation is advised to prevent
soil alkalinity from rising. Additionally, it is recommended to flush out soil salts when
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using this groundwater for irrigation to avoid soil degradation. The study found that
4.88% of the groundwater in the area is classified as high-restriction irrigation groundwater
due to the presence of one sample each of high and severe restriction types. This type of
groundwater can only be used for soils with high permeability and no dense layer and is
suitable only for plants with moderate to high salt tolerance.

The study reveals a decline in groundwater irrigation quality from the northwest to
the southeast, which could be attributed to the topographical variation across the study
area. The higher terrain in the northwest and lower terrain in the southeast may have
led to the accumulation of salt and pollutants in the groundwater discharge region in
the southeastern part of the study area. In addition, the study area includes the main
urban area and industrial park of the study area, situated in the southern and southeastern
parts, respectively. This may be a contributing factor to the observed trend of groundwater
suitability for irrigation.

4.2. Irrigation Water Quality Assessment and Comments

This study utilized various indicators such as EC, SAR, Na%, RSC, PI, and IWQI
to assess the appropriateness of groundwater in the study area of the Sichuan Basin as
a source of irrigation water. The numerical values of each indicator were inputted into
ArcGIS (10.8) software and the results were visualized through color-coded classifications
for each sample, as shown in Figure 12. The study found that most of the groundwater
in the area was suitable for irrigation when evaluated using SAR, Na%, RSC, and PI
indicators. However, when EC and IWQI indicators were used, the quality of irrigation
water decreased from northwest to southeast. The study found that groundwater in the
northwest of the area was suitable for the irrigation of any crop and soil type. However,
in the southeast, the groundwater was only suitable for crops with moderate to high salt
tolerance and could only be used for soils with high permeability.

Therefore, rainwater collection systems can be constructed for agricultural irrigation to
enhance crop productivity and prevent soil degradation in the study area. Additionally, it
is suggested that artificial recharge techniques be implemented to combat high salinity and
alkalinity in the region. When choosing an area for well irrigation, it is important to exercise
caution and select an appropriate location. It is recommended to conduct groundwater
extraction in the discharge area to improve the hydraulic gradient of groundwater and
prevent salt accumulation. This can help to enhance the flow conditions of groundwater
and ensure the success of the irrigation process [33,34,38,72]. To prevent soil degradation,
it is essential to take measures to strengthen sewage treatment and reduce pollutant levels
in the groundwater environment caused by human activities. Another important step is to
adopt advanced irrigation methods such as sprinkler, micro-irrigation, and drip irrigation
to minimize the impact of groundwater chemistry on soil. Lowering irrigation water
pollution and soil degradation has the potential to improve crop yields and promote local
economic development. To ensure the successful implementation of these methods, it is
recommended to conduct an economic feasibility analysis within the current research field.

4.3. Entropy-Weighted Water Quality Index (EWQI)

In order to fully assess the quality of drinking water in the study area, 12 components,
including cations, such as K+, Na+, Ca2+, Mg2+, and anions, such as Cl−, SO4

2−, HCO3
−,

NO3
−, F−, as well as pH, TDS, and TH (expressed as CaCO3), were calculated using

Equations (10)–(18) to obtain the EWQI. The study results, depicted in Figure 13, reveal that
the groundwater quality in the area under investigation ranges from excellent to moderate.
Notably, none of the samples indicated poor quality. A total of 97.56% of all samples
(41 samples) were classified as level 1 or 2 (EWQI value < 100), and only one sample (SY05)
was classified as level 3. The study found that the groundwater samples in levels 1 and 2
were safe for drinking, while the only the one remaining sample was not suitable [66,73].
However, it is worth noting that most of the groundwater samples analyzed in this study
meet the quality requirements for drinking water.
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In this study, the EWQI value and grade of groundwater samples in the study area
were visualized using the interpolation method of geographic information system (GIS)
and presented in Figure 13b. The figure shows that the quality of groundwater for drinking
decreases from northwest to southeast in the study area. The study area depicts a decrease in
groundwater quality for drinking from northwest to southeast. As a result, the groundwater
in all regions except the southeast of the study area is suitable for direct use as a drinking
water source. Nevertheless, it is imperative to focus on the industrial park of the study
area, which is located in the southeast of the study area and improve the groundwater
quality to ensure the well-being of local residents. The southeastern region has relatively
high concentrations of NO3

− and TDS, which contribute to high EWQI values. Figure 13a
shows a strong positive correlation between TDS and EWQI values (Pearson correlation
coefficient R2 = 0.79). Additionally, higher nitrate concentrations are associated with higher
EWQI values, as indicated by the point colors. Therefore, it can be concluded that the levels
of NO3

− and TDS have a significant impact on the EWQI values in the area. While the
overall water quality in the study area is good, there are certain locations with poor quality
drinking water. However, the severity of the situation is not alarming. Proper management
and the treatment of groundwater can lead to significant improvements in the water quality
of the area.

4.4. Potential Health Risk Assessment

The USEPA’s health risk assessment model is commonly utilized to evaluate potential
hazards [24,30]. In this study, nitrate pollution was chosen for a non-carcinogenic health
risk assessment due to the prevalence of excessive nitrate concentrations in the study area’s
groundwater. Long-term ingestion of groundwater with high nitrate concentrations can
pose several health risks to humans, such as methemoglobinemia or blue baby syndrome,
esophageal and stomach cancers, and thyroid hypertrophy [24,30,41,74]. To evaluate the
non-carcinogenic health hazards for various groups, including adults, children, and infants,
hazard quotient (HQ) values were computed. Table 5 illustrates the statistical features of
HQNitrate and cumulative non-carcinogenic risk (HITotal) for each population group.

The HQ < 1 indicates that there is no potential non-carcinogenic health risk to hu-
mans [75]. Statistical analysis shows that the range of HQNitrate is between 0.00 and 1.29
and 0.00 and 1.54 for adult females and adult males, respectively. For children and infants,
the range is between 0.00 and 1.80 and 0.00 and 2.91, respectively. The average HQNitrate
values for adult females, adult males, children, and infants are 0.18, 0.22, 0.26, and 0.42,
respectively. Notably, infants have the highest HQNitrate value among the four populations.
In this study, the cumulative non-carcinogenic risks were found to range from 0.13 to 1.69
for adult females, 0.16 to 2.01 for adult males, 0.18 to 2.35 for children, and 0.30 to 3.8 for
infants, with mean values of 0.42, 0.50, 0.58, and 0.94, respectively. Infants were found
to have the highest health risk levels due to their sensitivity to nitrate poisoning and less
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developed enzyme metabolism, making them more susceptible to the harmful effects of
nitrates from external sources [41,76].

Table 5. Statistics of health risks assessment results through drinking water intake.

Classification Population Max Min Mean SD

HQNitrate

Infants 2.91 0.00 0.42 0.49
Children 1.80 0.00 0.26 0.31
Females 1.29 0.00 0.18 0.22
Males 1.54 0.00 0.22 0.26

HITotal

Infants 3.80 0.30 0.94 0.60
Children 2.35 0.18 0.58 0.37
Females 1.69 0.13 0.42 0.27
Males 2.01 0.16 0.50 0.32

Note: SD standard deviation.

This study utilized Monte Carlo simulation methods to evaluate the potential non-
carcinogenic health hazards associated with drinking water in the area under investigation
for various population groups, including infants, children, adult males, and adult females.
Figure 14 displays the cumulative probability distribution of the potential non-cancerous
health risks. Moreover, the 95th percentile is commonly used to ascertain whether the
health risk of the indicator surpasses the acceptable limit for different populations, with
the aim of mitigating the impact of extreme values on the assessment [76].
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According to Figure 14, the 95% confidence interval for HQNitrate is greater than 1 for
infants at 1.55. However, for children, adult males, and adult females, the 95% confidence
interval for HQNitrate is less than 1 at 0.96, 0.82, and 0.69, respectively. The study found
that NO3

− poses the greatest non-carcinogenic health risk to infants in the area, with
decreasing effects observed in children, adult males, and adult females. The cumulative
non-carcinogenic health risks across the four populations followed a similar pattern to that
of NO3

−.
To better comprehend the distribution of non-carcinogenic health hazards among

various populations in the study area, the cumulative non-carcinogenic health risks were
interpolated and presented in Figure 15. The sample points in the study area were catego-
rized into different colors based on whether the HITotal of different groups exceeded 1. The
red color in the figure indicates a higher level of health risk.
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The findings in Figure 15 indicate that infants are at a higher health risk compared to
adult females, adult males, and children. Furthermore, the results show that males have
a greater health risk than females under similar conditions. The study found that areas
with a higher HITotal for infants were prevalent throughout the study area, while those
for the other three population groups were more sporadic and located in the southwest.
This suggests that the health risks associated with NO3

− are most severe for infants in
the study area, and that the risk increases as one moves closer to the southeast of the
study area. The proportion of groundwater samples with cumulative non-carcinogenic
risk values greater than 1 is highest in infants at 39.02%, followed by children at 14.63%,
adult males at 7.32%, and adult females at 2.43%. The study revealed that infants had the
highest non-carcinogenic health risk compared to the other populations analyzed. The
HITotal values for infants were almost 16.04, 5.33, and 2.67 times higher than adult females,
adult males, and children, respectively. This emphasizes the urgency to take immediate
action to decrease nitrate concentrations in groundwater sources in the study area.

Based on the study, it can be concluded that the potential health risk associated with
excessive NO3

− concentration is higher in infants and children as compared to adult
males and females. The sources of this excessive concentration are mainly urban sewage
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and agricultural pollution. To mitigate human health risks caused by NO3
−, specific

measures will be implemented to enhance the quality control of sewage discharge in the
industrial new area located in the southwest of the study area. Additionally, the pollution
of groundwater from agricultural activities will be addressed by reducing the usage of
nitrogen fertilizer and implementing changes in irrigation methods. It should be noted
that the adverse effects of nitrate pollution on human health are not limited to the study
area and can be a global concern. To mitigate nitrate pollution in groundwater sources, it is
imperative for governments and relevant agencies to implement effective monitoring and
control measures, particularly in regions where groundwater serves as a primary source
of drinking water. Furthermore, it is recommended that health education programs be
established to increase awareness of the potential health hazards linked to nitrate pollution
in drinking water, particularly among vulnerable populations, such as infants.

5. Conclusions

The main findings of the study are as follows:

1. The groundwater samples have a weakly alkaline nature with low to moderate miner-
alization and are categorized as HCO3-Ca type. On average, the cation content is in
the order of Ca2+ > Na+ > Mg2+ > K+, while the anion content is in the order of HCO3

−

> SO4
2− > Cl− > NO3

− > F−. With the exception of NO3
−, the ion concentrations in

almost all samples were within the permissible limits for drinking purposes.
2. The groundwater’s major ion sources were found to be primarily from the dissolution

of carbonate and silicate rocks, as indicated by principal component analysis, major
ion ratios, and mineral saturation index. This process is related to cation exchange.
The elevated levels of nitrate in the area are mainly attributed to agricultural activities
and urban sewage.

3. Based on the analysis of single irrigation indicators, such as the SAR, Na%, RSC, and
PI, it can be concluded that most of the groundwater in the study area is suitable for
irrigation purposes. The results of the IWQI study indicate that almost 50% of the
groundwater in the area is classified as low to unrestricted when used for irrigation.
The EWQI results suggest that except for one groundwater sample, all samples are
suitable for drinking water. Additionally, the study found that the groundwater
quality for both drinking and irrigation purposes follows a similar trend, decreasing
from the northwest to the southeast of the study area. The utilization of groundwater
resources should be noticed in the southeastern part.

4. According to the health risk analysis, the risk level for infants is higher than that for
children, adult males, and females. To reduce health risks for different groups of
people, it is recommended to implement differentiated water supply and targeted
water treatment, especially giving more attention to infants.
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