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Abstract: Intense anthropogenic activities pose a serious threat to groundwater quality in urban
areas. Assessing pollution levels and the health risks of trace elements within urban groundwater is
crucial for protecting the groundwater environment. In this study, the heavy metal pollution index
(HPI) and health risk assessment were conducted to analyze trace element pollution levels and the
non-carcinogenic and carcinogenic risks of groundwater resources in Sichuan Basin, SW China, based
on the hydrochemical results of 114 groundwater samples. The HPI results displayed that 14.92%
of groundwater samples were contaminated, primarily attributed to anthropogenic influence. The
health risk assessment indicated that children faced the highest non-carcinogenic risk while adults
had the highest carcinogenic risk. The Monte Carlo simulation further enhanced the reliability of the
health risk model. A sensitivity analysis indicated that Pb was the most sensitive element affecting
both non-carcinogenic and carcinogenic risks. The achievements of this research would provide a
basis for groundwater management in urban areas.

Keywords: health risk; uncertainty analysis; Sobol sensitivity analysis; heavy metal pollution;
urban area

1. Introduction

Groundwater is regarded as one of the primary freshwater sources due to its wide
distribution, safety, and clean properties [1,2]. Due to intense anthropogenic activities
by increasing urbanization, groundwater quality is degrading worldwide [3]. Urban
groundwater is often contaminated by industry and municipal sewage [4]. Heavy metals,
such as Manganese (Mn), Copper (Cu), Zinc (Zn), and Lead (Pb), and toxic elements, such
as Arsenic (As), are easily enriched in the groundwater of industrial areas, causing health
diseases like poisoning, skin abnormalities, and cancer [5,6]. Hence, it is of great benefit to
analyze the pollution level and health risks of contaminated groundwater in urban areas.

Trace elements are vital to human health in appropriate quantities but can be harm-
ful to the body in excessive consumption [7]. Iron (Fe) is an important component of
hemoglobin and is no danger to health [8]. Exposure to excessive Mn, Cu, Zn, As, and Pb
contents will lead to serious health issues [9-13]. Ascertaining the quality of groundwater
in terms of heavy metals is necessary for ensuring water security. The heavy metal pol-
lution index (HPI) was usually used to calculate the collective pollution effect of heavy
metals [14,15]. Nowadays, the health risk model proposed by the United States Environ-
mental Protection Agency (USEPA) is a popular approach for health risk appraisal [16].
Increasing research has focused on assessing health risks caused by trace elements in
groundwater [17-19]. Health risk evaluation is divided into non-carcinogenic risk and
carcinogenic risk based on the toxicity of chemical elements. However, there is significant
uncertainty due to large variations in age, weight, eating habits, and parameter selection
among individuals and calculations. Ignoring uncertainty in health risk assessment will
lead to wrong results [3]. To solve this scientific problem, the Monte Carlo method was
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adopted to calculate uncertainty, making the risk model robust [20-22]. Monte Carlo simu-
lation is a widely used method due to its flexibility and high efficiency. In addition, the
sensitivity of health risk parameters was analyzed by the Sobol method [1,23,24]. This
approach can deal with nonlinear data and provide a comprehensive analysis of global
sensitivity [25].

The Sichuan Basin of southwestern China has flat terrain, fertile soil, and a large
population. Research on the groundwater quality and health risks within the basin is
of great significance to sustainable groundwater exploitation. However, existing studies
mainly focused on nitrate pollution in the basin [26-29], and scarce studies focus on the
contamination of trace elements. The objective of this research is to (1) clarify the pollution
level and spatial distribution of trace elements; (2) evaluate the non-carcinogenic and
carcinogenic risk for infants, children, and adults; and (3) analyze the uncertainty and
sensitivity of the health risk model. The achievements of this study would make a vital
contribution to groundwater management and protection in urban areas.

2. Materials and Methods
2.1. Study Area

The study area is situated in the northwest Sichuan basin, covering an area of 235.26 km?
(Figure 1). In the study area. the annual average temperature is 16.43 °C and the annual
average precipitation is 1485.1 mm. The topography of the study area is a valley, which
is high on the northwest and southeast sides and low in the middle. The strata exposed
in the study area include the Quaternary sediments and Jurassic to Cretaceous sandstone
and mudstone. The aquifers consist of the Quaternary pore aquifer and Jurassic to Cre-
taceous pore and fissure aquifers. The groundwater level is shallow, with a depth of 5 to
20 m. Groundwater is recharged by atmospheric precipitation and discharged as springs
in the local area. Agriculture is the primary industry of the study area, with rice fields
covering 104 km?. Residential areas, industrial parks, and other artificial surfaces are dis-
tributed, accounting for 16% of the total study area. Forests and grasslands are continuously
distributed on both sides of the study area.

2.2. Sample Collection and Laboratory Testing

In the present study, a total of 114 groundwater samples were collected from 37 do-
mestic wells in the study area in the wet, normal, and dry seasons of 2022. After 15 min
of pumping wells, groundwater samples were bottled in pre-washed bottles. Meanwhile,
the parameters of pH, total dissolved solids (TDS), and temperature were detected by a
portable apparatus (WTW multi 3400i). The samples were finally measured by the labora-
tory of the Sichuan Bureau of Geology and Mineral Resources. Cation and anion contents
were measured by ion chromatography (IC6100; Wayee, China). Each groundwater sample
was tested three times to ensure accuracy. The precisions of laboratory testing for Mn,
Fe, Cu, Zn, As, and Pb were 0.00012 mg/L, 0.00082 mg/L, 0.00008 mg/L, 0.00067 mg/L,
0.0003 mg/L, and 0.00009 mg/L. The charge balance was lower than 5%.
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Figure 1. (a) The location of Sichuan Basin. (b) The position of study area in the Sichuan Basin.
(c) The location of the study area with cover land-use types, including cultivated land, forest, grass
land, artificial surfaces, and groundwater flow directions.

2.3. HPI

The heavy metal pollution index (HPI) was an effective method for evaluating heavy
metal pollution [30]. The appraisal scores of the groundwater samples were calculated
based on arithmetic weighted average value as Equation (1) [31]. The weight (W;) of
heavy metals is the inverse of the standard value S; (Equation (2)). Class Il in the Chinese
standard [32] was determined to be S; (Table 1). The quality level index (Q;) is calculated
from the measured concentration C; and S; (Equation (3)).

Y WiQ;

HP[ = ==1 1=t (1)
?:1 Wi
1
W; = S )

Qi = 9 x 100 @)
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Table 1. The standard value, weight, and normalized weight of trace elements in the calculation
of HPL.

Parameters Unit Standard Value Weight Normalized Weight
Mn pg/L 100 0.01 0.087
Fe ug/L 300 0.003333 0.029
Cu ng/L 1000 0.001 0.009
Zn pg/L 1000 0.001 0.009
Pb ug/L 10 0.1 0.867

For the purpose of drinking, the samples with HPI values higher than 100 were consid-
ered to be polluted [33]. To carry out differentiated protection measures for groundwater,
the HPI score was segmented into three grades: low (<15), medium (15-30), and high
(>30) [30].

2.4. Health Risk Assessment

Heavy metals and toxic elements in groundwater can infiltrate the human body,
causing harm to vital organs such as the brain, heart, and kidneys. A comprehensive model
proposed by the USEPA has been applied to quantify human health risks [34]. The chronic
daily intake (CDI) of trace elements for humans is determined by ion concentrations and
various exposure parameters as Equation (4). The hazard quotient (HQ) is the risk caused
by a single non-carcinogenic element (Mn, Cu, Zn, Pb, or As) (Equation (5)). The hazard
index (HI) represents the total non-carcinogenic element (Equation (7)). The cancer risk (CR)
resulting from lifetime exposure to Pb and As is calculated using Equation (6). Considering
the physiological differences of various peoples, the population is categorized into three
groups: infants (<6 months), children (6 months-17 years), and adults (>17 years) [35]. The
exposure parameters for both the non-carcinogenic and carcinogenic models are presented

in Tables 2 and 3.
CW; x IR x EF x ED

DL = BW x AT @)

HOQ: = T ©

CR; = CDI; x SF; (6)

HI = HOwmpn + HQcy + HQzy + HQpp + HQa @)
CR = CRps + CRpp, ®)

Table 2. The exposure parameters for infants, children, and adults.

Parameters Definition Units Infants Children Adult
IR Ingestion rate for water L/day 0.65 15 2
EF Exposure frequency for water days/year 365 365 365
ED Exposure duration for water years 0.5 6 30
BW Body weight kg 6.94 259 65
AT Average time (ED x 365) days 182.5 2190 10,950
non-cancer
AT Average time (365 x 70) days 25,550 25,550 25,550

cancer
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Table 3. The reference dose (RfD) of Mn, Cu, Zn, Pb, and As and the slope factor (SF) of Pb and As.

Parameter Definition Unit Mn Cu Zn Pb As
RfD Reference dose mg/(kg-day) 0.06 1.6 0.06 0.002 0.0003
SF Slope factor kg-day/mg - - - 0.055 15

According to the HI, groundwater samples were divided into 2 grades: suitable (<1)
and not suitable (>1) for drinking water.

According to the CR, groundwater samples were divided into 5 grades: very suit-
able (<107°), suitable (1 x 1071 x 107°), should be considered as drinking water
(1 x 1075-1 x 107%), safety measures should be taken (1 x 10~#-1 x 10~3), and not suitable
(>1 x 1073) for drinking water.

2.5. Monte Carlo Simulation

In traditional health risk assessment, hydrochemical data were gathered from a re-
stricted number of sampling sites, which led to the uncertainty of the sampling process.
In addition, exposure parameters were usually considered as fixed values, resulting in
uncertainty in the parameter selection [1]. To address this uncertainty, the Monte Carlo
approach was employed in the health risk model. In this study, the libraries of Numpy [36]
and Scipy [37] in Python 3.10 were adopted to achieve Monte Carlo simulation. To assure
precision, the simulation time was set to 10,000.

2.6. Sensitivity Analysis

Sobol’s method, suggested by Sobol in 1993, was widely used to conduct the global
sensitivity analysis [24]. This method is based on the variance decomposition methodology.
The total variance was divided into the sum of the variance of a single parameter and the
variance of multiple parameter interactions [38]. It has the ability to process nonlinear data.
To implement Sobol’s method, the SALib library in Python 3.10 was utilized [39].

3. Results
3.1. Statistical Results

The statistical results were presented in Table 4 and Figure 2, respectively. The pH
exhibited a range of 6.81 to 8.63. The mean concentrations of trace elements, in descend-
ing order, were as follows: Mn (109.46 pg/L) > Fe (70.09 ug/L) > Zn (12.83 ug/L) > Cu
(2.12 pg/L) > As (1.51 pug/L) > Pb (0.24 pug/L). Notably, 13.16% and 5.26% of groundwater
samples exceeded the Chinese drinking water guidelines for Mn (n = 15) and Fe (n = 6),
respectively. Furthermore, Mn and Fe exhibited high coefficients of variation (CV), sug-
gesting that their concentrations were influenced by abnormal human activities or specific
geological settings.

Table 4. Statistical results of pH and trace elements.

Parameters Unit Min Max Mean Std. CV (%) Guideline for Drinking
pH - 6.81 8.63 7.65 0.39 5.04 6.5-8.5
Mn ug/L 0.13 2910.00 109.46 369.48 337.54 100
Fe ug/L 0.82 1630.00 70.09 222.71 317.73 300
Cu ug/L 0.08 26.10 2.12 3.21 151.27 1000
Zn ug/L 0.67 220.00 12.83 23.46 182.78 1000
As ug/L 0.30 8.90 1.51 2.18 144.44 10

Pb pg/L 0.09 2.86 0.24 0.39 158.48 10
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Figure 2. Box plot of trace elements concentrations with guidelines for drinking.

3.2. Distribution of Trace Elements

The Mn presented the highest concentration and CV value, which exceeded the
Chinese limit of 100 ug/L. The samples with high Mn concentrations were situated in
the northeastern part (Figure 3a), posing a significant potential risk to nearby residents.
Following Mn, Fe concentrations exceeded the Chinese limit of 300 ug/L, respectively,
ranked second in terms of concentration. Notably, high Fe concentrations were observed in
the central and northeastern parts of the study area (Figure 3b).

The concentrations of Cu were all below the limit of 1000 ug/L. The relatively high
values of Cu were located southeast of the study area (Figure 3c). Zn had minimal outliers
(number = 4) and was slightly contaminated. The highest Zn content (220 ug/L) was
distributed near the river (Figure 3d). The maximum As concentration was very close
to the standard value. The distribution map of As presented that the samples situated
near the city center had the highest concentrations (Figure 3e). Pb displayed the lowest
concentration compared with other trace elements (Figure 3f). High Pb concentrations were
distributed near the rivers.

The central and northeastern parts of the study area were mainly covered by artificial
surfaces. The high levels of trace elements were distributed in the central and northeastern
parts of the study area (Figure 3). This indicated that urban activities have led to an increase
in the concentrations of chemical elements. For example, petrol contains lead, which can
contaminate soil and groundwater. Industrial sewage increases the concentrations of heavy
metals in groundwater.

High Mn concentrations harm the health status of the nervous system [9]. Exposure to
excessive Cu content can affect cellular activities [10]. Exposure to high Zn concentrations
will cause gastrointestinal disorders [11]. Long-term intake of arsenic will cause abnormal
skin and can even cause skin cancer [12]. Excessive Pb will damage the central nervous
system [13]. Therefore, knowing the pollution level and potential health risks of trace
elements within groundwater is fundamental to developing pollution prevention policies
and protecting human health.
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Figure 3. The distribution and concentration of trace elements in the study area. The spatial distribu-
tion of concentration for (a) Mn, (b) Fe, (c) Cu, (d) Zn, (e) As, and (f) Pb.

4. Discussion
4.1. Pollution Level

Compared with other trace elements, the weight and normalized weight of Pb were
the highest in the HPI computation (Table 1). This is because Pb is a toxic chemical element.
Even under low exposure levels, Pb would pose harmful effects on human health. The
HPI values ranged from 0.80 to 253.49, with an average value of 12.30 (Figure 4a). A total
of 85.69% of samples were categorized as low pollution, which was safe for humans to
utilize and drink. A total of 5.26% of samples were medium pollution, which can be drunk
after purification. A total of 9.65% of samples were high pollution, which was too seriously
contaminated to be drunk by humans.
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Figure 4. The heavy pollution index of trace elements in the study area. (a) HPI vs. TDS (b) Spatial
distribution of the HPI values.

Most elevated pollution samples were distributed in the central and northeastern part
of the study area (Figure 4b). Residual elevated pollution samples were situated southwest
of the study area. The levels of heavy metal pollution in groundwater were closely related
to the intensity of urban activities (Figure 1). More importantly, the groundwater flowed
majorly from northeast to southwest (Figure 1). Therefore, the southwestern part is easily
contaminated by heavily polluted groundwater in the central and northeastern parts. It is
important to monitor groundwater in the central and northeastern parts.

4.2. Health Risk Evaluation

The ingestion of groundwater contaminated with trace elements poses significant
threats to human health [40,41]. Elevated levels of Mn, Cu, Zn, As, and Pb can cre-
ate non-carcinogenic risks, including central nervous effects, decreased blood enzymes,
gastrointestinal system irritation, hyperpigmentation, keratosis, and possible vascular
complications. Furthermore, exposure to As and Pb has been linked to the development
of multiple internal organ cancers (respiratory system, liver, kidney, lung, and bladder).
Therefore, this study conducted comprehensive assessments, encompassing both non-
carcinogenic risk evaluation (for Mn, Cu, Zn, As, and Pb) and carcinogenic risk appraisal
(specifically for As and Pb).

4.2.1. Non-Carcinogenic Risk

Generally, non-carcinogenic risks do not lead to cancer directly but are particularly
capable of bringing toxicity to human health. The study identified significant distinctions
in non-carcinogenic risks among their demographic groups (Figure 5a—c). On average,
infants presented a greater health risk (0.66), adults exhibited the lowest health risk (0.41),
and children fell in the middle (0.22). Additionally, the rate of exceedance (HI > 1) for
infants, children, and adults was 15.79%, 5.26%, and 0%, respectively. These findings
underscore the adverse effects of Mn, Cu, Zn, As, and Pb on both infants and children.
Notably, infants presented the highest health risk based on both the average value and the
rate of exceedance for the HI.
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Figure 5. Cumulative permeability and probability density of HI and CR for infants, children, and
adults. The PDF is defined as the probability density function. The CDF denotes the cumulative
distribution function. (a) HI for infants, (b) HI for children, (c) HI for adults, (d) CR for infants, (e) CR
for children, and (f) CR for adults.

It is well known that infants are lighter than children and adults in weight. Con-
sequently, the enzyme metabolism ability in infants was extremely inadequate, leading
to a diminished ability to process toxic substances effectively [27,42]. As a result, the
infants had the worst HI values, which should be further examined. The areas that caused
non-carcinogenic risks were mainly distributed in the central and northeastern parts. In par-
ticular, the city center posed more non-carcinogenic risks for infants. Hence, it is advisable
to designate these areas as crucial monitoring targets.

4.2.2. Carcinogenic Risk

The CR of groundwater samples that were assessed for infants, children, and adults,
were presented in Table 5 and Figure 5. For infants, the CR ranged from 4.4 x 1077 to
3 x 107, with an average value of 2 x 107%. Account for 47.37% of the samples had
CR values below 107, indicating a low risk. The remaining 52.63% fell within the range
of 1074~107°. Therefore, the groundwater in the study area was considered safe for the
infants, with a negligible cancer risk.
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Table 5. The statistical results of HI and CR caused by hazardous substances for infants, children,

and adults.
Parameter Infants Children Adults

Min Max Mean Min Max Mean Min Max Mean
Mn 2.35 x 1073 1.52 0.171 1.45 x 1073 0.937 0.106 7.73 x 1074 0.498 5.61 x 1072
Cu 254 %1075 522x107% 124x107* 157x107° 323x107* 769x10° 833x10° 172x10"% 409x10°°>
Zn 7.19 x 1073 0.118 200 x 1072 445x1073 729x1072 124x1072 236x10° 387x102 658 x1073
As 0.135 1.05 0.47 8.37 x 1072 0.65 0.291 444 x 1072 0.345 0.155
Pb 421 %1073 562x1072 115x102 261 x10% 347x1072 709x1073 138x103 18 x10"2 3.77x1073
HI 0.16 1.83 0.66 0.10 1.13 0.41 0.05 0.6 0.22
As 435 %1077 338x107® 151x10°® 323x107® 251x107° 112x1075 857x107° 6.66x10° 298 x 10>
Pb 331x107° 442x107% 9.01x107% 246x10°% 328x1077 6.69x107% 653x10°8 87x1077 178x1077
CR 440 x 1077 3.00x107® 200x10° 326x10® 25x10° 11x10° 867x10° 67x107° 3x10°°

For children, the range of the CR was 3.26 x 107°-2.5 x 10~° with a mean value of
1.1 x 1075. 52.63% and 47.37% of possible exposure processes were classified as suitable to
drink and categorized as “need caution”, respectively. This suggests that approximately
half of the samples, notably those located near the central part of the study area, warrant
focus attention (Figure 6).

@ A ][
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4 2
HI for adults CR for infants
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—6 -5
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Figure 6. Cont.
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Figure 6. The distribution of HI and CR for infants, children, and adults in the study area. The
distribution of (a) HI for infants, (b) HI for children, (c) HI for adults, (d) HI for infants, (e) CR for
children, and (f) CR for adults.

For adults, the CR values ranged between 8.67 x 10~% and 6.7 x 10~°, with a mean
value of 3 x 1075. Only 13.16% of samples were deemed suitable for drinking, while the
remaining 86.74% of samples posed cancer risks, particularly those located near the central
part (Figure 6). The automobile industry produces a lot of sewages containing Pb and As.
The discharge of industrial sewages with Pb and As into groundwater may result in high
Pb and As concentrations. The average order of CR for different age groups was adults
(3 x 1075) > children (1.1 x 107°) > infants (1.5 x 10~°). This order can be attributed to
the long exposure duration of adults (ED = 30 years) to carcinogens compared to children
(ED = 6 years) and infants (ED = 0.5 years).

4.3. Uncertainty Analysis

To assess the uncertainty associated with parameter selection and sampling in the
process, Monte Carlo simulation was employed to simulate hazardous substances and
their respective parameters using statistical parameters (Table 6). The distribution type of
Mn, Cu, Zn, Pb, and As was examined through the K-S test in Python. Meanwhile, the
distribution type of EF was referenced from a previous study [43].

Table 6. The distribution types and distribution parameters of Mn, Cu, Zn, Pb, As, and parameters.

Parameter Distribution Type Infants Children Adult
EF Triangle (180,345,365) (180,345,365) (180,345,365)
IR Lognormal (0.65, 0.065) (1.5,0.15) (2,0.2)
BW Lognormal (6.94, 0.694) (25.9, 2.59) (65, 6.5)
Mn Lognormal (3.54,1.74) (3.54,1.74) (3.54,1.74)
Cu Lognormal (6.34, 0.62) (6.34, 0.62) (6.34, 0.62)
Zn Lognormal (4.55,0.54) (4.55,0.54) (4.55,0.54)
Pb Lognormal (8.53,0.59) (8.53,0.59) (8.53,0.59)
As Lognormal (6.74,0.73) (6.74,0.73) (6.74,0.73)

The simulated health risk exhibited a conformity with lognormal distribution (Figure 7).

Analysis of the HI revealed the percentage of simulated values exceeding 1 for infants,
children, and adults at 15.29%, 8.05%, and 3.07%, respectively (Figure 7a—c). In comparison
with the deterministic non-carcinogenic risk (Figure 6a—c), the mean of simulated HI, and
the over-standard rate demonstrated a close alignment, indicating minimal uncertainty in
the HL.
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Figure 7. Cumulative permeability and probability density of HI and CR for infants, children, and
adults based on Monte Carlo simulation. (a) HI for infants, (b) HI for children, (c) HI for adults,
(d) HI for infants, (e) CR for children, and (f) CR for adults.

Examining the percentage of simulated carcinogenic risk (CR) exceeding 1 for infants,
children, and adults (Figure 7d—f) yielded values of 0%, 0.14%, and 2.93%, respectively.
Notably, the simulated CR values surpassed the actual values depicted in Figure 6d—f.
This discrepancy can be attributed to the incorporation of uncertainties associated with
health risks during groundwater sampling and parameter selection. The simulation process
contributed to a more robust health risk analysis by capturing and integrating the inherent
uncertainties in these phases.

4.4. Sobol Sensitivity Analysis

The Sobol method was used to identify the impact of dynamic parameters associated
with health risk on HI and CR across diverse populations (Figure 8). Among the factors
investigated, namely EF; IR; BW; and concentrations of Pb, As, Zn Cu, and Mn, it was
observed that Pb concentration exerted the most substantial influence on both HI and CR.
Additionally, EF contributed approximately 8% of the overall effect, followed by IR and BW.

The sensitivity analysis, when ordered by age group, revealed that the sensitivity
of the HI was highest in infants, followed by children and adults. Conversely, the sen-
sitivity order of CR exhibited a different pattern, with adults being the most sensitive,
followed by children and infants. These findings underscore the significance of age-specific
considerations in assessing health risks associated with groundwater contamination.

Pb concentration is a key factor affecting groundwater health. Addressing the source
of Pb and reducing its concentration in groundwater could effectively mitigate health risks.
Consequently, strategies aimed at minimizing the intake of groundwater contaminated
by hazardous substances are crucial for safeguarding the health of the population in
this region.
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Figure 8. Sensitivity analysis of HI and CR for infants, children, and adults. (a) HI for infants, (b) HI
for children, (c) HI for adults, (d) HI for infants, (e) CR for children, and (f) CR for adults.

4.5. Measures for the Security of Groundwater Quality

@

@)

®)

Based on the results of the health risks, the following recommendations are proposed:

For industrial zones, it is advisable to establish focal monitoring sites and enhance
surveillance of industrial wastewater, particularly for hazardous substances such as
Pb and As.

Considering the heightened susceptibility of individuals in lower age groups to non-
carcinogenic risks, additional protective measures are suggested. These may include
implementing safety restrictions in children’s recreational areas to minimize their
exposure to pollution sources.

Residents are encouraged to consume purified drinking water to mitigate the accu-
mulation of carcinogenic risks.

5. Conclusions

In this study, a comprehensive analysis of trace elements in 134 groundwater samples

from a typical urban area was conducted, encompassing heavy metal pollution assessment,
health risk evaluation, uncertainty analysis, and sensitivity analysis. The principal findings
and conclusions are illustrated as follows:

@

@

A substantial majority, specifically 85.09% of groundwater samples exhibited no signs
of pollution. However, 5.26% and 9.65% of samples ranked as medium and high
levels in the HPI, respectively. Areas with heavy contamination were identified in the
central and northeastern regions of the study area. Highly contaminated groundwater
should be paid more attention.

The rates of HI exceeding 1 were observed in 15.97%, 5.26%, and 0% of cases for infants,
children, and adults, respectively. The percentages of CR surpassing 1 x 10~* were all
0% for infants, children, and adults. The health risk appraisal mean values indicated
the highest non-carcinogenic risk to infants and notable carcinogenic risk to adults.
More importantly, the uncertainty analyses revealed results that complemented the
absence of risk in the actual risk assessments, thereby enhancing the robustness of
the calculations.



Water 2023, 15, 4286 14 of 16

(3) The Pb was the most influential indicator in health risk calculations. Small variations
in lead levels were found to result in significant fluctuations in health risk outcomes.
Following Pb, EF emerged as the second most sensitive indicator, reflecting the influ-
ence of dietary habits on health risks. Higher frequencies of intake were associated
with elevated health risks.
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