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Heavy metals pose a significant threat to the water environment and human health. However, mining activities play a critical role in releasing various heavy metals into the environment. The present study aimed to evaluate the distribution characteristics, source identification, and health risk assessment of heavy metals in surface water and groundwater of Pingquan City (Hebei, China), which is a typical industrial city. Nineteen water quality indicators include pH, strontium (Sr), arsenic (As), lithium (Li), zinc (Zn), barium (Ba), lead (Pb), aluminum (Al), copper (Cu), manganese (Mn), nickel (Ni), cadmium (Cd), chromium (Cr), ferrum (Fe), cobalt (Co), selenium (Se), argentum (Ag), vanadium (V), and molybdenum (Mo), were selected; a total of 336 water samples from monitoring sites in Pingquan City were monitored, and the water quality was assessed; then the human health risks that residents possibly faced through ingestion and dermal pathways were assessed. The results showed that surface water in the Bao River Basin exhibited higher concentrations of Fe (107.71 μg/L) and As (1.37 μg/L) compared to those in other river basins. In contrast, groundwater in the Bao River Basin had significantly higher concentrations of Fe and Mn than those in other river basins, reaching 149.62 μg/L and 53.45 μg/L, respectively. According to the Water Quality Index (WQI) results, each river basin exhibits a WQI value below 50. Additionally, from a health risk assessment perspective, As in the study area does not pose health hazards that exceed acceptable risk levels in most exposure scenarios.
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1 Introduction

Water is widely recognized as the most important of all our natural resources. Water resources and water quality are crucial for human survival, the ecological environment, and the sustainable development of the economy and regions (Long and Luo, 2020; Uddin et al., 2023; Xiao H. et al., 2019). Due to the toxicity, persistence, and bioaccumulation, heavy metals pose a significant threat to the water environment. Studies have confirmed that heavy metals can be adsorbed by organisms and plants, then enter the human body through the food chain (Ayyamperumal et al., 2024; Celis-Hernandez et al., 2025; Wu et al., 2025). When these elements bioaccumulate in the human body to a critical extent, they can pose risks to human health by inducing skin lesions, cancer risk, and neurological damage (Badeenezhad et al., 2023). The natural sources of heavy metals are determined by geology and lithology, such as weathering and erosion of bedrock, volcanic activity, and atmospheric precipitation (Abdo et al., 2024; Etikala et al., 2024). Besides, anthropogenic activities, especially mining, metal smelting, and refining, also have a significant impact on the biogeochemical cycling of heavy metals (Sudharshan Reddy and Sunitha, 2023; Zhou et al., 2023). During the mining process, the extensive use of water has led to a shortage of water resources (Northey et al., 2016). Moreover, dust particles in tailings ponds can affect the concentration of heavy metals in rivers and groundwater, as dust can be transported into rivers or infiltrate into groundwater via rainwater. Given the significant impact of mining on water quality, the sources and health risk assessment of heavy metals require urgent study. Therefore, in terms of water quality assessment, it is crucial to study the distribution characteristics and sources of heavy metals. Extensive research has been conducted on the water quality, source identification, and health risk assessment of river water, well water, and groundwater (Chai et al., 2021; Meng et al., 2024; Tong et al., 2021). However, there is a lack of research on the industrial city impacted by mining activities and abandoned mines.

Pingquan City is an industrial city with water scarcity issues. The total water resources in Pingquan City amount to 309 million cubic meters, with a forest area of nearly 3 million acres and a forest coverage rate of 60.4%. Notably, it serves as the source of five major rivers, whereas it exhibits no inflow from external water systems. Furthermore, most tributaries are seasonal rivers characterized by minimal flow volumes. Pingquan City is also a resource-based city endowed with abundant mineral resources. A total of 46 types of minerals have been identified, of which 19 types possess certain resource reserves. Additionally, the city encompasses over 100 metal and non-metal mines, as well as numerous tailings ponds. Pingquan City is an industrial city deeply affected by mining activities; thus, investigating the local water quality and distribution characteristics of heavy metals is extremely urgent and important. In 2020, the water quality of the main stream of the Bao River Basin was categorized as Class II according to the Environmental Quality Standards for Surface Water, indicating that it requires a complete treatment process to serve as a usable water source. Although previous researchers have carried out basic geological surveys and specialized surveys, such as those on geological hazards and geological relics in Pingquan City, the majority of hydrogeological surveys have primarily focused on mineral water and geothermal resources. Moreover, these surveys were conducted relatively early, and there is a lack of research on identifying heavy metal sources and assessing health risks in the regional water environment. The distribution and sources, as well as the water quality and health risk assessment of heavy metals in Pingquan City, are unclear. Therefore, a comprehensive and systematic evaluation of the effects of heavy metals and potential health risks in Pingquan City remains to be assessed.

Based on the above considerations, surface water and groundwater samples were systematically collected in Pingquan City. The principal objectives were to analyze the heavy metal content in surface water and groundwater of Pingquan City, evaluate the spatial distribution of the heavy metals in different river basins, assess the water quality and the potential human health risks, and then calculate the hazard quotient (HQ) and the hazard index (HI) of the heavy metals through the ingestion and dermal absorption pathways. The results of this study provide a scientific basis for improving water quality in Pingquan City, inform potential human health risks, and serve as a reference for other, similar areas.



2 Materials and methods


2.1 Overview of the survey region

Pingquan City is located in northern China, with a longitude of 118°21′-119°15′ E and a latitude of 40°40′-41°24′ N. It is an inland city in northwestern Hebei Province, as shown in Figure 1. It is 77.4 km long, running east to west, and stretches 74 km from south to north. The land area covers 3,294.1 km2. Pingquan City exhibits a continental monsoon climate with distinct seasonal variations, characterized by a prolonged cold period and significant diurnal temperature variations. The rainfall is concentrated at approximately 320–480 mm during the summer months, primarily influenced by the warm and humid Pacific monsoon. Typically, summer rainfall constitutes 76%−86% of the annual total. The study area is a typical shallow mountain region, where bedrock fissure water is the predominant type of groundwater. However, the fissures generally develop to a shallow depth and have poor water yield, making the mountainous area primarily a water-scarce region. Meanwhile, river valleys are dominated by narrow valleys with underdeveloped river terraces. The Quaternary pore water aquifer is thin and has poor water yield. There are five rivers in Pingquan City: Laoniu River, Bao River, Qinglong River, Daling River, and Laoha River. These rivers are primarily supplied by atmospheric precipitation, which exhibits distinct seasonal patterns, with rainfall mainly concentrated in summer and autumn. Flowing through 18 towns and townships across the county, these five rivers have low average water resources. Additionally, due to steep slopes and rapid water flow, combined with poor water storage conditions, the water easily flows out of the area, resulting in water scarcity in the study area. The main mineral resources in Pingquan City include iron, copper, molybdenum, coal, gold, fluorite, and cement-grade limestone, which are widely distributed across the region.
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FIGURE 1
 Geographical locations of the study area and sampling sites.




2.2 Sample collection

For this study, a total of 336 water samples were collected from monitoring sites in Pingquan City, including 100 surface water samples and 236 groundwater samples. Surface water samples were taken from various rivers, while groundwater samples were collected from wells in Pingquan City. It should be emphasized that surface water in the study area is mainly recharged by groundwater and rainfall during the flood season, with 80% of the available water resources originating from groundwater, thereby rendering the exploitable quantity extremely limited. All samples were collected over a time interval of 3 months from June to August 2024. Considering that geological and ecological issues stemming from the widespread distribution of mineral resources and numerous unmanaged tailings ponds in the study area exert a significant impact on element concentrations in the surrounding aquatic environment, and that ongoing geothermal resource development locally necessitates updated hydrological data for the surrounding area, 18 elements were therefore selected for monitoring. The monitored water quality indicators include pH, Sr, As, Li, Zn, Ba, Pb, Al, Cu, Mn, Ni, Cd, Cr, Fe, Co, Se, Ag, V, and Mo. To ensure the representativeness of surface water in the study area, samples were systematically collected from both the mainstream and each tributary. Additionally, two or more samples were collected from different locations within longer tributaries. Furthermore, relatively few sampling points were selected in the Laoniu River and Daling River basins due to water scarcity and limited well availability. Water samples were collected from different locations across the upstream, midstream, and downstream of the rivers. All surface water samples were collected at a depth of 0.5 m below the water surface in the middle of the river. The water was then filtered through Whatman® filter membranes with a 0.45 μm pore size. Aliquots of 60 mL filtered water were stored in cleaned, acidified Nalgene® bottles for subsequent trace element analysis. The groundwater samples were collected from wells or hand pumps after flushing water for a few minutes. The samples were collected in 2.5 L plastic containers that were pre-washed before use. Afterwards, the water samples were sent to the laboratory for further testing within 24 h at 4 °C. All measurement and analysis procedures were conducted in accordance with the guidelines of the American Public Health Association (APHA). Water temperature and pH were measured using a pH meter (pHS-25, INESA). The concentration of elements was analyzed by the inductively coupled plasma mass spectrometer (ICP-MS Qc, Thermo Fisher). The main ions were analyzed using an atomic fluorescence spectrophotometer (AFS-2202E, Haiguang Instrument). To ensure data precision and accuracy, all chemical reagents used in the analysis were of guaranteed reagent grade, and the experimental water was of ultrapure quality. For every 20 samples, a blank sample and a standard sample were tested. The relative standard deviation (RSD) values were all less than 10%. Each sample was tested twice, and the relative error between the two measurements was less than 5%. All constant indicators of water samples passed the charge balance test with an error of less than 5%.



2.3 Water quality assessment

The Water Quality Index (WQI) was used to assess the water quality level, and the specific explanation and calculation method are as follows (Meng et al., 2016; Şener et al., 2017):

WQI=Σ[Wi×(Ci/Si)×100]      (1)

Wi=wi/∑wi      (2)

Where Wi — The relative weight;

wi — The weight attributed to the target element based on its relative impact on human health and its importance in terms of suitability for drinking water;

Σwi — The sum of the weightings of all parameters, in this study, Σwi was 42;

Ci — The measured concentration;

Si —The standard for drinking water in China.

Exposure to Mn can lead to disorders of the human central nervous system, and in severe cases, may trigger neurological diseases. High concentrations of As can lead to chronic arsenic poisoning, which can cause neurological damage, digestive system disorders, loss of appetite, and hair loss. Excessive Cd exposure can cause kidney damage, osteoporosis, and respiratory problems, whereas Pb exposure impairs the nervous system, hinders the intellectual development of children, causes anemia, and induces damage to the kidneys, liver, and skeletal damage. Cr is a known carcinogen that poses risks to the lungs, kidneys, and skeletal system. Due to the particularly harmful effects on water quality and human health, As, Cd, Cr, Mn, and Pb were given the highest weight of 5. Considering their important impact on water quality, the pH value and Fe were assigned a weight of 4. Al, Ba, and Cu were assigned a weight of 2. Co, Ni, and Zn were assigned a weight of 1, due to a relatively lower impact on water quality (Gao et al., 2019). The number 100 is a constant. According to the WQI value, water quality can be divided into the following five categories (Xiao J. et al., 2019): <50, excellent; 50–100, good; 100–200, poor; 200–300, very poor; >300, undrinkable.



2.4 Human health risk assessment

Relying solely on the WQI would underestimate the health risks associated with heavy metal elements, such as As. Therefore, this study further analyzed the non-carcinogenic risks of heavy metals and the carcinogenic risk associated with As. For drinking water, direct ingestion and dermal pathways (such as showering, bathing, and swimming) are generally considered common exposure pathways for humans. Hazard quotient (HQ) and hazard index (HI) were calculated to evaluate the toxicity caused by heavy metals in aquatic ecosystems. The exposure doses through ingestion and dermal pathways are determined by Equations 3, 4 (EPA, 2004; Ezugwu et al., 2019; Wang et al., 2018).

ADDingestion=(Cw×IR×EF×ED)/(BW×AT)      (3)

ADDdermal=(Cw×SA×Kp×ET×ED×10-3)/(BW×AT)      (4)

Where ADDingestion — The mean daily dose (μg/kg/day) absorbed by ingestion;

ADDdermal — The mean daily dose (μg/kg/day) absorbed by dermal;

Cw — The average concentration of heavy metals in each water sample (μg/L);

IR — The ingestion rate, which is 2.0 (L/day) for adults and 0.64 (L/day) for children;

EF — The exposure frequency (350 days/year);

ED —The exposure duration, which is 30 years for adults and 6 years for children;

BW — The average weight, 70 kg for adults and 15 kg for children;

AT — The average time (days), for non-carcinogens, AT = ED × 365 days/year, for carcinogens, AT = 365 days/year×70 years;

SA — The exposed skin area, 18,000 cm2 for adults and 6,600 cm2 for children;

ET — The exposure time, which is 0.58 h/day for adults and 1 h/day for children;

Kp — The dermal permeability coefficient in water (cm/h), 0.001 for Al, As, Ba, Cd, Mn, Fe, and Cu, 0.0001 for Pb, 0.0002 for Ni, 0.0004 for Co, 0.002 for Cr, and 0.0006 for Zn (He et al., 2023; Moradnia et al., 2024).

The potential non-carcinogenic risk and carcinogenic risk were evaluated as follows (Bhutiani et al., 2015):

HQ=ADD/RfD      (5)

RfDdermal=RfD×ABSg      (6)

HI=∑(HQingestion+HQdermal)      (7)

CR=ADD×SF      (8)

TCR=∑CR      (9)

Where HQ — The potential non-carcinogenic risks which were calculated by Equations 5, 6;

RfD —The corresponding reference dose, as shown in Table 1;

TABLE 1 Reference dose (RfD) of selected elements (μg/kg/day).


	Element
	RfDingestion (μg/kg/day)
	RfDdermal (μg/kg/day)





	As
	0.3
	0.285

 
	Zn
	300
	60

 
	Ba
	200
	14

 
	Pb
	1.4
	0.42

 
	Al
	1,000
	200

 
	Cu
	40
	8

 
	Mn
	24
	0.96

 
	Ni
	20
	0.8

 
	Cd
	0.5
	0.025

 
	Fe
	700
	140





ABSg — The gastrointestinal absorption factor (dimensionless);

CR — The cancer risk;

SF — The oral cancer slope factor (mg/kg/day)−1, the SFingestion of As is 1.5, and the SFdermal of As is 3.66;

TCR — all carcinogenic risks caused by heavy metals.

If the HQ exceeds 1, there is a possible non-carcinogenic risk. Furthermore, HI is the sum of the HQs of all applicable pathways (Equation 7), which is used to evaluate the potential total non-carcinogenic risk via all pathways. If the HQ or HI > 1, it indicates potential adverse health effects on human health, and further research is necessary. However, when HQ or HI < 1, it indicates that there are no adverse effects on human health. The specific classification of HI is as follows: If HI < 0.1, a non-carcinogenic risk; 0.1 ≤ HI < 1, low non-carcinogenic risk; 1 ≤ HI < 4, moderate non-carcinogenic risk; HI ≥ 4, high non-carcinogenic risk.

When the CR or TCR < 10−6, the carcinogenic risk is negligible. When CR or TCR >10−4, this indicates a high risk of cancer to humans. When 10−6 < CR or TCR < 10−4, there is an acceptable risk for humans. Notably, due to variations in exposed populations across regions, actual risk levels may differ geographically. In some cases, the carcinogenic risk could be higher and unacceptable.

Basic statistical analyses such as standard deviation (SD), WQI, HQ, and HI are calculated using Excel. All statistical programs were completed using Microsoft Office 2021 for Windows. The spatial distribution maps of sampling points were drawn using ArcGIS 10.5 (Environmental Systems Research Institute, Inc.). One-way ANOVA and Tukey's HSD were used to analyze the significant differences in element concentrations between surface water and groundwater (p < 0.05). The variation, spatial distribution, statistical analysis, principal component analysis (PCA), WQI, HI, and health risk analysis of heavy metals were conducted using Origin 2025 (OriginLab, USA).




3 Results and discussion


3.1 Characteristics of the surface water and groundwater

The general characteristics of selected water quality parameters in surface water are shown in Table 2. The pH range of surface water was 7.02 to 8.86, with an average of 7.94. Groundwater exhibited a pH range of 6.89 to 8.40, with an average value of 7.60. Most of the water samples exhibited alkaline characteristics, and surface water pH values were slightly higher than those of groundwater.

TABLE 2 Statistics of chemical parameters and parameters for WQI calculation in surface water, the units of concentrations are given in micrograms per liter (μg/L).


	Parameters
	Surface water
	Groundwater
	CWb
	Parameters for WQI



	Max
	Min
	Ave
	SD
	Max
	Min
	Ave
	SD
	Sia
	Weight (wi)
	Relative weight (Wi)





	pH
	8.86
	7.02
	7.94
	0.35
	8.40
	6.89
	7.60
	0.29
	6.5–9.5
	6.5–8.5
	4
	0.095

 
	Sr
	934.00
	5.90
	373.74
	186.83
	2,110.00
	72.20
	434.76
	276.96
	–
	–
	–
	–

 
	Fe
	290.00
	2.00
	98.62
	52.91
	1,080.00
	0.00
	136.09
	112.77
	300
	300
	4
	0.095

 
	Ba
	254.00
	20.90
	79.73
	47.82
	1,330.00
	1.78
	77.88
	103.93
	700
	700
	2
	0.048

 
	Al
	473.00
	5.00
	31.72
	51.01
	934.80
	0.00
	45.16
	75.06
	200
	200
	2
	0.048

 
	Zn
	30.20
	1.00
	8.42
	5.42
	143.00
	0.00
	9.79
	12.56
	3,000
	1,000
	1
	0.024

 
	Mo
	102.00
	0.33
	5.53
	12.14
	41.80
	0.00
	1.85
	3.88
	70
	70
	–
	–

 
	Cu
	25.90
	0.21
	4.79
	4.04
	11.60
	0.00
	1.93
	2.29
	2,000
	1,000
	2
	0.048

 
	Li
	116.00
	0.30
	4.75
	11.50
	16.60
	0.23
	4.51
	2.71
	–
	–
	–
	–

 
	Mn
	131.00
	0.22
	4.31
	17.00
	6,600.00
	0.00
	46.05
	453.42
	400
	100
	5
	0.119

 
	Ni
	22.60
	0.50
	2.75
	2.43
	16.27
	0.11
	3.09
	2.22
	70
	20
	1
	0.024

 
	V
	24.70
	0.52
	2.15
	2.59
	4.76
	0.00
	1.36
	0.87
	–
	10
	–
	–

 
	Pb
	101.00
	0.00
	2.04
	10.52
	283.00
	0.00
	3.13
	19.47
	10
	10
	5
	0.119

 
	As
	56.90
	0.00
	1.18
	5.78
	2.60
	0.00
	0.21
	0.45
	10
	10
	5
	0.119

 
	Co
	22.80
	0.07
	0.52
	2.26
	7.95
	0.06
	0.38
	0.68
	–
	–
	1
	0.024

 
	Cd
	19.10
	0.00
	0.37
	1.98
	0.43
	0.00
	0.17
	0.13
	3
	5
	5
	0.119

 
	Se
	7.36
	0.00
	0.34
	0.87
	6.00
	0.00
	0.20
	0.55
	10
	10
	–
	–

 
	Ag
	0.98
	0.00
	0.20
	0.15
	1.10
	0.00
	0.14
	0.14
	100
	50
	–
	–

 
	Cr
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	50
	50
	5
	0.119



aThe national standards of the P.R. China (GB5749-2022). The Ministry of Health of the P.R. China, Standardization Administration of the P.R. China. GB5749-2006. Standards for drinking water quality. The national standard of the P.R. China. Beijing: China Standard Press, 2007, 2–4 (In Chinese).

bGuidelines for Drinking-water Quality. World Health Organization. Geneva: 2008.



According to the mean values, trace elements in water can be divided into three categories: low content (<1 μg/L), moderate content (1–100 μg/L), and high content (>100 μg/L) (Li et al., 2022). As shown in Table 2, the average concentrations of As, Li, Zn, Ba, Pb, Al, Cu, Mn, Ni, Cd, V, Mo, and Fe in surface water ranged from 1 to 100 μg/L, indicating moderate concentrations of these elements. Cr was detected in all samples, but the concentration was below the detection limit, indicating extremely low concentrations. Sr exhibited the highest concentration, exceeding 100 μg/L. In groundwater, the concentrations of Ba, Al, Zn, Mo, Li, Mn, Ni, V, and Pb were in the range of 1–100 μg/L, which were classified as moderately abundant elements. The mean concentrations of Sr and Fe were greater than 100 μg/L, which were classified as the most abundant elements. The high concentrations of Sr are attributed to the geochemical environment in the schist fissure water system (Alqahtani et al., 2020; Liu et al., 2024; Wang et al., 2021). The enrichment of Fe primarily originates from geological sources, as well as water movements between surface and deeper lithological layers and hyporheic exchange flows (Ntona et al., 2022). The mean values of trace elements in surface water are ranked in descending order as follows: Sr > Fe > Ba > Al > Zn > Mo > Cu > Li > Mn > Ni > V > Pb > As > Co > Cd > Se > Ag. For groundwater, the mean values of trace elements follow the trend: Sr > Fe > Ba > Mn > Al > Zn > Li > Pb > Ni > Cu > Mo > V > Co > As > Se > Cd > Ag. Furthermore, the mean values of Fe and Sr in groundwater were higher than those in surface water, whereas the mean values of Mo, Cu, and As in surface water were higher than those in groundwater, and there were minor variations in Ag and V concentrations. For other element samples, no statistical differences have been observed between surface water and groundwater. In the study area, several open-pit Fe mines and tailings from the processing and beneficiation of Fe ore result in high Fe content in groundwater. The excess Mn was attributed to the release of Mn from the aquifer matrix, resulting from changes in the groundwater environment and fluctuations in redox conditions induced by mining activities. In surface water and groundwater, the SD values of Sr and Mn were relatively higher than those of other elements, indicating that Sr and Mn were significantly influenced by human activities.

There were significant differences in the mean values of heavy metals among different river basins, as shown in Figure 2. For surface water, Fe (107.71 μg/L) and As (1.37 μg/L) in the Bao River Basin presented higher concentrations than those in other river basins. The concentrations of Ba in the Qinglong River Basin and the Bao River Basin were relatively higher, with mean values of 97.06 μg/L and 85.63 μg/L, respectively. For groundwater, the concentrations of Fe and Mn in the Bao River Basin were significantly higher than those in other river basins, reaching 149.62 μg/L and 53.45 μg/L, respectively. The Al concentrations in the Qinglong River Basin and the Bao River Basin were relatively higher, with mean values of 72.38 μg/L and 81.21 μg/L, respectively.


[image: Bar charts comparing concentrations of substances across five rivers: Bao, Laoha, Daling, Laoniu, and Qinglong. Chart (a) shows concentrations in micrograms per liter, while chart (b) presents logarithmic values. Colors correspond to different rivers: yellow for Bao, green for Laoha, light green for Daling, teal for Laoniu, and blue for Qinglong.]
FIGURE 2
 Three-dimensional histogram of mean concentration of heavy metals in (a) surface water and (b) groundwater in different river basins.




3.2 Source-oriented of the heavy metals

The PCA data are shown in Table 3 and Figure 3, which reveal the relationship between parameters and sampling points. For surface water, the PC1-PC2 combination explained 45.5% of the total variance in the data (Table 3, Figure 3a). Based on these percentages, the processes controlling the chemical development of water quality in the region were essentially contained within these two principal components. PC1 accounted for 29.2% of the total variance and exhibited strong loadings for Cu, Li, Ni, V, Co, and Cd. Most of these elements were heavy metals or rare metals, primarily associated with industrial activities and metal mining and smelting, or geological sources. PC2 explained 16.3 of the variance; it exhibited higher loadings for Mo, As, and Se. The sources of these elements were more inclined toward energy, chemical, and mining activities. PC3 captured 11.15 % of the variance; it exhibited higher loadings for Ag. The high loadings of Ag primarily indicate the presence of precious metal processing and the electronics industry. The PC1-PC2 combination of groundwater represented more than 40.2% of the data (Table 3, Figure 3b). These percentages indicated that the chemical evolution of water bodies in the region was primarily controlled by these two components. PC1 explained 17.6% of the variance, with Se, Fe, Li, Mn, Ni, Co, and Cd exhibiting strong loadings. These elements were primarily composed of heavy metals and transition metals, mainly associated with mining, smelting, or contributions from natural geological weathering. Similar to the situation in surface water, PC1 was also fundamentally strongly influenced by these major ions. PC2 explained 12.6% of the variance, primarily dominated by Cu and Ag. The high loadings of Cu and Ag primarily indicated local inputs from metal processing and the electronics industry. PC3 explained 8.81% of the variance; it was influenced by pH, Ba, V, and As. This principal component integrated pH and multiple elements, potentially related to energy-related activities and geological background. Therefore, within the study area, it was necessary to further standardize the management of mining areas, repair tailings ponds and waste rock piles, reduce the impact of leachate seepage on groundwater, optimize the production processes of energy (e.g., coal-fired) and chemical enterprises to reduce wastewater discharge of elements such as As and Mo, and prevent the infiltration of acidic wastewater. Meanwhile, centralized treatment of waste materials should be implemented for precious metal processing enterprises (e.g., silver jewelry processing) to avoid direct seepage into surface or underground environments. Since this study only analyzed water samples (surface water and groundwater) and did not involve geochemical analysis of sediments or direct tracing of specific sources, further research on these aspects in the future will provide more useful information for analyzing local metal sources.

TABLE 3 Rotated factor loadings of principal components on pH and heavy metal parameters in surface water and groundwater (unitless).


	Variable
	Surface water
	Groundwater



	PC1
	PC2
	PC3
	PC1
	PC2
	PC3





	pH
	0.011
	0.107
	−0.019
	−0.045
	−0.382
	0.205

 
	Sr
	0.059
	−0.091
	−0.009
	0.347
	0.176
	0.096

 
	Fe
	0.042
	0.054
	−0.621
	0.260
	−0.187
	0.088

 
	Ba
	0.008
	−0.075
	0.170
	0.232
	0.128
	0.317

 
	Al
	0.004
	−0.068
	0.095
	−0.058
	0.030
	−0.082

 
	Zn
	0.152
	0.129
	−0.084
	0.104
	0.180
	−0.274

 
	Mo
	0.193
	0.492
	−0.045
	−0.026
	−0.106
	−0.067

 
	Cu
	0.263
	0.178
	0.462
	−0.184
	0.514
	0.006

 
	Li
	0.405
	−0.179
	−0.044
	0.399
	−0.028
	0.166

 
	Mn
	0.117
	−0.095
	0.059
	0.259
	0.158
	−0.327

 
	Ni
	0.383
	−0.130
	−0.003
	0.451
	0.169
	−0.039

 
	V
	0.380
	−0.189
	0.027
	0.080
	0.230
	0.545

 
	Pb
	0.115
	−0.060
	−0.237
	0.134
	−0.079
	0.085

 
	As
	0.133
	0.518
	0.042
	−0.062
	0.090
	0.492

 
	Co
	0.404
	−0.181
	0.015
	0.328
	0.127
	−0.204

 
	Cd
	0.421
	−0.020
	0.004
	0.309
	−0.298
	−0.094

 
	Se
	0.121
	0.527
	−0.027
	0.158
	0.158
	0.016

 
	Ag
	−0.103
	−0.022
	0.538
	−0.144
	0.448
	−0.022

 
	Cr
	0.000
	0.000
	0.000
	−0.028
	0.109
	−0.147






[image: Two principal component analysis (PCA) biplots comparing variables in surface water and groundwater. (a) Surface water plot shows prominent variables like Se, As, Mo, and Cu, with PC1 explaining 29.2% and PC2 16.3% of variance. (b) Groundwater plot highlights variables such as Cu, Ag, Al, and Ni, with PC1 explaining 17.6% and PC2 12.6% of variance. Both plots include scores and loadings, with arrows indicating variable influence direction and magnitude.]
FIGURE 3
 Biplot of (a) surface water and (b) groundwater quality based on the principal component analysis in the study area.


Although the average concentrations of various elements in surface water and groundwater are lower than the health-based guideline values proposed by the WHO Guidelines (Table 2), there are still some sampling sites where detected concentrations exceed the required values, including Al, Mo, Pb, As, and Cd in surface water, as well as Fe, Ba, Al, Mn, and Pb in groundwater. Compared with the prescribed values in China's national standards (as shown in Table 2), more elements exceed the required values at some monitoring sites. The variation and spatial distribution of heavy metals with higher concentrations in surface water and groundwater are shown in Figure 4. As shown in Figure 5, the distribution of areas with higher concentrations of heavy metals in surface water is as follows: Al, Mn, As, Pb, Ni, and V in the Bao River basin. Overall, the higher concentrations of Al, Ni, and V in the upper reaches of the Bao River may be caused by tailings ponds, abandoned quarries, and iron mines, while the excessive concentration of Pb was caused by limestone mines, iron mines, and abandoned quarries. In the lower reaches of the Bao River, the higher concentration of As was attributed to the copper mines and abandoned quarries. Furthermore, the higher concentration of Mn was due to tailings ponds, iron mines, and abandoned quarries. Additionally, the site with a higher concentration of As was located in a highly ecologically and geologically fragile mining area. The mineral resources in this region are primarily non-metallic minerals. Due to unregulated mining activities in the early years, numerous abandoned mining pits have been formed. The high and steep rocky slopes are located near roads and water systems, causing severe damage to the topographic and geomorphic features.


[image: Eight maps showing variations in surface water metal concentrations across a geographic area. Each map uses a color gradient to indicate levels of a specific metal: Mn, As, Fe, Al, Ni, Pb, Mo, and Cd, measured in milligrams per liter. Dots mark sampling locations.]
FIGURE 4
 Variation and spatial distribution of heavy metals with higher concentrations in surface water and groundwater.



[image: Map of river basins highlighting groundwater and surface water sample locations. Basins are color-coded, including Daling (peach), Laoniu (turquoise), Qinglong (purple), Laoha (yellow), and Bao (pink). Rivers are marked in blue. Symbols indicate sample sites with different dots for groundwater and surface water, and various letters like Al, Mn, and Pb indicate elements sampled. Mining areas are outlined in gray. A scale bar shows 0 to 20 kilometers.]
FIGURE 5
 Spatial distribution of heavy metals with higher concentrations in groundwater, (a) Al, (b) Ba, (c) Mn, and (d) Pb.


For groundwater, the higher concentrations of heavy metals were distributed as follows: Al in the Bao River, and at a site in the Laoha River, Ba, Pb, and Mn in the Bao River, as shown in Figure 6. In general, the large number of tailings ponds and abandoned quarries, as well as different types of mines, might be the reasons for the higher concentration of heavy metals (Wang et al., 2019). Furthermore, the higher concentration of Al in the lower reaches of the Laoha River Basin can be attributed to urban development in the area. Moreover, the hotspots of high concentrations of heavy metals in groundwater were mainly distributed in the Bao River basin, which exhibited a certain overlap with high concentrations of heavy metals in surface water due to the release of heavy metals from surface sediment and the settling processes through rainfall (Canpolat et al., 2020; Labonté-Raymond et al., 2020).


[image: Four maps show groundwater concentrations of different elements in a geographic area. Map (a) illustrates aluminum concentrations, with values ranging from low (0.002 mg/L) to high (0.566 mg/L). Map (b) shows barium concentrations, varying from low (0.006 mg/L) to high (0.302 mg/L). Map (c) details manganese levels, ranging from low (0.0009 mg/L) to high (0.738 mg/L). Map (d) displays lead levels, with concentrations from low (0.0000425 mg/L) to high (0.034 mg/L). Each map features color gradients to indicate concentration levels and includes a north arrow and scale bar.]
FIGURE 6
 Spatial distribution of heavy metals with higher concentrations in surface water: (a) Mn, (b) As, (c) V, (d) Al, (e) Ni, (f) Pb, (g) Mo, and (h) Cd.


Therefore, from a river basin perspective, the Bao River Basin manifested a more serious situation compared to the other basins in Pingquan City, due to the widespread distribution of mines in the river basin, as shown in Figure 4. A large number of chemical enterprises and residents were concentrated along the Bao River basin, posing a serious potential threat to surface water. The mining of metals and the resulting tailings ponds, combined with industrial production, agricultural production, and urban development, have collectively contributed to surface water issues in the Bao River Basin.



3.3 Water quality assessment

According to the drinking water guidelines of the Chinese State Standards (GB5749-2006) (Table 2), the mean pH values of all selected surface waters fell within the range of 6.5–8.5 specified in the standard, indicating that the pH values in this study area were suitable for human drinking.

The concentrations of heavy metals are all within the permissible limits for drinking water specified by national standards. Furthermore, the WQI was used to further assess the drinking water quality as outlined in Equation 1. The relevant parameters of WQI are listed in Table 2. Figure 6 shows the water quality classification of surface water in this study. According to the WQI classification standards, the WQI of surface water ranged from 13.35 to 22.08, with a mean value of 17.46. These results suggest that the water quality of surface water can be classified as excellent. For groundwater, the WQI values ranged from 15.56 to 29.09, with a mean value of 21.21, indicating excellent water quality based on the WQI classification standards. Figure 4 indicates that the higher WQI of the Bao River Basin is significantly associated with the widespread distribution of mines within the basin.

While the WQI provides a useful method for assessing water quality based on the concentration of elements, its reliance on short-term data and neglect of bioaccumulation processes limit its ability to address long-term health impacts comprehensively. Although the mean WQI values of all river basins were under the limits for drinking water levels, several sites still needed further attention. The highest WQI value of surface water was located in the Bao River Basin (22.08), characterized by high concentrations of As (56.92 μg/L), Al (472.66 μg/L), and Pb (100.65 μg/L). These high concentrations may be attributed to anthropogenic activities and intensive mining areas distributed in the basin. In order to protect the health of local people and promote sustainable economic development, it is necessary to continuously monitor heavy metals in the water system of the Bao River basin.



3.4 Health risk assessment
 
3.4.1 Non-carcinogenic risk

For surface water, the mean values of HQingestion, HQdermal, and HI for the selected heavy metals for children and adults are presented in Table 4; all of them were less than 1. These results indicated that there were no adverse effects and potential non-carcinogenic risks to human health from the selected heavy metals. As shown in Figure 7a, the mean values of HQingestion and HI for As were in the range of 0.1 to 1, which indicated a low non-carcinogenic risk to human health. For groundwater, the mean values of the HQingestion, HQdermal, and HI for children and adults exposed to the selected elements were all below 1, indicating no adverse effects on human health, as shown in Figure 7b. Among these, the mean values of HI for Mn were close to 1, indicating a potential low non-carcinogenic risk of Mn in human beings in the future. As shown in Figure 8, all HQdermal of heavy metals investigated in this study were less than 1, which suggested that those elements posed fewer hazards through the dermal pathway. For both children and adults, the value of HQingestion was higher than that of HQdermal for both groups. This analysis indicated that ingestion was the main pathway contributing to non-carcinogenic adverse health effects in the water system, consistent with previous research findings.

TABLE 4 Hazard quotient (HQ), hazard index (HI) for heavy metals, and TCR for As in surface water and groundwater (unitless).


	Elements
	HQingestion
	HQdermal
	HI
	TCR



	Adult
	Child
	Adult
	Child
	Adult
	Child
	Adult
	Child





	Surface water

 
	Fe
	3.86E−03
	5.76E−03
	1.05E−04
	2.97E−04
	3.96E−03
	6.06E−03
	
	

 
	Ba
	1.09E−02
	1.63E−02
	8.49E−04
	2.40E−03
	1.18E−02
	1.87E−02
	
	

 
	Al
	8.69E−04
	1.30E−03
	2.37E−05
	6.69E−05
	8.93E−04
	1.36E−03
	
	

 
	Zn
	7.69E−04
	1.15E−03
	1.26E−05
	3.55E−05
	7.82E−04
	1.18E−03
	
	

 
	Cu
	3.28E−03
	4.90E−03
	8.93E−05
	2.53E−04
	3.37E−03
	5.15E−03
	
	

 
	Mn
	4.92E−03
	7.35E−03
	6.70E−04
	1.89E−03
	5.59E−03
	9.24E−03
	
	

 
	Ni
	3.77E−03
	5.63E−03
	1.03E−04
	2.90E−04
	3.88E−03
	5.92E−03
	
	

 
	Pb
	3.99E−02
	5.96E−02
	7.25E−05
	2.05E−04
	4.00E−02
	5.99E−02
	
	

 
	As
	1.08E−01
	1.61E−01
	6.17E−04
	1.75E−03
	1.08E−01
	1.63E−01
	2.10E−05
	6.36E−06

 
	Co
	4.76E−02
	7.11E−02
	5.18E−04
	1.47E−03
	4.81E−02
	7.25E−02
	
	

 
	Cd
	2.03E−02
	3.03E−02
	2.21E−03
	6.24E−03
	2.25E−02
	3.65E−02
	
	

 
	Cr
	0
	0
	0
	0
	0
	0
	
	

 
	Groundwater

 
	Fe
	5.33E−03
	7.95E−03
	1.45E−04
	4.10E−04
	5.47E−03
	8.36E−03
	
	

 
	Ba
	1.07E−02
	1.59E−02
	8.30E−04
	2.35E−03
	1.15E−02
	1.83E−02
	
	

 
	Al
	1.24E−03
	1.85E−03
	3.37E−05
	9.53E−05
	1.27E−03
	1.94E−03
	
	

 
	Zn
	8.94E−04
	1.33E−03
	1.46E−05
	4.13E−05
	9.08E−04
	1.38E−03
	
	

 
	Cu
	1.32E−03
	1.97E−03
	3.59E−05
	1.02E−04
	1.36E−03
	2.07E−03
	
	

 
	Mn
	5.26E−02
	7.85E−02
	7.15E−03
	2.02E−02
	5.97E−02
	9.87E−02
	
	

 
	Ni
	4.24E−03
	6.33E−03
	1.15E−04
	3.26E−04
	4.35E−03
	6.65E−03
	
	

 
	Pb
	6.13E−02
	9.15E−02
	1.11E−04
	3.15E−04
	6.14E−02
	9.18E−02
	
	

 
	As
	1.94E−02
	2.89E−02
	1.11E−04
	3.14E−04
	1.95E−02
	2.92E−02
	3.78E−06
	1.14E−06

 
	Co
	3.49E−02
	5.21E−02
	3.80E−04
	1.07E−03
	3.53E−02
	5.32E−02
	
	

 
	Cd
	9.32E−03
	1.39E−02
	1.01E−03
	2.87E−03
	1.03E−02
	1.68E−02
	
	

 
	Cr
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	
	






[image: Bar graph showing Water Quality Index (WQI) for five rivers: Qinglong, Laoniu, Daling, Laoha, and Bao. It compares surface water (blue) and groundwater (green). Bao River has the highest WQI for both types, while Daling River groundwater is the lowest.]
FIGURE 7
 The HQingestion, HQdermal, and HI values for child and adult in surface water (a) and groundwater (b).



[image: Bar chart comparing Water Quality Index (WQI) for groundwater and surface water across five rivers: Qinglong, Laoniu, Daling, Laoha, and Bao. Groundwater shows higher WQI in Laoniu and Bao Rivers, while surface water has slightly higher values in other rivers. WQI scale ranges from 0 to 50.]
FIGURE 8
 The water quality classification of surface water and groundwater.


As poses a low non-carcinogenic risk to humans in surface water. For both children and adults, the HQ values for ingestion of heavy metals were higher than those for dermal exposure, indicating that ingestion is the main pathway for adverse effects on the human body and non-carcinogenic risks. Furthermore, the mean values of HQingestion, HQdermal, and HI for children were higher than those for adults, which implied that children are more susceptible to the adverse effects of heavy metals than adults under the same aqueous medium, which was consistent with the literature (Meng et al., 2023). Moreover, the excess of Mn in groundwater requires sustained attention due to its high hazard potential through the dermal pathway.



3.4.2 Carcinogenic risk

The carcinogenic risk of As was calculated in this study due to its significant effect on the human body. Figure 9a illustrates the carcinogenic risk values of As for children and adults through ingestion and dermal pathways in surface water and groundwater, according to the CR classification recommended by the US EPA. The carcinogenic risk values of As in surface water and groundwater through the dermal pathway for adults and children were less than 1 × 10−6, indicating that the carcinogenic risk was negligible. The carcinogenic risk values of As in surface water through the ingestion pathway for adults and children were in the range of 1 × 10−6 to 1 × 10−4, indicating acceptable carcinogenic risks. Furthermore, for both adults and children, the risk caused by ingestion was higher than that caused by dermal exposure.


[image: Two box plot graphs labeled (a) and (b) compare Chronic Risk (CR) and Total Cancer Risk (TCR) values of Arsenic (As) for adults and children. Graph (a) depicts CR values for dermal and ingestion exposure in adults and children, while graph (b) shows TCR values for adults and children. Box colors indicate data sources: blue for surface water and green for groundwater. Symbols represent mean, median, and outliers, with the mean marked by a star and outliers by dots. Y-axis is logarithmic, indicating varying levels of risk.]
FIGURE 9
 CRingestion, CRdermal values (a) and TCR values (b) of As for child and adult in surface water and groundwater.


The TCR values of As in surface water for children and adults ranged from 0 to 3.07 × 10−4 and 0 to 1.02 × 10−3, respectively, as shown in Figure 9b. For groundwater, the two value ranges are 0 to 1.40 × 10−5 and 0 to 4.64 × 10−5, respectively. The mean TCR values of As for adult and child in surface water were 2.10 × 10−5 and 6.36 × 10−6, respectively. The mean TCR values of As for adult and child in groundwater were 3.78 × 10−6 and 1.16 × 10−6, respectively. The results indicated that some sites in the study area require continuous monitoring of As concentrations in surface water and need to pay more attention to the As absorbed through ingestion by adults. Furthermore, the mean carcinogenic risk of As in surface water was higher than that in groundwater, which was consistent with the non-carcinogenic risks. However, adults faced a higher carcinogenic risk than children, which was contrary to the non-carcinogenic risk. Therefore, it is critically important to take targeted actions to protect surface water quality from the impact of As and ensure human health and safety, such as the formulation of public policies. The Chinese government has introduced technical policies for As pollution prevention and control. These policies manage As-related industries from various aspects, including clean production, pollution control, comprehensive utilization, and secondary pollution prevention, while encouraging the development of new technologies to promote green, low-carbon, and circular development. Meanwhile, the Pingquan City Government has proposed focusing on accelerating the implementation of river ecological restoration projects to ensure stable water quality meets standards. Simultaneously, in residential areas near mines and tailings ponds, educational campaigns should be conducted to enhance local residents' awareness of drinking water safety and encourage them to pay attention to water resource protection.





4 Conclusions

This study analyzed the contamination and health risks associated with heavy metals in a water system nearby metal mining areas in Pingquan City. Although the average concentrations of various elements in surface water and groundwater were lower than the health-based guideline values proposed by the WHO Guidelines and the national standards of China, some sampling sites still exhibited exceedances of the standards, which require ongoing attention. From the perspective of the watershed distribution, the higher concentrations of Mn, As, Pb, Ni, Al, and V were monitored at some sites in the Bao River basin due to the large number of tailings ponds, abandoned quarries, and mines in the area. The health risk assessment results in this study showed that As presented a low non-carcinogenic risk in surface water and groundwater, and ingestion was the main exposure pathway for adverse effects on the human body. While As in surface water posed an acceptable carcinogenic risk through ingestion for both adults and children, Mn in groundwater presented a low non-carcinogenic risk to human health.

Notably, the toxicity of heavy metals is also influenced by their valence states; therefore, considering only the total concentration may be inadequate. Additionally, parameters such as the average weight of residents, exposure duration, and daily intake exhibit regional variations, which may lead to uncertainty in calculating potential risks. Despite these limitations, our study still offers a scientific reference for assessing water quality and health impacts in industrial cities. Considering that this study only conducted monitoring during the wet season, future studies could collect water samples during the dry season to determine the spatiotemporal variations of heavy metals. Because most private wells do not adhere to drinking water standards and lack water purification facilities, long-term monitoring of the Bao River Basin, especially for As, should also be strengthened. Meanwhile, future research should utilize hydrological models to simulate the seepage paths of tailings ponds and detect the concentrations of heavy metals in the soil around mines, promoting ecological environment restoration and governance, as well as the comprehensive utilization of resources in areas near mines.
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