
 

UWS Academic Portal

Effects of mining activities on the distribution, controlling factors, and sources of
metals in soils from the Xikuangshan South Mine, Hunan Province
Xie, Qing; Ren, Bizhi; Hursthouse, Andrew; Shi, Xiyang

Published in:
Integrated Environmental Assessment and Management

DOI:
10.1002/ieam.4514

Published: 26/08/2021

Document Version
Peer reviewed version

Link to publication on the UWS Academic Portal

Citation for published version (APA):
Xie, Q., Ren, B., Hursthouse, A., & Shi, X. (2021). Effects of mining activities on the distribution, controlling
factors, and sources of metals in soils from the Xikuangshan South Mine, Hunan Province. Integrated
Environmental Assessment and Management, 18(3), 748-756. https://doi.org/10.1002/ieam.4514

General rights
Copyright and moral rights for the publications made accessible in the UWS Academic Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact pure@uws.ac.uk providing details, and we will remove access to the
work immediately and investigate your claim.

Download date: 23 May 2023

https://doi.org/10.1002/ieam.4514
https://uws.pure.elsevier.com/en/publications/216882ec-efd5-4490-a361-9fc39be96854
https://doi.org/10.1002/ieam.4514


"This is the peer reviewed version of the following article: 

Xie, Q., Ren, B., Hursthouse, A., & Shi, X. (2021). Effects of mining activities on the distribution, 
controlling factors, and sources of metals in soils from Xikuangshan South Mine, Hunan 
Province. Integrated Environmental Assessment and Management. https://doi.org/10.1002/ieam.4514

This article may be used for non-commercial purposes in accordance with Wiley Terms and 

Conditions for Use of Self-Archived Versions."

https://authorservices.wiley.com/author-resources/Journal-Authors/licensing/self-archiving.html 

https://authorservices.wiley.com/author-resources/Journal-Authors/licensing/self-archiving.html
https://doi.org/10.1002/ieam.4514


Effects of Mining Activities on the Distribution, Controlling Factors, and Sources of Metals in Soils 

from Xikuangshan South Mine, Hunan Province, China 

 

Xie, Qing1*; Ren, Bozhi1*; Hursthouse, Andrew1,2; Shi, Xiyang1 

 

1. School of Civil Engineering, Hunan University of Science and Technology, Xiangtan 411201, China, 

2. School of Computing, Engineering & Physical Sciences, University of the West of Scotland, Paisley 

PA1 2BE, UK. 

*corresponding authors: 

Abstract: In this study, we analyzed 53 topsoil samples from Xikuangshan South Mine in Hunan 

Province to investigate the distribution characteristics of pH and the concentrations of selected 

metals, to determine the controlling factors and identify their sources. Kriging interpolation, 

correlation analysis, principal component analysis, the index of the geoaccumulation index, and 

Hakanson's potential ecological risk were applied. The results show that the mean values of Pb, As, 

Cd and Sb in the study area were larger than the background value of mountain soil in Hunan 

Province, and only the average Cr concentration was slightly lower than the background value. The 

spatial distributions of pH and five metals in the soil were very different, indicating that pH had no 

significant effect on the distribution of the metals. The wind, rivers and land use patterns in different 

regions of the study area may be the main reason for their distribution patterns. The correlation 

component and principal component analysis revealed that Pb had positive correlations with Cr and 

Cd, respectively, and Sb-As and Cr-Cd exhibited strong paired correlations. The cumulative 

proportion of the first two components accounted for 70.516% of the total variance, which suggests 

that mining activities are a major source of As and Sb, while Pb, Cr and Cd were derived from natural 

and anthropogenic sources. The geoaccumulation index revealed that the serious pollutants in the 

soils were mainly Cd, followed by Sb and As. The soils in the study area were moderately 

contaminated with Pb and lightly polluted by Cr. The ecological hazards of each metal in descending 

order were Cd>Sb>As>Pb>Cr. The index of comprehensive potential ecological risk for the metals 

indicated that the Xikuangshan South Mine is at or above a moderate ecological risk level, with an 

extremely strong potential for ecological risks posed by Cd and Sb. 
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INTRODUCTION 

 

As the basis of economic construction, the development of the mining industry not only drives rapid 

economic growth and greatly improves the quality of life but it also causes irreparable pollution to 

the environment. China has taken the lead in antimony reserves and production (He et al., 2002). 

Mining, ore processing and smelting activities release tens of thousands of tons of antimony into the 

environment every year (Deng et al., 2017), causing serious Sb pollution, as well as Pb, As and Cd 

pollution (Okonkwo et al., 2021; Ran et al., 2021; Xiong et al., 2020; Huang et al., 2020; Liu et al., 

2005; Ning et al., 2017; Zhu et al., 2009; Liu et al., 2009). These highly toxic metals have a very low 



degradability and can accumulate in soil, water, animals, and plants over time, eventually passing to 

human beings and negatively affecting human health (Hu et al., 2017; Li et al., 2017a). 

 

Metal pollution is spatially heterogeneous because of complex geological environmental 

backgrounds and human activities, presenting multielement accumulation and compound pollution 

(Wang et al., 2020). Multivariate statistics and geostatistics are the main tools used to analyze metal 

distributions and their sources. Multiple linear regression analysis, principal component and 

correlation analysis, and single factor/multivariate analysis of variance can be applied to extract the 

correlations between multiple factors and to explain the relationships between elements (Young et 

al., 2021; Chen et al., 2018; Chen et al., 2016; Zhou et al., 2017; Acosta et al., 2011). Geostatistical 

analysis combined with kriging interpolation statistics can reveal the spatial distribution and 

differentiation of soil metals (Yang et al., 2015). In addition, evaluation indicators, such as the index 

of Nemerow, geoaccumulation, and potential ecological risk (RI), can also be used to quantify and 

evaluate the degree of metal pollution and its potential risk (Xu et al., 2016; Zahra et al., 2014). 

 

As the world antimony capital, Xikuangshan has a long history of mining, dating back to 1521. Its less 

efficient production mode in the past has caused serious environmental pollution and ecological 

destruction. Previous studies assessed the soil pollution levels of metals in the antimony mining 

area, and have shown that Sb is the main pollutant (He et al., 2002; Mo et al., 2013). Mining and 

smelting of antimony ore were the primary cause of this pollution (Mo et al., 2013). Other studies 

found that As and Sb were homologous through a correlation analysis and were the most polluted 

metals (Li et al., 2014). In addition, some studies reported that Sb and Cd were the largest pollutants 

in mining areas (Xin Li et al., 2017; Huang et al., 2020) and found that rivers, vegetation, wind and 

other natural factors influenced the spatial distribution of these pollutants (Xin Li et al., 2017). Due 

to differences in regional planning, the intensity and frequency of human activities, the diversity of 

pollution sources, and the complexity of impact patterns, etc. (Lei et al., 2013), previous studies have 

drawn different conclusions based on comprehensive evaluations and analyses of the whole mining 

area. Therefore, it is necessary to study small-scale areas. In this study, we analyzed soils from the 

Xikuangshan South Mine to investigate metal pollution, its spatial distribution characteristics, and to 

identify pollution sources. The results of this study provide a scientific foundation for preventing 

pollution and implementing control measures on metals in this area. 

 

  

MATERIALS AND METHODS 

Sampling location 

 

Xikuangshan has a subtropical continental monsoon climate. Its prevailing wind is from the 

northeast, and its terrain gradually rises from the south to the north. It consists of two mines, one in 

the south and the other in the north. The southern mine was the object of research in this study. It 

includes a mining and waste ore yard in the eastern part, the residential area of Zhumushan in the 

middle, and the tailing pond in the western part. The waste products, historically produced by many 

antimony smelting companies around the pond and storage yard, mainly contain various waste rocks 



and roasting slag, as well as ore weathering products, blast furnace slag, reduced gun slag, coal slag, 

and desulfurized gypsum slag. Numerous studies have shown that solid waste from mines is highly 

leachable and has a hazardous grade of Sb, As, Cd and Pb concentrations (Guo et al., 2014; Zhu et al., 

2009; Qi et al., 2011). After long-term weathering, erosion, leaching, and other effects, the metals in 

the waste diffuse into the environment and are released into the proximal atmosphere, soil, and 

water (Lv et al., 2013), becoming a source of pollution that constantly spreads to the surrounding 

environment. 

 

  

Sample collection and processing 

 

To optimize the distribution and to ensure the representativeness and uniformity of the soil 

samples, we selected 53 soil sampling locations in the southern mining area according to the actual 

field situation. The sampling depth ranged from the surface to 0.2 m depth, and each sample 

weighed approximately 1 to 2 kg. During the sampling process, we accurately recorded the sampling 

locations using a Global Positioning System (GPS). All the soil samples were sent to a laboratory, air-

dried naturally at room temperature, stripped of debris, ground and passed through a 10-mesh sieve 

and a 100-mesh sieve before the metals were analyzed. 

 

We selected pH, Cd, Pb, As, Cr, and Sb as the variables to be measured. Ten grams of soil was added 

to 25 mL of distilled water without carbon dioxide, stirred for 1 minute and allowed to stand for 30 

minutes, and then the pH values of the turbid liquid was determined using the glass electrode 

method. Air-dried soil (0.5 g) was weighed accurately in the PTFE crucible, 10 mL of concentrated 

HCl was added after moistening it with drops of water, and the mixture was heated at a low 

temperature on an electric heating plate until the solution evaporated to approximately 5 mL. At this 

point, 15 mL concentrated HNO3 was added, heat continued to be applied until it was nearly 

viscous, and then 10 mL HF was added. To achieve good results, it was necessary to shake the 

crucible frequently and gently, wash its inner wall and the cover with water, dissolve the residue at a 

warm temperature, cool it, and reach a volume of 100 mL or 50 mL depending on the components 

to be measured. Sb and As were analyzed using atomic fluorescence spectrophotometry. Cd, Pb, and 

Cr were analyzed using atomic absorption spectrophotometry. 

 

During the analysis, 20% parallel sample testing was conducted for each batch of samples and each 

element. The error of the result for parallel double samples should be greater than 95%. A standard 

recovery test was used to measure the determination accuracy when there was no standard 

substance or quality control sample in the selected test item, and the recovery rate should be above 

70%. The results were in line with the requirements of the Environmental Technical Specifications of 

the State Environmental Protection Administration. 

 

Evaluation method 

Geoaccumulation index 



 

The index of geoaccumulation (Igeo) (Müller, 1969) was used to assess metal pollution: 

 

  (1) 

 

where is the actual metal concentration (i); 1.5 is the correction coefficient, which takes into 

account the influence of human factors and changes in the sediment lithology on the background 

value; and is the geochemical background concentration of these metals. Background 

concentrations of Pb, Cr, Cd, As, and Sb from mountain soils in Hunan are 38 mg/kg, 54 mg/kg, 0.11 

mg/kg, 14 mg/kg, and 2.98 mg/kg, respectively (Pan et al., 1988). The index of Igeo is classified into 

seven grades: (1) Igeo≤0, no pollution; (2) 0<Igeo≤1, slight contamination; (3) 1<Igeo≤2, slight to 

moderate pollution; (4) 2 <Igeo≤3, moderate pollution; (5) 3<Igeo≤4, moderate to heavy pollution; 

(6) 4<Igeo≤5, heavy pollution; and (7) Igeo> 5, serious pollution. 

Hakanson potential ecological risk assessment 

 

We used the Hakanson potential ecological risk (PER) (Hakanson, 1980) to assess the metal 

contamination risk: 

 

  (2) 

 

  (3) 

 

  (4) 

 



where  is the metal pollution index; is the actual metal concentration (mg/kg); is the 

background metal concentration; is the risk of individual potential ecological; is the 

biotoxicity factor for the single element (Pb = 5, Cr = 2, As = 10, Cd = 30, and Sb = 5) (Suresh et al., 

2011); and RI is the index of comprehensive ecological risk for all the metals. The levels for the single 

risk assessment index are as follows: <40, low potential ecological risk; 40≤ <80, moderate 

potential ecological risk; 80≤ <160, considerable potential ecological risk; 160≤ <320, high 

potential ecological risk; and 320≤ , severe potential ecological risk. The levels of comprehensive 

ecological risk were as follows: RI < 150, low ecological risk; 150 ≤ RI < 300, moderate ecological risk; 

300 ≤ RI < 600, considerable ecological risk; and 600 ≤ RI, high ecological risk. 

 

Data analysis 

Descriptive statistical analysis, correlation analysis and principal component analysis were carried 

out by using SPSS 24.0 software. We conducted a general kriging interpolation analysis to determine 

the spatial distribution characteristics of the metals using ArcGIS10.2 software. 

 

  

RESULTS AND DISCUSSION 

Descriptive statistics of soil metals 

Table 1 presents the descriptive statistics of the pH and metals in the soil. The pH varies from 7.00 to 

9.52, which is close to the results of Huang et al. (2020) (6.90 to 7.81) but inconsistent with those of 

Li et al. (2017b) (2.85 to 7.64). The pH is related to the solubility and mobility of the metals in the soil 

(Huang et al., 2012) and is affected by acid mine drainage, tailings, and acid rain (Li et al., 2017b). In 

the mining process,  redox reactions involving stibnite produce acidic water (Li et al., 2018), but the 

surrounding water is weakly alkaline because carbonate minerals, such as calcite, in the stratum 

neutralize the acidic water (Nyirenda et al., 2015). Calcite is widely developed in the wall-rocks of 

Xikuangshan Mine, and the parent material of the soil in the study area is weathered limestone, 

indicating that the soil is moderately to weakly alkaline, possibly because it is affected by its own 

characteristics and external factors. 

 

The average concentrations of Pb, Cr, As, Cd, and Sb were 39.28 mg/kg, 40.16 mg/kg, 104.24 mg/kg, 

3.75 mg/kg, and 290.62 mg/kg, respectively. The concentrations of As, Cd, and Sb in the soils were 

2.61, 3.75, and 8.30 times higher than the soil quality standard values in China. Compared with the 

mountain soil background value of Hunan Province, the mean Cr concentration was slightly lower, 

whereas the Pb, As, Cd, and Sb concentrations were 1.03, 7.45, 34.09, and 97.52 times higher, 

respectively. According to Wilding's classification (Wilding, 1985) for the coefficient of variation (CV), 



the CVs for Pb, Cr, As, Cd, and Sb (44.87–135.46%) in the soil from the southern mine were all 

greater than 36%. Furthermore, all had a high degree of variation, which indicated a heterogeneous 

distribution of these metalin the soil. These high element concentrations and large variations 

indicated influences from external factors (Li et al., 2017b). Mining activities such as smelting, 

transportation, and tailings accumulation are significant sources of metal pollution in mines (Huang 

et al., 2020). 

 

  

Spatial distribution and controlling factors of metal pollution 

The dissolution of ore is affected by pH, temperature, illumination, organic matter, and other factors 

(Li et al., 2017b). Li et al. (2018) studied the antimony release from waste rocks in a large antimony 

mine and found that either an alkaline or an acidic environment was more conducive to Sb release; 

in addition, the oxygenation level of the environment and rainfall intensity had significant influences 

on the dissolution and release of Sb. The pH of the soil was low in the west and high in the east, 

which was opposite to the Pb concentration (high in the west and low in the east) and differed from 

the distributions of the other four elements, indicating that pH had little effect on the spatial 

distributions of metals. In addition, wind and atmospheric deposition play important roles in the 

long-term transport and accumulation of metal pollutants (Zobeck and Van Pelt, 2006). Some 

studies, however, have pointed out that the terrain has a greater effect on the distribution of metals 

than the wind (Ding et al., 2019), and the metal concentrations gradually decrease with increasing 

altitude because of wind migration, slope runoff, erosion, and gravity (Xiong et al., 2020). In 

addition, land use patterns, vegetation cover, and erosion by running water are other important 

factors influencing the accumulation and variations in soil metal concentrations (Li et al., 2017b). 

 

The kriging interpolation method is usually used to visualize the spatial information in the studied 

elements to reveal their ranges and migration pathways (Li et al., 2017b). The spatial distributions of 

pH and metals are shown in Fig. 2. The pH of the soil in the study area decreased gradually from east 

to west, changing from alkaline to neutral. The concentrations of Pb, Cr and Cd in the western part 

of the study area were higher than those in the eastern region, but the highest Pb concentration was 

distributed around the tailings pond and downstream of the Choubi River, while regions with high 

values of Cr and Cd were located upstream. Notably, the Cr concentration increased in the slag heap 

in the eastern part of the study area, while small areas with higher Cd concentrations were found in 

the Zhumushan residential area and in the lower reaches of the Lianxi River. As and Sb contents 

were distributed on islands with tailings ponds and waste heaps as the center and their 

concentrations gradually reduced from the center to the surroundings. The spatial distributions of 

the pH and the five metals were very different, indicating that pH had no significant effect on the 

distribution of metals. In addition, the dominant wind direction in the study area is northeasterly, 

the terrain of the north is high but low in the south, and the rivers flow from north to south. The 

distribution of metals in the study area soil was influenced by various factors such as wind, rivers 

and land use patterns in different regions. This may be the main reason for their distinctive 

distribution patterns. 

 

  



Assessment of soil pollution in the environment 

Geoaccumulation index (Igeo) 

 

Using the mountain soil background value for Hunan Province as the evaluation standard, the 

average Igeo values of Pb, Cr, As, Cd, and Sb (Table 3) were 1.05 (0.16–10.13), 0.73 (0.12–1.59), 6.98 

(0.12–1.59), 35.25 (1.45–231.82), and 93.46 (6.91–728.19), respectively. We concluded that the 

degree of soil metal pollution from the Xikuanghsan South Mine in descending order was as follows: 

Cd>Sb>As>Pb>Cr. The pollution of Sb, As, and Cd was severe. The pollution grade reached moderate 

to severe for Sb, As, and Cd in the soil for 100% (53 sites), 79% (42 sites), and 92% (49 sites) of the 

sites, respectively. In addition, five sites were moderately to heavily polluted by Pb, and the rest 

were mildly to moderately polluted by Pb. The Igeo of Cr was greater than 0 but less than 2, 

indicating slight Cr pollution in the study area. 

 

  

Evaluation of the potential ecological hazard index 

 

The assessment of the potential ecological risk ( for 53 soil sampling sites in the southern mining 

area is shown in Table 3 and revealed that the highest potential risk was from Cd and Sb, whose 

mean potential RIs were 1533.34 (range 43.64–6954.6) and 467.25 (range 34.56–3640.94), 

respectively. These are far above the severe potential ecological risk (320) category and were 

identified as posing extremely serious ecological risks. Figures 3b and 3c also show the very high 

overall potential ecological risks posed by Cd and Sb. The risk level of Cd decreased gradually from 

the western tailings to the eastern waste slag, whereas the Sb risk level decreased from the tailings 

pond and waste slag heap to the surrounding areas. In addition, the average potential ecological risk 

for As was 69.80 (range 7.79–225). and the risk values for As in 24 sampling points (45% in all the 

sites)were bigger than 40, indicating a moderate to severe ecological risk. The high potential 

ecological hazard risk area is shown in Figure 3a and includes the tailings and waste slag areas. The 

potential ecological RI of Pb exceeded 40 at one site, while the Pb values at the other sites and the 

Cr values at all sites were far less than 40, indicating that Pb and Cr are a low ecological risk. 

 

The comprehensive potential ecological risk (RI) of these metals in soils was 1601.16 (ranging from 

167.44 to 7575.10), that is, the risk level ranges from a moderate to severe ecological risk (150 ≤ RI). 

The sites with a moderate ecological risk accounted for 5.7%, the sites with considerable risk 

accounted for 18.9%, and the sites with a high risk accounted for 75.4%. Most of the sampling sites 

in the study area had a strong ecological risk (Fig. 3d), along with Cd, Sb, and As pollution. According 

to Figure 3, we concluded that the main pollutants around the tailings pond were Cd and Sb, 

whereas the primary pollutants in the waste heap and its surrounding areas were As and Sb. 

Therefore, the main pollutants in the soil differed according to different pollution sources, which 

should be taken into account during later remediation and treatment of the site. 

 

Source identify of metals 



The PCA of Pb, Cr, As, Cd, and Sb in the southern mining area showed that the KMO test value and 

the significance level were 0.506 (>0.5) and 0, respectively, indicating the availability of analytical 

data. The two principal components extracted by PCA accounted for 70.516% of the total variance 

and represented most of the information in the original dataset. The correlation analysis also 

reflected the relationships between the elements and soil properties, which could be used to 

partially explain the sources, migration, occurrence forms, and pollution statuses of the different 

elements. Previous studies have indicated that a positive correlation between metals can suggest 

similar origins and migration patterns, and vice versa (Suresh et al., 2011). The correlation analysis 

results of the soil metals are given in Table 2. 

 

The first principal component (PC1), including Pb, Cr, and Cd, accounted for 36.891% of the 

cumulative variance. The correlation analysis also showed certain relationships between these three 

elements. The correlations between Cr and Pb (r = 0.269, P < 0.05) and Pb and Cd (r = 0.263, P < 

0.05) were weak, but those between Cd and Cr (r = 0.654, P < 0.01) was notable (Table 2), indicating 

that these elements had similar sources and migration paths. The mean Cr concentration in the soil 

was lower than the mountain soil background value in Hunan, whereas the Pb concentration was 

slightly higher, and the Cd concentration was significantly higher. It is generally believed that Cr is 

mainly of natural origin (Li et al., 2017b; Ning et al., 2017), while Pb and Cd are released by 

atmospheric deposition from the smelting of sulfide minerals (Li et al., 2017b), emission of sweep 

gas (Zhang, 2006), coal combustion, and other industrial production (Bhuiyan et al., 2010). 

Therefore, the first principal component reflects impacts from both natural and anthropogenic 

sources. 

 

The eigenvalue of the second principal component (PC2) was 1.625, and it contributed 33.625% to 

the variance. As and Sb had higher PC2 loads. The correlation analysis also showed a significant 

correlation between Sb and As (r = 0.583, P < 0.01; see Table 2), indicating that As and Sb are derived 

from the same source. They also have similar geochemical properties and exhibit the same 

geochemical behavior during migration and precipitation (Hong et al., 2012). Previous studies have 

reported that mine wastes are the main Sb sources in soil, as well as for As. The leaching of metals in 

solid waste, the disorderly discharge of wastewater, and atmospheric sedimentation from flue gas 

produced by mining and smelting activities, released many metals into the surrounding environment 

(Huang et al., 2020; Li et al., 2017b; Li et al., 2014; He et al., 2002;). Therefore, PC2 which correlates 

with Sb and As, is indicative of pollution caused by mining activities. From the dispersion degrees of 

each metal on the two-component PCA diagram (Fig. 3), it is evident that human activities, such as 

mining, and natural causes are the primary sources of the metals in the study area. 

 

CONCLUSION 

This study demonstrated that the spatial distributions of pH and the five metals in soils from the 

southern mining area in Xikuangshan showed large differences, indicating that pH had no significant 

effect on the distribution of metals. The wind, rivers, and land use patterns in different regions of 

the study area may be one of the main reasons for their distinctive distribution patterns. The 

geoaccumulation index revealed that soils in the southern mine were seriously polluted by Cd, 

followed by Sb and As. The ecological risk assessment showed that the order of the potential 

ecological risk indices of the five elements is as follows: Cd>Sb>As>Pb>Cr, and the comprehensive 



potential ecological risk index level of all of the sampling sites is moderate or greater, with Cd and Sb 

posing strong ecological risks. The PCA revealed that all the variation in the five soil metals could be 

reflected by two principal components. The first principal component correlated with Pb, Cr, and Cd 

and reflects the effects of natural sources and human activities, such as industrial and mining 

activities. The second principal component correlated Sb and As and represents the influence of 

mining activities. 
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