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Abstract 24 

This study investigated the spatial, vertical and fraction distribution, multivariate 25 

statistical analysis, as well as assessed pollution levels and health risks posed by 26 

heavy metals at the Wenshan mining area. There were 6 sampling points at the site, 27 

from which a total of 32 samples were collected. The eastern and south-eastern parts 28 

of the site were heavily polluted, while the western and north-western parts were less 29 

contaminated. As pollution was particularly severe in the topsoil, with the mean value 30 

of 503.31 mg kg-1 being more than 25-fold higher than the risk screening value. As 31 

content in all layers was greater than the standard risk screening value in the three 32 

typical profiles. The proportion of various Ni, Cu and As fractions changed slightly 33 

with depth at all three sampling points, and the residual fraction percentage accounted 34 

for more or nearly 80% of the total concentration. In addition, a significantly negative 35 

correlation (p<0.05) was detected between Ni and As (-0.85), indicating a different 36 

source of these two elements. Principal component analysis demonstrated that two 37 

PCs, i.e. PC1, attributed to human activities, e.g. mining activities and transport, and 38 

PC2, defined as natural sources, were responsible for 80.632% of the total variance. 39 

As posed severe ecological and unacceptable health risks, i.e. non-carcinogenic and 40 

carcinogenic risks both for adults and children. Therefore, a comprehensive 41 

understanding of the characteristics of mining pollutants and improved emission 42 

management in the mining process are essential to protect the environment and health 43 

of local residents.  44 

 45 

Keywords: Heavy metal; Distribution characteristic; Mining area; Health risk; 46 

Ecological risk 47 

 48 
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1.Introduction 49 

The problem of soil contamination with heavy metals has become an increasing 50 

global concern (Xu et al., 2021). Sources of heavy metals in soil mainly include 51 

natural and anthropogenic aspects, and the latter mainly involve mining, smelting and 52 

other industrial activities (Ran et al., 2021). Among these, mining activities are known 53 

to be one of the main sources of heavy metal pollution (Liu et al., 2014). Mining 54 

activities have provided us humans with a large amount of materials and energy, while 55 

they have also caused enormous environmental pollution from tailings and mining 56 

wastewater (Wu et al., 2021). This issue is an urgent problem all over the world, and it 57 

deserves special attention in China. Heavy metal pollution is characterized by long 58 

duration, concealment, accumulation and irreversibility (Stylianou et al., 2020). This 59 

not only poses a threat to the soil and water environment, but also affects the quality 60 

of crops, etc., and causes risks to human health through the food chain (Li et al., 61 

2020a; Ran et al., 2021). 62 

Remediation of contaminated soil requires an enormous amount of time and 63 

materials, thus it was necessary to understand the impact of heavy metals on the local 64 

environmental system, i.e. heavy metal distribution in the soil, environmental and 65 

human health risks. Previous studies concerning heavy metal pollution in soil have 66 

mainly focused on their spatial distribution, environmental and health risk 67 

assessments and the analysis of heavy metal sources (Wang et al., 2021). Systematic 68 

studies of the spatial distribution of soil heavy metals are essential for pollution 69 

assessment and risk control (Cui et al., 2021). Typically, a geographic information 70 
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system (GIS) and Surfer software can be used to characterize the spatial distribution 71 

of heavy metals (Chai et al., 2021; Sun et al., 2019). Numerous indices, such as the 72 

geo-accumulation index (Igeo) (Negahban et al., 2021), pollution index (PI) (Yang et 73 

al., 2021), Nemerow integrated pollution index (NIPI) (Guan et al., 2020) or 74 

enrichment factor (EF) (Yu et al., 2021) were applied to evaluate the ecological 75 

contamination risk. There are also many indices for health risk assessment, and a 76 

model introduced by USEPA, which includes the hazard index (HI) and cancer risk 77 

(CR) is one of the most widely applied to evaluate non-carcinogenic and carcinogenic 78 

risks to human body caused by pollution (Huang et al., 2021). Geostatistical models 79 

based on geographic information systems (GIS) (Yu et al., 2021) and multivariate 80 

statistical methods, e.g. principal component analysis (PCA), cluster analysis (CA) 81 

and correlation analysis are often used to qualitatively identify the origin of elements 82 

in soil (Liu et al., 2021). In addition, quantitative methods mostly involve receptor 83 

models, such as the chemical mass balance (CMB) model (Jiang et al., 2017) or 84 

positive matrix factorization (PMF), etc. (Wang et al., 2021). 85 

Wenshan is an extremely rich area of high-grade underground mineral resources. 86 

There is a variety of black, nonferrous, rare and precious metals as well as 87 

non-metallic minerals, and the resources of various minerals in this region rank 88 

among the top of the country. The Wenshan Pb-Zn mine is located in the Southeast 89 

Yunnan fold belt of the South China fold system, which is a medium-sized mining 90 

area with arsenic. An open-pit mining method was adopted there at the early stages of 91 

mine design, and an underground mining method was adopted at a later stage. The 92 
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study area is a carbonate type lead-zinc ore body, and granite is the key mineralization 93 

factor. 94 

It is commonly known that the mining process has a great impact on the 95 

surrounding environment. However, there are few studies that have comprehensively 96 

analyzed pollution distribution and ecological and health risks for local residents in 97 

the mining area. Moreover, numerous studies have indicated that it is necessary to 98 

analyze the fraction of heavy metals, due to the availability of heavy metals were 99 

close to the influence of their availability (Zhong et al., 2020). Not only the total 100 

concentration of heavy metals, but also heavy metal fractions are essential to 101 

determine their ecological and health risks (Cui et al., 2021). However, previous 102 

studies on heavy metal distribution mainly focused on the spatial and/or vertical 103 

distribution, fewer studies concerned their fraction distribution and variability with 104 

depth (Masri et al., 2021). In the present study, the Wenshan site was selected to 105 

systematically and comprehensively analyze the distribution of heavy metals, i.e. 106 

spatial distribution, vertical distribution and fraction distribution in the mining area. 107 

Multivariate statistical analysis was used to investigate the correlation and sources of 108 

heavy metals, as well as ecological and health risks for both adults and children. 109 

Therefore, the study aimed to (1) comprehensively analyze distribution characteristics 110 

(including spatial, vertical, and fraction distributions) of heavy metals; (2) analyze the 111 

correlation of heavy metals and their possible sources; (3) determine the Igeo, PI and 112 

NIPI values of ecological risks and the HI and CR values of health risks for both 113 

adults and children. This work can provide certain theoretical support and practical 114 
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basis for more comprehensive research on the distribution of heavy metals in mines, 115 

as well as ecological and health risks associated with them, resulting in a better 116 

protection of the environment and human health. 117 

 118 

2. Materials and Methods 119 

2.1 Study area, sampling and analysis 120 

2.1.1 Study area 121 

Wenshan Prefecture is located in the southeast of the Yunnan-Guizhou Plateau, 122 

between 103°35′-106°12′ east longitude and 22°40′-24°48′ north latitude, the average 123 

altitude is between 1000 and 1800 meters. The climate of Wenshan is a tropical 124 

monsoon climate, with an average annual temperature of 19℃ and an annual rainfall 125 

of 779 mm. As for the sampling points, the Wenshan mining site occupies 50 acres, 126 

with 14 years of operation time. The terrain of the site is mainly mountainous, soil 127 

type is yellow soil developed by granite with partial sand.  128 

 129 

Fig. 1. Geographic information concerning the mining site, including sampling 130 

locations and cases. 131 

 132 

2.1.2 Soil sampling and chemical analysis 133 

Six sampling points were reasonably set out on the basis of preliminary 134 

experiments and sufficient background studies (Fig. 1). The sampling depth of sample 135 

points Y1 and Y4 was 4 m, Y2 and Y6 – 2.5 m, Y5 – 3 m and Y3 – 1 m. One sample 136 
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was collected every 0.5 m in the upper 3 m, and one sample was collected in the 137 

lower 1 m. Thus, there were 7 samples collected at points Y1 and Y4, 5 samples at 138 

points Y2 and Y6, 6 samples at point Y5 and 2 samples at point Y3, thus a total of 32 139 

samples was collected. All soil samples were collected in plastic zip-lock bags and 140 

transported immediately to the laboratory. All soil samples were dried at room 141 

temperature, ground and sieved through a 0.15-mm nylon sieve, and subsequently 142 

stored in plastic zip-lock bags.  143 

For the determination of total metal concentrations, the soil samples were digested 144 

with HCl-HNO3-HF-HClO4 and then assayed using inductively-coupled plasma 145 

optical emission spectroscopy (ICP-OES, Agilent 5100 SVDV ICP-OES, America 146 

Agilent Technologies). National first-level standard materials for soil, i.e. GBW07405 147 

(obtained from the National Standard Detection Research Center, Beijing, China) and 148 

reagent blanks, were used to ensure the accuracy of sample digestion procedure and 149 

subsequent determinations with respect to the quality assurance and quality control 150 

(QA/QC) (Kong et al., 2021). With respect to the recovery of heavy metals, i.e. Ni, Pb, 151 

Cd, Cu and As, the values ranged from 96.8% to 101.7%, indicating that digestion and 152 

determination processes of heavy metals in soil were reliable.  153 

A modified three-step Community Bureau of Reference (BCR) method was used to 154 

sequentially extract different fractions of heavy metals from the soil (Zhang et al., 155 

2020; Xiao etal., 2019; Ure et al., 1993). The prepared solution was added to a 50-ml 156 

centrifuge tube, after thorough mixing with the previously added 1 g of the tested soil; 157 

the following fractions were obtained: acid-soluble, reducible and oxidizable heavy 158 
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metal fractions (Zhang et al., 2020). The remaining residue was digested as in the 159 

total concentration measurement method (HCl-HNO3-HF-HClO4) to obtain the 160 

residual fraction of heavy metals, and subsequently all heavy metal fractions were 161 

determined using ICP-OES. All samples were processed in triplicate and the error 162 

between the three repetitions was within 5%, indicating reliability of the results. 163 

 164 

2.2 Contamination and risk assessment 165 

2.2.1 Geo-accumulation index 166 

The geo-accumulation (Igeo) index was applied to assess soil contamination by 167 

comparing the current concentration with geochemical background values of these 168 

elements (Hou et al., 2019). The equation was as follows: 169 𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔 = log2 C𝑖𝑖1.5𝐵𝐵𝑖𝑖                                                     (1) 170 

where Ci is the measured concentration of element i in soil, Bi is the geochemical 171 

background value of element i obtained from the China National Environmental 172 

Monitoring Centre (CNEMC); the background values of Ni, Pb, Cd, Cu and As in 173 

Yunnan province were 42.5, 40.6, 0.218, 46.3 and 18.4 mg kg-1, respectively 174 

(CNEMC, 1990). Seven levels were distinguished based on the Igeo value: <0, 0-1, 1-2, 175 

2-3, 3-4, 4-5, ≥5, representing uncontaminated, uncontaminated to moderately 176 

contaminated, moderately contaminated, moderately to heavily contaminated, heavily 177 

contaminated, heavily to extremely contaminated and extremely contaminated, 178 

respectively (Liu et al., 2021). 179 

 180 

 181 
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2.2.2 Pollution index and Nemerow integrated pollution index 182 

The pollution index (PI) was used to evaluate the pollution risk of a single factor, 183 

while the Nemerow integrated pollution index (NIPI) was applied to comprehensively 184 

represent the risk of contamination with multiple heavy metals (Nemerow, 1974), 185 

taking into account the average and highest values (Chai et al., 2021). The formulas 186 

for calculating the PI and NIPI are as follows: 187 

 𝑃𝑃𝐼𝐼 =
𝐶𝐶𝑖𝑖𝑆𝑆𝑖𝑖                                                           (2)                  188 

where PI is the pollution index of a single element (i); Ci is the concentration of a 189 

single element (i); Si is the threshold concentration of element i (Table 1). 190 𝑁𝑁𝐼𝐼𝑃𝑃𝐼𝐼 = �𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚2+𝑃𝑃𝑃𝑃𝑚𝑚𝑎𝑎𝑎𝑎22                                                 (3)                                                                                          191 

where NIPI is the composite pollution index in soil; PImax is the maximum PI value 192 

of all elements; PIave is the average PI value for all elements. There were five levels 193 

distinguished based on the PI and NIPI values: <0.7, 0.7-1, 1-2, 2-3, ≥3, representing 194 

no pollution, precautionary pollution, low pollution, moderate pollution and severe 195 

pollution, respectively (Liu et al., 2021). 196 

 197 

2.3 Health risk assessment 198 

The hazard index (HI) and carcinogenic risk (CR) values were used to evaluate the 199 

non-carcinogenic and carcinogenic risks based on the USEPA health risk assessment 200 

model. Both children (1-17 years old) and adults (over 18 years old) were considered, 201 

as well as three exposure routes, i.e. ingestion, dermal contact and inhalation were 202 

included in this model for health risk assessment. Average daily doses (ADDs), 203 



10 

 

including ingestion (ADDing), dermal contact (ADDderm) and inhalation (ADDinh) were 204 

calculated for both children and adults using formulas (4-6) from the Exposure 205 

Factors Handbook proposed by the United States Environmental Protection Agency 206 

(USEPA, 1989, 1997, 2001): 207 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑔𝑔 =
𝐶𝐶𝑖𝑖×𝑃𝑃𝑖𝑖𝑔𝑔𝑛𝑛×𝐸𝐸𝐸𝐸×𝐸𝐸𝐸𝐸BW×AT×106                                               (4) 208 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝑔𝑔𝑑𝑑𝑑𝑑 =  

𝐶𝐶𝑖𝑖×𝑆𝑆𝑆𝑆×𝑆𝑆𝐸𝐸×𝑆𝑆𝐵𝐵𝑆𝑆×𝐸𝐸𝐸𝐸×𝐸𝐸𝐸𝐸BW×AT×106                                        (5) 209 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖ℎ =
𝐶𝐶𝑖𝑖×𝑆𝑆𝑃𝑃𝐴𝐴×𝑃𝑃𝑖𝑖ℎ𝑛𝑛×𝐸𝐸𝐸𝐸×𝐸𝐸𝐸𝐸BW×AT×106                                           (6) 210 

where Ci is pollutant concentration in soil (mg kg-1); IngR is the ingestion rate per 211 

time unit (mg d-1); EF and ED represent exposure frequency (d year-1) and exposure 212 

duration (year), respectively; BW is body weight (kg) and AT is the average time of 213 

no cancer risk (d); SA and AF represent exposed skin area (cm2) and skin adherence 214 

factor [mg (cm2·d)-1], respectively; ABS is the dermal absorption factor; APM is 215 

ambient particulate matter (mg m-3); InhR means soil inhalation rate (m3 d-1) (Liu et 216 

al., 2021; Wang et al., 2020).  217 

The hazard quotient (HQ) was used to evaluate non-carcinogenic risks and the 218 

formula was as follows (USEPA, 1989): 219 𝐻𝐻𝐻𝐻 =
ADDRfD                                                          (7)                                                                                                              220 

where RfD is the reference dose per day of specific heavy metal for each route of 221 

exposure [mg (kg·d)-1]. 222 

The potential non-carcinogenic risk of multiple heavy metals was evaluated based 223 

on the hazard index (HI) (USEPA, 1989), according to the following equation: 224 𝐻𝐻𝐼𝐼 = ∑ 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖=1 = � 𝑆𝑆𝐸𝐸𝐸𝐸𝑖𝑖𝑛𝑛𝑅𝑅𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖=1                                            (8)                                                                     225 



11 

 

HQ>1 or HI>1 represent a significant potential non-carcinogenic risk for humans; 226 

otherwise no significant risk occurs. 227 

The possibility of developing cancer for a person when exposed to multiple heavy 228 

metals was calculated based on the CR value according to the following equation 229 

(USEPA, 1989):  230 𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐴𝐴 × 𝑆𝑆𝑆𝑆                                                    (9)                                                                                                  231 

where SF is the carcinogenic slope factor of heavy metals for each exposure route. 232 

Three carcinogenic risk levels were listed based on the CR values: CR<1×10-6 
233 

indicates no carcinogenic risk; 1×10-6 < CR<1×10-4 indicates a generally acceptable 234 

risk; CR> 1×10-4 indicates an unacceptable risk (Liu et al., 2021). 235 

 236 

2.4 Data analysis 237 

The data were organized and analyzed using Microsoft Office Excel 2010 238 

(Microsoft Corporation, Redmond, WA, USA). Surfer 11.0 (Golden Software, 239 

Colorado, USA) was used to create figures heavy metal spatial distribution of, and 240 

Origin 9.0 (OriginLab, Northampton, MA, USA) and Microsoft Office Excel 2010 241 

were used for vertical and fraction distribution of heavy metals. In addition, SPSS 242 

16.0 (SPSS Inc., Chicago, IL, USA) was applied to analyze the correlation coefficient 243 

and principal component analysis (PCA) of heavy metals. Pearson’s correlation 244 

matrix was created using the R package corrplot (Version 4.0.3). 245 

 246 

3. Results and Discussion 247 

3.1 Concentration of heavy metals in soil  248 
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3.1.1 Descriptive statistics of heavy metal concentrations in the topsoil  249 

The concentrations of heavy metals were influenced by many factors, including the 250 

distribution and release of pollution sources, the characteristic of heavy metals and 251 

soil, as well as environmental conditions (Liu et al., 2020). The descriptive statistical 252 

concentrations of five heavy metals in the topsoil at the Wenshan site are summarized 253 

in Table 1. In general, as pollution in the topsoil was particularly severe, the mean As 254 

concentration of 503.31 mg kg-1 was more than 25-fold higher compared to the risk 255 

screening value (20 mg kg-1), while the maximum value (713.36 mg kg-1) exceeded 256 

the risk screening value more than 35-fold (GB36600-2018, MEE, 2018). As a type of 257 

guest metal, arsenic is found in many kinds of ores (Zhong et al., 2020). The results 258 

indicated that the ecological environment and human health could be adversely 259 

affected due to the severely exceeded screening value (Cheng et al., 2020). The 260 

concentrations of Ni, Pb, Cd and Cu were 26.26 mg kg-1, 70.45 mg kg-1, 7.04 mg 261 

kg-1and 292.24 mg kg-1, respectively, which were all below the risk screening values. 262 

Spatial variability was influenced by natural or extrinsic factors (Zhao et al., 2010). 263 

Natural variability was mainly related to the weathering of soil parent materials, while 264 

the extrinsic factors included human activities, e.g. mining (Li et al., 2017). The 265 

coefficient of variation (CV), representing the variability of heavy metal 266 

concentrations, was defined as the ratio of standard deviation (SD) to the average of 267 

an element (Yu et al., 2021). High CV for heavy metals indicated that their 268 

concentrations were affected by the presence of the mine (Cheng et al., 2020). Three 269 

levels of the CV were distinguished, i.e. low variation, moderate variation and high 270 
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variation, with values of ≤16%, 16%<CV≤36% and CV>36%, respectively (Chai et 271 

al., 2021). As shown in Table 1, the CV values of Ni, Pb, Cd, Cu and As were 54.03%, 272 

20.13%, 43.86%, 62.07% and 34.15%, respectively. Among them, Ni, Cd and Cu 273 

values constituted more than 36% of the critical value for high variation, indicating a 274 

strong influence of extrinsic factors, such as mining on element distribution. 275 

 276 

Table 1 Heavy metal concentrations in the topsoil at the Wenshan site 277 

 278 

3.1.2 Spatial distribution of heavy metals 279 

The spatial distribution of heavy metals in soil is the basis for the evaluation of 280 

pollution risk and decision-making, which was also essential for the understanding the 281 

environmental behavior of heavy metals (Liu et al., 2020; Niazi et al., 2011). The map 282 

of heavy metal distribution in the topsoil was generated in Surfer 11.0 using the 283 

Kriging interpolation method (Fig. 2). It can be seen that the spatial distribution of 284 

heavy metals strongly varied. Ran et al. (2021) pointed out that the spatial distribution 285 

of metal in soil was controlled by several factors, including original content of 286 

metalloids in the parent materials and rocks, active pedogenesis and various 287 

anthropogenic factors. The distribution of Ni was quite different from other heavy 288 

metals, which indicated that Ni could have originated from different sources than 289 

other metals (Fig. 5); Ni content was higher in the southeast of the site, where point 290 

Y5 was located, and lower in the northwest in the vicinity of points Y1, Y2 and Y3, 291 

but they were still higher than the risk screening value (GB36600-2018). The 292 
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distribution of Cd and Pb was relatively similar, with a higher content in the 293 

southwest of the site where point Y6 was located, and a lower content in the 294 

northwest near point Y4, which could be related to transportation. Cu content was 295 

higher in the southwest of the site where point Y3 was established, and it gradually 296 

decreased toward the northeast, but none of them exceed the risk screening value. As 297 

content strongly exceeded the standard in all the samples collected from the site. 298 

Among them, the highest concentrations were recorded in points Y2 and Y6 in the 299 

west and southwest of the site, and they exceeded the risk screening value by more 300 

than 30-fold. As content at point Y5 in the west of the site, with a low pollution 301 

degree, still exceeded the risk value nearly 10-fold (GB36600-2018). Overall, the 302 

eastern and south-eastern parts of the site were highly polluted, while the western and 303 

north-western parts were less polluted. 304 

 305 

Fig. 2. Spatial maps showing the distribution of heavy metals in the topsoil of the 306 

Wenzhou mining site. 307 

 308 

3.1.3 Vertical distribution of heavy metals 309 

  The mining process usually lasted for decades and the tailing piled up were even 310 

perennial, thus it was necessary to collect soil samples from a well-developed profile 311 

to study downward migration and vertical distribution of heavy metals (Li et al., 312 

2009). Fig. 3 shows three typical profiles (point Y1, Y4 and Y5) collected to 313 

demonstrate the vertical distribution of heavy metals. As content in all layers was 314 
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greater than the standard risk screening value in the three typical profiles. This was 315 

mainly related to the fact that the mine was associated with arsenic. Especially in 316 

point Y1, As concentration in deeper layers (L6 and L7 – 1412.33 mg kg-1 and 317 

1202.49 mg kg-1, respectively) was higher than in lower ones (L1 and L2 – 550.11 mg 318 

kg-1 and 711.84 mg kg-1, respectively), while As content in middle layers (L3 and L4 319 

– 1305.99 mg kg-1 and 1345.17 mg kg-1, respectively) was the highest at point Y4. In 320 

addition, no significant changes with increasing depth were recorded. Li et al. (2020b) 321 

reported that the content of certain elements changed little with increasing depth. 322 

Moreover, the concentrations in deeper layers were higher than in the shallow soil 323 

(Huang et al., 2009). Unlike the previous study, the present results were more likely 324 

caused by natural factors. In addition, the contents of Ni, Pb, Cd and Cu were all 325 

below the risk screening values, indicating that there would be no major 326 

environmental impact in the short term. It should be noted that Ni, Pb and Cd 327 

concentrations changed only slightly with depth. This might be attributed to the 328 

persistent pollution and leaching (Li et al., 2009).  329 

 330 

Fig. 3. Vertical distribution of soil heavy metal concentrations at different sampling 331 

points (Y1(a), Y4(b) and Y5(c)). 332 

 333 

3.1.4 Fraction distribution of heavy metals 334 

Total concentration of heavy metals was important for the assessment of pollution 335 

degree, but fraction distribution of heavy metals, especially the proportion of active 336 
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fraction was directly related to the ecological environment and human health, which 337 

also requires special attention (Li et al., 2009). Sampling points Y1, Y4 and Y5 were 338 

selected to test fraction variation with depth using the BCR sequence (Fig. 4). At point 339 

Y1, fraction variation of almost all heavy metals changed little with depth. What is 340 

more, the residual (F4) fraction constituted a high percentage (close to 70%), and the 341 

acid soluble (F1) fraction constituted a low proportion in case of all types of heavy 342 

metals. As shown in Fig. 4(a), the F1 fraction of all heavy metals was lower than 10%, 343 

and the percentages of Pb, Cd and Cu were lower than 1%. The results were similar to 344 

the study of Chen et al. (2018), who reported that the F1 fraction accounted for a 345 

significantly lower percentage of total concentration of heavy metals. Therefore, these 346 

heavy metals exhibited limited migration and transformation ability. Fig. 4 (b) also 347 

demonstrates that the proportions of acid soluble fractions of Ni, Pb, Cu and As were 348 

lower or close to 1%, while Cd acid soluble fraction was 10-20% at point Y4. 349 

Previous studies have shown that heavy metals with strong mobility have a great 350 

influence on environmental quality (Sun et al., 2017). The F4 fraction of Ni, Pb, Cu 351 

and As changed only slightly with increasing depth, while the proportion of Cd F4 352 

fraction decreased gradually with increasing depth. In addition, the percentage of the 353 

F2 fraction in Pb and Cd accounted for 30-50%, which should be worked on in more 354 

detail. The proportion of the F1 fraction of Ni, Pb, and Cu at sampling point Y5 was 355 

also lower or close to 1%, similarly as at point Y4 (Fig. 4 (c)). The F1 fractions of Cd 356 

and As accounted for 5-15% and 5-10%, respectively, mainly of the total heavy metal 357 

concentrations. The reason might relate to the ore mining activities, as Cd and As 358 
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were guest elements in metal ores (Lu et al., 2015). There were little changes in the 359 

F4 fractions of Ni, Cu and As with increasing depth, while Pb and Cd were gradually 360 

increasing. It should be pointed out that the F4 fraction of Ni was over 90% at all 361 

three points, indicating lower ecological risk.  362 

The F1 fraction of Pb changed only slightly with depth at all three points, which 363 

could be due to its limited mobility (Yang et al., 2020). The proportion of various 364 

fractions of Ni, Cu and As changed little with depth at all three sampling point, 365 

meaning that the fractions of these three elements were less affected by human 366 

activities and more influenced by natural factors such as parent materials (Li et al., 367 

2020). 368 

 369 

Fig. 4. Fraction distribution of heavy metals in soil with depth at different sampling 370 

points (Y1(a), Y4(b), and Y5(c)).   371 

 372 

3.2 Multivariate statistical analysis  373 

3.2.1 Correlation coefficient analysis of heavy metals  374 

Multivariate statistical analysis included the assessment of correlation coefficients 375 

and principal component analysis, which could show the correlation between all 376 

factors and how they group together (Ran et al., 2021). The former was mainly used 377 

in the present study to reflect the relationship between heavy metals (Cheng et al., 378 

2020). A higher value of the correlation coefficient between heavy metals in soil 379 

samples indicated one or more common sources of origin of these elements (Guo et 380 
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al., 2012). Fig. 5 shows Pearson’s correlation matrix between all heavy metals in the 381 

topsoil. A significantly negative correlation (p<0.05) was detected between Ni and As 382 

elements (-0.85), indicating a different source of these two elements. In addition, the 383 

correlation coefficients of Ni with other heavy metals were all negative, e.g. Ni-Pb 384 

(-0.18), Ni-Cd (-0.12) and Ni-Cu (-0.27), possibly suggesting a different pathway of 385 

Ni and other elements. Strong correlations (r>0.5) were found between Cd-Pb and 386 

Cd-Cu, reaching values of 0.67 and 0.68, respectively. The results indicated that the 387 

source of origin of these three elements could be the same. As was present in high 388 

concentrations and its correlation coefficients with other elements, i.e. As-Ni (-0.85), 389 

As-Pb (0.27), As-Cd (0.27) and As-Cu (0.08) were weak or negative, revealing 390 

complex sources of these heavy metals in the topsoil due to human activities (Liu et 391 

al., 2021). 392 

 393 

Fig. 5. Pearson’s correlation matrix between heavy metals in the topsoil at the 394 

Wenshan site. 395 

 396 

3.2.2 Principal component analysis (PCA) of heavy metals 397 

Principal component analysis (PCA) was used to reveal the groups and sources of 398 

heavy metals (Li et al., 2018; Wang et al., 2018), which were used to determine the 399 

underlying structure of data and latent factors (Cheng et al., 2020). There were two 400 

principal components (PCs) present for topsoil heavy metals and the eigenvalue of 401 

two components were larger than 1.0, which accounted for 80.632% of the total 402 
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variance (Table 2). The component matrix showed that the first principal component 403 

(PC1) explained 50.474% of the total variance, which was closely associated with Pb, 404 

Cd, Cu and As. PC1 was considered human activities, e.g. mining activities and 405 

transport. Zhong et al. (2020) reported that Cd and As were guest elements in metal 406 

ores that could be released in industrial processes. Wu et al. (2021) observed that 407 

industrial activities (mining, smelting processes, etc.) had a serious impact on Cd 408 

content in soil. Pb is an element that can indicate the presence of automobile transport. 409 

The cause may be car exhaust fumes formed as a result of the combustion of gasoline 410 

and the use of lead-acid batteries (Fang et al., 2021; Huang et al., 2018). Thus, the 411 

presence of lead in the ore means that the transportation process contributes to its 412 

redistribution. Cu was also a contributing element to road traffic emissions, which 413 

could be attributed to car engine parts and radiators for its corrosion resistance and 414 

strength (Fang et al., 2021; Ma et al., 2016). The second principal component (PC2) 415 

explained 30.157% of the total variance related to a higher load of Ni. PC2 could be 416 

defined as a natural source, because its values were close to the background 417 

concentrations (Wang et al., 2018). 418 

 419 

Table 2 Component matrix for heavy metals in the topsoil at the Wenshan site 420 

 421 

3.3 Pollution and risk assessment 422 

3.3.1 Ecological risk assessment 423 

It is necessary to analyze the geographical accumulation of elements to be able to 424 
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assess the degree of heavy metal pollution and potential risks associated with it (Li et 425 

al., 2017). Geochemical background values (CNEMC, 1990) were used to calculate 426 

the Igeo of topsoil heavy metals, and the results are listed in Table 3. The order of the 427 

Igeo values was as follows: Cd>As>Cu>Pb>Ni. Of all heavy metals, Cd was the most 428 

serious pollutant reaching a value of 4.31, i.e. heavy to extremely heavy 429 

contamination. Not only Cd, but also As constituted heavy to extremely heavy 430 

contamination, and the Igeo value was 4.07, which also needs more attention. 431 

Therefore, the accumulation of Cd and As in soil can seriously affect the quality of the 432 

environment (Li et al., 2017). In addition, the degree of Cu (1.82) and Pb (0.18) 433 

contamination was moderately contaminated and uncontaminated to moderately 434 

contaminated, respectively. The Igeo value of Ni was -1.44, representing no 435 

contamination. 436 

The Igeo can evaluate the accumulation degree of a single element, but it is not 437 

suitable for estimating total pollution. The screening value for soil contamination risk 438 

of development land (Table 1, GB36600-2018, MEE, 2018) was applied in the present 439 

study to calculate the PI and NIPI. As shown in Table 3, the PI values of topsoil heavy 440 

metals were in descending order: As>Cd>Pb>Ni>Cu. As was the most serious 441 

pollutant according to the PI, reaching the value of 25.17, i.e. more than 7-fold higher 442 

compared to the critical value (PI=3) of severe pollution. The result must be attributed 443 

to the high concentration of As in the process of mining (Fig. 2). As for other heavy 444 

metals, the PI values were all less than 0.7, i.e. representing no pollution.  The NIPI 445 

is typically used to comprehensively assess the status of heavy metal pollution (Liu et 446 
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al., 2021). The NIPI values at all the sampling points were more than 3, and the 447 

highest value was measured at point Y2 (25.74), followed by Y6 (23.71) (Table 3). 448 

The two points exceeded the critical value more than 8-fold and 7-fold, respectively, 449 

indicating critically severe pollution. The main reason was the high PI value of 450 

arsenic in these two samples. The mean value of the NIPI was 18.17, i.e. more than 451 

6-fold of the critical value, representing severe pollution.  452 

 453 

Table 3 Ecological risk assessment of topsoil heavy metal contamination at the 454 

Wenshan site 455 

 456 

3.3.2 Health risk assessment 457 

Han et al. (2021) reported that ingestion, dermal contact and inhalation were the 458 

main routes that could have caused damage to human health. The health risk 459 

assessment model designed by the US Environmental Protection Agency is commonly 460 

applied, because it includes the exposure route and population factors (Han et al., 461 

2018). Table 4 lists the HQ, HI and CR values (mean, max and min) of five heavy 462 

metals acting on adults and children through three exposure routes. The HQing of Ni, 463 

Pb and Cu contributed more than 96% in case of adults and 99% in case of children of 464 

the total HQ value. The HQing of As accounted for more than 50% of the total HQ 465 

value for both adults and children. Previous study pointed out that ingestion was the 466 

major route causing health risks when exposed to heavy metals (Wang et al., 2021). 467 

With respect to the HI, only As posed a significant potential non-carcinogenic risk for 468 
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both adults and children, and the HI values for adults and children were 5.49E+00 and 469 

2.96E+01, respectively. The highest HI values of As for adults and children were 470 

7.78E+00 and 4.19E+01, respectively, i.e. more than 7-fold and 40-fold higher than 471 

the critical value (HI=1). Numerous studies have reported that high heavy metal 472 

concentrations not only in soil but also in dust could cause adverse effects on the 473 

health of the body of local residents (He et al., 2019). 474 

Regarding carcinogenic risks, As was the most serious pollutant with CR values for 475 

adults and children of 1.46E-03 and 9.73E-03, i.e. an unacceptable risk (Table 4). In 476 

addition, children’s exposure to Ni could also cause an unacceptable risk (5.76E-04). 477 

The CR values of Cd and Pb for both adults and children, and Ni for children, were all 478 

higher than 1×10-6 but lower than 1×10-4, i.e. representing a generally acceptable risk. 479 

Table 4 shows that both HI and CR values of all heavy metals for children were 480 

higher than for adults, and these results were consistent with the studies of Liu et al. 481 

(2021) and Masri et al. (2021). There were two possible reasons, the first was 482 

physiological characteristics, e.g. lower tolerance of body organs; the second was the 483 

more direct contact, such as “hand-eating” behavior, etc. Overall, As posed a serious 484 

carcinogenic and non-carcinogenic risk for adults and children, which should receive 485 

more attention. 486 

 487 

Table 4 Assessment of health risk posed by heavy metals in the topsoil at the Wenshan 488 

site 489 

 490 
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4. Conclusions 491 

The present study analyzed the spatial, vertical, and fraction distribution, 492 

correlation and principal components of heavy metals in soil, as well as assessed 493 

pollution and health risks caused by these metals at the Wenshan mining site. The 494 

eastern and south-eastern parts of the site were highly polluted, while the western and 495 

north-western parts were less polluted. As pollution in the topsoil was particularly 496 

serious, and Ni, Cd and Cu were strongly influenced by external factors. As content in 497 

all layers was greater than the standard risk screening value in the three typical 498 

profiles. The proportion of different Ni, Cu and As fractions changed slightly with 499 

depth at all three sampling points, and the share of residual fraction accounted for 500 

more than or close to 80% of the total concentration. In addition, a significant 501 

negative correlation (p<0.05) was detected between Ni and As, indicating a different 502 

source of origin of these two elements. Principal component analysis demonstrated 503 

that two PCs, i.e. PC1 identified as human activities, e.g. mining and transport, and 504 

PC2 defined as a natural source, both accounted for 80.632% of the total variance. 505 

The assessment of ecological and health risks showed that the pollution degree of the 506 

mining site was critically high, and As was the most influential element. What is more, 507 

As also posed a significant potential non-carcinogenic risk and an unacceptable 508 

carcinogenic risk for both adults and children. Therefore, a comprehensive 509 

understanding of the characteristics of mine pollution and the improvement of 510 

emission management in the mining process are essential for the protection of the 511 

environment and health of local residents. The present study can provide theoretical 512 



24 

 

support and practical foundations for pollution control and prevention. 513 
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Table captions 720 

Table 1 Heavy metal concentrations in the topsoil at the Wenshan site 721 

Table 2 Component matrix for heavy metals in the topsoil at the Wenshan site 722 

Table 3 Ecological risk assessment of topsoil heavy metal contamination at the 723 

Wenshan site 724 

Table 4 Assessment of health risk posed by heavy metals in the topsoil at the Wenshan 725 

site 726 

 727 

Figure captions 728 

Fig. 1. Geographic information concerning the mining site, including sampling 729 

locations and cases. 730 

Fig. 2. Spatial maps showing the distribution of heavy metals in the topsoil at the 731 

Wenzhou mining site. 732 

Fig. 3. Vertical distribution of soil heavy metal concentrations at different sampling 733 

points (Y1(a), Y4(b) and Y5(c),).  734 

Fig. 4. Fraction distribution of heavy metals in soil with depth at different sampling 735 

points (Y1(a), Y4(b), and Y5(c)). 736 

Fig. 5. Pearson’s correlation matrix between heavy metals in the topsoil at the 737 

Wenshan site. 738 
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 742 

Table 1 Heavy metal concentrations in the topsoil at the Wenshan site 743 

 Ni  

(mg kg-1) 

Pb 

(mg kg-1) 

Cd  

(mg kg-1) 

Cu  

(mg kg-1) 

As  

(mg kg-1) 

Mean 26.26 70.45 7.04 292.24 503.31 

Median 20.34 65.06 6.03 193.88 514.32 

Min 15.25 54.36 3.77 123.43 182.9 

Max 56.83 97.15 13.13 625.31 713.36 

SD 14.19 14.18 3.09 181.40 171.88 

CV (%) 54.03 20.13 43.86 62.07 34.15 

Risk screening value 

(GB36600-2018) 

150 400 20 2000 20            

Risk intervention 

value  

(GB36600-2018) 

600 800 47 8000 120 

Note: risk screening values of Cu, Ni, Pb, Cd, As were mentioned in the present study 744 
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 770 

Table 2 Component matrix for heavy metals in the topsoil at the Wenshan site 771 

Heavy Metal PC1 PC2 

Ni -0.640 0.714 

Pb 0.733 0.336 

Cd 0.800 0.475 

Cu 0.703 0.419 

As 0.665 -0.696 

Eigenvalue 2.524 1.508 

Cumulative of variation (%) 50.474 80.631 

Extraction method: Principal component analysis  772 
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Table 3 Ecological risk assessment of topsoil heavy metal contamination at the Wenshan site 

 Igeo PI NIPI 

Site Cu Ni Pb Cd As Cu Ni Pb Cd As  

Y1 1.49 -2.01 0.39 3.53 4.32 0.10 0.11 0.20 0.19 27.51 19.85 

Y2 0.83 -1.85 -0.16 3.90 4.69 0.06 0.12 0.14 0.24 35.67 25.74 

Y3 3.17 -1.88 0.12 4.69 4.12 0.31 0.12 0.17 0.42 23.93 17.28 

Y4 1.30 -1.25 0.01 4.35 3.99 0.09 0.18 0.15 0.33 21.92 15.83 

Y5 1.47 -0.17 0.07 4.04 2.73 0.010 0.38 0.16 0.27 9.15 6.62 

Y6 2.68 -1.47 0.67 5.33 4.57 0.22 0.15 0.24 0.66 32.82 23.71 

Mean 1.82 -1.44 0.18 4.31 4.07 0.15 0.18 0.18 0.35 25.17 18.17 
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Table 4 Assessment of health risk posed by heavy metals in the topsoil at the Wenshan site 

Elements  HQing HQderm HQinh HI CR 

  Adults Children Adults Children Adults Children Adults Children Adults Children 

Cd mean 1.19E-02 8.50E-02 5.42E-03 9.52E-03 5.41E-02 1.93E-01 7.15E-02 2.88E-01 9.75E-07 3.48E-06 

max 2.22E-02 1.58E-01 1.01E-02 1.77E-02 1.01E-01 3.61E-01 1.33E-01 5.37E-01 1.82E-06 6.50E-06 

min 6.36E-03 4.55E-02 2.90E-03 5.09E-03 2.90E-02 1.03E-01 3.82E-02 1.54E-01 5.22E-07 1.86E-06 

As mean 2.83E+00 2.02E+01 7.88E-02 1.38E-01 2.58E+00 9.21E+00 5.49E+00 2.96E+01 1.46E-03 9.73E-03 

max 4.01E+00 2.87E+01 1.12E-01 1.96E-01 3.66E+00 1.31E+01 7.78E+00 4.19E+01 2.06E-03 1.38E-02 

min 1.03E+00 7.35E+00 2.86E-02 5.02E-02 9.37E-01 3.35E+00 1.99E+00 1.08E+01 5.29E-04 3.54E-03 

Ni mean 2.22E-03 1.58E-02 9.36E-05 1.64E-04   2.31E-03 1.60E-02 9.69E-05 5.76E-04 

max 4.80E-03 3.43E-02 2.03E-04 3.55E-04   5.00E-03 3.46E-02 2.10E-04 1.25E-03 

min 1.33E-03 9.54E-03 5.64E-05 9.89E-05   1.39E-03 9.64E-03 5.86E-05 3.47E-04 

Pb mean 8.50E-02 6.07E-01 2.59E-03 4.54E-03   8.75E-02 6.12E-01 1.08E-06 7.46E-06 

max 1.17E-01 8.37E-01 3.57E-03 6.26E-03   1.21E-01 8.43E-01 1.48E-06 1.03E-05 

min 6.56E-02 4.68E-01 2.00E-03 3.50E-03   6.76E-02 4.72E-01 8.30E-07 5.75E-06 

Cu mean 1.23E-02 8.81E-02 4.69E-04 8.22E-04   1.28E-02 8.89E-02   

max 2.64E-02 1.89E-01 1.00E-03 1.76E-03   2.74E-02 1.90E-01   

min 5.21E-03 3.72E-02 1.98E-04 3.47E-04   5.41E-03 3.76E-02   
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Fig. 1. Geographic information concerning the mining site, including sampling locations and cases. 
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Fig. 2. Spatial maps showing the distribution of heavy metals in the topsoil at the Wenshan site. 
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Fig. 3. Vertical distribution of soil heavy metal concentrations at different sampling points (Y1(a), 4 

Y4(b) and Y5(c),). The solid line represents the concentration change of heavy metal with depth, 5 

and the dotted line represents the risk screening value of the standard (GB36600-2018, MEE, 6 

2018). 7 
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 12 

Fig. 4. Fraction distribution of heavy metals in soil with depth at different sampling points (Y1(a), 13 

Y4(b), and Y5(c)).   14 
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 16 

 17 

 18 

Fig. 5. Pearson’s correlation matrix between heavy metals in the topsoil at the Wenshan site. (* 19 

represents the correlation coefficients significant at p<0.05. The circle size is relevant to the 20 

correlation coefficient value and color shows the positive correlation (red) or negative correlation  21 

(blue)). 22 
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