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Abstract

To investigate the heavy metal contamination status and associated health risks in the
groundwater of South Dongting Lake, China, 88 groundwater samples were collected and
analyzed for the contents of heavy metals (Fe, Mn, Cu, Zn, As, Cd, Pb). The heavy metal
pollution characteristics and human health risks were comprehensively analyzed using a
combined approach of the Heavy Metal Pollution Index (HPI), Heavy Metal Evaluation In-
dex (HEI), Water Quality Index (WQI), and by integrating traditional health risk assessment
with Monte Carlo simulation. The results indicated that manganese (Mn) and iron (Fe)
were the most prominent pollutants in the regional groundwater, with exceedance rates
of 35.3% and 25.0%, respectively. Arsenic (As) showed localized exceedances (13.91 µg/L,
1.39 times the standard limit). Spatially, contamination levels were higher in the north and
lower in the south, with Fe, Mn, and As enrichment concentrated in the northern region,
correlating with geological structures and industrial discharges. Health risk assessment
revealed that the total carcinogenic risk (TCR) for children (1.82 × 10−4) exceeded the safety
threshold by 82%, with arsenic being the primary carcinogen (contribution rate: 74.7%).
The non-carcinogenic total hazard index (HI) reached 3.59 for adults and 6.54 for children,
significantly exceeding the acceptable level of 1.0. Manganese was identified as the core
non-carcinogenic risk source (Hazard Quotient (HQ) for children = 3.35). Monte Carlo sim-
ulation confirmed that pollutant concentration and exposure time were the most sensitive
risk-driving factors. This study provides a scientific basis for prioritizing the control of As
and Mn pollution in the northern region and implementing protective measures against
children’s exposure.

Keywords: groundwater; heavy metals; health risk assessment; HPI-HEI and WQI; Monte
Carlo simulation

1. Introduction
Heavy metal contamination of groundwater is a global environmental problem [1] and

is particularly prominent in industrial-intensive areas, agricultural irrigation areas, and
geologically enriched zones [2]. Heavy metals arsenic (As), cadmium (Cd), and lead (Pb)
can cause cancer, neurological damage, and developmental toxicity through drinking water
exposure, and with long-term exposure, can cause serious harm to humans [3]. Excessive
iron and manganese contamination can cause liver and kidney damage, and especially
serious effects on children’s development [4]; therefore, the health risk assessment of heavy
metal contamination in groundwater is particularly important.
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This study focuses on the South Dongting Lake Basin, which, as the core part of
Dongting Lake, is a typical area affected by the intertwining of hydrological and geological
formations as well as human activities [5]. In recent years, the health risk assessment
of groundwater contamination has received widespread attention. An example is the
arsenic contamination incident in Bangladesh, where excessive arsenic concentrations in
the country’s groundwater led to a large-scale carcinogenic risk [6]. High fluoride con-
centrations in groundwater in China’s North China Plain have resulted in widespread
skeletal fluorosis [7–9]. In the Dongting Lake Basin, many researchers have explored the
contamination status of heavy metals in groundwater and health risk analysis through
principal component analysis (PCA), self-organized mapping (SOM), and health risk as-
sessment models [10]. The current methods for evaluating heavy metal contamination
include the Nemero index method, heavy metal pollution index (HPI), and health risk
assessment methods [11]. These were used to evaluate the pollution load of groundwater
by the HPI and to predict the health risks by using health risk assessment (HRA) and Monte
Carlo simulation [12,13]. Monte Carlo simulation can quantify the traditional health risk
assessment, reduce the uncertainty of traditional methods, and improve the accuracy of
the results. Monte Carlo simulation is selected to predict the health risk of heavy metals
because the traditional health risk assessment relies on a single fixed parameter, which
cannot cope with the great spatial difference in heavy metal concentration in groundwater
and the uncertainty of human exposure parameters in the study area. The simulation
randomly samples the uncertain parameters through 10,000 iterations, which can generate
risk probability distribution (such as the quantile of non-carcinogenic risk HI and carcino-
genic risk CR), break through the limitations of fixed parameters, and combine sensitivity
analysis to identify sensitive factors such as pollutant concentration and exposure time
(ED), and quantify the contribution of uncertainty.

In this study, we combine various methods to comprehensively assess the level of
heavy metal contamination in groundwater in the South Dongting Lake Basin, and utilize
the heavy metal pollution index (HPI), heavy metal evaluation index (HEI), water quality
index (WQI), and spatial interpolation techniques to deeply analyze the spatial distribution
of Fe, Mn, Cu, Zn, As, Cr, and Pb contaminants in the groundwater and their contamination
status; based on the traditional health risk assessment, we introduce Monte Carlo simulation
to quantify the traditional health risk assessment, and reduce the uncertainty of traditional
methods to improve the accuracy of the results. On the basis of traditional United States
Environmental Protection Agency (USEPA) health risk assessment, Monte Carlo simulation
is introduced to assess the probability of health risk and analyze the sensitivity, so as to
provide a scientific basis for the improvement of groundwater environmental quality and
population health in the South Dongting Lake Basin.

2. Materials and Methods
2.1. Overview of the Study Area

The Dongting Lake Plain Basin is a fracture basin on the Jiangnan axis of the Yangzi
quasi-terrane, and the former Quaternary strata exposed in its periphery and the basin range
from the old to the new, such as the Lengjiaxi Group of the Paleozoic, Banxi Group, Aurora,
Paleozoic Cambrian, Ordovician, Devonian, Carboniferous, Mesozoic Triassic, Jurassic,
Cretaceous, and Tertiary of the Neoproterozoic, etc. South Dongting Lake is located in
the southwestern part of Dongting Lake, with geographic coordinates between longitude
112◦14′32.1′′ and 112◦56′18.3′′ East and latitude 28◦45′47.5′′ and 29◦11′08.1′′ North, and
the administrative area covers four counties and cities in Yiyang City, Hunan Province,
including Yuanjiang City, Ziyang District, Xiangyin, Nanxian County, and Miluo. The
specific location is shown in Figure 1. During the flood season, it forms a continuous area
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of water, and during the dry season, it reveals a continental beach, presenting the typical
dynamic geomorphological feature of “water rises to become a lake, and water falls to
become a continent”. South Dongting Lake is an over-water lake, with an average annual
water exchange cycle of about 19 days, the water level dropping to 24–26 m during the dry
season, and up to 34 m during the flood season, and the water quality generally reaches the
standard of Class II (local Class III), but there is a risk of exceeding the standard of heavy
metals (e.g., arsenic, cadmium) and nutrient salts (ammonia, nitrogen, and phosphorus)
due to the influence of pollution from industry and agriculture. According to the survey,
most of the residents in the study area have been connected to tap water, but in the dry
season or sudden water pollution incidents, some rural residents will still temporarily use
groundwater as a supplementary water source. In addition, the local tap water source is
also partly taken from groundwater.

 

Figure 1. Location of the study area and distribution of sampling points.

2.2. Sample Collection and Testing

In this study, 88 groundwater samples were collected in the South Dongting Lake Basin.
The groundwater samples were mainly collected from the phreatic aquifer. The depth
range of the sampling borehole is 15 ± 2 m. Groundwater sample sampling requirements
refer to the relevant requirements of the Technical Code for Groundwater Environmental
Monitoring HJ 164-2020 and HJ1019-2019 [14]. Before collecting groundwater samples
on site, wells need to be washed, and pH, turbidity, conductivity, dissolved oxygen, and
redox potential are measured using a multi-parameter detector. After the water sample was
collected, it was immediately filtered through a 0.45 µm microporous membrane to remove
suspended particles. Subsequently, high-grade pure HNO3 was added and acidified to
pH < 2 as a protective agent to prevent the adsorption or precipitation of heavy metals and
ensure the stability of the sample during transportation and storage. In this study, Seven
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heavy metal elements were analyzed: Fe, Mn, Cu, Zn, As, Cd, and Pb. And the heavy
metal elements Fe, Mn, Cu, Zn, As, Cd, and Pb in the water samples were measured by
Inductively Coupled Plasma Mass Spectrometry (ICPMS), and the detection limits were
0.02 mg/L, 0.00012 mg/L, 0.00008 mg/L, and 0.00067 mg/L, 0.00012 mg/L, 0.00005 mg/L,
and 0.00005 mg/L, respectively.

3. Data Analysis and Evaluation Methods
3.1. Health Risk Assessment

Calculated carcinogenic risk (CR) vs. non-carcinogenic risk (HQ) using USEPA health
risk modeling [15,16]. The study was conducted to assess the health risk of Fe, Mn, Cu,
Zn, As, Cd, and Pb contaminants detected in the groundwater of South Dongting Lake.
The values of each exposure parameter in the model mainly refer to the standard default
values recommended by USEPA. Due to the lack of detailed exposure parameter survey
data for residents in the South Dongting Lake Basin, this study did not localize the default
parameters, which may introduce certain uncertainty. The modeling formulas are as
follows [17,18]:

Drinking Water Cancer Risks:

CR = SF × CW × IR × EF × ED
BW × AT

Drinking Water Non-Cancer Risks:

HQ =
CW × IR × EF × ED

BW × AT × RfD

where CW is the concentration of contaminant in water, mg/L; IR is the intake of drinking
water, 2.5 for adults and 1.14 for children, L/d; EF is the exposure frequency, 350 for adults
and 350 for children, d/a; ED is the duration of exposure, a; BW is the body weight, 60 for
adults and 15 for children, kg; AT is the average exposure time, d; RfD is the daily reference
dose, mg/(kg·d); SF is the carcinogenic intensity factor, mg/(kg·d). mg/(kg·d); SF is the
carcinogenicity intensity factor, mg/(kg·d).

The values of RfD and SF for the seven pollutants under study in this paper are shown
in Table 1 [19]:

Table 1. SF and RfD under different elemental drinking water pathways.

Heavy Metal Element SF (kg·d/mg) RfD (mg/(kg·d)) ED AT

Carcinogenic As 1.5 0.0003
70 25,550Cd 6.1 0.0005

Non-carcinogenic

Mn - 0.046

35 2190
Zn - 0.3
Fe - 0.3
Cu - 0.04
Pb - 0.0014

3.2. Monte Carlo Simulation and Sensitivity Analysis

Modeling of uncertainties (e.g., Cr, Cd, and As concentrations in groundwater) using
Monte Carlo simulation [20,21]. By randomly sampling these factors, each possible scenario
was modeled and thus assessed for possible carcinogenic and non-carcinogenic risks to the
health of the population. In this study, sensitivity analyses were conducted using Crystal
Ball software for multiple (10,000 iterations) simulations, and sensitivity analyses were used
to determine which variables had the greatest impact on the final health risk assessment
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results [22]. This analysis helps to identify the most critical parameters in risk assessment
and helps to prioritize these factors in the actual prevention and treatment process, leading
to more effective risk reduction.

3.3. Heavy Metal Pollution Index (HPI) and Heavy Metal Evaluation Index (HEI)

The Heavy Metal Pollution Index (HPI) is used to assess the degree of combined
heavy metal contamination of groundwater, which helps to assess the overall quality of
groundwater, and the HPI is calculated as follows [23,24]:

HPI = ∑n
i=1(Wi × Qi)

∑i=n
i=1 Wi

where Wi = 1/Si, Si is the standard value, Qi = Ci/Si ∗ 100, Ci is the elemental concentra-
tion, The classification criteria are: no pollution (0–25), slight pollution (26–50), moderate
pollution (50–100), and heavy pollution (>100).

The formula for the Heavy Metal Evaluation Index (HEI) is as follows [25,26]:

HEI = ∑n
i=1

Mi

MACi

where Mi is the elemental concentration value, MACi is the maximum acceptable value.
The classification criteria are: HEI < 10 is low pollution, 10–20 is medium pollution, and
HEI > 20 is high pollution.

3.4. Water Quality Index Evaluation (WQI)

The Water Quality Index (WQI) is a comprehensive evaluation method that quantifies
the overall quality of groundwater by integrating the measured concentrations of multiple
contaminants in groundwater into a single value [27]. In this paper, eight heavy metal
elements in the groundwater of the South Dongting Lake Basin are targeted to evaluate the
water quality index (WQI), and the obtained WQI values are interpolated and analyzed
by using the inverse distance weighting (IDW) method, to clarify the risk areas of high
pollution and to draw a map of water quality risk areas. When calculating the WQI,
different weights are assigned to the parameters according to their importance to human
health or ecological hazards [28]. Heavy metals such as As and Cd were assigned the
highest weight (5.0) due to high toxicity, followed by Fe, Mn, Cu, Zn, Pb (2.0–4.0). The
formula was calculated as follows [29,30]:

Wi =
wi

∑n
i=1 wi

where Wi is the relative weight. wi is the weight.

Qi =
Ci

Si
× 100

where Qi is the quality score normalized, Ci is the concentration of the parameter (mg/L),
and Si is the Groundwater Quality Standard Class III limit value.

WQI =
n

∑
i=1

(Qi × Wi)
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4. Results and Discussion
4.1. Descriptive Statistics and Spatial Distribution of Heavy Metals in Groundwater

In this study, seven indicators, including cadmium (Cd), manganese (Mn), lead (Pb),
arsenic (As), iron (Fe), copper (Cu), and zinc (Zn), were analyzed as indicators of heavy
metal contamination in the groundwater of the South Dongting Lake Basin, Descriptive sta-
tistical analysis was performed in IBM SPSS Statistics 27. And the results of the descriptive
statistics and analyses of the seven heavy metals are shown in Table 2.

Table 2. Descriptive statistics of heavy metals in groundwater.

Elemental Mean
(µg/L)

Minimum
(µg/L)

Maximum
(µg/L)

Standard
Deviation (µg/L)

Coefficient
of Variation

(CV)

Limit of
Detection

(µg/L)

Groundwater
Class III Criteria

(µg/L)
Exceedance

Rate

Cd 0.104 ND 0.809 0.162 1.058 0.05 5 0
Mn 362.68 ND 8312.28 1080.6 3.433 0.12 100 35.3%
Pb 0.186 ND 1.574 0.24 1.29 0.05 10 0
As 1.245 ND 13.906 0.335 2.168 0.12 10 3.8%
Fe 318.33 ND 8984 1260 2.808 20 300 25.0%
Cu 1.078 ND 13.198 1.71 1.483 0.08 1000 0
Zn 7.73 ND 138.45 19.2 2.406 0.67 1000 0

The analysis of the seven indicators in the groundwater in the study area showed that
the pollution status of Mn and Fe was the most significant, with the average values of Mn
and Fe being 362.68 µg/L and 318.33 µg/L, respectively, and the maximum concentration
of Mn exceeding the standard for Class III water by 83.1 times (8312.28 µg/L), and that of Fe
by 29.9 times (8984 µg/L), with an exceedance rate as high as 35.3% and 25.0%, respectively.
The maximum concentration of Fe exceeded the standard of Class III water by 29.9 times
(8984 µg/L), and the exceedance rates were as high as 35.3% and 25.0%, respectively. The
coefficients of variation for Fe and Mn were both greater than 250%, which indicated that
the spatial distribution was not uniform. The mean value of carcinogenic pollutant As did
not exceed the standard limit, but there was localized exceedance (maximum 13.91 µg/L,
1.39 times exceedance), and As contamination may be affected by arsenic-rich strata as
well as industrial emissions [31]. The concentrations of the remaining heavy metals Cd,
Pb, Cu, and Zn were not exceeded as a whole, with most of them having values below the
detection limit.

According to the Limits for Class III Water of the Groundwater Quality Standards,
there are exceedances of Mn and Fe, as well as As. Long-term consumption of water
containing high concentrations of manganese and iron may harm human health, especially
on children, which may damage their neurological development [32,33]. Localized excesses
of arsenic can also lead to cancer risk when exposed for long periods of time.

In order to comprehensively characterize the chemical environment of groundwater,
the field conductivity (EC) of water samples was measured simultaneously in this study.
The EC value varies greatly (30.1–509 µS/cm), with an average of 212 µS/cm, indicating that
the groundwater salinity in the study area is low and belongs to the freshwater environment.
From the spatial distribution map in Figure 2, it can be seen that the distribution area of
high concentration of Fe, Mn and As is mainly to the north of South Dongting Lake, and the
geological structure of Dongting Lake is a faulted basin, and related research shows that
tectonic depression and uplift often play the role of separating the groundwater system,
and due to the obstruction of vertical alternation of surface water and groundwater, the
groundwater has less oxygen, and it is in a reducing environment, which leads to the
reduction of elemental Fe. Under anoxic conditions, the iron and manganese oxides in
the natural soil/sediment of metal-rich strata (such as the Proterozoic Lengjiaxi Group
and Banxi Group) will be reduced and dissolved, thereby releasing the adsorbed heavy
metals such as arsenic into groundwater, which is an important natural source process. As
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is mainly distributed in the north and southeast of South Dongting Lake; the maximum
concentration of As is 0.014 mg/L, which exceeds the risk threshold and causes certain
health risks. Cu and Pb are mainly distributed in the more densely populated areas,
and the main sources of Cu and Pb pollution are electronics, industrial wastewater, and
agricultural runoff, which are the main sources of the pollution of the groundwater. The
main source of Pb pollution is industrial wastewater from electronics, electroplating, and
battery manufacturing [34]. In heavily trafficked areas, vehicle emissions and pollutants
from tire wear, which enter the groundwater system indirectly, may also lead to elevated
concentrations of the elements Pb and Zn [35]. The spatial distribution of Pb and Cr is
relatively similar. In the study area, especially in hilly areas and densely populated areas,
mining is more likely to be the main source of Cu pollution. For the increase in Fe, Mn
and As concentrations in the northern region, the specific tectonic geological background
provides the basis for the formation of the groundwater reduction environment, which
promotes the release of Fe, Mn and As in the primary strata; combined with the additional
pollutants emitted by industrial wastewater, the two processes are superimposed on each
other, resulting in a significant increase in the concentration of heavy metals in the northern
groundwater. This model needs to be verified in the subsequent fine research on this hot
spot area.

Figure 2. Spatial distribution of pollutants in the study area.

4.2. HPI and HEI Groundwater Contamination Assessment

In this study, the contamination of Fe, Mn, Cu, Zn, As, Cr, and Pb in groundwater
of South Dongting Lake was comprehensively assessed based on HPI and HEI indices
using USEPA (2009) drinking water guidelines as the standard [36]. The horizontal line in
Figure 3 represents the pollution level. The horizontal axis in the figure represents different
sampling points or sampling locations of groundwater samples. Each sampling point
corresponds to a specific HPI (health pollution index) and HEI (heavy metal element index)
value. The results showed that the HPI showed that 72.73% of the points (n = 64) were
in a non-polluted state (HPI ≤ 25), and 13.64% of the points (12) reached heavy pollution
(HPI > 100), with extreme values such as point 23 (HPI = 977.48) indicating the presence
of high-intensity sources of contamination in localized areas (e.g., industrial discharges or
mining activities). The mean value of the HEI was 7.293 (range 0.039–166.34), 81.82% of the
points were low polluted (HEI < 10), and the HEI values of point 23 (HEI = 166.34), point
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62 (HEI = 91.63), and point 86 (HEI = 66.44) exceeded the threshold (20) by a factor of 6–8,
which is highly overlapping with the HPI-recognized highly overlapping with the heavily
polluted areas identified by HPI.

Figure 3. HPI and HEI values in groundwater samples.

The two indices, HPI and HEI, show that although most of the groundwater bodies are
of good quality, about 12–14% of the points have serious heavy metal enrichment, with As, Fe,
and Mn as the main exceeding elements (As concentration at point 23 exceeds the standard by
47 times). Priority treatment measures are recommended for the eight overlapping points with
HEI > 20 and HPI > 100 (e.g., points 23, 62, 86), and monitoring of the moderately polluted
area should be strengthened. This study provides a scientific basis for double index validation
for groundwater safety control in the South Dongting Lake Basin.

4.3. Water Quality Index (WQI)

The study used WQI to assess the water quality condition of the study area of South
Dongting Lake as a whole, and the average value of WQI in the groundwater samples of
the study area was 81.0, and the results of WQI were divided into five categories in this
paper, and the results in Table 3 showed that 75% of the groundwater samples were of high
quality, and the spatial distribution of the WQI values showed that the water quality in the
southern and eastern parts of the South Dongting Lake was better, and the area of poorer
quality was located in the southern part and the northern part of the South Dongting Lake.
The main reason for this is the high concentration of Fe, Mn, and As elements, as can be
seen in Figure 2.

Table 3. WQI classification.

WQI Range Classification Number of Points Sample

<50 Good quality water 66 75%
50.1–100 Fair 6 6.8%

100.1–200 Poor quality water 7 7.9%
200.1–300 Very poor water 4 4.5%

>300 Unsuitable for drinking 5 5.6%
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The analysis of the spatial distribution of WQI values provides a clear picture of the
overall status of water quality in the study area of South Dongting Lake and the differences
in water quality in specific areas. The high concentration of iron, manganese, and arsenic
is the main reason for the poor water quality in the northern region. Based on the results
of these analyses, corresponding pollution source control and water quality management
measures can be taken to improve regional water quality and ensure the sustainable use of
groundwater and the safety of drinking water for residents.

4.4. Health Risks Due to Heavy Metals in Groundwater

This paper evaluated the health risks of heavy metals in groundwater in the South
Dongting Lake Basin based on the models recommended by the USEPA [36]. The results are
summarized in Table 4, which assessed the health risk of carcinogenic and non-carcinogenic
risks caused by oral ingestion for both adults and children, and for both adults and children
the non-carcinogenic risk value (HQ < 1) was acceptable, and the carcinogenic risk value
(CR) between 1 × 10−6 to 1 × 10−4 is acceptable [19]. The health risk assessment con-
ducted in this study is based on the theoretical calculation values of the USEPA standard
model, aiming to quantify the potential population burden of heavy metal pollution in
groundwater and identify priority pollutants and areas for control.

Table 4. Health risk values for pollutants.

Item Elemental
Drinking Water Pathways

Adults Children

CR
Cd 2.54 × 10−5 4.62 × 10−5

As 7.46 × 10−5 1.36 × 10−4

TCR 1.00 × 10−4 1.82 × 10−4

HQ

Mn 1.84 × 100 3.35 × 100

Zn 6.01 × 10−3 1.10 × 10−2

Fe 2.47 × 10−1 4.51 × 10−1

Cu 6.28 × 10−3 1.15 × 10−2

Pb 3.10 × 10−2 5.65 × 10−2

THI 2.13 × 100 3.88 × 100

As shown in Table 4, carcinogenic risk: according to the results of the health risk
evaluation of groundwater in South Dongting Lake, the total carcinogenic risk (CR) for
adults is 1.00 × 10−4 (close to the upper limit of the USEPA threshold value of 1 × 10−4),
and the total CR for children reaches 1.82 × 10−4 (exceeding the threshold value by 82%),
which indicates that the children’s group needs to be focused on, and the main carcinogenic
pollutants, the arsenic (As) has the highest contribution rate, and the exceedance of its
concentration mainly originated from primary release from arsenic-rich strata and industrial
wastewater input (e.g., electronics manufacturing, mining wastewater). The CR for Cd is
low and does not pose a health risk to humans.

Non-carcinogenic risk: According to the results of risk evaluation, the total hazard
index (HI) of non-carcinogenic risk significantly exceeded the standard, with the total
HI of adults and children amounting to 3.59 and 6.54, respectively (far exceeding the
acceptable threshold value of HI ≤ 1), of which manganese (Mn) was the main risk factor,
and the manganese contamination was concentrated in the northern part of the South
Dongting Lake, with the hazard quotient (HQ) of adults and children amounting to 1.84
and 3.35, respectively; the concentration of Fe in the northern part was abnormal (8984 µg/L
exceeding 29.9 times). The concentration of iron (Fe) in the northern part of the lake was
abnormal (8984 µg/L, exceeding the standard by 29.9 times), and although the overall HQ
was <1, long-term exposure may trigger the risk of localized liver damage, which needs
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attention. The non-carcinogenic risk in children was generally 1.8 times higher than that in
adults due to differences in metabolic rate and exposure behavior.

In Figure 4, higher non-carcinogenic risk values (HI) were observed in the north-
western part of the study area, which was mainly attributed to higher non-carcinogenic
risk values (HQ) for Fe, Mn. Figure 5 shows the spatial distribution of health risk values
(CR/HI) in the study area. In the southeast and west of the study area, the cancer risk CR
values are higher, mainly because the cancer risk (CR) values of As are higher in children,
which is more than the acceptable level of 1.00 × 10−4, and As is a special hazard for
children, which may cause fetal development during pregnancy and affect the neurological
development of children. Development, and therefore requires attention [37].

 

Figure 4. WQI distribution of South Dongting Lake.

Figure 5. Spatial distribution of CR and HQ in the study area.
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4.5. Health Risk Assessment Based on Monte Carlo Simulation

Monte Carlo simulation is a probabilistic analysis method for quantifying uncertainty
in risk assessment [38]. In this study, the probability distribution of the health risk of
groundwater contaminants was based on Monte Carlo simulations, and the data were
processed using Oracle Crystal Ball software, with the number of iterations set to 10,000 for
each run. The simulated values for the health risk assessment were at the 95th percentile,
which is the most severe or worst possible outcome [39]. The probability distribution of the
input parameters is shown in Table 5.

Table 5. Parameter probability distribution function of the health risk assessment model.

Parameter Unit Probability Distribution Adult Children References

Daily ingestion rate (IR) L/d Triangular distribution TR (0.43, 2.3, 3.6) TR (0.33, 1.14, 1.62) [40]
Exposure frequency (EF) d/a Triangular distribution TR (180, 345, 365) [40]
Means the body weight

(BW) kg Lognormal distribution LN (60, 1.18) LN (19.6, 1.96) [40]

Duration of carcinogenic
exposure (ED) a Uniform distribution UN (0, 70) [41]

Non-carcinogenic exposure
duration (ED) a Uniform distribution UN (0, 35) [41]

Average carcinogenic
exposure time (AT) d Single point distribution 25550 [42]

Average non-carcinogenic
exposure time (AT) d Single point distribution 2190 [43]

Figure 6 shows the probability distribution of non-carcinogenic risks simulated by
Monte Carlo, and the results show that among the non-carcinogenic pollutants, the order
of non-carcinogenic risks is: Mn > Fe > Zn > Cu > Pb, and the mean value of HI of Mn to
children is greater than 1, and the mean value of HI of the remaining non-carcinogenic
pollutants is less than 1. The predicted value of Mn falls in the unacceptable risk interval
of carcinogenicity, and the HI value is 397, so the health risk caused by Mn needs to be
taken into account. The HI value of Mn was 3.97, so the health risk caused by Mn should
be emphasized. 95% quantile values of Fe, Cu, Pb, and Zn fell in the acceptable cancer
risk interval, and the health risk caused by these pollutants was small. The THI values for
adults and children were 0.796 and 1.2, respectively, and the THI for children was greater
than 1, and the 95% quantile values for both adults and children exceeded the risk value of
1, which indicated that the health risks caused by non-carcinogenic heavy metals to human
beings should not be neglected, especially the health risks caused by Mn to children.

The probability distribution of non-carcinogenic risk was simulated by Monte Carlo.
The mean values of carcinogenic risk of As for adults and children were 2.67 × 10−5 and
4.02 × 10−5, respectively, and the 95% values for children fell in the unacceptable carcino-
genic risk interval, with a certain carcinogenic risk, and the risk of children’s exposure was
significantly higher than that of adults. The mean values of carcinogenic risk of Cd for
adults and children were less than the maximum acceptable level (1.0 × 10−4), the 95%
values of Cd for both adults and children fall in the acceptable carcinogenic risk interval,
and the health effects caused by Cd are negligible. From Figure 7c, the 95% TCR values for
children exceeded the risk threshold, indicating that the carcinogenic risk to children in
groundwater in the study area needs to be emphasized, especially for As contamination.
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Figure 6. Cumulative probability of predicted non-carcinogenic risk (a) Fe; (b) Mn; (c) Cu; (d) Pb;
(e) Zn; (f) THI.

Figure 7. Cumulative probability of predicted cancer risk (a) As; (b) Cd; (c) TCR.

4.6. Sensitivity Analysis

Sensitivity analysis is a method used in risk assessment to determine the magnitude
of the effect of different parameters on the outcome of a carcinogenic or non-carcinogenic
risk assessment. The analysis shows that children are slightly more sensitive than
adults overall, and that this difference is related to differences in body weight and
metabolic rate. As analyzed in Figure 8, the highest sensitivities were found for pollutant
concentration (Mn) and exposure duration (ED) for non-carcinogenic risk in both adults
and children. Among carcinogenic risks in adults and children, exposure time (ED) had
the highest sensitivity, followed by drinking water intake (IR) and exposure frequency
(EF). In summary, heavy metal concentrations as well as exposure time (ED) were the
most sensitive factors, and long-term exposure can have a cumulative effect on the
human body, especially in areas with highly polluted water sources. Therefore, lowering
pollutant concentrations and reducing exposure time can reduce carcinogenic and non-
carcinogenic risks in the population.
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Figure 8. Sensitivity analysis of contaminants under the drinking water pathway.

5. Conclusions
1. Groundwater in the South Dongting Lake Basin is mainly contaminated with Mn

and Fe, with the maximum concentration of Mn exceeding the standard for Type III water
by 83.1 times (8312.28 µg/L) and Fe by 29.9 times (8984 µg/L). As exceeded the standard
locally (maximum concentration of 13.91 µg/L, exceeding the standard by 1.39 times), Cr,
Pb, Cu, and Zn as a whole did not exceed the standard.

2. Uneven spatial distribution, Mn, Fe, and As pollution are mainly concentrated in
the north, related to geological structure, groundwater redox environment, and industrial
activities. Pb, Cu, and Zn are mainly distributed in densely populated industrial areas and
transportation hubs.

3. HPI and HEI double validation: 72% of the points are not polluted, but 12–14%
of the points reach heavy pollution. As, Fe, and Mn are the main exceeding elements.
WQI shows that the water quality in the north is the worst (75% of the points are of good
quality, 5.6% of the points are not suitable for drinking), which coincides with the high
concentration area of heavy metals.

4. According to the health risk assessment, the total carcinogenic risk (CR = 1.82 × 10−4)
for children exceeded the threshold value, and As contributed the most to the carcinogenic
risk for children. The total non-carcinogenic index (THI) for adults and children amounted to
2.13 and 3.88, respectively (well above the threshold HI = 1), with Mn as the core risk source
(HQ = 3.35 for children), followed by iron (HQ = 0.45 for children). The child population
was generally 1.8 times more at risk than adults due to metabolic differences.

5. Monte Carlo simulations and sensitivity analyses showed that pollutant concen-
tration (Mn) and exposure duration (ED) were the most sensitive variables to health risks,
and that lowering the concentration of Mn and As and reducing the duration of exposure
(especially in the children’s group) were the priority directions for risk control.

This study combined Monte Carlo simulation with traditional assessment models
to quantify uncertainty and identified pollutant concentration and exposure time as the
most sensitive risk drivers. Although this study preliminarily explored the sources, future
work can conduct in-depth and accurate source analysis to distinguish the contribution
of natural background and human activities, so as to provide a more reliable basis for the
precise management and risk control of heavy metal pollution in groundwater in the South
Dongting Lake Basin.
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