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in the exposure area’s groundwater, with a total HM 
(ΣHMs) mean concentration of 74.07  μg/L—sig-
nificantly higher than the control area’s 37.08  μg/L. 
Essential HMs (EHMs) dominated the composi-
tion, with Zn and Fe as the most abundant elements, 
whereas non-essential HMs (NEHMs) like Cr and Pb 
exceeded drinking water standards set by the World 
Health Organization (WHO) and U.S. Environmen-
tal Protection Agency (U.S. EPA). Spatial distribu-
tion showed high HM contamination at sites adjacent 
to the smelting plant. Principal components analysis 
(PCA) and positive matrix factorization (PMF) mod-
els identified mining (34.0%) and smelting (41.3%) 
as major sources of HMs. Probabilistic health risk 
assessment via Monte Carlo simulation revealed 
that 17.9% of adult and 24.7% of child carcinogenic 
risks in the exposure area exceeded the definite risk 
threshold value of  10−4, primarily driven by As and 
Cr ingestion. Source-oriented health risks were 
assessed by integrating PMF source apportionment 
into risk model to evaluate the HM risks from identi-
fied sources. Results revealed that smelting activities 
contributed 43.5% (adults) and 43.6% (children) of 
total carcinogenic risks, while mining accounted for 
36.0% in both populations. These findings highlight 
smelting operations as the primary driver of ground-
water HM contamination and emphasize the need for 
targeted groundwater remediation to mitigate health 
risks from industrial activities.

Abstract The accumulation of heavy metal(loid)
s (HMs) in groundwater from mining and smelting 
industries threatens ecological systems and public 
health, yet quantitative source-oriented health risks 
to surrounding residents remain underexplored. This 
study investigated the pollution characteristics, spa-
tial distribution, source apportionment, and associ-
ated health risks of HMs in groundwater at a typical 
mining-smelting site in China. Sixteen villages near 
the industrial complex were designated as the expo-
sure area, while three villages 30  km away served 
as the control area. Fourteen HMs (Mn, Fe, Cu, Zn, 
Mo, As, Cd, Pb, Sb, V, Cr, Co, Ni, Tl) were detected 
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Introduction

Heavy metal(loid)s (HMs), naturally occurring ele-
ments in the Earth’s crust, are ubiquitously distrib-
uted in aquatic environments through both anthro-
pogenic and natural processes (Adnan et  al., 2024). 
While geological activities (e.g., bedrock weathering, 
and volcanic emissions) contribute to their natural 
mobilization and enrichment in aquatic environments 
(Hao et  al., 2024), industrial activities—includ-
ing mining, smelting, electroplating, and electronics 
manufacturing—have emerged as the dominant con-
tamination sources in recent decades (Burri et  al., 
2019; Cai et al., 2019). HMs from industrial sectors 
can enter into groundwater systems through a variety 
of pathways, such as soil infiltration (Kayastha et al., 
2022), and wastewater discharge (Zhang et al., 2023). 
Among these industries, mining and smelting are two 
of the world’s most critical industries that are asso-
ciated with HM emissions (Adnan et al., 2024; Jiang 
et al., 2022). Therefore, it is imperative to study the 
pollution characteristics, spatial distribution, source 
apportionment, and health risks of HMs in groundwa-
ter at mining and smelting-impacted sites.

The ecological consequences of HM pollution 
are profound, causing macroinvertebrate mortality 
and microbial community shifts that degrade aquatic 
ecosystems (Kahlon et al., 2018; Li et al., 2024). Of 
greater concern are bioaccumulative HMs (cadmium 
(Cd), chromium (Cr), lead (Pb), arsenic (As)) that 
biomagnify through food chains (Kakade et al., 2020; 
Wang et  al., 2023). The International Agency for 
Research on Cancer (IARC) has classified As, Cd, Cr, 
and nickel (Ni) as Group-I carcinogens (Podgorski & 
Berg, 2020), associated with nephrotoxicity, neurode-
velopmental disorders, and malignancies (Rehman 
et al., 2020). Even Group-II carcinogens like Pb dem-
onstrate dose-dependent toxicity, causing neurologi-
cal, hematological, and reproductive damage (Ayejoto 
& Egbueri, 2024). The health impacts of HMs exhibit 
distinct patterns based on their biological roles and 
chemical properties. Essential heavy metal(loid)s 
(EHMs) like zinc (Zn) and iron (Fe) serve vital physi-
ological functions at trace levels but demonstrate 

dose-dependent toxicity when accumulated exces-
sively through industrial discharges (Sanga et  al., 
2022). Conversely, non-essential heavy metal(loid)s 
(NEHMs) such as Cd and Cr display inherent hyper-
toxicity, with chronic exposure linked to cardiovascu-
lar dysfunction, developmental disorders, and carci-
nogenic effects even at minimal concentrations (Eziz 
et  al., 2023). Given their persistence, bioaccumula-
tion potential, and capacity for long-range hydrologi-
cal transport, HM contamination in groundwater sys-
tems has emerged as a critical environmental health 
concern.

The health risks of HMs in groundwater are con-
ventionally assessed using a framework based on the 
United States Environmental Protection Agency (U.S. 
EPA). These health risk assessment approaches typi-
cally prove inadequate due to their overreliance on 
total metal concentrations and static exposure param-
eters, failing to account for parameter uncertainty. 
(Sakizadeh & Zhang, 2021; Sheng et  al., 2022). 
Fortunately, as a probabilistic assessment method, 
Monte Carlo simulation overcomes these limitations 
by quantifying exposure variability across various 
scenarios, providing more reliable probabilistic esti-
mates for risk assessments (Eid et  al., 2024). The 
identification and characterization of key human 
health risk factors is a prerequisite for the effective 
prevention and control of groundwater contamina-
tion (Ganyaglo et  al., 2019; Han et  al., 2023). Due 
to the diverse sources of HMs, each source may 
result in significantly different health risks (Huang 
et al., 2021; Sun et al., 2022). Therefore, there is an 
urgent need to clarify the relationship among human 
health risks, HMs, and the sources, and to develop 
a source-oriented risk assessment methodology to 
identify the main sources of health risks. Although 
the use of receptor models for health risk assessment 
has become the current mainstream approach, the 
inability of some models (e.g., principal component 
analysis (PCA), factor analysis, and cluster analysis) 
to obtain non-negative results or to deal with pro-
cess data below the detection level is detrimental to 
source-oriented assessment (Islam et al., 2019). Many 
studies have demonstrated that the positive matrix 
factorization (PMF) model suggested by the U.S. 
EPA. is a useful tool for overcoming this shortcoming 
(Guan et al., 2018; Rashid et al., 2023). Therefore, a 
multidisciplinary approach combining Monte Carlo 
simulation, PMF models, and health risk assessment 
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model becomes an important tool for identifying key 
pollution source and quantifying source-oriented 
health risks.

This study investigated HM contamination in 
groundwater from drinking water wells in a residen-
tial area (5.5 × 6.5  km) with 16 villages, which are 
located near mining and smelting plants. Addition-
ally, 3 villages located 30 km away from the expose 
area without industrial impacts were selected as con-
trol area. A multidisciplinary approach, combining 
geospatial analyses, PCA, PMF model, Monte Carlo 
simulation-based health risk assessment, and source-
oriented health risk assessment, was employed to 
investigate the pollution characteristics, spatial dis-
tribution, source apportionment, and health risks of 
HMs in groundwater at this mining and smelting-
impacted site. Specifically, this study’s objectives 
include: (1) quantifying HM contamination levels and 
comparing them with international drinking water 
standards; (2) identifying spatial distribution pat-
terns and contamination sources; (3) evaluating car-
cinogenic and non-carcinogenic risks for adults and 
children, with emphasis on exposure pathways and 
source-specific contributions. This is a comprehen-
sive report on the spatial distribution characteristics 
and quantitative source-oriented health risk assess-
ment of HMs in groundwater in a complex mining 
and smelting contaminated region, which can provide 
valuable data to support groundwater safety protec-
tion in industrial contaminated sites.

Materials and methods

Study area and sample sites

The study area is located in Daye City, Hubei Prov-
ince, a region with a rich history and abundant min-
eral resources. Daye City is located in the copper-iron 
polymetallic mineralization belt in the middle and 
lower reaches of the Yangtze River, and the silica-
type deposits are commonly associated with sulfide 
minerals containing vanadium (V), molybdenum 
(Mo), and cobalt (Co). These naturally occurring 
heavy metals are activated during mining activities 
and become the material basis for groundwater pol-
lution. The city is rich in resources such as copper 
ore, iron ore, and wollastonite, and the mining and 
smelting of copper ore and iron ore have spurred 

the growth of related industries. Groundwater plays 
a critical role in Daye City’s water supply system, 
serving both life and industrial needs. The aquifer 
system is predominantly composed of Quaternary 
unconsolidated deposits and bedrock fissure aqui-
fers. The unconsolidated deposits typically range in 
thickness from several to tens of meters, while the 
bedrock fissure aquifers display considerable spatial 
variability in their thickness distribution. The direc-
tion of groundwater flow is controlled by topography 
and aquifer structure, and generally flows from north-
west to southeast. A 5.5 × 6.5 km populated area with 
both mining and smelting plants was defined as an 
exposure area, as it was subjected to pollution from 
mining and smelting operations (Lu et al., 2025). The 
smelting plant has been in operation since May 2005, 
and the mining plant has been in operation since 
December 2004.

Sample collection and instrument analysis

Sixteen villages evenly distributed in the exposure 
area were selected as sampling sites (R1–R16) for 
collecting groundwater from drinking water wells. 
Additionally, 10 sampling sites (C1–C10) in three 
industrial-free villages located 30 km from the expo-
sure area were designated as control sites (Fig.  S1). 
In the study area, the water depths in all monitoring 
wells were less than 20 m. For water sampling, two 
samples were taken at 1.0  m below the surface and 
three-quarters of the total well depth. These samples 
were then mixed to obtain the final sample to rep-
resent an average of distinct depths of groundwater. 
Three parallel samples were collected at each sam-
pling site, resulting in a total of 78 samples from 26 
locations (48 from the exposure area and 30 from the 
control area). Samples were stored in 50 mL Teflon 
centrifuge tubes (CNW, China) after being filtered 
through 0.45 μm membranes. Nitric acid was added 
to the collected groundwater samples to lower the 
pH to < 2, and the samples were stored at 4 °C before 
being analyzed in the laboratory. Water quality indi-
cators were measured on-site by a multi-parameter 
analyzer (DZB-718 L, Leici, China).

After being digested by a Microwave Digestion 
System (MARS6, CEM, USA) and filtered through 
the 0.45 µm membrane, water samples were analyzed 
by an inductively coupled plasma mass spectrom-
etry (ICP-MS, Agilent 7900, USA) (Miranda et  al., 
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2022). Based on previous studies of soil and human 
urine contamination in this area (Qi et al., 2023; Wu 
et al., 2025), 14 HMs (Mn, Fe, Cu, Zn, Mo, As, Cd, 
Pb, Sb, V, Cr, Co, Ni, Tl) were selected for analysis. 
These HMs were classified as EHMs (Mn, Fe, Cu, 
Zn, Mo) and NEHMs (As, Cd, Pb, Sb, V, Cr, Co, Ni, 
Tl) according to the Agency for Toxic Substances and 
Disease Registry (ATSDR, 2022). The multiple-ele-
ment calibration standard solution (Mn, Fe, Cu, Zn, 
Mo, As, Cd, Pb, Sb, V, Cr, Co, Ni, Tl) and the inter-
nal standard solution (Sc, In, Bi) were obtained from 
Agilent (U.S.). Instrument parameter settings are 
consistent with the previous study (Liu et al., 2025). 
The total recovery rates of HMs ranged from 84.6 to 
109.2% and the limit of detection ranged from 0.011 
to 0.076  μg/L. Information on the limit of detec-
tion and recovery rates for each HM can be found in 
Table S1.

Quality assurance and quality control

All glassware and sampling containers were soaked 
in 10% (v/v) nitric acid for 24  h and purged with 
ultrapure water (resistivity ≥ 18.25  MΩ  cm). HM 
concentrations were quantified by an internal stand-
ard method with an eight-point calibration curve (0.1, 
0.5, 1, 10, 50, 100, 250, and 500  μg/L). The corre-
lation coefficients of the calibration curves were 
both greater than 0.995. Program blanks and qual-
ity control samples were required for each batch of 
10 samples and blank corrections were applied to all 
concentrations.

Source analysis

As a multivariate statistical technique, PCA reduces 
the dimensionality of the data by extracting the prin-
cipal components of the original data, and facilitates 
the identification of the main factors affecting the 
quality of the groundwater, to differentiate the contri-
bution of natural sources and anthropogenic sources 
to the contamination of HMs (Han et al., 2023). The 
relative contribution of each source to HM contami-
nation in groundwater is further quantified using the 
PMF model, which can accurately estimate the pro-
portionate contribution of each source to the HM 
concentration by mathematically modeling the alloca-
tion of the source contribution to the different source 
types (Sheng et al., 2022). Combining PCA and PMF 

results provides a comprehensive perspective on the 
source profile and influence of HM contamination in 
groundwater, and provides a more scientific basis for 
water quality protection and pollution control.

Source-oriented health risk assessment

The U.S. EPA-based health risk assessment method 
was used to quantitatively assess the potential risk 
of HMs to human health (Wang et al., 2025). Using 
defined risk assessment may lead to overestimation or 
underestimation of the actual risk of individual output 
(Yan et al., 2023), Monte Carlo simulation was intro-
duced to calculate the total risk by linear cumulative 
superposition (Wang et al., 2024). Two main exposure 
pathways of ingestion and dermal contact were con-
sidered for estimating the health risks in this study. 
Sequentially, a source-oriented health risk assessment 
method was developed by combining the PMF model 
and health risk assessment method. Specifically, the 
PMF model apportions each HM concentration to dif-
ferent sources and further incorporates these results 
into the health risk assessment to evaluate the risk to 
human health posed by HMs from identified sources. 
Carcinogenic risk (CR) values less than 1.0 ×  10−6, 
between 1.0 ×  10−6 and 1.0 ×  10−4, and greater than 
1.0 ×  10−4 correspond to negligible, potential, and 
definite risks, respectively. The calculation method-
ology is described in detail in Texts S1-S3, and the 
used parameters of the EPA model can be found in 
Tables S1, S2.

Data analysis

Microsoft Excel 2016 and IBM SPSS Statistics 24.0 
were used for initial data preprocessing and descrip-
tive statistical analyses. Inter-group variability of HM 
concentrations across distinct surface water bodies 
was evaluated through one-way analysis of variance 
(ANOVA) with Tukey’s post-hoc test, under para-
metric assumptions of normality (Shapiro–Wilk test, 
W > 0.90) and homogeneity of variances (Levene’s 
test, F < 3.32). Statistical significance was determined 
at α = 0.05 confidence level, with p-values adjusted 
for multiple comparisons using the Benjamini–Hoch-
berg procedure. Probabilistic health risk assessment 
was performed through Monte Carlo simulation 
(n = 10,000 iterations) using Oracle Crystal Ball 16.0. 
Geospatial distribution patterns of groundwater HMs 
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were visualized using ArcGIS 10.8, while multivari-
ate graphical representations were constructed in Ori-
gin Pro 2024.

Results and discussion

Contamination of HMs in groundwater

The 14 targeted HMs (Mn, Fe, Cu, Zn, Mo, As, 
Cd, Pb, Sb, V, Cr, Co, Ni, Tl) were all detected in 
the study area with a detection rate of 90–100% 
(Table  S3). Total HM concentrations (ΣHMs) 
in the exposure area (40.83–175.10  μg/L, mean: 
74.07 μg/L) were twice as high as those in the control 
area (9.80–62.66  μg/L, mean: 37.08  μg/L), suggest-
ing that mining and smelting activities significantly 
contributed to groundwater contamination (Fig.  1a). 
The average concentration of HMs in the exposure 
area in this study (74.07 μg/L) was higher than a large 
Cu-smelter in central China (10.27 μg/L) (Cai et al., 
2019), but lower than a multi-mineral resource area 
in north China (210.55 μg/L) (Jiang et al., 2022) and 
a chromite mining area in Malakand district of Khy-
ber Pakhtunkhwa province (245.1  mg/L) (Rashid 
et al., 2023). This indicates that the exposure area in 
this study is of medium pollution level. Further, the 
concentration of each HM was compared with that 
in the drinking water quality standards of China, 
the U.S. EPA, and the World Health Organization 
(WHO) (Table S3). The mean concentration of each 
HM in groundwater of the exposure area was within 
the quality standards of drinking water in China. 
However, two HMs (Pb, Cr) in some of the sampling 
sites exceed the drinking water quality in U.S. EPA 
or WHO standards. The concentration of Pb in 25.0% 
of the exposure area exceeded the limit value in the 
U.S. EPA standard, while the concentration of Cr in 
31.2% of the exposure area exceeded the limit value 
in the WHO standard. In contrast, the concentrations 
of all the HMs in all the sites of the control area were 
within the drinking water quality standards of China, 
the U.S. EPA, and the WHO (Table S4). These results 
suggest that the groundwater in the exposure area was 
severely contaminated with HMs as compared with 
the control area.

The compositional differences between EHMs 
and NEHMs were further analyzed. The results 
showed that total concentrations of five EHMs (Zn, 

Fe, Mo, Cu, Mn) accounted for 84.8% and 91.2% of 
total ΣHMs in the exposure and control area, respec-
tively. Zn and Fe dominated both areas, contributing 
48.9% and 26.0% in the exposure area versus 49.8% 
and 22.1% in the control area (Fig.  1b), with expo-
sure area concentrations being 2.0–2.4 times higher. 
In contrast, the total concentrations of nine analyzed 
NEHMs (As, Cd, Pb, Sb, V, Cr, Co, Ni, Tl) repre-
sented only 15.2% (exposure area) and 8.8% (control 
area) of ΣHMs. However, their concentrations were 
0.7–15.6 times higher in the exposure area, with Cr 
(4.7-fold), Sb (10.4-fold), and Pb (15.6-fold) show-
ing statistically significant elevations (p < 0.05). This 
suggests that residents in the exposure area suffered 
higher exposure from Cr, Sb, and Pb. Of particular 
concern, chronic exposure to the elevated Cr, Sb, 
and Pb levels observed may increase the risks of car-
diovascular diseases and childhood obesity (Nasab 
et  al., 2022). While EHMs (particularly Zn and Fe) 
are dominated by mass concentration, the NEHMs—
especially Pb and Cr exceeding regulatory stand-
ards—represent more critical health threats requiring 
immediate policy attention.

Spatial distribution of HMs

The spatial distribution of HMs in groundwater 
was analyzed using inverse distance interpolation 
(IDI). The results revealed that the top three con-
taminated sites for ΣHMs were R4 (175.10  μg/L), 
R3 (169.74  μg/L), and R16 (118.98  μg/L), which 
were close to the smelting plant (Fig.  2a). Simi-
larly, ΣEHMs concentrations in groundwater at R4, 
R3, and R16 ranked among the top three highest, at 
157.87 μg/L, 159.50 μg/L, and 105.61 μg/L, respec-
tively (Fig.  2b). These three sampling points are 
located in the southeast direction of the mine and 
smelting plant. This is consistent with the direc-
tion of groundwater flow in the area (northwest 
to southeast). In addition, the pH and DO at these 
three sites were relatively low compared to the other 
sites (Table  S5). Figure  2d–i illustrates the spatial 
distribution of the top 6 HMs in terms of average 
concentration. The distributions of Zn, Fe, and Cu 
were similar to those of ΣHMs and ΣEHMs, and the 
concentrations of these three HMs decreased with 
increasing distance from the plant. The presence 
of HMs may stem from direct infiltration into the 
groundwater system in conjunction with wastewater 



 Environ Geochem Health (2025) 47:308308 Page 6 of 17

Vol:. (1234567890)

discharges, ore mining, stormwater runoff from 
open piles, or leaks from underground pipelines 
(Jafarzadeh et  al., 2022). These infiltrated HMs 
were then transported in the direction of ground-
water flow to contaminate the whole area. The con-
tamination of ΣNEHMs in groundwater was mainly 
concentrated in the southwest direction (Fig.  2c), 
which is different from the distribution of ΣEHMs. 
However, the spatial distribution of some NEHMs 

such as V and Tl was opposite to that of ΣNEHMs, 
showing a trend of high in the northeast and low in 
the southwest (Fig.  S2). This irregular distribution 
of HMs suggests that mining and smelting activities 
may not be the only source of HM contamination in 
groundwater in the exposure area. Nevertheless, the 
differences in spatial distribution between different 
HMs may be related to their specific sources.

Fig. 1  a Concentration of ΣHMs, ΣEHMs, and ΣNEHMs and 
b relative contribution of each HM in the exposure and con-
trol areas. ΣHMs is the total concentration of heavy metal(loid)
s, ΣEHMs is the total concentration of the essential heavy 

metal(loid)s (Mn, Fe, Cu, Zn, Mo), and ΣNEHMs is the total 
concentration of the non-essential heavy metal(loid)s (As, Cd, 
Pb, Sb, V, Cr, Co, Ni, Tl)
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Source of HMs in groundwater

The potential sources of HMs were preliminarily eval-
uated through PCA, which identified key components 
and factor loadings after dimensionality reduction of 
groundwater HM data from the exposure area. The 
analysis demonstrated satisfactory reliability, with a 
Kaiser–Meyer–Olkin measure of 0.712 (> 0.7 thresh-
olds) and Bartlett’s test significance of p < 0.001 (Liu 
et  al., 2024). PCA extracted three significant princi-
pal components (eigenvalues > 1) that collectively 
explained 74.5% of the total variance, indicating three 
probable HM sources in the groundwater (Fig.  3a, 
Table S6). To quantify source contributions, we sub-
sequently applied the PMF model, which provides 
superior handling of assessment uncertainties and 
source identification (Xiang et  al., 2024). The PMF 
analysis similarly resolved three optimal factors, as 
determined by stabilized Q(True)/Q(Robust) values 

with increasing factor numbers (Fig. S3). The derived 
source profiles (Fig.  3c, Tables  S7, S8) showed rel-
ative contributions of 24.7%, 34.0%, and 41.3% 
respectively (Fig. 3b).

Factor 1 was characterized by Mn (75.9%) and Sb 
(55.0%). According to the spatial distribution of Mn 
and Sb in the study area, both Mn and Sb were distrib-
uted in the southwest of the exposure area (Fig. 2i and 
Fig. S2a), which was far away and less affected by the 
mining and smelting plants. It has been reported that 
the variation of Mn in groundwater was mainly con-
trolled by factors such as geomorphology, the deposi-
tional environment of the aquifer, and hydraulic prop-
erties (Shi et  al., 2022). Similarly, some researchers 
considered that Sb was derived from natural geologic 
factors (Zhang et  al., 2024a). Therefore, combined 
with field surveys and reported works of literature, 
factor 1 was considered to be a natural source. Factor 
2 was mainly composed of V (75.3%), Mo (72.0%), 

Fig. 2  Spatial distribution of a ΣHMs, b ΣEHMs, c ΣNEHMs, and TOP 6 HMs: d Zn, e Fe, f Cr, g Cu, h Mo, and i Sb in groundwa-
ter of the exposure area



 Environ Geochem Health (2025) 47:308308 Page 8 of 17

Vol:. (1234567890)

Fig. 3  Source analysis of HMs in groundwater: a principal 
component analysis; b three sources identified using the PMF 
model and their relative contributions; c derivation of source 
profiles and their proportions based on the PMF model. Bars 

in c represent the concentrations of HMs corresponding to 
each source; curves represent the relative contribution of each 
source to specific HM
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Co (72.0%) and Cd (64.7%). Studies have shown that 
high concentrations of V and Mo in groundwater typ-
ically occur in groundwater surrounding mining areas 
(Chelnokov et al., 2024; Meng et al., 2018). In addi-
tion, it was demonstrated that Co is a major constitu-
ent of rock minerals (Rao et  al., 2021). Cd has also 
been shown to be widely present in mining wastewa-
ter (Zhang et al., 2024b). The study area is located in 
the copper-iron polymetallic mineralization belt in 
the middle and lower reaches of the Yangtze River, 
and the silica-type deposits are commonly associ-
ated with sulfide minerals containing V, Mo, and Co. 
These naturally occurring heavy metals are activated 
during mining activities and become the material 
basis for groundwater pollution. Therefore, accord-
ing to the field survey of the study area, factor 2 was 
regarded as a source of mining activity. Factor 3 was 
dominated by Fe (83.8%), Ni (79.5%), As (58.6%) 
and Cu (52.7%). Our previous studies of HMs in the 
wastewater treatment plant and receiving river at this 
smelting plant found that As, Ni, and Cu are the main 
HMs in both the wastewater from this smelting plant 
and the receiving river (Liu et al., 2025), suggesting 
that Factor 3 may be related to smelting emissions. 
Meanwhile, it has been shown that Fe in groundwa-
ter in industrial parks, especially in areas involved in 
mining and smelting, is mainly derived from indus-
trial wastewater discharges (Jiang et al., 2021). There-
fore, it is inferred that factor 3 was derived from 
smelting activity. In conclusion, HMs in groundwater 
in the exposure area were attributed to three sources: 
natural source, mining activity, and smelting activity. 
The total relative contribution of mining and smelting 
activities reached 75.3%, revealing that mining and 
smelting activities in the area increased HM contami-
nation of the surrounding groundwater.

Probabilistic health risk assessment

Concentration‑oriented health risk assessment

In this study, the health risks for adults and children 
were assessed by Monte Carlo simulations calcu-
lating ingestion and dermal exposure pathways to 
shallow groundwater containing HMs in the study 
area. The health risks in the exposure area and con-
trol area were compared. As shown in Table  S9, in 
the control area, the total carcinogenic risk (TCR) 
for adults and children were 1.2 ×  10−8–5.8 ×  10−4 

(mean value: 2.6 ×  10−5) and 5.6 ×  10−9–4.1 ×  10−4 
(mean value: 2.9 ×  10−5) respectively. In the exposure 
area, the TCR for adults was 4.5 ×  10−9–8.0 ×  10−4 
(mean value: 6.2 ×  10−5), and for children was 
3.7 ×  10−8–6.4 ×  10−4 (mean value: 7.1 ×  10−5). The 
findings suggest that children face higher cancer risks 
than adults. This elevated risk may be attributed to 
children’s lower body weight (BW) and longer aver-
age exposure time (AT) during critical developmental 
stages (Ashayeri & Keshavarzi, 2019). Notably, the 
mean TCRs for both adults and children in the expo-
sure area were 2.4-fold higher than those in the con-
trol area, indicating that residents in the exposure area 
are subjected to greater carcinogenic risks from min-
ing and smelting operations. Figure 4a demonstrates 
the probability distributions of the TCR for adults 
and children in the exposure and control areas. In 
the exposure area, 17.9% and 24.7% of carcinogenic 
risks for adults and children, respectively, exceeded 
the definite risk threshold of  10−4. By contrast, only 
1.4% and 1.5% of risks in the control area exceeded 
this value, confirming that adults and children in the 
exposure area face significant carcinogenic risks from 
mining and smelting activities.

For non-carcinogenic risk assessment, the HI val-
ues for both adults and children were below the safety 
threshold (HI < 1) in both exposure and control areas 
(Fig. 4b). The calculated HI ranges were 5.0 ×  10−6 to 
8.6 ×  10−1 (adults) and 3.5 ×  10−5 to 5.4 ×  10−1 (chil-
dren) in the exposure area, compared to 7.6 ×  10−6 to 
4.1 ×  10−1 (adults) and 4.6 ×  10−6 to 2.9 ×  10−1 (chil-
dren) in the control area. Notably, the mean HI val-
ues in the exposure area were 3.3 times higher than 
those in the control area, indicating elevated (though 
still acceptable) non-carcinogenic risks. These find-
ings align with previous studies in similar environ-
ments. Zhao et  al. (2023) reported acceptable non-
carcinogenic risks (HI < 1) from five HMs (Cr, Cd, 
Pb, As, and Hg) in groundwater from China’s Inner 
Mongolia mining region, despite finding definite 
carcinogenic risks (>  10−4). Similarly, Jiang et  al. 
(2022) found negligible non-carcinogenic risks but 
significant carcinogenic risks (>  10−4 for 94% of the 
population) from seven HMs (As, Hg, Cd, Cr, Pb, Cu, 
Ni) in northwestern China’s multi-mineral resource 
area. The consistent pattern across studies suggests 
that while mining and smelting activities may not 
induce immediate non-carcinogenic health effects, 
they significantly increase carcinogenic risks. This 
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discrepancy likely stems from the presence of highly 
toxic carcinogenic metals, particularly As, which typ-
ically dominates the total risk profile at such sites due 
to its extreme toxicity and prevalence in mineral pro-
cessing operations.

Comparison of exposure pathways

A comparative assessment of health risks was con-
ducted for adults and children in both exposure and 
control areas through ingestion and dermal exposure 
pathways, with results tabulated in Table S10. In the 
exposure area, adults exhibited carcinogenic risks 
through ingestion exposure ranging from 1.5 ×  10−8 
to 5.3 ×  10−4 (mean value: 6.1 ×  10−5), whereas der-
mal exposure demonstrated substantially lower risks 
(range: 9.9 ×  10−11 to 5.3 ×  10−6; mean: 4.5 ×  10−7). 
This represents a 136-fold greater risk through inges-
tion compared to dermal exposure. The result of 
children showed an even more pronounced dispar-
ity, with ingestion-associated risks exceeding dermal 
exposure by factors of 393. Notably, A similar dis-
parity between the two exposure routes was observed 
in both adults and children in the control area. For 
non-carcinogenic risks, the HI associated with the 

ingestion exposure pathway was 156 times higher for 
adults and 449 times higher for children compared to 
the dermal exposure pathway. These findings suggest 
that HMs in groundwater in both exposure and con-
trol areas may pose potential health risks primarily 
through the ingestion exposure pathway.

Contribution of individual HM to total health risks

In terms of carcinogenic risk for individual HM, the 
carcinogenic risks of V, As, Cr, Mo, Ni, and Sb in the 
exposure area groundwater exceeded the negligible 
threshold  (10−6) for both adults and children (Fig. 5a, 
b). And the carcinogenic risks of Cd and Pb were 
both less than  10−6. The eight HMs produced the 
same trend of carcinogenic risks to adults and chil-
dren, with an overall order of: As > Cr > Ni > Mo > S
b > V > Pb > Cd. As and Cr were the main contribu-
tors to the carcinogenic risk, with relative contribu-
tions of 55.3% and 21.8% for adults, and 55.5% and 
21.7% for children, respectively. Notably, all seven 
HMs except Mo are NEHMs. The high toxicity of 
these three HMs results in a higher carcinogenic risk, 
even though the mean concentration of Mo is 1.7 and 
4.8 times higher than that of As and Ni, respectively. 

Fig. 4  Cumulative probabilistic estimate of a TCR and b HI in 
groundwater. EA is the exposure area. CA is the control area. 
The white, blue, and red areas in a represent negligible risk 
(TCR <  10−6), possible risk  (10−6 < TCR <  10−4), and definite 

risk (TCR >  10−4) in carcinogenic risk, respectively. The white 
and red areas in b represent negligible risk (HI < 1) and defi-
nite risk (HI > 1) in non-carcinogenic risk
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Unexpectedly, Mo, an essential element for humans, 
also posed a carcinogenic risk above the negligible 
threshold  (10−6), suggesting that even HMs that are 
essential to humans can pose a cancer risk at high 
levels.

For non-carcinogenic risks, the HQs of the 13 
HMs were all less than the risk threshold (HQ = 1) 
(Fig.  5c, d), indicating that individual HM posed 
negligible non-carcinogenic risks to adults and 

children. In contrast to the order of carcinogenic 
risk, the magnitude of non-carcinogenic risk posed 
by the 13 HMs to adults and children was in the 
order of Sb > As > Cr > Mo > Pb > V > Cu > Co > 
Fe > Ni > Zn > Mn > Cd. As the major contribu-
tors to non-carcinogenic risk, the relative contribu-
tions of Sb and As to the HI of adults and children 
were 38.4%, 34.6%, and 38.3%, 34.7%, respec-
tively. Although the non-carcinogenic risks can be 

Fig. 5  Star plots for the TCR and HI for a and c adults, and b and d children from individual HM. The red lines in a and b represent 
the TCR =  10−6
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disregarded, the high contribution rates of As and 
Sb may imply long-term exposure risks.

Source‑oriented health risk assessment

Compared to concentration-oriented health risk 
assessment, source-oriented health risk assessment 
can quantify the health risks associated with different 
sources of HMs and can provide critical data support 
for risk control at the source (Han et al., 2023). For 
carcinogenic risk, among the various sources, the car-
cinogenic risk of HMs for adults was smelting activ-
ity (2.71 ×  10−5) > mining activity (2.25 ×  10−5) > nat-
ural source (1.28 ×  10−5). The carcinogenic risk for 
children followed the same order: smelting activity 

(3.09 ×  10−5) > mining activity (2.55 ×  10−5) > natu-
ral source (1.45 ×  10−5) (Fig. 6a). This indicates that 
smelting activity was the main contributor to the risk 
of cancer in adults and children in the exposure area. 
The carcinogenic risk for adults and children due 
to smelting activity was 2.11 and 2.13 times higher 
than that from natural sources, accounting for 43.5% 
and 43.6% of the total carcinogenic risk, respectively 
(Fig.  6b, d). Altogether, this evidence reveals that 
smelting activity was the main source of carcinogenic 
risk for adults and children in the exposure area. It 
is important to note that the cancer risk from natural 
source exceeded  10−6 for both adults and children, 
indicating that HMs in groundwater in the exposure 
area pose a possible carcinogenic risk to human and 

Fig. 6  Source-oriented health risk assessment for a TCR and 
b relative contribution of different sources to health risk for 
adults; c HI and d relative contribution of different sources 
to the health risk for children. The white, blue, and red areas 

in a represent negligible risk (TCR <  10−6), possible risk 
 (10−6 < TCR <  10−4), and definite risk (TCR >  10−4) in carcino-
genic risk, respectively
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that groundwater needs to be treated before it can be 
made available for human consumption.

For non-carcinogenic risks, the HI for adults 
from different sources were mining activity 
(2.72 ×  10−2) > natural source (2.28 ×  10−2) > smelt-
ing activity (1.80 ×  10−2), and for children were 
mining activity (3.09 ×  10−2) > natural source 
(2.60 ×  10−2) > smelting activity (2.06 ×  10−2) 
(Fig. 6c). The non-carcinogenic risks for both adults 
and children from different sources were within the 
normal range for all sample sites (HI < 1), demon-
strating that none of the three sources of HM contam-
ination in groundwater posed non-carcinogenic risks 
to adults and children. In summary, smelting activity 
was the largest contributor to human carcinogenic 
risk, while mining source was the largest contributor 
to non-carcinogenic risk.

The reasons for this result lie in the different indus-
trial processes and characteristic HMs of mining and 
smelting activity. The mining activity mainly releases 
HMs from the ore through physical crushing and 
milling processes. Most of these HMs are presented 
in the tailings as insoluble minerals (e.g., sulfides, 
oxides) and have a limited ability to migrate to 
groundwater. Moreover, mining activity in this study 
area mainly brings HMs pollution caused by V, Mo, 
Co, and Cd, which have a low carcinogenic slope fac-
tor (SF). However, these metals have low non-carci-
nogenic reference dose (RfD) values  (RfD(V) = 0.007, 
 RfD(Mo) = 0.005,  RfD(Co) = 0.0003,  RfD(Cd) = 0.0005, 
Table S1), resulting in a high non-carcinogenic risk. 
Smelting activity refines HMs in ores into soluble 
compounds with high SF by using high-temperature 
pyro-processes or wet processes with strong acids 
or bases. For instance, the SF of arsenic (As) is 3.66 
as presented in Table S1. This process results in the 
creation of high concentrations of HMs residues in 
wastewater and sludges. These residues are more 
readily transported to groundwater, leading to a high 
carcinogenic risk. Therefore, smelting activity caused 
higher carcinogenic risk than mining activity. Prior-
ity control should be paid to the smelting activity for 
mitigating the health risks from HMs in groundwater 
to the residents in the exposure area.

Uncertainty and sensitivity analysis

There were a few uncertainties in human health risk 
assessment. First, due to the lack of toxicological 

data on some of the HMs, the assessment relied on a 
number of assumptions, which can introduce uncer-
tainty in the assessment (Askari et al., 2024). Second, 
exposure to different compounds was assumed to be 
independent in Monte Carlo simulations; however, in 
practice, some HMs may enter the human body from 
the same source or through similar exposure path-
ways, which may lead to inaccurate risk estimates 
(Jiang et  al., 2021). In addition, the uncertainty was 
further increased by the complexity of the exposure 
pathways of HMs. Additionally, the parameter values 
used in the assessment were directly taken from the 
U.S. EPA’s recommended values, which may not be 
entirely applicable to populations in different coun-
tries (Eid et al., 2024). As a result, there is a need to 
develop alternative assessment frameworks tailored to 
local contexts in future studies.

The sensitivity of the variables relating to adults 
and children to TCR and HI was analyzed using 
Monte Carlo simulation (Bhat et  al., 2024). Taking 
the exposure area as an example, exposure duration 
(ED) had the greatest impact on the total variance of 
TCR, accounting for 84.2% and 87.4% in adults and 
children, respectively (Fig.  S5a, b). HM concentra-
tions had the next largest effect on TCR variance, 
contributing 34.7% in adults and 33.4% in children, 
followed by daily ingestion rate (IR), which contrib-
uted 24.9% in adults and 27.8% in children. In terms 
of non-carcinogenic risk, ED, exposure frequency 
(EF) and IR were the top three parameters in terms 
of relative contribution. The relative contributions 
of ED, IR, and EF were 84.7%, 25.2%, and 16.9% 
in adults, and 87.7%, 28.1%, and 18.0% in children, 
respectively (Fig. S5c, d). In contrast, the large nega-
tive contributions of BW to TCR and HI in both 
adults (−  27.5%, −  27.6%) and children (−  10.2%, 
−  10.4%) may explain why children were at higher 
health risks compared to adults.

Conclusion

This study comprehensively investigated the con-
tamination characteristics, spatial distribution, source 
apportionment, and associated health risks of HMs in 
groundwater within a mining and smelting-impacted 
region. The results revealed significant HM contami-
nation in the exposure area, with the mean concen-
tration of ΣHMs (74.07  μg/L) doubling that of the 
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control area (37.08  μg/L). Concentrations of Cr and 
Pb exceeded U.S. EPA and WHO standards, high-
lighting severe anthropogenic contamination. Spatial 
analysis identified elevated HM levels near the smelt-
ing plant (sites R3, R4, R16), associated with ground-
water flow direction, suggesting direct infiltration 
from industrial activities. Conversely, irregular distri-
butions of certain NEHMs (e.g., V, Tl) implied con-
tributions from non-industrial sources. PCA—PMF 
source apportionment attributed HM contamination 
to natural processes (24.7%), mining (34.0%), and 
smelting (41.3%). Smelting activity was identified as 
the dominant contributor to carcinogenic risk, while 
mining activity posed the highest non-carcinogenic 
risk. Probabilistic health risk assessments demon-
strated that 17.9% and 24.7% of carcinogenic risks for 
adults and children in the exposure area exceeded the 
acceptable carcinogenic risk threshold (TCR >  10−4), 
primarily driven by ingestion of As and Cr. Non-
carcinogenic risks, though below thresholds, were 
elevated in the exposure area, with Sb and As as 
key contributors. Sensitivity analysis underscored 
exposure duration and HM concentrations as critical 
variables influencing risk outcomes. These findings 
emphasize the urgent need for targeted mitigation 
strategies, particularly to address smelting-derived 
emissions and groundwater treatment for Cr and Pb. 
The results provided the first insight into the quantita-
tive source-oriented health risks of HMs in ground-
water from mining and smelting contaminated sites, 
which helps to formulate pollution control policies for 
the relevant industries.
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