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Regional distribution characteristics and ecological risk assessment of heavy metal pollution 

of different land use Q1 in an antimony mining area – Xikuangshan, China  

Zhi-e Tang, Ren-Jian Deng, Jun Zhang, Bo-Zhi Ren, and Andrew Hursthouse  

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

 

ABSTRACT  

Mining activities have introduced various heavy metals and metalloids to surrounding soil 

environments, causing adverse impacts to the ecological environment system. The 

extremely high concentration of various heavy metals and metalloids make the Xikuangshan 

(Hunan, China) an excellent model to assess their ecological risk. In this study, the soil 

samples from 26 locations of different land use methods in four areas (smelting area, road 

nearby ore, mining area, and ore tailing area) in Xikuangshan with different levels of various 

heavy metals and metalloids (Sb, As, Pb, and Cd) were analyzed; in addition, the index of 

geo-accumulation and the potential ecological risk index were used to evaluate ecological 

risk. The results showed that the average contents of Sb, As, Pb, and Cd in all soil samples 

were 4368.222 mg.kg-1, 40.722 mg.kg-1, 248.013 mg.kg-1, and 40.941 mg.kg-1, 

respectively, implying serious contamination of compound pollution of heavy metals in soil. 

The concentration of heavy metals in soil among smelting area, road nearby ore, mining 

area, and ore tailing area showed significant distribution characteristics of region because 

different mining activities such as smelting, mining, transportation, and stacking caused 

different pollution intensity. Moreover, the contents of Sb in soil samples decreased 

successively in residue field, wasteland, forestland, sediment, grassland, and vegetable 

field, and the contents of Sb in vegetable-field and ecological restoration grassland were 

relatively low, which indicate that the method of grassland ecological restoration is an 

effective method to control antimony pollution in soil. The results of ecological risk 

assessment showed that the antimony mining area was seriously polluted by Sb, As, Pb, 

and Cd, and had strong ecological risk, and Sb and Cd were the most important pollution 

factors, which indicated that the pollution of Sb and Cd should be a major concern of 

relevant departments of environment and health. 
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1. Introduction  

Antimony and its compounds have chronic toxicity and carcinogenicity to human and 

environmental organisms (He and Wan 2004), and it is characterized by global migration 

(Wu et al. 2008); therefore, antimony and its compounds have been listed as the key 

pollutants in many countries (Shotyk et al. 2005; Shotyk and Chen 2005;He et al. 2012). 

Every year, about 3.8 x 104 t antimony is released into the environment due to various 

industrial activities such as mining, ore dressing, and smelting (Johnson et al. 50 2005; 

Tighe et al. 2005; Deng et al. 2017), and it is also associated with heavy metals 51 and 

metalloids such as Pb, As, Cd, and Hg (He et al. 2002). Therefore, in the mining  and 



machining process, the soil near antimony mining area will be polluted by heavy metal 

compounds mainly composed of antimony, which has attracted extensive attention from 

scholars at home and abroad (Xie et al. 2003; Rapant and Dietzova 2006; Boularbah et al. 

2006; Deng et al. 2017). Antimony mine area in Xikuangshan, Hunan, has the world’s largest 

antimony reserves and mining volume, and it has the name of “the antimony capital of the 

world.” The whole mineral deposit of antimony mine area is distributed in the double anticline 

of Xikuangshan, which is divided into north and south mining areas, and it consists of four 

mineral deposit which are Wuhua, Feishuiyan, old mine, and Tongjiayuan (Mo et al. 2013). 

After many mining activities such as mining, smelting, transportation for nearly 100 years, 

the soil of antimony mine area in Xikuangshan, Hunan, is seriously polluted by heavy metals 

(He et al. 2002; Okkenhaug et al. 2011; Mo et al. 2013); the related researchers have 

studied heavy metal contents such as Sb and its ecological risk in soil samples of antimony 

mine area (Okkenhaug et al. 2011; Mo et al. 2013); however, there is a lack of studies on the 

distribution characteristics and ecological risk of various heavy metals and metalloids in 

typical areas such as smelting area, road nearby ore, mining area, and ore tailing area, 

especially the studies on the ecological risk of multiple heavy metals combined with the 

nature of land use are fewer. Based on this, we first divided antimony mine area in 

Xikuangshan, Hunan, into four research areas according to the function of mining area; then, 

typical soil samples such as residue-field, vegetable-field, wasteland, drain sediment along 

the highway, grassland, forestland, and river sediment were selected as the research 

objects, and the contents of pH, organic matter, Sb, As, Pb, and Cd were analyzed and 

determined, so as to analyze the distribution characteristics of heavy metals and metalloids 

in soil of compound regions; the index of geo-accumulation and potential ecological risk 

index were used to evaluate and analyze the combined ecological risk of heavy metals and 

metalloids, in order to provide reference value for the prevention and control of heavy metal 

pollution in soil in antimony mine area.  

 

2. Materials and methods 

2.1. Study area and soil sample collection 

The study area is antimony mine area in Xikuangshan about 15km northeast of 

Lengshuijiang city, Hunan province. According to the distribution of the pollution sources of 

heavy metals, the study area was divided into four regions: smelting area, road nearby ore, 

mining area, and ore tailing area (Figure 1). Smelting area include the area of north smelting 

plant and slag yard, and the north smelting plant and smelting waste residue are the main 

pollution sources; road nearby ore include the road near the north and south mining areas, 

and the dust and surface runoff produced by the transportation of mineral products are the 

main pollution sources; mining area include the area of south mine mining and ore yard, and 

it is located at the junction of south smelting plant, road nearby ore, and ore tailing area, due 

to the smelting plant of lead-zinc mine has been closed in 2014, so the mining activities in 

south smelting plant and waste ore are the main pollution sources; ore tailing area is located 

in the downstream of waste ore yard in south smelting plant and tailing pond, which is mainly 

polluted by mining waste water and surface runoff. According to GPS positioning, 

topographic feature, predominant wind direction, and exhaust characteristics of smelting 

plant, the soil collected from residue-field, vegetable-field, wasteland, drain sediment along 

the highway, grassland, forestland, and river sediment were selected as sampling points in 



each area typically; the location and description of sampling points are shown in Figure 1 

and Table 1, respectively.  

Samples were collected from the depth of 10 20cm in the surface soil by quartering. After 

dried by natural air, removing the gravel and plant roots, and crushed by a wooden stick, 

then sifted over 100 mesh sieve, the soil samples were stored for later use.  

 

2.2. Processing and analysis methods 

The soil samples were pretreated with digestion according to the literature. The mixed acid 

(The ratio of hydrochloric acid, nitric acid, and water is 3:1:4) was added to the soil samples 

for cold digestion, followed by microwave digestion (Lin et al. 2010). The concentration of 

As, Cd, and Pb in soil samples was determined by double channel atomic fluorescence 

photometer (AFS-9700, Beijing Haiguang instrument Co. Ltd); the concentrations of Sb were 

determined by atomic absorption spectrophotometer (AA-7002A, Beijing Sanxiong 

Technology Co. Ltd) (Mo et al. 2013). The determination of organic matter use ignition loss 

as a measurement method; the sediment were put into the muffle furnace after 105  C 

drying, calcinating for 1 h at 550  C to obtain the sediment after burning, and the content of 

the organic matter (g kg 1) of sample points can be calculated (Li et al. 1998). pH was 

determined by the method recommended by the Ministry of Agriculture of China (NY/T 1377-

2007), that is, the suspension of soil and water was continuously oscillated for (60 ± 10) min 

with a volume ratio of 1:5, and then stood for 1–3 h, and pH was determined under the 

oscillation condition (Li et al. 2007). 

2.3. Risk assessment methods 

2.3.1. The index of geo-accumulation 

The index of geo-accumulation is a quantitative indicator which was developed in the 1970s 

to analyze the degree of heavy metal pollution in sediments (Muller 1969), and it mainly uses 

the relationship between heavy metal concentration and background value to describe the 

degree of heavy metal pollution and environmental ecological risk (Yu et al. 2011), and the 

calculation method was shown in Eq. (1): 

 

where, Igeo represents geo-accumulation coefficient of heavy metals; Cn is the content of 

measure element (mg kg 1); Bn is background values (Pan 1988) of heavy metals in soil; k 

is Petrogenetic effect, generally set as 1.5. 

By calculating the accumulation coefficient of various heavy metals in soil in the study area, 

the pollution grade of each heavy metal in antimony mine area can be divided, so as to 

comprehensively consider and evaluate the risk of soil samples of different regions and land 

use methods. The seven levels of ground accumulation coefficient and pollution degree were 

shown in Table 2 (Muller 1981). 

 

2.3.2. The potential ecological risk index 



The potential ecological risk index is the basis of the principle of sedimentology method to 

evaluate heavy metal pollution and ecological damage, and can reflect the comprehensive 

effect of single heavy metal and a variety of heavy metals in a particular environment, and 

can quantitatively reflect the degree of potential ecological harm of heavy metal pollutants 

(Huang 2013), and the calculation method was shown in Eq. (2): 

 

where, RI represents potential ecological hazard index of various heavy metals in soil; Er
i is 

the potential ecological hazard coefficient of the type i heavy metal; Ci is the concentration of 

type i heavy metal (mg kg 1); Cn
i is the parameter ratio of type i heavy metal (mg kg 1); 

Tn
i is the toxicity coefficient of type i heavy metal. The relationship between Er

i, RI, and 

pollution degree of heavy metals in soil was shown in Table 3 (Huang 2013). 

 

3. Results and analysis 

3.1. Overall distribution characteristics of heavy metal contents in soil in the study area 

The physical and chemical properties and the contents of Sb, As, Pb, and Cd of soil samples 

of different regions and different land use methods were shown in Table 4. The average 

content of Sb in soil samples was 4368.222 mg kg 1, which was not far from the research 

result of Mo et al. (2013) (141.92 8733.26 mg kg 1), and it is within the range of the 

content in the soil of an abandoned antimony mine area in Italy (27 15,100 mg kg 1) 

(Baroni et al. 2000), and higher than the content in the soil near an antimony smelting plant 

in North-East England (1 489.2 5 045.6 mg kg 1) (Ainsworth et al. 1990). The average 

content of As in soil samples was 40.722 mg kg 1, which was lower than the research 

results of Mo et al. (2013) (104.705 mg kg 1) and Zhou et al. (2017) (94.44 mg kg 1) in 

the study area, and also lower than the results of Carvalho et al. (2012) (16.98 337.76 

mg kg 1), but the overall difference was small and comparable. The average content of Pb 

in soil samples was 248.013 mg kg 1, which was close to the research result of Zhou et al. 

(2017) (184.19 mg kg 1); however, it was much higher than the research result of Zhang et 

al. (2014) in a certain antimony mine area (23.468 mg kg 1). The average content of Cd in 

soil samples was 40.941 mg kg 1, which was higher than the research result of Zhou et al. 

(2017) (8.54 mg kg 1), and it was much higher than the research result of Zhang et al. 

(2014) in a certain antimony mine area (<0.25 mg kg 1). The average value of pH of soil 

samples was 7.30, and the pH of each region were between 6.5 and 7.6. It is worth noting 

that the pH of No.4 sampling point is 4.22, which is faintly acidic, and its Sb concentration is 

only 7452.75 mg kg 1, and lower than No.1 and No.2 sampling points in the same region, 

which is consistent with the conclusion of Li et al. (2010) that the higher the pH value is, the 

more fluidity Sb has. The average content of organic matter in soil samples was 69.83 

g kg 1, but the change was large; moreover, the statistical analysis showed that the pH 

and content of organic matter were not significantly correlated with the heavy metal 

concentrations of Sb, As, Pb, and Cd (R2<0.36), but the correlation between Pb and Cd was 

significant (R2¼0.83). The average content of heavy metals and metalloids from high to low 

in soil samples was Sb>Pb>Cd>As, which was 1466, 14, 9, and 518 times of the 

background value of each element in Hunan province (Pan 1988), indicating that the 



compound pollution of heavy metals and metalloids in the soil of the study area was serious. 

In addition, the coefficient of variation (Cv) of contents of various heavy metals and 

metalloids were higher than 0.5, indicating that the concentration of heavy metals and 

metalloids in soil samples varied greatly and the dispersion degree was high, also indicating 

that the sources of heavy metals and metalloids in soil are diverse.  

3.2. Regional distribution characteristics of heavy metals in soil in antimony mine area 

The distribution of heavy metal contents in soil samples in different regions was shown in 

Figure 2A. According to Figure 2A, the average contents of Sb, Pb, As, and Cd in soil 

samples in smelting area were 10,544.16, 105.22, 11.95, and 16.55 mg kg 1, respectively. 

The average content of Sb was much higher than other regions; the reason may be that all 

sampling points are close to the north smelting plant and smelting slag yard, and relevant 

studies have shown that Sb around the antimony smelting plant mainly comes from smoke 

and dust discharged from the chimney (Mo et al. 2013; Okkenhaug et al. 2011), second, the 

main reason of antimony contamination in soil is the leaching and scour of smelting slag 

during rainfall. Pb, As, and Cd in soil samples in smelting area are produced with the 

accompaniment of antimony (He et al. 2002), but their correlation with the content of Sb is 

not obvious. Road nearby ore is relatively far away from the north smelting plant, and there 

is a hillside in the middle; south smelting plant (closed), slag yard, and ore yard are in its 

downstream, so the possibility of road nearby ore to be polluted by smoke and dust from 

south and north smelting plant is relatively small; however, the average content of Sb, Pb, 

As, and Cd were 3173.11, 333.75, 34.51, and 52.70 mg kg 1, which were in a higher level, 

and it showed that the dust produced by long-term transportation of antimony ore, slag, and 

other goods was the main source of heavy metal pollution in this region, which was 

consistent with the research conclusions of Ren et al. (2014) and Lu et al. (2018). The 

average contents of Sb, Pb, As, and Cd in soil samples in mining area were 2884.91, 

379.56, 47.10, and 41.48 mg kg 1, respectively, and the content of Sb in soil samples was 

lower than that in other three regions, and the reason may be that mining area mainly 

include antimony mining waste rock and smelting slag yard, and Sb mainly exists in a stable 

residue state (Zhou et al. 2017), and its hydrolysis and migration characteristics are poor 

and the soil pollution is relatively small; however, the average content of Pb in soil samples 

in mining area was the highest (379.56 mg kg 1) of all regions, which may be caused by 

the existence of an abandoned lead-zinc smelting plant in the study area, the long-term dry-

wet deposition of waste gas from lead-zinc smelting plant makes the content of Pb in the soil 

in this region be high. The average contents of Sb, Pb, As, and Cd in the soil of ore tailing 

area were 3,605.93, 113.16, 61.49, and 37.70 mg kg 1, respectively; among them, the 

contents of Sb, As, and Cd were close to the regions of road nearby ore and mining area, 

but the content of Pb was 113.16 mg kg 1, which was close to the smelting area and lower 

than the regions of road nearby ore and mining area. Considering that ore tailing area is 

located in the downstream of regions of road nearby ore and mining area, its pollutants of 

heavy metals mainly come from the atmospheric dust and the migration of surface water and 

groundwater. This indicates that Pb is easy to be adsorbed by the soil, relatively stable, and 

the migration and transformation rate is lower than that of heavy metals and metalloids such 

as Sb, As, and Cd, and Pb is easy to be converted into insoluble compounds and absorbed 

by the soil after entering the soil (Lin 2008). 

The distribution of heavy metal concentration in soil samples such as wasteland, residue 

field, vegetable-field, grassland, forestland, drain sediment along the highway, and river 



sediment was shown in Figure 2B. By Figure 2B, the contents of Sb in residuefield, 

wasteland, forestland, sediment, vegetable-field, and ecological restoration grassland were 

12,201.13, 6264.66, 4362.94, 3235.82, 1940.95, and 1452.92 mg kg 1, respectively; it can 

be seen that the difference of the content of Sb was significant in different land use methods 

of soil samples; the contents of Sb in vegetable-field and ecological restoration grassland 

were relatively low, and the reason may be related to the longterm enrichment and transfer 

of antimony by vegetable and ecologically planted sod, indicating that grassland ecological 

restoration method is an effective method to control antimony pollution in soil, which is 

worthy of application and promotion by local government. The contents of As, Pb, and Cd in 

the drainage ditch along the highway and river sediment were 69.77, 474.93, and 70.90 

mg kg 1, respectively, which was higher than those in other land use methods, indicating 

that As, Pb, and Cd are easy to be absorbed by the soil in the process of rainfall leaching. 

3.3. Analysis of risk assessment results 

3.3.1. Results analysis of the index of geo-accumulation 

In order to better evaluate the degree of soil pollution in mining area caused by mining 

activities such as “mining, selecting, and smelting” (Mo et al. 2013), soil background value in 

Hunan province was taken as the reference value (Bn) in this study, and background values 

of Sb, As, Pb, and Cd are 2.98 mg kg 1, 14mg  kg 1, 27mg  kg 1, and 0.079 mg kg 1 

, respectively (Pan 1988). According to Eq. (1), the ground accumulation indexes of soil 

samples of different regions and different land use methods were calculated as shown in 

Figure 3. 

As can be seen from Figure 3A, the ground accumulation index (Igeo) of Sb in smelting 

area, road nearby ore, mining area, and ore tailing area were 10.72, 9.14, 9.11, and 9.25, 

respectively; all greater than 5 and all reached the serious pollution degree, which was 

consistent with the previous research results (Mo et al. 2013). Igeo of As in the soil samples 

of the four regions were all less than 1, indicating that As in the soil was mildly polluted and 

there were little differences between regions. This was different from the research results of 

Mo et al. (2013) and Zhou et al. (2017) and may be related to the different selection of 

sampling points. Igeo of Pb in soil samples of the four regions were 0.82, 2.08, 2.67, and 

1.33 respectively, and the Pb pollution in smelting area, road nearby ore, mining area, and 

ore tailing area were mild, moderate, moderate, and partial pollution, respectively; according 

to the sampling point, topography, and direction, it can be inferred that Pb in the soil is 

mainly derived from the smoke and dust emitted from the chimney of lead-zinc smelting 

plant, and the migration distance of Pb is relatively close (Okkenhaug et al. 2011; Mo et al. 

2013). Igeo of Cd in soil samples of four regions were between 5 and 7, indicating that Cd 

pollution in soil was extremely serious, which was not noticed by relevant researchers (He et 

al. 2002; Okkenhaug et al. 2011; Mo et al. 2013), and it can be seen that the pollution 

caused by Cd requires special attention. In general, the heavy metals and metalloids in 

smelting area, road nearby ore, mining area, and ore tailing area are Sb>Cd>Pb>As 

successively from heavy pollution to clean state, and compound pollution of heavy metals 

and metalloids is very serious.  

It can be seen from Figure 3B that Igeo of Sb and Cd in soil samples of different land use 

methods were 8.28 10.99 and 5.26 7.05 respectively, and Sb and Cd in soil of all land use 

methods were seriously polluted; the maximum and minimum values of Igeo of Sb were the 



residue-field and grassland, respectively; the maximum and minimum values of Igeo of Cd 

were the sediment and grassland, respectively. Compared with Sb and Cd, Igeo of As and 

Pb in soil samples of different land use methods were much lower. The ground accumulation 

index series of As in wasteland, vegetable-land, and forestland were all 0; The ground 

accumulation index series of As in residue-field and sediment were 1 and 2, belonging to 

mild and moderate pollution, respectively. Igeo of Pb in sediment and forestland were all 3, 

belonging to moderate pollution, and the rest were lower than moderate pollution, which is 

related to the fact that the sampling points of sediment and forestland are close to the lead-

zinc mine smelting plant (closed) belonging to south mine. The calculation of ground 

accumulation index of different land use methods showed that heavy metal pollution of 

residue-field and sediment was serious; heavy metal pollution in soil of grassland, forestland, 

and vegetable-land was relatively light, which may be related to the enrichment and transfer 

of antimony by plants (Zeng et al. 2015), but it needs to be further proved. 

3.3.2. Results analysis of the potential ecological risk index 

The toxicity coefficients (Tr) of Sb, As, Pb, and Cd were 10, 10, 5, and 40, respectively (Xu 

et al. 2008); the background values of Sb, As, Pb, and Cd were 2.98 mg kg 1, 14 

mg kg 1, 27mg  kg 1, and 0.079 mg kg 1, respectively (Pan 1988); according to Eq. 

(2), the potential ecological risk index of soil samples of different regions and land use 

methods can be calculated, and the results were shown in Figure 4. It can be seen from 

Figure 4A that the potential ecological risk indexes of Sb in soil samples in the four regions 

were 35,383, 10,648, 9681, and 12,100, respectively, more higher than 320, indicating that 

the pollution of Sb in soil in antimony mine area was extremely serious and the ecological 

hazard was extremely strong; second, the potential ecological risk index of smelting area 

was the highest, which further indicated that the impact of antimony ore smelting on soil 

pollution was greater than that of mining and transportation of mineral products (Okkenhaug 

et al. 2011; Mo et al. 2013); the potential ecological risk indexes of Sb in road nearby ore, 

mining area, and ore tailing area were close, indicating that the potential ecological risk to 

environment of various activities such as antimony mining, ore selecting, transportation of 

mineral products, and ore stacking were close. The potential ecological risk indexes of As in 

soil samples in the four regions were small and the ecological hazard was slight, but the 

potential ecological risk indexes of As in the soil at No.18 and No.22 sampling points were 

relatively high, indicating that the ecological hazard of As in river sediment were high and 

needed attention. The potential ecological risk indexes of Pb in soil samples of various 

regions were 194.85, 618.06, 702.88, and 209.56, respectively, and the potential ecological 

risk indexes of Pb in smelting area and ore tailing area were between 160 and 320, which 

had strong ecological hazards, and the potential ecological risk indexes of Pb in road nearby 

ore and mining area were all greater than 320, which had strong ecological risk. The 

potential ecological risk indexes of Cd in soil samples in each region were 8381, 26,682, 

21,000, and 19,089, respectively, indicating that pollution of Cd in the study area was 

extremely serious and the ecological hazard was extremely severe. The maximum value of 

total potential ecological risk indexes of heavy metals in each region were 53,888, 37,416, 

29,376, and 33,080, respectively, indicating that antimony ore smelting had the greatest 

harm to the soil environment, and there was no significant difference in the harm caused to 

the soil environment by activities such as antimony ore mining, ore selecting, transportation 

of mineral products, and ore stacking. The potential ecological risk hazards of heavy metals 

and metalloids in smelting area were Sb>Cd>Pb>As, and Sb had the most serious pollution, 



with the contribution rate reaching 66%, and it was the main pollution factor; the potential 

ecological risk hazards of heavy metals and metalloids of road nearby ore, mining area, and 

ore tailing area were Cd>Sb>Pb>As, and Cd pollution was the most serious, with the 

contribution rate reaching 57–71%, which was the main pollution factor. 

By Figure 4B, the potential ecological risk indexes of samples in wasteland, residuefield, 

vegetable-field, grassland, forestland, drainage ditch near the highway and river sediment 

were more higher than 320, and it showed that Sb in soil of different land use methods had 

strong ecological hazards, and its ecological hazards were residuefield> 

wasteland>forestland>sediment>vegetable-field>grassland. The potential ecological risk 

indexes of As in soil of different land use methods were relatively small, but the sediment 

had reached a moderate ecological hazard, indicating that the sediment had a strong 

adsorptive property to As. The potential ecological risk indexes of Pb of wasteland, residue-

field, vegetable-field, and grassland were all between 160 and 320, which had strong 

ecological hazards; the potential ecological risk indexes of Pb in soil of forestland and 

sediment were more than 320, which had an extremely strong ecological hazard. The 

potential ecological risk indexes of Cd in soil samples of various land use methods were far 

more than 320, all of which had extremely strong ecological hazards, and its ecological 

hazards were sediment>forestland>vegetablefield> residue-field>wasteland>grassland in 

turn. The total ecological hazards of heavy metals in soil samples of different land use 

methods were residuefield> sediment>wasteland>forestland>vegetable-field>grassland in 

turn; the potential ecological hazards of heavy metals and metalloids in soil samples of 

wasteland, residue-field, and forestland were Sb>Cd>Pb>As in turn, with the contribution 

rate of Sb reaching 50 75%, and Sb was the main pollution factor; the potential ecological 

hazards of heavy metals and metalloids in soil samples of vegetable-field, grassland, and 

sediment were Cd>Sb>Pb>As, and the contribution rate of Cd reached 52 74%, and it was 

the main pollution factor. 

3.3.3. Comparison of two evaluation methods 

Both the two evaluation methods showed that heavy metals and metalloids in smelting area, 

road nearby ore, mining area, and ore tailing area were all seriously polluted, which had 

strong ecological risk, but the contribution rate of each heavy metal pollution was different. 

According to the result of the index geo-accumulation, the degree of heavy metal pollution in 

each region were Sb>Cd>Pb>As in turn, and Sb was the main pollution factor. However, 

according to the potential ecological risk index, the potential ecological hazards of heavy 

metals and metalloids in the areas of road nearby ore, mining area, and ore tailing area were 

Cd>Sb>Pb>As, and Cd was the main pollution factor. The same situation existed in the 

evaluation results in soil samples of vegetable-field, grassland, and sediment. This was 

mainly related to parameter selection of two evaluation methods, but both evaluation 

methods showed that Sb and Cd were the most important pollution factors. 

4. Discussion 

4.1. Influence of mining activities on the pollution of heavy metals in soil 

In order to compare and analyze the influence of antimony smelting on the pollution of heavy 

metals in soil, we summarized the measurement values of antimony content in soil in 

smelting area of Xikuangshan by relevant researchers since 2002, and the results were 



shown in Table 5. It can be seen from Table 5 that the content of Sb in the soil near north 

smelting plant increased year by year, and it increased from 5045 mg kg 1 in 2002 (He et 

al. 2002) to 8733.26 mg kg 1 in 2013 (Mo et al. 2013), and it even reached 10,544.16 

mg kg 1 in 2018, while it was only 3070.69 mg kg 1 in the soil near south smelting plant 

which was closed in 2014. This indicated that antimony smelting was the main source of 

antimony pollution in the nearby soil, which was consistent with the conclusion of Mo et al. 

(2013) that smoke and dust discharged from antimony ore area were the main source of 

pollution. 

According to the analysis results in Table 5 and Section 3.2, mining activities such as 

smelting, mineral transportation, mining, waste ore, and tailing stacking will make the 

contents of heavy metals in soil of antimony ore area in Xikuangshan have significant 

characteristics of region, and the pollution in the smelting process of antimony ore in soil is 

greater than that of mining, mineral transportation, waste ore and tailing stacking, and other 

mining activities. Therefore, the pollution control of antimony smelting is the primary object of 

the prevention and control of heavy metal pollution in antimony ore area, moreover, the 

pollution and ecological risk brought by mining activities such as mineral transportation, 

mining, and tailing stacking to the soil in antimony ore area cannot be ignored. 

4.2. Effects of land use methods on heavy metal pollution and ecological risk in soil 

In view of the serious heavy metal pollution in antimony ore area in Xikuangshan, the local 

government began ecological restoration of some contaminated soil in 2012 (Zeng et al. 

2013), including ecological grassland, forest, and other restoration measures. In order to 

evaluate the ecological effect of ecological restoration on the treatment of heavy metal 

pollution, we summarized the contents of Sb, pollution degree, and total potential ecological 

risk of some sampling points in soil before and after ecological restoration, and the results 

were shown in Table 6. It can be seen from Table 6 that the measures such as grassland 

and forestland ecological restoration and planting vegetables can reduce the content of Sb 

and other heavy metals in soil, and the reason may be related to the long-term accumulation 

and transfer of antimony by vegetable and ecological sod, which indicated that grassland 

ecological restoration such as Dicranopteris dichotoma and Cynodon dactylon and 

forestland ecological restoration included Cinnamomum camphora and Melia azedarach 

Linn were effective methods to control antimony pollution in soil. Moreover, plant ecological 

restoration can protect soil and water and will not destroy the ecological environment in mine 

area, and this method is low cost and easy to operate, so it is worth popularizing. However, it 

is a problem to be solved how to remove or recycle the heavy metals in the over-

accumulated plants. 

5. Conclusions 

1. The average contents of Sb, As, Pb, and Cd in soil samples investigated in antimony mine 

area in Xikuangshan, Hunan, were 4368.222, 40.722, 248.013, and 40.941 mg kg 1 

respectively, which were 1466, 14, 9, and 518 times of the background values of these 

heavy metals and metalloids in Hunan province. It can be seen that the long-term mining 

and smelting activities of antimony mine have caused compound pollution of heavy metals 

mainly Sb and Cd in the local soil, and the environmental risk is very high. 



2. The contents of Sb, As, Pb, and Cd in soil samples in smelting area, road nearby ore, 

mining area, and ore tailing area have significant regional characteristics, and the heavy 

metals and metalloids mainly come from the smoke and dust discharged from the chimney 

of smelting plant, the dust produced by the transportation of antimony ore and slag, surface 

erosion, and the migration of underground runoff.  

3. The contents of Sb in soil samples of residue-field, wasteland, forest-land, sediment, 

ecological restoration grassland, and vegetable-field are significantly different, among which 

the contents of ecological restoration grassland and vegetable field are relatively low; 

therefore, the method of plants ecological restoration is an effective method to control 

antimony pollution in soil. 

4. Both the results of the index of geo-accumulation and the potential ecological risk index 

showed that these heavy metals and metalloids in smelting area, road nearby ore, mining 

area, and ore tailing area were all seriously polluted and had strong ecological risk, and Sb 

and Cd were the main pollution factors, while Pb and As were the secondary factors. 
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Table 1. Description of sampling points 

Sample 

number 
East longitude North latitude 

Altitude 

(m) 
Land use method Zone Description of sampling points 

1 27°46’32.87" 111°29’ 39.91" 572 Wasteland Smelting area Roadside soil at north smelting plant 

2 27°46’32.85" 111°29’ 39.91" 572 Residue-field Smelting area Smelting slag near north smelting plant 

3 27°46’32.83" 111°29’39.67" 597 Vegetable-field Smelting area Vegetable-field near north smelting plant 

4 27°46’32.82" 111°29’39.67" 597 Wasteland Smelting area Wasteland near north smelting plant 

5 27°46’27.77" 111°29’ 27.16" 635 Wasteland Road nearby ore  Wasteland along the highway 

6 27°46’27.45" 111°29’ 27.16" 632 Vegetable-field Road nearby ore  Vegetable-field along the highway 

7 27°46’25.46" 111°29’27.47" 611 Black grassland Road nearby ore  Wasteland along the highway 

8 27°46’25.46" 111°29’27.47" 612 Loess grassland Road nearby ore  Grassland along the highway 

9 27°46’20.51" 111°29’25.70" 597 Loess grassland Road nearby ore  
Greenbelt, forestland（Ecological 

restoration site） 

10 27°45’50.03" 111°29’ 11.65" 548 Loess forestland Road nearby ore  
Greenbelt, forestland（Ecological 

restoration site） 

11 27°45’41.56" 111°29’09.35" 502 Black vegetable-field Road nearby ore  
Vegetable-field along the high in 

Yanshan antimony ore 

12 27°45’41.58" 111°29’09.04" 501 Sediment Road nearby ore  
Roadside drain sludge in Yanshan 

antimony ore 

13 27°45’08.65" 111°28’41.75" 494 Sediment Road nearby ore  
Nearby smelting plant of  lead-zinc mine 

(closed) 

14 27°45’21.02" 111°28’ 58.21" 475 Sediment Road nearby ore  Drain sludge along the highway 

15 27°44’56.05" 111°28’ 27.42" 325 Loess vegetable-field Mining area Vegetable-field near stock dump 

16 27°44’56.57" 111°28’ 26.21" 323 Loess forestland Mining area Wasteland near stock dump 

17 27°44’49.14" 111°28’28.78" 275 Wasteland Mining area 
Downstream soil of municipal solid 

waste landfill 

18 27°44’50.15" 111°28’29.00" 275 Sediment Mining area 
Downstream soil of new mining waste 

ore yard 

19 27°44’55.15" 111°28’30.18" 300 Sediment Mining area Downstream sediment of old ore yard 

20 27°44’34.96" 111°28’27.95" 269 Sediment Ore tailing area Downstream drain sludge of old ore yard 

21 27°44’33.89" 111°28’28.78" 261 Residue-field Ore tailing area Sediment pond sludge of sewage plant  

22 27°44’33.88" 111°28’28.70" 260 Sediment Ore tailing area 
River sediment downstream 100m  of 

sewage plant 

23 27°44’33.88" 111°28’28.70" 233 Sediment Ore tailing area 
River sediment downstream 300m  of 

sewage plant 

24 27°44’38.44" 111°27’ 45.79" 298 Residue-field Ore tailing area 
Waste residue at the entrance of tailings 

dam 

25 27°44’12.13" 111°27’52.14" 211 Sediment Ore tailing area 
River sediment downstream 800m  of 

sewage plant 

26 27°44’15.43" 111°27’47.55" 234 Black vegetable-field Ore tailing area 

Vegetable-field at the junction of 

drainage ditch of tailing dam and 

Zhonglianxiang stream 

 

  



 

Table 2. Igeo categories used to classify degree of pollution of samples.  

Igeo ≤0 0~1 1~2 2~3 3~4 4~5 >5 

Classification 0 1 2 3 4 5 6 
pollution degree Clean Light 

pollution 
 partial 

pollution 
Moderate 
pollution 

Heavy 
pollution 

High levels of 
pollution 

Serious 
pollution 

 
  



Table 4. The properties and contents of Sb, As, Pb and Cd in samples from the study with data from 

studies in the same region and from antimony mines world wide. 

Partition/Land use 

method 
pH 

Organic matter content

（g·kg
-1） 

Sb（mg·kg
-1） As（mg·kg

-1） Pb（mg·kg
-1） Cd（mg·kg

-1） 

Smelting area 
7.12±2.48

（4.22~10.26）  

46.17±30.49

（4.04~77.00）  
10,544.16±9591.97 
(2137.25~24345.63)  

11.95±10.34

（3.47~26.65）  

105.22±80.26

（13.60~197.70）  

16.55±2.68

（14.05~19.96）  

Road nearby ore 
7.18±0.81

（6.14~8.58）  

93.69±42.50

（34.72~146.72）  

3173.11±2224.05

（971.50~7195.00）  

34.51±19.18

（12.30~75.96）  

333.75±426.27

（31.04~1348.66）  

52.70±58.73

（12.14~187.79）  

Mining area 
7.22±0.51

（6.54~7.74）  

78.05±38.32

（48.80~144.74）  
2884.91±1870.45 

(1076.88~5983.50)  

47.10±44.00

（5.84~119.75）  

379.56±346.18

（53.64~953.07）  

41.48±13.03

（22.08~57.68）  

Ore tailing area 
7.64±1.06

（6.88~8.25）  

43.40±45.20

（12.40~134.40）  

3605.93±2767.81

（971.50~8705.00）  

61.49±53.59

（3.10~162.97）  

113.16±56.56

（53.64~202.49）  

37.70±13.78

（8.94~52.38）  

Wasteland 
7.40±2.61

（4.22~10.26）  

87.31±62.31

（4.04~144.74）  
6264.66±2765.87 

(7195.00~8241.00)  

20.56±14.09

（6.27~36.32）  

148.37±167.14

（13.60~390.62）  

25.33±15.23

（14.05~46.72）  

Residue-field 
7.58±0.39

（7.25~8.01）  

29.72±19.98

（14.12~52.24）  
12201.13±10828.35 
(3552.75~24345.63)  

35.29±27.71

（12.94~66.29）  

140.23±53.19

（92.72~197.70）  

26.24±23.03

（8.94~52.38）  

Vegetable-field 
7.51±0.69

（6.75~8.25）  

85.80±46.70

（34.72~134.96）  
1940.95±694.84 

(1076.88~2726.75)  

23.71±30.26

（3.10~75.96）  

115.56±44.28

（53.64~171.08）  

26.95±6.66

（19.96~36.06）  

Grassland 
6.41±0.25

（6.14~6.64）  

83.59±55.38

（43.20~146.72）  
1452.92±545.03 

(1023.25~2066.00)  

35.34±14.42

（21.18~50.00）  

60.22±39.36

（31.04~104.98）  

18.26±7.99

（12.14~27.31）  

Forestland 
7.81±0.09

（7.74~7.87）  

62.42±1.48

（61.37~63.46）  
4362.94±2291.82 

(2742.38~5983.50)  

9.07±4.57

（5.84~12.30）  

200.71±33.14

（177.28~224.14）  

28.39±13.75

（18.66~38.11）  

Sediment 
7.24±0.46

（6.64~8.00）  

63.63±43.91

（12.40~145.36）  

3235.82±2007.34

（971.50~6191.75）  

69.77±45.34

（29.43~162.97）  

474.93±458.89

（53.64~1348.66）  

70.90±52.35

（40.10~187.79）  

 

  



Table 5. Comparison of Sb content, pollution degree and total potential ecological risk in soil near 

smelting area 

Description of 

sampling point 

Sampling 

time 

Concentration of 

Sb (mg·kg
-1

) 

Index of geo-

accumulation 

Index of total potential 

ecological risk 

Remarks 

column 

S-6 [9] In 2002 5045 10.14 16929.53 

The soil near 

north smelting 

plant 

S4 [14] In 2011 7487 10.71 25124.26 

The soil near 

north smelting 

plant 

F [13] In 2013 8733.26 10.93 29440.47 

The soil near 

north smelting 

plant 

The mean value 

of sampling point 

No.1-No.4 

In 2018 10544.16 11.20 53888.51 

The soil near 

north smelting 

plant 

The mean value 

of sampling point 

No.13-No.19 

In 2018 3070.69 9.10 49974.31 

The soil near 

south smelting 

plant (Closed 

in 2014) 

 

  



Table 6. Comparison of Sb content, pollution degree and total potential ecological risk in soil before 

and after ecological restoration 

Sample 

number 

Concentration of 

Sb (mg·kg
-1

) 
Index of geo-accumulation 

Index of total potential 

ecological risk 
Remarks column 

6 2392.63 9.06 20927.70 Wasteland along the highway 

7 2066.00 8.85 20813.35 

Grassland of ecological 

restoration (Dcranopteris 

dichotoma,Cynodon dactylon ) 

8 1269.50 8.15 12062.85 Wasteland along the highway 

9 1023.25 7.84 9601.43 

Grassland of ecological 

restoration (Dcranopteris 

dichotoma,Cynodon dactylon ) 

C [9] 2803.83 9.29 31888.00 
Wasteland, near sampling 

points of No.10 and No.11 

10 2742.38 9.26 18700.99 

Forestland of ecological 

restoration (Cinnamomun 

camphcra, Melia azedarach 

Linn) 

11 2726.75 6.12 25036.22 
Vegetable-field along the 

highway (vegetable) 

16 3983.50 6.40 39412.06 Wasteland near ore yard 

17 2169.90 6.70 23988.54 

Forestland of ecological 

restoration (Cinnamomun 

camphcra, Melia azedarach 

Linn) 

 

  



Fig.1. Location of the sampling sites in the study area 

  



 

Fig.2. Distribution of PTES in samples from different geographical regions (A) and land uses (B) 
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Fig.3. A summary of the Igeo results by different regions (A) and land use (B) 
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Fig.4. Potential Ecological Risk Index (PERI) for PTEs in samples from different geographical regions 

(A) and land uses (B) 
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