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A B S T R A C T   

Heavy metals (HMs) in groundwater seriously threaten ecological safety and human health. To facilitate the 
effective management of groundwater contamination, priority control factors of HMs in groundwater need to be 
categorized. A total of 86 groundwater samples were collected from the Huangpi district of Wuhan city, China, 
during the dry and wet seasons. To determine priority control factors, a source-oriented health risk assessment 
model was applied to compare the pollution sources and health risks of seven HMs (Cu, Pb, Zn, Cr, Ni, As, and 
Fe). The results showed that the groundwater had higher As and Fe contents. The sources of HM pollution during 
the wet period were mainly industrial and agricultural activities and natural sources. During the dry period, 
origins were more complex due to the addition of domestic discharges, such as sewage wastewater. Industrial 
activities (74.10% during the wet period), agricultural activities (53.84% during the dry period), and As were 
identified as the priority control factors for groundwater HMs. The results provide valuable insights for poli-
cymakers to coordinate targeted management of HM pollution in groundwater and reduce the cost of HM 
pollution mitigation.   

1. Introduction 

Clean water is a fundamental pillar of food security and human 
health across the globe; however, a staggering 884 million people 
worldwide still lack access to safe drinking water (Ravindra, Mor, 2019; 
Nasrabadi et al., 2015; Adeyemi and Ojekunle, 2021). Groundwater is a 
vital water resource that plays an important role in supporting the 
livelihoods of over 2 billion people, especially in arid and semiarid re-
gions (Mahapatra et al., 2020). However, industrialization continues to 
increase the demand for groundwater. By surpassing its self-purification 
capacity, groundwater environments are facing heavy contamination. 
Among contamination sources, heavy metals (HMs) represent a signifi-
cant challenge to the safety of groundwaters, as even low concentrations 
can be highly toxic, having irreversible adverse effects on human health 

(Ravindra, Mor, 2019; Nasrabadi et al., 2015; Adeyemi and Ojekunle, 
2021). Certain HMs, such as Cr, Pb, and As, are known to be carcino-
genic, posing a significant threat to human health. Excessive intake of 
Cu, Zn, Ni, and Fe can lead to neurotoxic effects and diseases. Studies 
have shown that approximately 20% of global cancer cases can be 
attributed to the consumption of unsuitable groundwater and inade-
quate sanitation. In 2016, human activities near groundwater sources 
resulted in 829,000 deaths worldwide (Ma et al., 2023; Shi et al., 2022; 
Zhai et al., 2022). Given the grave consequences of HM contamination 
and the immense costs associated with water treatment, it is imperative 
to distinguish its sources and assess the associated health risks quanti-
tatively. Similarly, it is essential to identify priority factors for control-
ling metal contamination in groundwater (Ma et al., 2023; Shi et al., 
2022; Zhai et al., 2022). 
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Classical methods such as HM contamination index analysis are 
commonly used to assess the contamination level of HMs in ground-
water. However, these methods, including the HM pollution index (HPI), 
the contamination index (CI), and the HM evaluation index (HEI), have 
limitations. They require a clear critical limit and do not account for 
factors such as relative toxicity, relative weight, and reference dose 
(Chorol, Gupta, 2023). For example, Singh et al. (2017) evaluated 
groundwater contamination of resources by potentially toxic trace ele-
ments near the coal mine site of the Korba coal mine in central India. The 
level of heavy metal contamination in the groundwater zones of active 
mining areas was evaluated using pollution evaluation indices (HPI, HEI 
and CI), but in general, the results evaluated by these indices lacked 
consistency. Therefore, the multiplicative mean method was used to 
eliminate the contradictions between indices and reclassify them ac-
cording to this scale to assess the level of heavy metal contamination in 
groundwater environments of active mining areas. Singh et al. (2020) 
argued that these methods lacked the distribution of weights of heavy 
metals and completely ignored the reasonable errors that may be 
induced by the different quantities of quality classes. As a result, the 
range of results can be unnaturally large. To address such limitations, 
this study introduces a novel assessment approach incorporating the 
standard weight vector (wj) obtained through entropy weighting into 
the HPI equation. By utilizing entropy weighting, the HPI method in this 
study provides a more comprehensive assessment of HM contents in 
groundwater, integrating considerations of relative toxicity, relative 
weight, and reference dose. 

Moreover, existing studies have not thoroughly quantified the con-
tributions of different pollution sources, potentially obscuring the 
establishment of accurate pollution control targets (Jiang et al., 2022). 
Recently, the principal component score-multiple linear regression 
(APCS/MLR) method has gained popularity in quantifying the identifi-
cation of HM sources (Zhang et al., 2020; Shi et al., 2022). APCS/MLR 
can accurately quantify the contribution (%) of each HM, aiding in 
identifying key sources (Sun et al., 2022; Lv, 2019). Previous studies on 
the health risks of HMs in groundwater have predominantly utilized the 
protocols established by the United States Environmental Protection 
Agency (USEPA) to assess both carcinogenic and noncarcinogenic risks 
(Jin et al., 2019; Song et al., 2018; Proshad et al., 2022). These studies 
often overlook the inherent uncertainties associated with their assess-
ments. Many health risk assessment (HRA) studies have relied on con-
ventional models with settled parameters (Brtnický et al., 2019; Gu 
et al., 2016; Wang et al., 2016). Nonetheless, such point estimation 
methods may not accurately identify the most significant risk factors due 
to uncertainties in concentrations and individual variation, potentially 
leading to skewed estimations of risk levels (Yang et al., 2019; Huang 
et al., 2021a). Unlike deterministic models, MCS quantifies uncertainties 
in risk assessment and identifies the influence of exposure pathways and 
parameters on risk, making it one of the most valuable techniques in this 
context (Tong et al., 2018; Yang et al., 2019; Dehghani et al., 2021). 
Increasingly, MCS is being applied to risk assessments of HMs (Dehghani 
et al., 2021; Ginsberg, Belleggia, 2017). Furthermore, this method 
considers the differences in toxicity coefficients among different HMs 
(Liu, Zhang, 2017; Liu et al., 2018). Therefore, a more comprehensive 
and probabilistic approach, such as MCS, is vital for accurate risk 
assessment and management strategies. 

According to the 2020 hydrogeological survey in China, the Yangtze 
River Basin is ranked as the second largest underground water resource, 
boasting 2421.70 billion cubic meters (J. Huang et al., 2021; C. Huang 
et al., 2021). Among the regions alongside the basin, Wuhan, situated in 
the middle reaches of the Yangtze River, stands out with the wettest 
groundwater resources. However, the northeastern Jianghan Plain, 
including Wuhan, faces environmental challenges due to high Fe, Mn, 
and As concentrations in the water-bearing medium and overlying soil 
layers (He et al., 2016). Urbanization and human activities have further 
exacerbated the degradation of groundwater quality in Wuhan, partic-
ularly in the Huangpi District, where groundwater pollution has become 

increasingly pronounced. The intensification of agricultural and indus-
trial activities has led to escalating demand for water in the Huangpi 
District. Hence, the prevalence of machine wells has been steadily rising, 
compounded by private wells, resulting in the exploitation of approxi-
mately 2629.42 × 104 m3/a of groundwater in the Huangpi district. This 
situation risks local ecological stability and residents’ health (Wu et al., 
2021). To address these issues, it is crucial to quantify the impacts of 
different pollution sources on health risks. Identifying the priority 
pollution factors for groundwater pollution control in Huangpi District, 
Wuhan, will be instrumental in enhancing the effectiveness of HM 
pollution control efforts (Liu et al., 2018). 

Here, we have developed an integrated assessment framework by 
combining entropy-HPI, APCS/MLR, HRA, and MCS methods to 
comparatively quantify the health risks associated with various sources 
of groundwater contamination in Wuhan city, China. The groundwater 
assessment was conducted over two seasons, one with dry conditions 
and the other with wet water. The main objectives of the study are to (1) 
assess the contamination levels of HMs in groundwater, (2) quantify the 
potential sources of HMs in the groundwater, (3) evaluate the health 
risks of HMs in the groundwater from different sources of contamina-
tion, and (4) prioritize pollution control efforts by analyzing the rela-
tionship between contamination levels of HMs and make policy 
recommendations based on the priority sources and elements of 
contamination. The findings are significant in allowing decision-makers 
to determine the priority order of HM pollution control in groundwater. 
By understanding the health risks associated with different sources of 
contamination, policymakers can develop targeted and effective stra-
tegies to control and reduce groundwater HM pollution. 

2. Materials and methods 

2.1. Study area 

Huangpi District is situated to the north of Wuhan City, Hubei 
Province, China, with geographical coordinates of 114◦09′~114◦37′E, 
30◦40′~31◦22′N. It covers an area of 2261 square kilometers. The dis-
trict experiences a characterized subtropical monsoon climate. The 
rainfall distribution in the area varies significantly, and the flood season 
occurs between April and September. The topography of Huangpi Dis-
trict is higher in the north and gradually slopes downward toward the 
south. The terrain falls within the eastern section of the north bank of the 
Yangtze River in the Jianghan Plain (Fig. 1a). It is composed of low hills 
with tectonic denudation in the north, postlike plains with denudation in 
the middle, and river alluvial plains in the south. The categories of this 
study are loose rock pore water, clastic rock fracture pore water, 
metamorphic rock fracture water, magmatic rock fracture water, and 
carbonate rock fracture karst water (Fig. 1b). Among these categories, 
metamorphic fracture water has the most expansive distribution area 
and is primarily stored in the Hong’an Group of the Yuangu boundary. 
The groundwater in Huangpi is mainly formed through river water 
infiltration or atmospheric precipitation, with recharge occurring 
through submerged layer cross-flow. The predominant direction of 
groundwater flow is from north to south or from northwest to south. 
Huangpi District has a population of approximately 1.24 million, and 
most residents are engaged in agricultural activities, with well- 
developed farming and breeding industries. However, at this stage, 
most of the domestic sewage in rural areas is discharged directly into the 
waterways without treatment, resulting in serious nitrogen and phos-
phorus pollution and pesticide contamination from agricultural pro-
duction. Huangpi District is the most important agricultural base in 
Wuhan. In recent years, heavy metal pollution caused by long-term 
cultivation and rapid urbanization and industrialization has seriously 
affected the local soil ecosystem in the area (Guo et al., 2017; Yu et al., 
2014). 
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2.2. Sample collection and analysis 

In 2019, 43 groundwater samples were collected during two distinct 
periods: the water period (July to August) and the dry water period 
(November to December), for a total of 86 samples collected (Fig. 1c). 
The sample collection process and quality control measures followed the 
guidelines outlined in the Regional Groundwater Pollution Investigation 
and Evaluation Specification (DZ T0288–2015). The field maps used 
during the investigation were 1:50,000 hydrogeological maps, which 
can meet the requirements of investigation accuracy. Groundwater 
samples were collected at irregular densities. Metamorphic fracture 

water samples were primarily obtained from civil wells with depths of 
less than 12 m. Civilian wells are often contaminated, with varying 
degrees of contamination from household to household. Groundwater 
pollution in the district is mainly found in individual residential villages 
within the distribution area of pore water of the fourth system and 
weathered fissure water of metamorphic rocks, such as the civil wells in 
Changxuanling village. 

Groundwater samples were sent to the South Central Mineral Re-
sources Supervision and Testing Center in China for experimentation. 
Chemical indices for the sample tests were divided into two categories: 
groundwater-significant anions and cations and HM elements. The 

Fig. 1. Overview of the study area: (a) lithological map, (b) hydrogeological map, (c) sampling point map, and (d) land use pattern map.  
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major anions and cations (K+, Na+, Ca2+, Mg2+, Cl-, SO4
2-, HCO3

- , NO3
- , 

pH, TDS) were determined using a plasma emission spectrometer (ICAP- 
6300), and the anions were analyzed using ion chromatography (ICS- 
1100) (Subhani et al., 2020). The detection limit for each ion was 
0.01 mg/L, and the error in determining anions and cations was 
generally less than 0.1%. We selected for analysis the heavy metal ele-
ments that have large concentrations and health impacts in the region. 
Concentrations of Cu, Pb, Zn, Cr, Fe and Ni were determined by 
inductively coupled plasma–mass spectrometry (ICPMS-7700X) (Pan 
et al., 2021; Muhammad et al., 2018; Muhammad et al., 2019; 
Muhammad et al., 2020a), and concentrations of As were determined by 
atomic fluorescence spectrometry (Muhammad et al., 2020b; Muham-
mad et al., 2021; Muhammad et al., 2022; Muhammad et al., 2023). 
These heavy metal elements are hazardous to human health. For 
example, the ingestion of groundwater containing high concentrations 
of Cr, As, Pb, and Ni can affect the functions of the kidneys, lungs, and 
other organs, leading to bone, cardiovascular, and cerebrovascular dis-
eases. Moreover, high concentrations of Cu, Fe, Mn, and Zn can be toxic 
to humans (Pan et al., 2023). The results of blank tests showed that their 
values were lower than the detection limits, the recoveries of empty 
spikes were between 95% and 120%, and the overall passing rates of the 
tests were approximately 98.83%. These quality control measures 
ensured the reliability and accuracy of the sample test results. 

2.3. Methods 

2.3.1. Evaluation of pollution levels (PI) 
The pollution levels were defined as the degree of HM contamina-

tion. 

PI =
Ci

Si
(1) 

Ci is an element’s concentration (µg/L), and Si is the standard value 
for groundwater (µg/L). The Class III groundwater quality standard 
(GBT 14848–2017) was used for Si. A PI value < 0.7 represents no 
contamination, 0.7–1 is a warning, 1–2 is low, 2–3 is moderate, and ≥3 
indicates severe contamination. 

Entropy, derived initially from thermodynamics, has found appli-
cations in various fields and has been utilized to measure a system’s level 
of chaos or disorder (Gao et al., 2009; Liu et al., 2018). In information 
theory, entropy is used to quantify the level of uncertainty or confusion 
of information when assessing the presence of meaningful data. Conse-
quently, entropy values can determine weights in specific contexts 
(Qiao, 2004). 

X =

⎡

⎢
⎢
⎣

X11 ⋯ X1m

⋮ ⋱ ⋮

Xn1 ⋯ Xnm

⎤

⎥
⎥
⎦ (2) 

where Xij is the actual measured value of the HMs at the sampling 
point;. 

The calculation of the matrix X is standardized, and the operation 
uses standardized equations. 

Satndardizedtreatment =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

PositiveindicatorsXij =
xij − min

{
Xj
}

max
{

xj
}
− min

{
Xj
}

NegativeindicatorsXij =
max

{
Xj
}
− xij

max
{

xj
}
− min

{
Xj
}

(3) 

The decision matrix is normalized as follows: 

Pij =
Xij

∑n

i=1
Xij

(4) 

This study used Eq. 5 to calculate information entropy when Pij = 0, 
so Pij ln(Pij) = 0, ln(Pij) is meaningless. 

ej =
(−

∑n

i=1
PijInPij

Inn
(5) 

where ej is the entropy of the HM element and n is the number of 
sampling points. 

The entropy value is calculated using Eq. 6. 

Wbj =

(
1 − ej

)

m −
∑m

j=1
ej

(6) 

Table S1 in the Supplementary Material contains the results of the 
entropy weights. The calculated standard weight vector (wj) obtained 
using entropic weights was incorporated into the ordinary HPI equation 
(Eq. 7) to determine the HPI. HPI represents the overall water quality of 
HMs (Herath et al., 2022; Mohan et al., 1996). The values of HPI range 
from 0 to 1 and are inversely proportional to the standard allowable 
values (Si) of the corresponding parameters (Horton, 1965; Mohan et al., 
1996). The HPI is calculated using Eq. (7), which incorporates the en-
tropy weights (wj) obtained from the analysis. This index allows for 
assessing the water quality concerning HMs and comprehensively 
evaluating the pollution levels in the studied area. 

HPI =

∑n

i=1
WiQi

∑n

i=1
Wi

(7) 

where Qi =subindex for the ith parameter, = unit weight for the ith 
parameter, and n = number of HMs. According to the HPI values, HM 
pollution was classified into three categories: low pollution index (<19), 
medium pollution index (19− 38), and high pollution index (>38) 
(Herath et al., 2022; Chorol, Gupta, 2023). 

2.3.2. Absolute principal component scores/multiple linear regression 
(APCS/MLR) receptor model 

The APCS/MLR model is developed from traditional principal 
component analysis (PCA) and is commonly used to identify HM sources 
in various environmental media. This model can help decision-makers 
prioritize pollution treatment strategies. This study utilized the APCS/ 
MLR model by first converting the top factor scores from factor analysis 
to APCS after standardizing the raw data. Multiple linear regression was 
then performed on all APCS for each HM content to calculate the 
contributing factor scores (%) for each HM from different sources (Ma 
et al., 2018). 

Eq. 8 was used for the multiple linear regression calculation (Y. 
Zhang et al., 2021; W.H. Zhang et al., 2021), where the source contri-
bution values can be negative in APCS/MLR. It is important to note that 
although these negative contributions are accurate, they may have an 
impact on the accuracy of the source assignment calculation. Overall, 
the APCS/MLR model is a valuable tool for identifying and quantifying 
environmental HM sources, aiding in effective pollution control and 
resource management. However, negative contribution values in the 
model highlight the need for careful interpretation and consideration 
when analyzing the results for source assignment. 

Cn = ξ0 +
∑p

k− 1
ξk×APCSk (8) 

where Cn is the concentration, ξ0 is the intercept of the regression, 
ξk is the regression coefficient, APCSk is the absolute principal compo-
nent score of source factor p, and ξk × APCSk is the average contribu-
tion of source p to Cn. To solve this problem, an absolute function was 
applied to the mean value (of ξk × APCSk) before calculating the per-
centage contributions of the source (p). 

2.3.3. Health risk apportionment (HRA) model 
This study utilized the HRA model used by the US Environmental 
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Protection Agency (USEPA) to evaluate human health risks via ingestion 
and dermal contact exposure routes in different populations, including 
adult males, adult females, and children. Adults were categorized as the 
general population, while children were labeled as the sensitive group 
due to increased vulnerability. The HMs tested in this study were clas-
sified as noncarcinogenic (Cu, Zn, Ni, and Fe) and carcinogenic (Pb, Cr, 
and As) elements based on findings from previous studies (Shil and 
Singh, 2019; Panda et al., 2021; Zhou et al., 2019). Human health risks 
were assessed for both noncarcinogenic and carcinogenic hazards. The 
noncarcinogenic risk characterization equation (HI) for the exposure 
model of ingestion and dermal exposure to a specific HM element in 
groundwater is as follows (USEPA 2011): 

ADDingestion =
C × IR × EF × ED

BW × AT
(9)  

ADDdermal =
C × SA × PC × ET × EF × ED × CF

BW × AT
(10)  

HQ =
ADD
RfD

(11)  

HI =
∑

HQ (12) 

ADDingestion and ADDdermal refer to the average daily exposure 
doses obtained through ingestion and dermal contact. HI > 1 indicates a 
noncarcinogenic severe risk to human health, while HI < 1 is considered 
safe. 

The equations for the carcinogenic risk (TCR) due to ingestion and 
dermal exposure are as follows: 

ILCR =
ADD × SF

L
(R ≤ 0.01) (13)  

ILCR =
1 − exp（ − ADD × SF）

L
(R > 0.01) (14)  

TCR =
∑

ILCR (15) 

For TCR > 1 × 10− 4 values, the carcinogenic risk is considered 
intolerable, while TCR < 10− 6 values indicate a negligible carcinogenic 
risk to humans (Panda et al., 2021; Guo et al., 2023). Other parameters 
used to calculate the health risk assessment are shown in Tables S2 and 
S3. 

2.3.4. Monte Carlo simulation (MCS) 
This study employed the Monte Carlo approach to simulate the un-

certainty of health risks associated with seven HMs (refer to Tables S2 
and S3 for the parameters used). MCS is a widely used probabilistic and 
statistical mathematical theory applied to uncertainty analyses in risk 
assessment. By utilizing the Monte Carlo simulation method, this study 
aimed to minimize uncertainty and provide a more robust assessment of 
carcinogenic and noncarcinogenic health hazards for the populations at 
each sample site (Karami et al., 2019). In the context of HM health risk 
assessment, three main factors contribute to uncertainty analysis: 
exposure parameters, HM concentrations, and the health risk assessment 
model (Jiang et al., 2021). The study utilized Oracle Crystal Ball to 
address this uncertainty, conducting 10,000 random simulation itera-
tions to perform the uncertainty analysis. The confidence level was 95% 
to obtain an approximate solution for the risk assessment. However, the 
MCS model also has some limitations. For example, it relies on assumed 
distributions to generate random numbers, which may negatively affect 
the accuracy of the assessment results. On the other hand, the variability 
of human exposure parameters may lead to significant differences in the 
health risks of different populations, and Monte Carlo simulation usually 
fails to reduce the variability of exposure parameters, which needs to be 
further optimized by two-dimensional Monte Carlo simulation (2-D 
MCS) for specific populations in different regions, which can effectively 

correct the errors of the 1-D MCS by simulating the variables in and out 
of the loop and overcome the limitation of insufficient exposure pa-
rameters among individuals in actual risk assessment to improve the 
accuracy of risk assessment. 

2.3.5. Source-oriented health risk assessment model 
The APCS/MLR-HRA model combines the APCS/MLR model and the 

HRA model to quantitatively assess the human health risk from different 
allocated sources of HMs (Y. Zhang et al., 2021; W.H. Zhang et al., 2021; 
R.J. Huang et al., 2018; J. Huang et al., 2018; J. Huang et al., 2021; C. 
Huang et al., 2021; Ma et al., 2018). The CR of acceptable daily intake 
(ADD) and HMs I in groundwater sample k can be calculated using Eqs to 
estimate the CR and NCR (16)-(21): 

ADDk
ij,ingestion =

Ck
ij × IR × EF × ED

BW × AT
(16)  

ADDk
ij,dermal =

Ck
ij × SA × PC × EF × ET × ED × CF

BW × AT
(17)  

ILCRk
ij =

ADDk
ij × SF
L

(R ≤ 0.01) (18)  

TCR =
∑

ILCRk
ij (19)  

HQk
ij =

∑ADDk
ij

RfDij
(20)  

HI =
∑

HQk
ij (21) 

Ck
ij is the mass contribution (µg/L) of HM i from source k in sample j 

(Ck
ij is the product of the calculated contribution of source k and its 

concentration in sample j for the pair). crk ij is the CR of element i in the 
groundwater sample from source k in groundwater sample j. Eq HQk

ij is 
the hazard quotient of HM i in groundwater sample j. The corresponding 
parameters are Eqs. (9)-(10). 

2.4. Statistical analysis 

In this study, we used Excel 2016 and SPSS 24.0 for mathematical 
statistics, Origin 2021 to draw Piper’s trilinear map, R language to 
explore the sources of heavy metal substances and ArcGIS 10.7 to draw 
hydrogeological sketch maps and location maps of the study area. The 
probabilistic health risk assessment was carried out using Crystal Ball 
11.1.24 software. 

3. Results and discussion 

3.1. Analysis of pollution characteristics of the groundwater environment 

3.1.1. Groundwater chemical characteristics 
Table S5 presents the groundwater pH and total dissolved solids 

(TDS) in the study area during both the wet and dry periods. During the 
wet period, the pH of groundwater ranged from 3.83 to 7.87, with a 
mean value of 7.20. The TDS content varied between 142.00 and 
1220.00 mg/L, indicating freshwater to slightly saline water. In 
contrast, during the dry water period, the pH ranged from 6.85 to 8.07, 
and the TDS content was between 114.00 and 883.00 mg/L. The average 
concentrations of anions in the study area during both periods were 
HCO3

- > Cl- > SO4
2- >NO3

- , with HCO3
- predominant. For cations, the 

mass concentration followed the order Ca2+ > Na+ > Mg2+ > K+. The 
Piper trilinear plot in Fig. 2a demonstrates that the groundwater 
chemistry in the study area is relatively diverse during the wet period. 
Cations are mainly distributed in the Ca2+, Na+ and K+ terminal ele-
ments, while anions are mostly dominated by HCO3

- . Similar findings 
were reported by Zhang et al. (2021), who also identified the dissolution 
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of carbonate rocks as the primary ion source for groundwater in Wuhan. 
Based on the Shukarev groundwater chemistry type classification, the 
dominant groundwater chemistry types during the wet period were 
HCO3-Na⋅Ca, HCO3-Ca, and HCO3⋅Cl-Na⋅Ca. On the other hand, during 
the dry water period, the dominant types were HCO3-Na⋅Ca, HCO3--
Ca⋅Mg, and HCO3⋅Cl-Na⋅Ca. 

3.1.2. Descriptive statistical analysis 
The results show that Pb, Cr, and Ni during the wet period are higher 

than those during the dry water period, whereas the averages of Cu, Zn, 
As, and Fe are lower than those during the dry water period. During the 
period of abundance, the averages of Cu, Pb, Cr, Zn, Ni, As, and Fe in 
groundwater were 2.32, 0.20, 42.75, 2.06, 1.39, 1.05, and 55.26 µg/L, 
respectively, which are all below the limits of the national groundwater 
quality standard for Class III (GB/T 14848–2017). This is consistent with 
the results of Li et al., who analyzed the concentrations of the heavy 
metals Pb, Cd, and As in the direct drinking water of primary and sec-
ondary schools in Huangpi District, Wuhan. They concluded that the 
average mass volume concentrations of heavy metals in the drinking 
water in this area complied with the Chinese Water Quality Standards 
for Drinking Water Purification. The coefficient of variation (CV) in-
dicates the overall degree of variability. The CV values for Cu, Pb, Cr, Zn, 
Ni, As, and Fe were 69.22%, 157.46%, 162.71%, 51.62%, 57.86%, 
86.69%, and 112.52%, respectively. This indicates that Cu, Zn, Ni, and 
As have moderate variability, whereas Pb, Cr, and Fe have high vari-
ability. On the other hand, during the dry water period, the average 

concentrations of Cu, Pb, Cr, Zn, Ni, As, and Fe in groundwater were 
3.00, 0.18, 45.44, 1.59, 1.24, 1.37, and 57.43 µg/L, respectively 
(Table 1). Except for sampling points Y33 and Y41, where the maximum 
value of element Fe was higher than the national standard for Class III 
during the dry season, the maximum value of the element at all other 
sampling points was lower than the national standard for Class III water. 
Excessive intake of Fe can lead to neurotoxic diseases and even cause 
various types of cancer. Studies have shown that approximately 20% of 
global cancer cases can be attributed to the consumption of unsuitable 
groundwater (Pan et al., 2023). The CV values for Cu, Pb, Cr, Zn, Ni, As, 
and Fe were 186.54%, 76.51%, 89.65%, 37.55%, 59.53%, 101.08%, and 
169.41%, respectively. This indicates that Pb, Cr, Zn, and Ni have 
moderate variability, while Cu, As, and Fe have high variability. 
Elemental As in the study area was much higher than in other parts of 
the basin, while elemental Pb and Fe were lower compared to Shenbei 
New District. Essential Zn was found in higher concentrations than Cu, 
Pb, Ni, and As but lower than the groundwater content in Yongqing 
County (Feng et al., 2016; Liu et al., 2023). 

3.1.3. Groundwater HM pollution levels 
The HPI analysis results (Fig. 2c) showed that the HPI values ranged 

from 1.80 to 90 during the wet period, with a mean value of 19.73. 
Approximately 16.28% of the samples were highly contaminated, 
approximately 23.26% were moderately contaminated, and the 
remaining samples belonged to the low contamination category. During 
the dry period, the HPI values ranged from 4.48 to 145.85, with a mean 

Fig. 2. Groundwater pollution characteristics: (a) piper trilinear map of groundwater chemical characteristics, (b) single factor pollution evaluation, (c) entropy 
weight-HPI pollution evaluation. 
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value of 20.05; approximately 9.30% of the samples were highly 
contaminated, approximately 11.63% were moderately contaminated, 
and the rest belonged to the low contamination category. Based on the 
above findings, it can be inferred that the pollution level in the study 
area is higher during dry periods than during wet periods. 

3.1.4. Spatial distribution characteristics 
From Fig. S1, the high-value areas of Cu and Zn in the two seasons 

are mainly distributed in the northwestern part of the study area, and 
the high-value areas of Cr in the two seasons are mainly distributed in 
the western part of the study area. The pollution level of Pb and As el-
ements in the northern part of the study area in the abundant water 
period is smaller than that in the dry water period, the pollution level of 
Ni elements in the abundant water period is higher than that in the dry 
water period, and the pollution level of Fe elements in the western part 
of the study area in the abundant water period is much larger than that 
in the dry water period. In the western part of the study area, the 
pollution level of Fe is much higher than that in the dry water period. 

3.2. Source apportionment of HMs 

The correlation between different HMs was assessed using Pearson 
correlation analysis, after which principal component analysis was 
employed to determine the major pollution sources. Additionally, the 
contribution of each pollution source to individual HMs in groundwater 
was calculated using APCS/MLR. The results of the Kai-
ser–Meyer–Olkin (KMO) test and Bartlett’s test (P < 0.001) were 
consistent with the outcomes of the principal component analysis, 
confirming the validity of the approach. The fit coefficients (R2) between 
the measured concentrations during the wet period and the dry water 
period ranged from 0.35 to 0.83 and 0.57–0.80, respectively. The ratio 
of measured concentrations was close to 1, indicating high accuracy and 
credibility in the constructed APCS/MLR model and its calculated re-
sults. During the wet period, three pollution sources were identified by 
the APCS/MLR model, contributing to Factor I (26.79%), Factor II 
(50.68%), and Factor III (22.53%) (Fig. 3a). However, the pollution 
sources during the dry water period were more complex, revealing 
Factor I (14.52%), Factor II (25.38%), Factor III (34.91%), and Factor IV 
(25.19%) (Fig. 3b). 

During the wet period, the dominant elements in Factor I were Cu 
(83.43%) and Zn (69.01%) (Figs. 3a-3c). Previous studies have indicated 
that the continuous application of chemical fertilizers and pesticides in 
agricultural fields can lead to the accumulation of Cu and Zn (Liu et al., 
2018; Yang et al., 2017; Qu et al., 2021). Additionally, herbicides and 
pesticides employed in agricultural activities contain significant 
amounts of Cu (Li et al., 2022). According to the local government 
yearbook report, in 2018 and 2019, the study area was subject to more 
than 650 tons of pesticides and over 30,000 tons of fertilizers (WHBS, 
2018; WHBS, 2019). Animal husbandry, which is vital for local agri-
cultural development in Huangpi District, also contributes to increased 

Cu and Zn contents due to animal excretions. Based on the current land 
use situation and the distribution of HMs in the study area (Fig. S1), we 
observed that high Cu and Zn content values were found in cultivated 
land. Hence, Factor I can be attributed to agricultural activities. Factor II 
was dominated by Pb (80.51%), As (91.89%), and Fe (94.75%), which 
are commonly associated with fossil fuels and wastes from fossil 
fuel-heavy industries such as metal smelting (Zhai et al., 2022). These 
elements are introduced into surface water through atmospheric depo-
sition, later infiltrating groundwater aquifers (Ma et al., 2023). A study 
by Wu et al. (2020) on soil HM pollution sources in Huangpi revealed 
that the content of Pb is influenced by proximity to industrial enter-
prises, indicating that industrial pollution is the primary source of Pb. 
Moreover, areas with high As content are situated near industrial parks 
in the study area, particularly around electronics factories, metal pro-
cessing industries, and construction sites. The regions with elevated Fe 
content are mainly in urban residential areas, potentially affected by 
domestic wastewater and industrial discharges. According to the local 
yearbook, Huangpi District had 351 industrial enterprises above a spe-
cific scale and nine enterprises with an output value of over 1 billion 
yuan by the end of 2020 (WHBS, 2020). Therefore, Factor II reflects the 
influence of industrial activities. Factor III exhibited higher factor 
loading values for Ni (80.64%) and Cr (49.17%). Table 1 indicates that 
the coefficients of variation for Ni and Cr are small, suggesting a lesser 
impact from human activities on these two elements. Previous studies 
have shown that Cr is primarily controlled by the geological background 
environment (Dong et al., 2019). Fig. 1 in the appendix illustrates the 
high Cr content primarily found in open rock-like pore water. As a result 
of the substantial Cr content in the sediments of the study area, Cr 
continuously dissolves into the groundwater through leaching, leading 
to elevated Cr levels in specific areas of the study area. Factor III can be 
attributed to natural sources. 

During the dry period, the sources of HMs become more complex 
compared to the wet period due to the addition of other domestic 
sources (Fig. 3d-e). The Factor with the largest variance contribution is 
Factor III, accounting for 34.91%, making it the primary source of HMs 
during the dry period. Groundwater factor I in the dry period is mainly 
influenced by Fe (37.86%), which shows seasonal variations of 
− 104.00 µg/L and − 355.50 µg/L at points Y41 and Y42, respectively. 
These points are in urban residential areas, suggesting a potential in-
fluence of human domestic sewage discharge. Therefore, Factor I can be 
attributed to domestic sources. Factor II is predominantly influenced by 
As (63.36%), with higher concentrations observed during the dry period 
compared to the wet period. At point Y33, which has a high concen-
tration of As, there is also an elevated NO3

- content, primarily associated 
with human domestic sewage discharge and agricultural activities (Peng 
et al., 2021). Additionally, the use of As-containing chemicals such as 
fertilizers and pesticides in agricultural processes, which dissolve 
directly into the soil and leach into groundwater, can also lead to 
elevated As levels (Ma et al., 2023). Hence, Factor II is likely related to 
agricultural sources. Factor III exhibits high factor loading values for Ni 

Table 1 
Statistics of HM concentrations (ug/L) in groundwater of Huangpi.  

Season Value Cu Pb Zn Cr Ni As Fe 

Wet season(n = 43) Mean  2.32  0.20  42.75  2.06  1.39  1.05  55.26 
Min  0.50  0.02  0.61  0.72  0.50  0.10  5.00 
Media  1.71  0.11  24.80  1.75  1.17  0.69  30.40 
Max  8.35  2.03  441.00  6.67  3.89  3.44  212.00 
SD  1.61  0.32  69.55  1.06  0.80  0.91  62.18 
CV%  69.22  157.46  162.71  51.62  57.86  86.69  112.52 

Dry season(n = 43) Mean  3.00  0.18  45.44  1.59  1.24  1.37  57.43 
Min  0.42  0.03  4.12  0.84  0.36  0.18  9.24 
Media  1.44  0.14  34.20  1.38  1.15  1.03  29.70 
Max  30.30  0.80  236.00  3.25  3.43  7.64  552.00 
SD  5.60  0.14  40.74  0.60  0.74  1.39  97.29 
CV%  186.54  76.51  89.65  37.55  59.53  101.08  169.41 

Guide value National standard (grade III)  1000  100  1000  50  20  10  300  
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(78.59%) and Pb (71.78%). Ni is an important industrial raw material, 
and the distribution of Ni in the area is consistent with the presence of 
electroplating and metal smelting industries, indicating industrial ac-
tivity as the main source for Factor III. Previous studies have also shown 
that the amount of Pb in the study area depends on the proximity to the 
nearest industrial enterprise (Wu et al., 2020), further supporting the 
notion that industrial activities influence Factor III. Factor IV is domi-
nated by Zn (53.15%) and Cr (49.36%). The coefficients of variation for 
Cr and Zn are lower than those observed during the wet period, sug-
gesting a minor contribution from external sources. Cr is prevalent in 
soil parent material and generation processes (J. Huang et al., 2021; C. 
Huang et al., 2021; Sun et al., 2022). Factor IV is associated with natural 
sources. 

The sources of pollution differ between wet and dry seasons. Some 
studies have shown that precipitation has some effect on heavy metal 

concentrations in groundwater. Vaze et al. (2002) concluded that heavy 
metal concentrations in road runoff are particularly high when short, 
intense summer storms occur after a long dry period and pollutants 
accumulate on the road surface. There is a lag between precipitation and 
shallow groundwater recharge due to surface interception, evaporation 
from vegetation, and geostratigraphic effects. The concentration content 
of Cu, Pb, Zn, and Ni in sample site Y20, which is located on both sides of 
the roadway with nearby automobile repair stores, is much greater 
during dry periods than during abundant water. Industrial activities and 
transportation have resulted in elevated concentrations of heavy metals 
on the road near the sample site. The effects of evaporation and mineral 
weathering may contribute to the presence of As in groundwater sys-
tems, especially during the dry season (Masuda, 2018; Smedley and 
Kinniburgh, 2002). In addition, cations and heavy metals immobilized 
on clay minerals may be released into aquifer sediments under microbial 

Fig. 3. Analysis of HM sources in groundwater. (a-c) Analysis of HM sources in groundwater during the wet season. (d-f) Analysis of groundwater HM sources in the 
dry season. 
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natural evaporation conditions (Nimick et al., 1998; Rasool et al., 2016; 
Welch et al., 2000). As seen from Table 1, the average value of As in the 
groundwater during the dry season is greater than that during the 
abundant season, and the high value of elemental As during the dry 
season is located at point Y33, which also has a higher concentration of 
NO3

- content, which is mainly related to human domestic sewage 
discharge and agricultural activities. Nilkarnjanakul et al. (2022) also 
found that the average concentration of As in Quaternary aquifers is 
greater in the dry season than in the rainy season, and the average 
concentration of As was less in the dry season than in the wet season. 
Previous studies have shown that Cr and Ni are mainly controlled by the 
geological background environment (Dong et al., 2019). The contents of 
Cr and Ni in groundwater were higher in the abundant water period than 
in the dry water period. Another explanation is that more heavy metals 
and trace elements may be leached during the rainy season because the 
groundwater table is generally higher during the rainy season. In addi-
tion, during the rainy season, more chemicals may be washed away 
directly from the evaporation zone by infiltrating rainwater (Leung and 
Jiao, 2006). 

3.3. Human health risk assessment 

3.3.1. Concentration-oriented health risk assessment 
The probability distributions of both noncarcinogenic risk (HI) and 

carcinogenic risk (TCR) for different populations (children, females, and 
males) during the groundwater abundance and depletion periods were 

obtained using an MCS (Fig. 4). The mean HI and TCR during the wet 
period were smaller than those during the dry water period. During the 
wet period, the mean hazard quotient (HQ) values for all groups were 
found in the following order: As > Cr > Fe > Pb > Zn > Ni > Cu. On the 
other hand, during the dry water period, the mean HQ values were 
found in the following order: As > Cr > Fe > Zn > Pb > Cu > Ni 
(Table S7). This indicates that the noncarcinogenic risks of As and Cr 
were higher than those of other heavy elements, and the TCRs for 
children and adult females were greater than those for adult males. This 
observation might be attributed to children having lower body weight, 
leading to relatively higher average daily exposure doses and increased 
sensitivity to the external environment (Shi et al., 2022). Previous 
studies have also highlighted that children are more susceptible to HI 
than adults (Varol, 2019; Varol, Tokatlı, 2022). Sun et al. (J. Huang 
et al., 2021; C. Huang et al., 2021; Sun et al., 2023) reported that the 
mean TCR values follow the order of children > adult females > adult 
males, possibly due to their lower body weight. Consequently, health 
risk assessments should focus more on children. In both the wet and dry 
water periods, children exhibited more severe noncarcinogenic risks 
than adult females and adult males, with the mean HI values following 
the order: children > adult females > adult males. Previous studies have 
suggested that when the HQ value is at a 95% probability and remains 
below the acceptable risk threshold (HQ=1), the health risk associated 
with HMs in groundwater can be considered below an acceptable level 
(Yuan et al., 2023). According to the probability distribution analysis, 
the HI values for all three populations were below the threshold of 1 

Fig. 4. Probability distribution of health risks in different populations during wet and dry seasons. (a) Noncarcinogenic risk in the wet season, (b) noncarcinogenic 
risk in the dry season, (c) carcinogenic risk in the wet season, and (d) carcinogenic risk in the dry season. 
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with a 95% probability. This suggests that the HI risk is negligible for all 
people, and no significant health risk is associated with exposure to the 
analyzed HMs. For the carcinogenic risk assessment, the mean TCR 
values were calculated for children, adult females, and adult males 
during the wet and dry water periods. During the wet period, the mean 
TCR values were 1.76E-07, 3.77E-07, and 3.28E-07 for children, adult 
females, and adult males, respectively. The 95% TCR values for all three 
populations were below the threshold of 1.0E-06, indicating that the 
calculated TCR values are within the safe range. However, the mean TCR 
values were 1.92E-07, 4.22E-07, and 3.48E-07 for children, adult fe-
males, and adult males, respectively, during the dry season. At the 95% 
confidence level, the total carcinogenic risk for children and adult males 
was below the threshold of 1.0E-06 and was within the safe range, but 
the total carcinogenic risk for adult females was above 1.0E-06 and re-
quires attention. 

The spatial distribution of HI in the three populations was similar, 
with HI in the central part of the study area being higher than that in the 
dry season, and the opposite was true in the northern part of the study 
area, with HI in the northern part of the study area being at a high value 
in both seasons (Fig. S2). The spatial distribution of TCR in the three 
populations was consistent, and the TCR showed the same seasonal 
pattern of change as HQ. The TCR value of point Y43 exceeded 1.0E-06 
in both seasons, and there was a certain risk of carcinogenicity (Fig. S3). 

3.3.2. Source-oriented health risk assessment 
The findings suggest that particular attention should be given to 

controlling arsenic (As) levels in groundwater within the study area. 
During wet periods, priority should be placed on regulating industrial 
activities, while during dry periods, the focus should be on managing 
agricultural activities as the primary contributing source of pollution. 
For HI risk assessment, the HI values for all three sources (adult males, 
adult females, and children) were found to be below 1 during both the 
wet and dry water periods, indicating that the HI risk to the population 
was negligible. However, it should be noted that the contribution of 
pollution sources to the noncancer risk for different population groups 
during both periods was still significant. During the wet water period, 
the order of all three pollution sources to the noncarcinogenic risk, as 
well as the analyzed risk of carcinogenicity for both adults and children, 
was as follows: industrial (Factor II) > natural (Factor III) > agricultural 
(Factor I). This suggests that industrial activity posed the highest health 
risk to all three population groups in the wet period. In the dry period, 
the order of contribution to the noncancer risk for adults and children 
was as follows: agricultural activities (Factor II) > natural sources 
(Factor IV) > industrial activities (Factor III) > domestic sources (Factor 
I). Agricultural activities were identified as the largest source of non-
cancer risk for all three population groups during this period. Notably, 
the noncarcinogenic contribution of two elements, Cr and As, to all four 
factors was significantly higher than that of the others, both during the 
wet and dry water periods, with As contributing up to 84%. These 
findings highlight the importance of prioritizing these two elements in 
risk control, possibly due to the higher values of Reference Dose (RfD) 
for Cr and As. Previous studies have also established the potential 
carcinogenic risk of Cr and As (Long et al., 2021), consistent with the 
findings of this study. 

3.3.3. Sensitivity analysis 
The sensitivity analysis revealed that the concentrations of HMs in 

groundwater significantly impacted the health risk, with the intake rate 
(IR) playing a significant role (Tables S8-S9). Conversely, body weight 
(BW) and exposure frequency (EF) had a minor contribution of less than 
10% to health risk, and BW showed a negative association with health 
risk. Regarding various groundwater HM sensitivity aspects in the study 
area, arsenic (As) was identified as the most substantial contributor to 
total noncarcinogenic and carcinogenic hazards. During periods of 
water abundance, As accounted for 67.70% of the total HI for adult 
males, 66.40% for adult females, and 52.30% for children (Table S10). 

Similarly, As contributed to 54.40% of the total carcinogenic risk for 
adult males, 53.80% for adult females, and 40.90% for children in the 
same period. However, during the dry period, the contribution of As 
increased to 70.70% for adult males, 70.00% for adult females, and 
57.10% for children (Tables S9). It also accounted for 62.30% of the 
total TCR for adult males, 62.20% for adult females, and 47.80% for 
children. 

3.4. Relationship between HMs, pollution sources, and health risks 

The study results indicate that industrial and agricultural sources are 
the priority sources of HM pollution, requiring immediate control 
measures. Meanwhile, as mentioned above, we also need to focus on 
pollution control of the natural background and domestic emissions. 
Additionally, HMs have emerged as a priority element due to their sig-
nificant contribution to health risks. Prior research has demonstrated 
that health risks are closely associated with the targeted HM toxicity 
coefficient and the wet metal content of pollution sources (R.J. Huang 
et al., 2018; J. Huang et al., 2018). 

During the wet period, the contribution of different pollution sources 
to the carcinogenic risk showed significant variation. Agricultural ac-
tivities, industrial activities, and natural sources contributed 2.97%, 
74.10%, and 22.93%, respectively (Fig. 5 and Tables S12). Analysis of 
pollution sources revealed that agriculture accounted for 26.79%, pri-
marily due to Cu (83.43%) and Zn (69.10%). However, their contribu-
tion to the carcinogenic risk was only 2.97%, mainly due to the 
relatively low carcinogenic coefficients of Cu and Zn. Industrial activ-
ities represented 50.68% of the total pollution sources, particularly with 
high levels of Pb (80.51%), As (91.89%), and Fe (94.75%). They 
contributed 74.10% to the carcinogenic risk, mainly due to the signifi-
cant presence of As (91.89%) in industrial activities, leading to 
increased toxicity. Natural accounted for 22.53%, with Cr (49.16%) and 
Ni (94.75%) being the major components. Their contribution to the 
carcinogenic risk was 22.93%, which surpassed that of agricultural 
activities. 

During the dry period, the contribution of different pollution sources 
to the carcinogenic risk varied significantly. Domestic sources, agricul-
tural activities, industrial activities, and natural sources contributed 
7.16%, 53.67%, 10.79%, and 28.37%, respectively, to the carcinogenic 
risk (Fig. 5 and Tables S9). Domestic sources accounted for 14.52%, 
primarily due to the presence of Fe (37.86%). Agricultural activities 
made up 25.38% of the total pollution sources, with As (63.36%) being 
the predominant pollutant. However, they contributed up to 53.84% of 
the carcinogenic risk, mainly due to the high load and toxicity of As in 
agricultural activities. Industrial activities accounted for 34.91%, espe-
cially with high levels of Ni (71.78%) and Pb (78.59%). Nevertheless, 
their contribution to the carcinogenic risk was only 10.83% due to the 
relatively low carcinogenic toxicity of Ni and Pb. Natural sources rep-
resented 25.19% of the total pollution sources, particularly with high 
levels of Cr (49.36%) and Zn (53.15%), which far exceeded levels from 
industrial activities. Natural sources contributed 28.46% to the carci-
nogenic risk. Cr and As were identified as the top two contributors to the 
TCR from various sources, indicating their potential carcinogenic risk, as 
concluded in previous studies.. 

This study identifies industrial and agricultural sources as priority 
control factors for groundwater pollution. To address these concerns, the 
following targeted pollution control recommendations are proposed: (1) 
Priority control of industrial and agricultural sources: Given the high 
demand for chemical fertilizers and pesticides in the study area, the 
government should promote the use of low-toxicity organic fertilizers to 
reduce reliance on chemical inputs in agriculture. Encouraging the 
development of modernized agriculture and urban tourism agriculture 
along major national highways and radial roads can lead to the inte-
grated growth of urban and rural areas. Furthermore, establishing the 
Wuhan Airport Industrial Park can help develop industries such as new 
energy, jewelry and fashion, rail transportation, and vehicle 
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manufacturing, effectively reducing HM pollution from industrial waste. 
(2) Prioritize the Control of Arsenic (As) Pollution: Because pollution is a 
significant concern in the study area, mainly associated with industrial 
parks in the electronics, metal processing, and construction industries, a 
low-carbon transformation of traditional industries should be a focus of 
development in the Huangpi District. To reduce As emissions, efforts 
should be made to promote environmentally friendly technologies and 
practices. Implementing effective water treatment measures can signif-
icantly reduce HM contamination in the water supply. 

4. Conclusions 

The APCS/MLR and HRA models were used to quantify the rela-
tionship between HM concentrations, pollution sources, and health risks 
during wet and dry periods in groundwater in Huangpi District, Wuhan 
City, China, to prioritize control factors. The findings revealed that the 
sources of HMs in the groundwater varied between the dry and wet 
periods. The noncarcinogenic risk of HM pollutants to the population is 
acceptable, whereas the carcinogenic risk needs attention. Industrial 
and agricultural activities, as well as As, were identified as priority 
control factors for groundwater HM pollution. Our study provides 
valuable insights for the government and policymakers to prioritize 
pollution control measures and develop effective water quality man-
agement policies for groundwater. By understanding the pollution 
sources and elements that pose the greatest risks, targeted control 

policies can be formulated to reduce the management costs associated 
with groundwater pollution. 

However, this study does have some limitations. The findings are 
specific to the Huangpi district of China. It may not be directly appli-
cable to other areas with different geological, hydrogeological, and 
anthropogenic characteristics. Additionally, each method used in the 
assessment framework involves assumptions and simplifications. These 
assumptions could introduce uncertainties and potential biases in the 
results. Therefore, future studies on HM contamination in regions with 
high background values are warranted. We also need to analyze the 
heavy metal pollution of local domestic wastewater. Meanwhile, we 
should consider adding more constraints and uncertainty factors (such 
as changes in land use, industrial activities and geological features) to 
the model calculations and establishing direct links between priority 
control factors and specific human activities to enhance the models’ 
accuracy. 
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