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Heavy metal(loid) contamination in farmlands around coal mining areas significantly threatens ecosystem stability and human health. In this study, the extent and sources of heavy metal(loid) contamination in farmland near Shanxi coal mines were assessed using the absolute principal component scores-multiple linear regression (APCS-MLR) model. Additionally, a probabilistic health risk assessment model was developed using Monte Carlo simulation to determine the health risks faced by local residents. The average concentrations of soil Pb, Hg, Mn, and Zn was 28.56mg/kg, 0.17mg/kg, 666.29mg/kg, and 83.49mg/kg, respectively. In maize, Pb, Zn, and Cr concentrations exceeded their respective safety thresholds, with exceedance occurrence rates of 16.67%, 95.83%, and 100%, respectively. Among them, Cr exhibited the highest bioaccumulation factor (BCF), reaching 0.55 in maize. Five main sources of soil heavy metal(loid) contamination were identified: coal mining activities, air pollution, agricultural practices, natural sources, and coal combustion. Probabilistic health risk assessment revealed that the average non-carcinogenic hazard index (HI) values of soil-mediated heavy metal(loid) exposure remained below 1 for both children and adults, although the average HI for children was 2.96 times higher than adults. However, the average HI of maize-mediated heavy metal(loid) exposure exceeded the risk threshold, reaching 1.44 for children and 1.27 for adults. In contrast, the overall carcinogenic risk (CR) of maize-mediated heavy metal(loid) was 3.71 times higher in adults than in children. In conclusion, the farmland near Shanxi coal mines was severely contaminated with heavy metal(loid)s, with coal mining activities being the main pollution source. Local residents, particularly children, faced substantial health threats.
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1 Introduction

The exploitation of large coal resources has led to increasingly obvious environmental pollution, especially heavy metal(loid)s has adverse impacts on surrounding farmlands (1). When farmlands are located near coal mining areas, the impact is even more significant (2). During the coal mining process, waste materials such as gangue, tailings, coal dust, and coal slag are generated. These materials migrate and spread to surrounding farmlands through processes like wind erosion, runoff, and leaching, leading to increased levels of heavy metal(loid)s in the soil (3). Shanxi Province, as one of Chinese major coal-producing regions, is known for its abundant coal reserves and is often referred to as the “Sea of Coal” or the “Coal Capital” (4). However, extensive coal mining has resulted in severe heavy metal(loid) pollution in the soil ecosystem of the region. Hou et al. reported that 14% to 17% of global farmland is contaminated by heavy metal(loid) like arsenic (As) and cadmium (Cd), which affects the health of 9 to 1.4 billion people (5). Yang et al. highlighted that heavy metal pollution in farmland soils near coal mining areas in Shanxi Province poses a threat to local resident’s health (6). Hence, it is curial to investigate heavy metal(loid) pollution in farmland surrounding coal mining areas and its health threats to local residents.


Heavy metal(loid)s effect soil ecosystem stability and pose significant risks to human health. Their accumulation in soil and water can inhibit plant growth, alter microbial community structure, and ultimately disrupt ecosystem function and stability (7). Moreover, exposure to heavy metal(loid)s has been linked to a range of chronic diseases, including neurological dysfunction, cardiovascular diseases, kidney disorders, and developmental impairments (8). Long-term exposure to hexavalent chromium (Cr), which the International Agency for Research on Cancer (IARC) and the U.S. Environmental Protection Agency (US EPA) classify as a human carcinogen, has been associated with an increased risk of lung cancer (9). Lead (Pb) poisoning is strongly linked to developmental impairments in children, while mercury (Hg) exposure negatively affects the nervous and cardiovascular systems (10, 11). Given these serious health implications, there is an urgent need to assess human exposure risks associated with heavy metal(loid)s contamination.


Heavy metal(loid)s accumulated in ecosystems and the human body through multiple sources. Industrial activities, mining, agricultural inputs, and urbanization are the primary heavy metal(loid) contamination sources (12). These pollutants enter ecosystems through atmospheric deposition, surface runoff, and soil infiltration, accumulating in soil, water, and living organisms (13). Their accumulation in soil and water allows for transfer through the food chain, posing serious threats to human health (12). Currently, the assessment method combining chemometric techniques with risk indices has been employed to investigate the presence, distribution, and fate of trace contaminants in various media (14). Furthermore, multivariate analysis has been applied to identify the sources of pollutants in the groundwater of the copper (Cu) mining and smelting area of Bor in Eastern Serbia’s Southern Carpathians (15). Thus, this study employed multivariate analysis techniques to identify the sources and the relevant migration pathways of heavy metal(loid).


Heavy metal(loid) exposure occurs through various pathways, including ingestion, dermal contact, inhalation, and indirect dietary intake (16). Among these, soil ingestion and food consumption are the primary exposure pathways for the general population, accounting for 60% to 90% of Cd, Pb and As exposure occurrences (17). Homegrown grains and vegetables are the predominant dietary sources of heavy metal(loid) intake (18). Previous studies have primarily focused on the health risk faced by the general population, resulting in limited understanding of the specific exposure sources and pathways affecting residents living near coal mines. Therefore, targeted research is essential to accurately identify and assess the health risks faced by this vulnerable population.


Currently, deterministic health risk assessment models have been widely applied to reveal the quantitative relationship between heavy metal(loid) exposure and health risks. However, it tends to underestimate or overestimate actual risks by failing to account for parameter uncertainty, thereby reducing the effectiveness of risk management decisions (19). Probability modeling can reduce these biases by incorporating statistical distributions that describe the uncertainty and variability of key exposure parameters (16). Among probabilistic modeling methods, Monte Carlo simulation is particularly effective, providing accurate and practical assessments of complex environmental pollution (20). This method randomly selects a large number of values from exposure parameters and substitutes them into the US EPA probabilistic health risk assessment model to calculate health risks values, enabling a more comprehensive assessment of the heavy metal(loid) pollution risks to human health (21). Monte Carlo simulation has been applied to assess the health risks posed by specific pollution sources in the soil of an e-waste recycling site in Sombor, Northern Serbia, for both adults and children (22). Thus, this study employs Monte Carlo simulation to develop a probabilistic health risk assessment model for evaluating the health risks faced by residents living near coal mines.


The objectives of this study are to: (1) investigate the characteristics and transfer efficiency of heavy metal(loid) pollution in soil and maize; (2) identify the sources of heavy metal(loid) pollution in areas near coal mines, and (3) assess the human health risks associated with heavy metal(loid) pollution in soil and maize. This study provides valuable guidance for developing targeted strategies to control heavy metal(loid) pollution in areas near coal mines and for reducing associated health risks to local residents.






2 Materials and methods



2.1 Study area

Seven cities in Shanxi Province, China — Jinzhong (N36°40′-38°06′, E111°25′-114°05′), Yangquan (N37°40′-38°31′, E112°5′-114°4′), Gujiao (N37°40′-38°8′, E111°43′-112°21′), Linfen (N35°23′-36°57′, E110°22′-112°34′), Changzhi (N35°49′-37°07′, E111°59′-113°44′), Shuozhou (N39°5′-40°17′, E111°53′-113°34′), and Xinzhou (N38°6′-39°40′, E110°53′-113°58′) — were selected for this study (
Figure 1
). The study area is situated in the mid-reaches of the Yellow River, encompassing a total area of 156,700 square kilometers and a permanent population of approximately 34.46 million people. This region is predominantly characterized by mountainous and hilly terrain, with most areas in the province elevated above 1,500 meters. Climatically, it is classified as having a temperate continental monsoon climate, with annual precipitation varying between 358 and 621 millimeters (23). The dominant soil type is cinnamon series, characterized by a neutral to slightly alkaline pH.


[image: Map of Shanxi Province, China, showing different land cover types with a color-coded legend. It includes cropland, forest, shrub, grassland, water, snow/ice, barren, impervious, and wetland. Cities such as Taiyuan, Datong, and Changzhi are marked, alongside sampling sites and coal mines indicated by symbols. An inset map shows Shanxi's location within China.]
Figure 1 | 
Sketch map of sampling areas.








2.2 Sample collection

In April and October 2022, a total of 360 soil samples (0 to 20 cm depth) were collected from the study area. Seven cities were selected based on the coal output to ensure the representativeness and diversity of the samples. In each city, we have selected 4–7 coal mining areas. Within each coal mining area, we selected at least 3 farmlands and distance of 5 to 10 km between all farmlands to avoid interference between samples. Each piece of farmland covers an area of about 2 acres, about 100 meters from the entry of a coal mine area or mine (
Figure 1
). Three composite samples were collected for each selected farmland, defined for each sampling point between 25 and 30 meters using a grid sampling method (24). To ensure accuracy and reliability, soil mixture samples were collected, maintaining even distribution, while areas with recently disturbed soil, garbage piles, or visibly contaminated spots were excluded. Freshly collected samples were sealed in plastic bags and promptly transported to the laboratory within 12 hours.


In the laboratory, soil samples were first processed by removing visible plant roots, stones, branches, leaves, and debris. Then, they were dried under natural shade, ground into a fine powder, and sequentially passed through 20-mesh and 100-mesh nylon sieves. The sieved soil was subsequently thoroughly mixed using a bamboo shovel until a homogeneous mixture was obtained. All maize samples were kernel of yellow maize, with uniform plumpness and at the mature stage. Maize samples were cleaned by removing impurities from the kernels and rinsing them three times with distilled water until no visible contaminants remained. The cleaned samples were air-dried at room temperature and then oven-dried at 70°C until a constant weight was achieved. The dried kernels were dehulled, ground into a fine powder, passed through a 100-mesh nylon sieve, and stored in polyethylene plastic bottles for future use.


The certified reference materials GBW07425 (GSS-11) and GBW10014 were used for quality assurance and quality control (QA/QC), with recovery rates of 90 to 110%. Furthermore, we analyzed reagent blanks to correct for background heavy metal(loid) content.






2.3 Characteristic of heavy metal(loid) contaminations in soil and maize

The soil samples were placed in polytetrafluoroethylene sealed digestion vessels, and aqua regia (a mixture of HCL and HNO3) was added. For the maize samples, a digestion solution consisting of HNO3 and HClO4 was utilized. In this study, all acid reagents used are of guaranteed reagent grade (GR). The concentrations of HNO3, HClO4 and HCL were 68%, 72%, and 38%, respectively. The microwave digestion process consists of three steps, carried out sequentially. The warming up times for each step were 5 min, 4 min, and 5 min, respectively; the target temperatures were 120°C, 150°C, and 185°C, respectively; and the hold times were 2 min, 5 min, and 40 min, respectively. The output power of the microwave digestion system was set to 1600W (25). Given the strong acidity and oxidizing nature of aqua regia, which may affect the detection results of certain metal elements, we ensured the reliability of our results by validating with reagent blanks, certified reference materials GBW07425 (GSS-11) and GBW10014. The concentrations of 11 heavy metal(loid)s — Cr, nickel (Ni), As, manganese (Mn), Cd, Pb, Hg, zinc (Zn), Cu, antimony (Sb), and selenium (Se) — were determined using inductively coupled plasma mass spectrometry (ICP-MS) (8800 ICP-QQQ, Agilent, USA). The analytical process was conducted in accordance with the quality requirements outlined in Chinese National Standard HJ 1315-2023, Soil and Sediment—Determination of 19 Total Metal Elements—Inductively Coupled Plasma Mass Spectrometry. The operational parameters of the ICP-MS instrument were as follows: a 1.1 kW reflection power, a 15 L/minute plasma gas flow rate, a 0.98 L/minute carrier gas flow rate, a 0.98 L/minute nebulizer flow rate, and a 1.2 L/minute auxiliary gas flow rate. Ni, Sb, and Se concentrations in maize were below the detection limit and therefore could not be detected.


To assess the uniformity and spatial variability of heavy metal(loid) distribution in soil and maize, the coefficients of variation (CV) was calculated using the formula:
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The bioaccumulation factor (BCF) was used as an indicator for the extent of heavy metal(loid) contamination in maize (26). It was calculated using the formula:
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where Cmaize and Csoil are the concentrations of heavy metal(loid)s in maize and soil, respectively.






2.4 Source identification of heavy metal(loid) contamination in soil

Principal component analysis (PCA) was employed to identify correlations among variables and determine the primary contributors to heavy metal(loid) pollution in soil (20). To further quantify the contribution of each pollution source, the absolute principal component scores-multiple linear regression (APCS-MLR) model was applied (27). This model normalized factor scores derived from PCA results, enabling a more precise assessment of the impact of different pollution sources on soil heavy metal(loid) contamination (28).






2.5 Probabilistic health risk assessment of soil-mediated and maize-mediated heavy metal(loid) exposure

The health risks associated with soil-mediated and maize-mediated heavy metal(loid) exposure was assessed using the US EPA probabilistic health risk assessment model. Three exposure pathways were considered: dermal contact with soil, inhalation of soil particles, and ingestion of soil dust and maize (16). And they can be calculated with the equations:
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 representing the average daily exposure associated with heavy metal(loid) ingestion through maize consumption. The exposure parameters used in the calculations of the non-carcinogenic hazard index (HI), non-carcinogenic hazard quotient (HQ), and carcinogenic risk index (CR) are detailed in 
Supplementary Table S1
, 
S2
 (29–32).


An HQ or HI value greater than 1 indicated health risks requiring further attention (33). Meanwhile, CR values ranging between 1×10–6 and 1×10–4 indicated carcinogenic risks within an acceptable range (34).


Monte Carlo simulation is a technique used in risk assessment that effectively reduces uncertainties associated with heavy metal(loid) concentrations and exposure parameters, and it can predict both carcinogenic and non-carcinogenic risks (20). In this study, we implemented Monte Carlo simulation using Oracle Crystal Ball software (Oracle Corporation, Vallejo, CA, USA), running 10,000 iterations to calculate the probabilistic risk values for carcinogenic and non-carcinogenic risks associated with heavy metal(loid) exposure for both adults and children. The probability distribution and value ranges of parameters are described in 
Supplementary Table S3
 (35, 36). Additionally, the sensitivity analysis was conducted to address uncertainties in the health risk assessment process and to identify the key parameters that significantly influenced the outcomes.






2.6 Data analysis

The continuous variable data were shown as the mean ± standard deviation. A 5% significance level was applied, and all p-values and 95% confidence intervals were calculated using two-tailed tests. The Monte Carlo permutation test was used to assess the statistical significance of the axis. To ensure the intuitiveness of the sampling map, ArcGIS 9.0 was used for geographic information processing and visualization. Normality tests on the data were conducted using SPSS 22.0 to assess data distribution. Data visualization was performed using Origin 2022 and Prism 9.5.1. Correlation analysis, PCA, and APCS-MLR modeling were implemented in R software (version 4.1.0) using the ‘ stats ‘ package, ‘ FactoMineR ‘ package, and ‘ pls ‘ package, respectively. The materials used for the graphical abstract was sourced from websites (https://ian.umces.edu/media-library/; https://bioicons.com/).







3 Results



3.1 Extent of heavy metal(loid) contamination in soil and maize

The average concentrations of soil heavy metal(loid)s in soil did not exceed the regulatory and screening thresholds for agricultural land contamination. However, the maximum concentrations of Cr, Ni, and Cd all surpassed their respective screening thresholds, indicating spatial variability the distribution of these elements. Among soil samples collected from the study area, the proportions of samples with heavy metal(loid) concentrations exceeding the local background values were as follows: Pb (96.25%), Hg (80.42%), Mn (74.17%), and Zn (71.25%). The CV values of heavy metal(loid) concentrations in soil followed the order of Hg > Se > Sb > Ni > Cd > Cr > Pb > Zn > As = Mn > Cu (
Table 1
).



Table 1 | 
Statistical summary of the heavy metal(loid) concentrations (mg/kg) in soil.




	Heavy metal(loid)s

	Zn

	Cu

	Cr

	Ni

	Mn

	Cd

	Pb

	Hg

	As

	Sb

	Se

	References






	Mean ± SD/(mg/kg)
	83.49 ± 27.06*
	25.49 ± 6.63
	47.30 ± 26.36*
	38.40 ± 26.31*
	666.29 ± 205.53*
	0.17 ± 0.10*
	28.56 ± 12.15*
	0.17 ± 0.23*
	8.80 ± 2.73*
	1.04 ± 0.80*
	0.45 ± 0.47*
	This study



	CV
	0.32
	0.26
	0.56
	0.69
	0.31
	0.59
	0.43
	1.35
	0.31
	0.77
	1.04
	This study



	Background value/(mg/kg)
	66.2
	24.4
	57.9
	31.4
	545
	0.116
	15.1
	0.034
	9.5
	1.3
	0.18
	Shi et al. (37)



	Control criteria/(mg/kg)
	–
	–
	1000
	–
	–
	3
	700
	4
	120
	–
	–
	 



	Screening criteria/(mg/kg)
	250
	100
	200
	100
	–
	0.3
	120
	2.4
	30
	–
	–
	This study



	(>Background) %
	71.3%
	60.9%
	24.6%
	58.3%
	74.2%
	64.6%
	96.3%
	80.4%
	38.8%
	39.6%
	66.3%
	This study



	Shanxi Province




	Datong city
	61.22
	
29.33

	
86.76

	28.35
	–
	0.15
	24.92
	0.03
	
9.19

	–
	–
	Sun et al. (38)



	Jincheng City
	–
	24.3 ± 4.59
	–
	31.1 ± 6.10
	–
	0.11 ± 0.07
	22.5 ± 5.09
	0.04 ± 0.03
	
8.96 ± 2.10

	–
	–
	Cheng et al. (39)



	Yuncheng City
	–
	23.4 ± 5.15
	–
	27.2 ± 8.48
	–
	
0.18 ± 0.13

	18.1 ± 4.74
	0.06 ± 0.03
	
11.4 ± 2.67

	–
	–
	Cheng et al. (39)



	Taiyuan City
	–
	
30.7 ± 14.70

	–
	31.7 ± 3.43
	–
	0.15 ± 0.06
	23.6 ± 3.78
	0.01 ± 0.01
	
10.7 ± 0.45

	–
	–
	Cheng et al. (39)



	Huozhou City
	59.15
	
50.13

	
62.28

	–
	–
	–
	17.01
	–
	–
	–
	–
	Ren et al. (40)



	China




	Sichuan Province
	
146.21

	
87

	
142.81

	
70.3

	–
	
0.55

	
44.6

	–
	
17.35

	–
	–
	Zhang et al. (41)



	Liaoning Province
	
921.59 ± 1502.82

	
54.07 ± 18.80

	23.95 ± 6.19
	20.87 ± 7.00
	–
	
7.50 ± 14.63

	
766.00 ± 1620.34

	
3.45 ± 6.75

	
9.90 ± 8.03

	–
	–
	Wang et al. (42)



	Guangxi Zhuang Autonomous Region
	
144

	
47.7

	
129

	
52

	–
	
0.64

	
51.4

	0.15
	
47.8

	–
	–
	Jia et al. (27)



	Henan Province
	73.63
	
32.1

	
70

	28.76
	–
	
0.23

	
40.1

	0.043
	
9.67

	–
	–
	Song (43)



	Zhejiang Province
	–
	–
	
66.3

	–
	–
	
0.24

	
41.2

	
0.25

	7.62
	–
	–
	Deng et al. (44)



	
Other countries

	2.75
	9.94
	4.3
	1.9
	 
	 
	2.4
	 
	 
	 
	 
	 



	India
	
229.6

	
253.3

	
203.3

	
73.1

	–
	–
	
68.6

	–
	3.2
	–
	–
	Aradhi et al. (34)



	Ghana
	–
	–
	0.422
	0.343
	–
	–
	1.52
	–
	0.086
	–
	–
	Baah et al. (45)



	Serbia
	80.6
	
31.2

	30.9
	24.9
	–
	
2.24

	
203

	
0.53

	7.78
	0.68
	–
	Miletić et al. (22)



	Iran
	80.22
	
38.74

	–
	
53.44

	–
	
0.88

	
57.98

	–
	–
	–
	–
	Rezapour et al. (46)



	Turkey
	67
	
36.4

	
59.9

	
70.9

	475
	
0.244

	14.2
	–
	8.4
	–
	–
	Varol et al. (47)






*indicated that heavy metal(loid)s content in the study area was significantly different from the background value (P < 0.05).

Black bold values indicate concentrations higher than those measured in this study.




This study compared the average concentrations of heavy metal(loid)s measured in agricultural soils with those from other cities in Shanxi Province, other provinces in China, and internationally. The results indicated that the average concentrations of Zn, Ni, Pb, and Hg in this study were lower than those found in Datong, Jincheng, Yuncheng, Taiyuan, and Huozhou. Conversely, the average concentrations of Cr and As were higher than those in the aforementioned cities. The average concentrations of Cu in Datong, Taiyuan, and Huozhou exceeded those observed in this study, while those in Jincheng and Yuncheng were lower. Additionally, only Yuncheng exhibited a higher average concentration of Cd compared to this study (38–40).


In comparison to other provinces in China, the average concentrations of heavy metal(loid)s detected in the soil in this study were significantly lower than those reported in Sichuan Province, where the average concentrations of Zn, Ni, As, Cr, and Cu were found to be 1.75 to 3.41 times higher than those observed in this study (41). In Liaoning Province, the average concentrations of Cr and Ni were lower than those in this study; however, the concentrations of other heavy metal(loid)s were higher, particularly Zn, Hg, Pb, and Cd, which were 11.04 to 44.12 times greater than in this study (42). In the Guangxi Zhuang Autonomous Region, only the average concentration of Hg was lower than that in this study, while the concentrations of other heavy metal(loid)s were elevated (27). In Henan Province, the average concentrations of Cu, Cr, Cd, Pb, and As exceeded those in this study, whereas the concentrations of Zn, Ni, and Hg were lower (43). Lastly, in Zhejiang Province, the average concentrations of Cr, Cd, Pb, and Hg were higher than those in this study, while the average concentration of As was lower (44).


Indian average concentrations of Ni, Pb, Zn, Cr, and Cu were found to be 1.90 to 9.94 times higher than those reported in this study (34). The average concentrations of all heavy metal(loid)s were lower in Ghana than those observed in this research (45). In Serbia, the average concentrations of Cu, Cd, Pb, and Hg exceeded those in this study, with Pb and Cd being 7.11 to 13.18 times higher. However, the average concentrations of Zn, Cr, Ni, As, and Sb was lower (22). All heavy metal(loid)s, with the exception of Zn, exhibited higher average concentrations in Iran compared to this study (46). In Turkey, the average concentrations of Cu, Cr, Ni, and Cd were higher than in this study, whereas those of Zn, Mn, Pb, and As were lower (47).


The average concentrations of heavy metal(loid)s in maize were as follows: Zn (36.13 mg/kg) > Cr (26.39 mg/kg) > Mn (13.84 mg/kg) > Cu (3.58 mg/kg) > Pb (0.13 mg/kg) > As (0.056 mg/kg) > Hg (0.0030 mg/kg) > Cd (0.0018 mg/kg) (
Table 2
). Notably, the average concentrations of Zn and Cr in maize exceeded the safety thresholds established by NY 861–2004 and GB 2762-2017. Similarly, the average concentrations of Pb, Zn, and Cr in maize surpassed their respective safety thresholds, with 16.67%, 95.83%, and 100% of maize samples, respectively, exhibiting these exceedances. The CV values for heavy metal(loid) concentrations in maize were all above 0.3, following the order of As > Cr > Cd > Hg > Pb > Mn > Zn > Cu. Among these elements, Cr exhibited the highest BCF at 0.55, followed by Zn at 0.48 (
Figure 2
).



Table 2 | 
Statistical summary of the heavy metal(loid) concentrations (mg/kg) in maize.




	Heavy metal(loid)s

	Zn

	Cu

	Cr

	Mn

	Cd

	Pb

	Hg

	As

	References






	Mean ± SD/(mg/kg)
	36.13 ± 15.24
	3.58 ± 1.38
	26.39 ± 25.61
	13.84 ± 7.52
	0.0018 ± 0.0015
	0.13 ± 0.10
	0.0030 ± 0.0023
	0.056 ± 0.068
	This study



	CV
	0.42
	0.39
	0.97
	0.54
	0.87
	0.74
	0.78
	1.21
	This study



	Standard level/(mg/kg)
	10a

	50a

	1b

	–
	0.1b

	0.2b

	0.02b

	0.5b

	 



	Over-standard rate/%
	95.8
	0
	100
	–
	0
	16.7
	0
	0
	This study



	Shanxi Province




	Jinzhong City
	24.73 ± 3.58
	2.86 ± 1.46
	0.56 ± 0.67
	6.72 ± 1.79
	
0.0026 ± 0.0011

	0.0664 ± 0.0676
	–
	0.0167 ± 0.0149
	Yang et al. (6)



	China




	Anhui Province
	
105.72

	
85.09

	
47.14

	–
	
0.23

	
32.7

	
0.04

	
9.69

	Wu et al. (48)



	Sichuan Province
	–
	–
	0.15
	–
	
0.18

	0.002
	0.002
	0.03
	Zhang et al. (49)



	Guizhou Province
	19.776
	1.868
	0.471
	–
	–
	0.031
	–
	–
	Zhao et al. (50)



	Other countries




	Iran
	7.87
	
5.08

	–
	–
	
0.11

	0.13
	–
	–
	Rezapour et al. (46)



	Greece
	22.653
	1.465
	–
	–
	
0.008

	
0.195

	–
	–
	Šmuc et al. (51)



	Tanzania
	26.08
	–
	0.67
	
31.1

	–
	
0.96

	–
	–
	Sanga and Pius (52)






ais the limit value proposed in standard of NY 861-2004; bis the limit value proposed in standard of GB 2762-2017.

Black bold values indicate concentrations higher than those measured in this study.




[image: Bar charts labeled A and B depicting the bioconcentration factor of heavy metals. Chart A compares zinc (Zn), copper (Cu), chromium (Cr), and mercury (Hg), showing the highest factor for Cr. Chart B compares cadmium (Cd), manganese (Mn), lead (Pb), and arsenic (As), with Mn having the highest factor. Both charts include error bars.]
Figure 2 | 
The bioaccumulation factor values of maize heavy metal(loid). (A) The BCF values for Zn, Cu, Cr, and Hg. (B) The BCF values for Cd, Mn, Pb, and As.




We compared the average concentrations of heavy metal(loid)s in maize grains from this study with data from Jinzhong in Shanxi Province, other provinces in China, and various countries internationally. The results indicated that the average concentration of Cd in maize grains from Jinzhong was slightly higher than that observed in this study, whereas the average concentrations of other heavy metal(loid)s were lower (6). The average concentrations of all heavy metal(loid)s in maize grains in Anhui Province, exceeded those in this study, with Cd, As, and Pb being 127.78 to 251.54 times higher (48). Conversely, the average concentrations of all heavy metal(loid)s in maize grains from Guizhou Province were lower than those in this study (50). In Sichuan Province, only the average concentration of Cd in maize grains was higher than that in this study, at a level 100 times greater (49). Internationally, the average concentrations of Cu and Cd in maize grains from Iran surpassed those in this study, while the average concentration of Zn was lower, and the average concentration of Pb was comparable (46). In Greece, the average concentrations of Cd and Pb in maize grains were higher than those in this study, while the average concentrations of Zn and Cu were lower (51). The average concentrations of Mn and Pb in maize grains in Tanzania exceeded those in this study, while the average concentrations of Zn and Cr were lower (52).






3.2 Sources of heavy metal(loid) contamination in soil

Five factors, including coal mining activities, air pollution, agricultural practices, natural sources, and coal combustion, were identified as major contributors to the presence of 11 heavy metal(loid)s in soil. Their average contribution rates were 33.84%, 12.72%, 14.80%, 18.86%, and 19.62%, respectively. All heavy metal(loid) simulation curves exhibited R2 values exceeding 0.5, with 72.73% of them demonstrating R2 values above 0.7 (
Supplementary Table S4
). Factor 1 contributed significantly to Zn (75.09%), Cd (61.87%), Cu (60.03%), and Sb (44.88%) (
Figure 3
). Factor 2 was associated with Hg (46.69%), Pb (32.86%), and Se (34.84%). Factor 3 showed relatively high contributions to As (55.69%) and Cr (27.46%). Ni (64.47%) was the dominant component in Factor 4. Finally, Factor 5 contributed predominantly to Mn (65.44%) and Cr (35.42%).


[image: Circular chart illustrating the contribution percentages of different elements across five factors and one overall category (UISa). Sections are color-coded for each factor and labeled with element symbols and percentages.]
Figure 3 | 
Source contribution ratios of soil heavy metal(loid) contamination. UISa means unidentified sources.








3.3 Probabilistic health risk assessment of soil-mediated and maize-mediated heavy metal(loid) exposure



3.3.1 Health risk assessment of soil-mediated heavy metal(loid) exposure

For both children and adults, the average HQ and HI values for 10 heavy metal(loid)s remained below 1 (
Figures 4
, 
5
). However, the average HI for children was 2.96 times higher than that for adults (
Figure 5
). Among the three exposure pathways, ingestion posed the highest non-carcinogenic risk for children, while adults faced the greatest non-carcinogenic risk through dermal contact (
Figure 4
). Soil As exhibited the highest non-carcinogenic risk for exposure via ingestion and dermal contact, while Mn was the primary contributor to the non-carcinogenic risk from inhalation exposure.


[image: Bar charts comparing noncarcinogenic and carcinogenic risks from various heavy metals for adults and children. Section A includes ingestion, dermal contact, and inhalation exposure risks for seven metals. Section B presents noncarcinogenic and carcinogenic risks associated with different metals for adults and children. Bars show risk levels with adults in red and children in blue.]
Figure 4 | 
Probabilistic health risks of different heavy metal(loid)s through different exposure pathways. (A) Probabilistic health risks of children and adults exposed to different heavy metal(loid)s in soil. (a, c, e) Non-carcinogenic risk of different heavy metal(loid)s through hand-to-mouth ingestion, dermal and inhalation exposure; (b, d, f) Carcinogenic risk of different heavy metal(loid)s through hand-to-mouth ingestion, dermal and inhalation exposure. (B) Probabilistic health risks of children and adults exposed to different heavy metal(loid)s in maize. (a) Non-carcinogenic risk of different heavy metal(loid)s; (b) Carcinogenic risk of different heavy metal(loid)s.




[image: Four cumulative probability curves compare noncarcinogenic and carcinogenic risk for adults and children. Panel A-a shows noncarcinogenic risk, with adult and child means as 0.0838 and 0.248, respectively. Panel A-b illustrates carcinogenic risk, with means as 1.53 x 10^-5 for adults and 2.05 x 10^-5 for children. Panel B-a depicts noncarcinogenic risk with means of 1.27 for adults and 1.44 for children. Panel B-b shows carcinogenic risk, with adult and child means as 0.0109 and 0.00294. Adult and child risks are represented by red and blue lines, respectively.]
Figure 5 | 
Cumulative probability of health risks of heavy metal(loid) contamination. (A) Cumulative probability of children and adults exposed to heavy metal(loid) contamination in soil. (a) Cumulative probability of non-carcinogenic risk of heavy metal(loid) contamination; (b) Cumulative probability of carcinogenic risk of heavy metal(loid) contamination. (B) Cumulative probability of children and adults exposed to heavy metal(loid) contamination in maize. (a) Cumulative probability of non-carcinogenic risk of heavy metal(loid) contamination; (b) Cumulative probability of carcinogenic risk of heavy metal(loid) contamination.




The average CR values for Ni, Cr, As, Cd, and Pb were within or below the acceptable range (from 1×10–6 to 1×10-4) (
Figure 5
). In both children and adults, the highest CR values for ingestion and inhalation were observed for Ni, while the highest CR values for dermal contact were observed for As (
Figure 4
). Compared to inhalation and dermal contact, ingestion consistently resulted in higher CR values in both children and adults. Furthermore, the CR values for ingestion were higher in children than in adults, while the CR values for inhalation and dermal contact were higher in adults than in children.


Sensitivity analysis showed that soil As had the greatest influence on the results of non-carcinogenic health risk assessment, while soil Ni was the most significant factor affecting the results of carcinogenic health risk assessment (
Supplementary Figure S3
). Furthermore, the soil intake rate had a significant impact on non-carcinogenic and carcinogenic risks. Notably, an increase in body weight was associated with a decrease in health risk sensitivity.






3.3.2 Health risk assessment of maize-mediated heavy metal(loid) exposure

For both children and adults, the average HQ values for heavy metal(loid)s in maize remained below the risk threshold, but the average HI values exceeded the threshold, with children facing higher health risks compared to adults (
Figures 4
, 
5
). Assessment of carcinogenic risks of maize consumption showed that the CR values for individual heavy metal(loid)s followed the order of Cr > As > Cd > Pb for both children and adults (
Figure 4
). Among these elements, Cr posed the greatest carcinogenic threat, with CR values of 1.08×10–2 for adults and 2.92×10–3 for children — both exceeding the risk threshold of 1×10–4. The cumulative carcinogenic risk of maize-mediated heavy metal(loid) exposure was higher in adults than in children, with adults facing a 3.71 times greater risk (
Figure 5
).


Sensitivity analysis identified As and Cr concentrations in maize as the most influential parameters affecting non-carcinogenic and carcinogenic risk assessments, respectively (
Supplementary Figure S3
). Additionally, exposure frequency had a significant impact on health risk assessment outcomes. Body weight was negatively correlated with health risk estimates, consistent with sensitive analysis findings for soil-mediated heavy metal(loid) exposure.








4 Discussion

The concentrations of heavy metal(loid)s such as Pb, Hg, Mn, and Zn in soil near coal mines exceeded local background values. Maize grown in these areas showed elevated concentrations of Pb, Zn, and Cr, with Cr having the highest BCF. Coal mining was identified as a major source of heavy metal(loid) pollution in the region. Although the average HI values for heavy metal(loid) exposure from soil remained low for both children and adults, the HI values for heavy metal(loid) exposure from maize exceeded acceptable risk thresholds. Additionally, the overall CR of heavy metal(loid) exposure from maize was higher for adults than for children. These findings provide theoretical support for ecological restoration and pollution control in coal mining regions, as well as important evidence for protecting the health of residents in these areas.


Heavy metal(loid) concentrations in soil exceeded local background values, while those in maize surpassed the allowable limits established by national standards. Hg and Se showed high CV values in soil, while Cr and Zn exhibited high BCF values in maize. Notably, heavy metal(loid)s in maize exhibited an alignment between the ranking of their concentrations and that of their BCF values. Soil Pb and Hg exceeds the local background values established for Shanxi Province, consistent with the findings of this study (39). The differences in heavy metal(loid) concentrations found in soil and maize grains across different regions may arise from a combination of factors, including geological environments, land use practices, historical pollution events, local industrial activities, and waste disposal methods (2). The high CV values of Hg and Se in soil suggest that spatial distribution of heavy metal(loid)s in soil is uneven and significantly affected by human activities (34). The excessive concentrations of Pb, Zn, and Cr in maize were attributed to the transferability of these heavy metal(loid)s from soil to crops (53). Furthermore, atmospheric deposition (e.g., coal dust) and irrigation with contaminated water (e.g., wastewater from coal washing plants), further contributed to heavy metal(loid) accumulation in maize (54). Heavy metal(loid)s in maize showed a consistency between the ranking of their concentrations and that of their BCF values, demonstrating the relationship between the concentrations of heavy metal(loid)s and their absorption by maize (55). These findings highlight the need to develop targeted agricultural policies and soil remediation strategies for minimizing heavy metal(loid) contamination and ensuring public health in coal-mining regions.


Factors 1 to 5 were influenced, respectively, by coal mining activities, air pollution, agricultural practices, natural sources, and coal combustion. However, the degree of influence exerted by heavy metal(loid)s varied significantly among these five factors. Soil contamination with Cd, Sb, and Zn was primarily caused by waste erosion from coal mining activities, aligning with the our findings that Zn, Cu, Cd, and Sb had substantial proportions in Factor 1 (41). Additionally, secondary sources of Cd also include synthetic fertilizers, particularly phosphate fertilizers (56). The proportions of Hg, Pb, and Se in Factor 2 were notably high, which was attributed to particulate matter and gaseous emissions from coal combustion, as well as vehicle exhaust (57). As and Cr were dominant in Factor 3, likely due to the excessive use of nitrogen-phosphorus-potassium fertilizers, high-arsenic fertilizers, and pesticides (27). Factor 4 was primarily characterized by the presence of Ni, which was associated with soil parent material, geological formation processes, and rock weathering (22, 58). Mn and Cr were the primary contributors in Factor 5, with their high concentrations strongly linked to emissions from coal-related activities, such as coal combustion, coal-fired power plants, and industrial activities (59). Given these findings, it is clear that policymakers and environmental regulators to implement targeted management strategies to achieve effective pollution control and environmental governance.


Although both children and adults exhibited low HI values for soil-mediated heavy metal(loid) exposure, the HI values for children were higher than those for adults. Moreover, there were differences in exposure pathways and the dominant heavy metal(loid)s affecting each group. The significant HI values for children are consistent with the non-carcinogenic risk levels observed in children living near a coal mine spoil heap in Chongqing (41). Children showed the highest HI values for ingestion exposure, which was related to their frequent hand-to-mouth behavior and higher respiratory rates (60). Their exploratory behaviors, such as crawling on the ground and placing dusty objects or hands into their mouths, further increased their ingestion exposure risk (61). In contrast, dermal contact posed the greatest non-carcinogenic exposure risk for adults, likely due to their larger skin surface area (62). The observation is consistent with our findings that soil As had the highest contribution to exposure through ingestion and dermal contact, while Mn was the primary contributor to inhalation exposure (47, 63). These findings suggest that policymakers should implement stricter environmental regulations to reduce heavy metal(loid) exposure risk, especially in areas where children frequently engage in outdoor activities.


The CR values for heavy metal(loid)s in soil remained within the safety threshold. In both children and adults, ingestion was the primary pathway for carcinogenic risks, with children exhibiting a higher risk compared to adults. However, adults faced greater risks through inhalation and dermal contact compared to children. Similarly, the degrees of influence exerted by heavy metal(loid)s varied across different exposure pathways. Song found that average CR values for heavy metal(loid)s in soil are well below the acceptable range, aligning with our findings (43). Similarly, the carcinogenic risks for children and adults near the Chaihe Pb-Zn mine in the Northeast region, which fall within the acceptable range, also confirm this result (42). Both children and adults exhibited the highest CR values for ingestion exposure, suggesting that hand-to-mouth intake was the main exposure pathway for carcinogenic risks from soil heavy metal(loid) contamination (20). In contrast, adults showed relatively higher CR values for inhalation and dermal contact, which was attributed to their greater body weight and lager skin surface area (62). The highest carcinogenic risk from dermal contact was observed for As, while Ni was the dominant contributor to carcinogenic risks from inhalation, which is consistent with our findings (63, 64). Additionally, As is identified as the most health risk contributing toxic element by assessing 12 potentially toxic elements in groundwater samples from the Cu mining and smelting area of Bor in Eastern Serbia’s Southern Carpathians (15). Considering the results, targeted intervention strategies for different age groups to address exposure risks effectively.


Compared to adults, children demonstrated higher HI values for maize-mediated heavy metal(loid) exposure. Meanwhile, the opposite trend was observed for the CR values. Among heavy metal(loid)s, Cr posed the greatest carcinogenic risk to both children and adults. In both children and adults, the average HI values for maize-mediated heavy metal(loid) exposure exceeded the risk threshold, with children facing greater risks due differences in metabolic capacity, body weight, and heavy metal(loid) exposure duration between the two groups (45). Zhao et al. also demonstrated that maize contamination with Cr posed the greatest carcinogenic risk for both children and adults (50). Adults, however, had a greater overall carcinogenic risk of maize heavy metal(loid) exposure compared to children, which was related to their greater intake and prolonged consumption of maize (46). These results underscore the urgency of controlling Cr contamination in maize and treating maize contaminated with heavy metal(loid)s to mitigate associated health risks.






5 Conclusion

The farmland near Shanxi coal mines was severely contaminated with heavy metals(loid)s. The contamination sources were diverse, but coal mining activities being the main contributor. This study highlights that local resident, particularly children, face substantial health risks. This study provides important scientific evidence for ecological restoration near coal mines and for protecting the health of local residents. However, this study did not measure the soil organic matter contents, which could affect the bioavailability of metals to plants and soil organisms. This omission may lead to an underestimation or overestimation of heavy metal(loid) pollution risks. Further research will incorporate a systematic analysis of soil organic matter to more comprehensively assess soil contaminants and provide a more scientific basis for soil management and pollution remediation.
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