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A B S T R A C T   

Few studies have addressed the contamination of surface soils around antimony tailings ponds, and studying the 
contamination levels and sources of potentially toxic elements (PTEs) in soils around antimony tailings ponds 
and assessing the associated environmental risks are key steps in conducting environmental protection. There
fore, this study is the first to investigate the current status, spatial distribution, potential sources and ecological 
risks of Pb, Sb, Cr, Zn, Cd, As and Cu contamination in surface soils in woodlands, grasslands, farmlands and 
construction areas around the Longwangchi antimony tailings pond in Hunan, China. According to the analytic 
results of soil samples, the order of PTEs in terms of average concentration is: Sb > Zn > Cu > Pb > As > Cr > Cd. 
The cumulative index of land was applied to define Sb and Cd as extremely heavy pollution, and PLI divides the 
overall pollution level of soil into serious pollution levels. The ecological risk index was used to evaluate the risk 
characteristics of PTEs. The results showed that the ecological risk of Sb was particularly prominent, and 95% of 
the study area had reached a very high risk level. A quantitative comparison of ecological risk levels between 
different land uses revealed that there was a clear dividing line between regions, with built-up areas contributing 
the most to higher ecological risk at 8.89%, followed by 1.72% for grassland, 1.15% for agricultural land, and 
0.57% for woodland. The visualization results of spatial distribution of PTEs exhibited that severe pollution 
occurred in the middle, north and southeast of the study area, and these distribution characteristics are mainly 
dictated by the polluted runoffs from tailings ponds and human activities. Principal component analysis (PCA) 
and positive matrix decomposition (PMF) were employed to identify the exact pollution sources, and the closer 
the determination coefficient (R2) of PMF was to 1, the finer the pollution sources analyzed. A total of six po
tential sources of PTEs were analyzed by PMF: 36% of tailings pond contamination and mining operations, 8% 
atmospheric deposition, 19% traffic emissions, 9% combustion emissions, 11% natural sources, and 17% inputs 
related to agricultural production. This study is a complement to the study of environmental pollution around 
antimony tailing ponds, providing evaluation criteria for the pollution identification indicators of antimony 
tailing ponds.   

1. Introduction 

Antimony tailings ponding is an important derivative of antimony 
ore smelting, and a major contributor to the recovery of the large 
quantity of slag generated during the mining of antimony deposits (Chen 
et al., 2022). Sb and its related metals (Pb, Cd, etc.) in antimony tailings 
cause the concentration of PTEs in the tailings pond to rise to toxic 
levels, making the tailings pond the central area that precipitates 
pollution to the mine site (Davila et al., 2020). Since tailings and fine 

mud sediments in antimony tailings ponds are long exposed to complex 
chemical kinetic responses through external environmental change, they 
contain toxic heavy metals that enter nearby rivers and soils via 
groundwater seepage or surface runoffs (Kan et al., 2021), and the heavy 
metals that are lost enter the human body through soil, water and food 
chain transmission, posing a threat to health (Li et al., 2019). The 
pollution problems associated with tailings ponds have raised serious 
apprehension about the adverse impacts on the ecology, biodiversity 
and safety of the environment surrounding the ponds (Peša, 2021), and 
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have emerged as a critical issue of great concern and pressing need in 
environmental science. 

In the survey of some tailing ponds, it is found that the concentration 
of heavy metal pollution is nearly 1000 times as high as the background 
value, presenting a grave threat to the local environment and ecology 
(Luo et al., 2021). Therefore, it is imperative for domestic and foreign 
scholars to evaluate the environmental pollution around the tailings 
pond (Liu et al., 2022). In terms of spatial distribution, in recent years, 
the assessment of soil pollution around tailings ponds via the 
geographical information system has attracted abundant attention (Xia 
et al., 2019, Xiang et al., 2019). Some scholars have analyzed the soil 
pollution brought about by Cu, U, Pb and Zn tailings ponds in Iranian 
and northwestern China through ordinary Kriging (OK) spatial inter
polation method and inverse distance weight method (IDW), with an 
emphasis on the areas adjacent to the tailings basins. The results 
demonstrated that the pollution concentration often declined with 
tailings ponds as the center of dissemination: the closer the tailings 
pond, the deeper the degree of soil contamination, and the concentration 
of PTEs fell as the soil depth rose, which indicated that the pollution of 
topsoil by tailings ponds was much higher than that of deep soil (Chen 
et al., 2018, Khamseh et al., 2017, Yong et al., 2021). 

Principal Component Analysis (PCA), Positive Matrix Factorization 
(PMF) and Hierarchical Cluster Analysis (HCA) have been extensively 
used in source analysis (Egbueri, 2020a, Nakagawa et al., 2020). For 
example, Wang and Hao et al. looked into PTEs sources in the envi
ronment surrounding several tailings ponds in Hubei and Guangdong, 
China, by means of PCA, HCA, and PMF, respectively, and found tailings 
ponds to be the primary cause of heavy metal contamination and that 
other sources were associated with tailings ponds and their relevant 
activities (Hao et al., 2022, Wang et al., 2022). Xiao et al. applied ab
solute Principal Component-Multiple Linear Analysis (APCS-MLR) to 
analyze the sources of heavy metals in soils around typical copper tail
ings ponds, and the authors concluded that tailings release was the main 
source of heavy metals in soils.(Xiao et al., 2022). Zhang et al. used PCA 
to identify the sources of potentially toxic elements in the soil around a 
gold tailing pond in China and found that the contamination mainly 
originated from the tailing pond, with some influence from agricultural 
activities (Zhang et al., 2021). The analysis of pollution sources around 
tailings pond is not limited to soil, Khademi et al., for instance, gleaned 
atmospheric dust from the environment surrounding tailings ponds in 
the southeastern Iberian Peninsula via dust collectors and dissected the 
sources of the PTE in it, with the conclusion that long-term exposed 
tailings surfaces and surface soils in the adjacent areas to tailings ponds 
were the major sources of PTE in the dust (Khademi et al., 2018). These 
results showed that the tailings ponds were not only the central pollu
tion site but also a secondary source of potential damage to the sur
rounding environment. 

When it comes to ecological risks, an increasing number of re
searchers are giving prominence to the risk of hazards posed by tailings 
ponds to their surrounding environment (Yin, 2023). The research of 
Mara et al. affords new directions for ecological risk assessment meth
odologies with regard to tailings ponds in Romanian counties through a 
generic approach for the identification of risks and the quantification of 
potential environmental impacts (Mara et al., 2007). The ecological risk 
index was adopted by Young and Zhang et al. to gauge the risk level of 
the soil environment around a gold and iron tailings pond in China, 
illustrating that the tailings pond constituted a high degree of ecological 
risk to the adjacent soil environment, since over half of the research area 
was characterized by a rather high risk score, while areas distant from 
the tailings pond displayed relatively little risk (Young et al., 2021, 
Zhang et al., 2021). Pollution resulting from tailings ponds is a primary 
factor in the high risks of the surrounding environment. 

Multiple studies have shown that tailings ponds are causing 
increasing pollution to the surrounding soil environment, with greater 
contamination to surface soil than deep soil. To date, however, much 
research has been focused on managing environmental pollution in the 

surrounding environment of copper, iron, uranium and other tailings 
ponds. There’s a lack of studies on the current status of topsoil 
contamination around antimony tailing ponds, with deficiencies still 
present in analyzing the physicochemical properties of PTEs in topsoil 
around antimony slag ponds and in assessing potential environmental 
risks, which can give rise to the spread of pollution over a larger area, 
thus bringing a range of negative impacts to the surrounding soils and 
ecosystems (Dusengemungu et al., 2022). 

Xikuangshan in Lengshuijiang City, the world’s largest antimony 
mine, is divided into the North Mine and South Mine, covering an area of 
about 70 km2(Wu et al., 2011). The Longwangchi tailings pond is 
located in the northern part of the mine. To date, many studies have 
been conducted with respect to the area, such as contamination surveys 
of antimony mine soils, tailings, groundwater, aquatic plants and sur
rounding crops (Fu et al., 2010, He, 2007, Li et al., 2014, Qi et al., 2011). 
However, a probe into the pollution and hazards of antimony tailings 
ponds has not yet been launched. Efforts in this regard are vital because 
they involves aspects such as environmental safety and ecological risk to 
the soil around the antimony tailings ponds. Therefore, this study aims 
to expound and supplement the research on environmental pollution 
around antimony tailing ponds and provide effective suggestions for the 
environmental management of antimony tailing ponds in the future. The 
objectives of the present study are: (1) To investigate the levels and 
spatial distribution of 7 heavy metals (Cu, Zn, Sb, Cd, Pb, Cr, As) in 
topsoil surrounding tailings reservoirs. (2) To compare the accuracy of 
PCA and PMF statistical analysis methods and quantify the contribution 
of pollution sources to obtain accurate pollution sources; (3) To identify 
the potential ecological risk to the local area caused by soil contami
nation around the tailings ponds. 

2. Research area and materials 

2.1. Research area 

The Longwangchi tailings pond is located in Lengshuijiang City, 
Hunan Province, China, and hailed as “the Antimony Capital of the 
World”, as shown in Fig. 1. Its coordinates are 27◦44′39 “N and 
111◦27′30 ”E. Lengshuijiang pertains to a typical humid-hot monsoon 
subtropical climate zone, with warm summers and dry winters and 
distinct seasonal characteristics. The rainy season occurs mostly be
tween April and June, with an average of 162.6 days of rainfall per year 
and an average annual rainfall of 1,159 mm. The average annual tem
perature is 18 ◦C, annual humidity 78%, the maximum temperature 
40 ◦C and the minimum temperature − 4 ◦C. There’s a residential area 
and a high school in the east of the area, and several antimony smelting 
and processing enterprises in the central part, with County Road Z003 
running through the southeastern section of the study area. 

The site belongs to a tectonically denuded low hilly valley, and its 
original topography is undulating, with a steep terrain, mostly on hill
sides. The Longwangchi tailings pond is situated in a valley between 
woodland and grassland, surrounded by original vegetation such as pine 
trees, and the dam is a permeable rockfill dam with a low topography. 
Over the years, due to the lack of environmental planning and envi
ronmental management, the tailings generated from mining, the aban
doned heavy metal-containing slag and the slag of antimony-related 
enterprises are piled up haphazardly without any protective measures 
taken, and, as a result, a large number of harmful elements leach out 
during the rainy season, bringing about severe pollution to the envi
ronment around the pond. 

2.2. Sample collection & analysis 

A total of 349 topsoil samples were collected in the research area 
during the dry season in September 2021 and divided into four areas 
based on land uses: forest sampling site (82), grassland sampling site 
(67), farmland sampling site (72), and construction area sampling site 
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(128) (see Fig. 1). The forest zone is mostly upland around the tailings 
pond, dominated by large numbers of plants and trees, and may not be 
affected by overland flows and atmospheric deposition. The agricultural 
area is primarily low-lying land, downstream of the tailings pond dam 
with a gentle slope, commonly subject to surface runoffs and farming 
activities. The grassland is mostly a high-elevation area near the tailings 
pond, principally influenced by agricultural activities and atmospheric 
deposition. The construction site is mainly a gently sloping field near the 
downstream end of the tailings pond dam, where antimony mining and 
smelting operations are highly concentrated, and are susceptible to 
surface runoffs, human activities as well as mining operations. The 
sampling followed the Technical Guidelines for Site Environmental 
Investigation (HJ25.1-2014) and the Technical Specification for Land 
Environment Monitoring (HJ/T166-2004), with the sampling depth 
being 0 to 50 cm of surface soil, using the grid-distribution method. Both 
manual and mechanical sampling were adopted, each consisting of 5 
sub-samples taken from the center and four corners of the 100 m × 100 
m region. The 1 kg of soil from each sampling site was numbered and 
brought to the laboratory in polyethylene sealed bags. The coordinates 
of the central sample from each location were measured using GPS. After 
removing foreign matter from the above soil samples, the large soil 
blocks were crushed and spread into a thin layer about 2 cm thick on a 
wooden plate for air drying. Then the ground samples were passed 
through a 100-mesh nylon screen, and the screened samples were all 
placed in polyethylene film (60 cm × 60 cm) for full mixing and even 
mixing. The processed samples were divided into two parts, one stored 
in the laboratory warehouse, the other for analysis. Accurately weigh 
0.5 g of the soil sample in a polytetrafluoroethylene crucible, moisten it 

with a small amount of water and add 10 ml concentrated hydrochloric 
acid. Put the crucible on an electric heating plate and heat it at a low 
temperature. When it evaporates to about 5 ml remaining, add 15 ml 
concentrated nitric acid and continue heating until the solution is nearly 
viscous. Rinse the inner wall and the crucible cover with water, and 
dissolve the residue in warm heat. After cooling, the volume is fixed to 
100 ml. For each sample, 10% parallel sample determination, full pro
cedure blank testing and spike recovery determination were performed 
to ensure the quality and control standards of chemical analysis. The 
PTEs in the samples were leached out by horizontal shaking method and 
Cu, Zn, Cd, Pb, and Cr were determined by flame atomic absorption 
spectrometry (Wen et al., 2018), Sb and As were analyzed for concen
tration using graphite furnace atomic absorption spectrometry (Ren 
et al., 2015). 

3. Analysis and evaluation methods 

3.1. Statistical analysis 

A matrix analysis of the Pearson correlation coefficient was per
formed on 7 types of PTEs from 349 samples using the SPSS package 
version 26.0 (IBM, SPSS Statistics, Chicago, IL, USA). The Pearson cor
relation coefficient is typically used to quantitatively assess the corre
lation between variables, thereby providing a valid basis for interpreting 
a variety of environmental factors (Zhao et al., 2022). 

The contribution of PTEs from surface soil around the tailings 
reservoir was analyzed and compared via Positive Coefficient Matrix 
and Principal Component Analysis. PCA can efficiently identify and 

Fig. 1. Geographical location of the research area and distribution of sampling points.  
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detect PTE pollution sources in the environment. The main idea of PCA 
is dimensionality reduction, which allows large-scale datasets to be 
visualized (Chettri et al., 2022). PMF, as a receptor model for quanti
tative identification of key contaminants by analyzing the profile of 
sample data (Cheng et al., 2020), PMF improves the accuracy of source 
resolution by assigning an uncertainty to each valid data point (Xia 
et al., 2020). When the number of source factors obtained from PCA and 
PMF analysis is not uniform. To compare the accuracy of the two allo
cation methods, the coefficient of determination (R2) was employed, and 
the closer R2 was to 1 and the number of sources was appropriate, the 
greater the reliability of the method. 

Previous studies have shown that most of the soils in the tin mining 
areas of Lengshuijiang City are contaminated from point sources (Xie 
and Ren, 2022). Considering the local concentration distribution of PTEs 
in soil, IDW was selected for geospatial analysis. The reason for this is 
that, in contrast to other interpolation methods, IDW can handle outliers 
(outliers) in the data set and predict the values of unknown regions in an 
integrated manner (Goix et al., 2013). PTEs were distributed spatially in 
Arcgis 10.8 software (ESRI, Redlands, California, USA). 

3.2. Evaluation methodology 

3.2.1. Geo-accumulation Indexes 
Geo-accumulation Indexes (Igeo), serves as a means of assessing the 

level of accumulation of PTEs in sediments or other materials, taking 
into account the effect of differences between current and background 
concentrations(Jiang et al., 2020). In this study, equation (1) was 
employed to compute. 

Igeo = log2(Ci/1.5Bi) (1) 

Where Ci is the content of element i and Bi is the environmental 
background value. In this paper, the environmental background value of 
Hunan Province in the Chinese Soil Elemental Background Value was 
chosen as the standard value. The constant 1.5 is often adopted as a 
factor and is intended to reflect the natural fluctuations of the back
ground values (Egbueri et al., 2020). For example, the soil accumulation 
index can be broken down into 7 contamination categories (Kormoker 
et al., 2019): When Igeo < 0: No Contamination; 0 < Igeo < 1: No to 
Moderate Contamination; 1 < Igeo < 2: Moderate Contamination; 2 <
Igeo < 3: Moderate to Severe contamination; 3 < Igeo < 4: Severe 
Contamination; 4 < Igeo < 5: Severe to Very Severe Contamination; Igeo 
> 5: Very Heavy Contamination. 

3.2.2. Enrichment factor (EF) 
The enrichment factor is often used in various studies as a marker to 

distinguish natural from anthropogenic trace elements and to reflect the 
degree of trace element contamination of the soil. In this study, equation 
(2) was employed to compute. 

EF = (Ci/CR)sample/(Ci/CR)background (2)  

(Ci/CR) sample was adopted to study the ratio of elemental to reference 
concentrations, and (Ci/CR) background used to study the ratio of 
geochemical background elemental concentrations to reference 
elemental values. The natural Al concentration tends to be homogenous, 
so Al was taken as the normalized element. EF was divided into 5 cat
egories of contamination, EF < 2: slight man-made contamination; 2 <
EF < 5: moderate man-made contamination; 5 < EF < 20: high man- 
made contamination; EF > 40: heavy man-made contamination 
(Sutherland 2000). If EF tends to 1, then there is no human influence, 
and the metal is likely to be of natural origin (Rashed 2010). 

3.2.3. Pollution load index (PLI) 
The PLI can reflect the overall contamination situation based on 

individual elements. The calculation formula is as follows: 

CFi = Ci/BVi (3)  

PLI = (CF1 × CF2 × • • • × CFn)
1/n (4)  

where CFi denotes the contamination indicator of element i, Ci is the 
concentration of the element, and BVi is the element’s background. CF 
≤ 1, 1–3, 3–6, >6 and PLI < 1, 1–2, 2–3, ≥3 are classified into four 
levels, indicating low, moderate, high, and severe pollution, 
respectively. 

3.2.4. Eco-Risk index 
Swedish academic Hakanson was the first to propose the potential 

ecological risk index. RI is often used to assess possible risk factors in the 
environment, such as soil, dust, sediment and water bodies (Egbueri and 
Enyigwe 2020). It is a simple and convenient method, with its compu
tational formula seen as follows. 

RI =
∑

Ei
n =

∑
Ti

n × Cn/Ci
n (5) 

Where Ei
n is the potential ecological risk index of element i. Cn is the 

amount of PTEs in the samples. Ci
n is the background value of PTEs in 

soils of Hunan province, and Ti
n is the toxicity response factor. In this 

paper, the toxicity response factors of Cu, Pb, Zn, Cd, Cr and As were 
defined as 5, 5, 1, 2, 30 and 10, respectively (Egbueri, 2020b), and 
considering the similar geochemical behavior of Sb and Pb, the toxicity 
response factor of Sb is also defined as 5 (Krachler et al., 2005). The 
following Table 2 shows the basic hazard index levels. 

4. Results 

4.1. Pollution characteristics 

The descriptive analysis of baseline PTE concentrations and param
eters in the surrounding farmlands, woodlands, grasslands, buildings 
and the study area as a whole within the Longwangchi tailings pond are 
presented in Table 3. Regarding the enrichment factor, the overall EF 
value of Cr in the research area was <1. The result demonstrates that Cr 
originates from the crust and natural weathering. All of the anthropo
genic effects of other heavy metals on pollution reached moderate (2 <
EF < 5) or higher levels. Copper in grasslands, built-up areas and As in 
grasslands had EF values >5, all of which were highly anthropogenic in 
nature. In all areas, Cd and Sb reached heavy levels of anthropogenic 
pollution (EF > 40). 

As far as the study area as a whole is concerned, the mean values of 
all PTEs concentrations except Cr were geometrically greater than the 
background concentrations, with a minimum of 3.25 times for As and a 
maximum of 205 times for Sb, signifying that some of the sampled soils 
were contaminated with Sb, As, Pb, Zn, Cd and Cu, with the chemical 
contamination of Sb being exceptionally conspicuous. In addition, the 
construction site was the most prominent area of contamination, where 
the average values of the concentrations of Zn, Cu, Sb, Pb reached the 
maximum. As the construction site, being the nearest to the downstream 

Table 1 
Pearson correlation coefficients of PTEs.   

Cr Cd Cu Zn Pb Sb As 

Cr 1       
Cd 0.165b 1      
Cu 0.146b 0.430b 1     
Zn 0.231b 0.386b 0.654b 1    
Pb 0.172b 0.374b 0.690b 0.831b 1   
Sb − 0.174b 0.103 0.203b 0.119a 0.297b 1  
As 0.151b 0.098 0.090 0.037 − 0.107 0.032 1 

Note: 
a indicates significant correlation at 0.01 level (2-tailed). 
b indicates significant correlation at 0.05 level (2-tailed). 
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of the permeable fill dam of the tailing pond, was severely affected by 
the surface runoffs from the pond, and several antimony mining and 
smelting enterprises were clustered in the area, most of the Zn, Sb, Cu, 
Pb were obtained. The largest concentrations of arsenic were found in 
the grasslands, where large amounts of arsenic have accumulated due to 
agricultural activities and atmospheric deposition. Since the mean 
values of chromium concentrations in the topsoil of different lands were 
less than the background values, it was confirmed that chromium 
contamination may come from natural factors. In addition, it is worth 
noting that the concentrations of Sb and Cd in all samples were higher 
than their background values, and the study area was severely 
contaminated by Sb and Cd, which was also consistent with the results of 
previous studies in this area (Qi et al., 2022). The contamination of Sb 
and Cd is a problem that needs to be reckoned in the study area. 

The coefficient of variation (CV) is often used as an indicator to 
determine the extent to which natural or external factors have a bearing 
on the content of each element in the soil. The weathering process of the 
soil parent material and the effects of human activities are highlighted 
by the effects of natural and external factors, respectively (Deng et al., 
2019). When CV ≤ 20% means low impact, 21%<CV ≤ 50% means 
medium impact, 51%<CV ≤ 100% means high impact, CV > 100% is 

determined to be abnormally high impact (Qing et al., 2015). In the 
overall environment of the research area, the CVs for Cd, Cu, Zn and Pb 
were >100%, exhibiting an unusually high impact, and the CV for As 
and Sb were 85%, indicating a high impact. The coefficient for variation 
of Cr was 42%, that is, a moderate impact, smaller than those for the 
other elements. The most severe soil contamination occurred in the 
construction area, in which the CVs of Cd, Cu, Zn and Pb were >100%, 
with this of Zn and Pb as high as 262% and 314%, respectively, and the 
CV of Sb in the buildings area also peaked at 93%, signifying that human 
activities exerted a powerful influence on the concentration of PTEs in 
this region. The high variability of Cd, Cu, Zn, Pb, As, and Sb, construed 
in terms of coefficient of variation, points to the influence of external 
factors in the introduction of these elements. 

In the research area, the mean magnitude of Igeo of PTEs was in the 
following order: Sb (7.10) > Cd (5.43) > Cu (1.54) > Pb (1.41) > As 
(1.12) > Zn (1.01) > Cr (− 1.09). Among them, Sb has reached the level 
of serious pollution in different types of land uses, and the pollution level 
of Sb in the study area is much higher than that in Qinglong antimony 
tailings in Guizhou and other areas of Xikuangshan (Li et al., 2023, Luo 
et al., 2021). As was moderate pollution in woodlands and grasslands, 
and non-pollution to moderate pollution in construction and farmland 
areas. Cu, Zn, Pb were mostly concentrated in the construction area and 
all achieved moderate levels of pollution, whereas they were non- 
pollution to moderate pollution in other land uses. There was no Cr 
contamination in the research area. Fig. 2 shows the contribution of the 
Igeo distribution range of PTEs, and it can be seen that the distribution of 
the rank contributions of Cu, Zn, Pb, As to the Igeo values is very similar, 
which suggests that the effects of human activities and natural geolog
ical effects may have the same effect on them. A small number of non- 
normal values of Cu, Zn, and Pb in the sample were classified as 
heavy to very heavy contamination or heavy pollution, i.e., these sites 
were contaminated by point sources (Liu et al., 2021). 

Table 2 
Classification standards of potential ecological risk index.  

Index Ecological risk pollution level 

Low 
Risk 

Medium Risk Higher Risk High Risk Very High 
Risk 

Ei
r Ei

r < 40 40 ≤ Ei
r < 80 80 ≤ Ei

r <

160 
160 ≤ Ei

r <

320 
Ei

r ≥ 320 

RI RI <
150 

150 ≤ RI＜ 
300 

300 ≤ RI <
600 

RI ≥ 600   

Table 3 
Descriptive analysis of PTEs in soil (including the research area as a whole and areas with different land use types) (mg/kg).  

Element Regional Classification Min/Max Mean ± S.D Coefficient of variation (%) Background value EF Igeo 

Cu Forest area 14/263 62.92 ± 56.09 89  27.3  2.31  0.62 
Zn 51.2/568 253.34 ± 178.19 70  94.4  2.68  0.84 
Cd 0.51/27.52 8.31 ± 7.99 96  0.126  65.98  5.46 
Pb 20.8/122.5 69.32 ± 32.83 47  29.7  2.33  0.64 
Cr 24.6/93 57.76 ± 15.59 27  71.4  0.81  − 0.89 
As 20.1/133 55.85 ± 34.73 62  15.7  3.56  1.25 
Sb 26.6/708 331.42 ± 182.13 55  1.87  177.23  6.89 
Cu Grass area 16.3/361 151.08 ± 118.48 64  27.3  5.5  0.91 
Zn 44.6/835 266.66 ± 170.13 90  94.4  2.91  0.96 
Cd 0.32/53.36 8.65 ± 9.77 113  0.126  68.63  5.52 
Pb 16.8/359 86.42 ± 77.89 90  29.7  2.91  0.96 
Cr 16.6/99 56.59 ± 24.81 44  71.4  0.79  − 0.92 
As 9.88/281 88.25 ± 65.95 75  15.7  5.62  1.91 
Sb 8.63/863 279.98 ± 225.64 81  1.87  149.72  6.64 
Cu Construction area 12/2300 171.79 ± 224.97 131  27.3  6.30  2.07 
Zn 28/8770 303.73 ± 795.60 262  94.4  3.22  1.10 
Cd 0.35/70.3 7.26 ± 9.63 133  0.126  57.63  5.26 
Pb 16.8/4430 133.96 ± 421.10 314  29.7  4.51  1.59 
Cr 14/123 47.92 ± 21.46 45  71.4  0.67  − 1.16 
As 12.5/136 41.84 ± 27.71 66  15.7  2.67  0.83 
Sb 19.5/2170 471.50 ± 436.00 93  1.87  252.14  7.39 
Cu Farmland area 14.6/280.9 55.03 ± 59.73 109  27.3  2.02  0.43 
Zn 56.2/984 206.54 ± 194.02 94  94.4  2.19  0.55 
Cd 0.29/17.64 8.90 ± 4.83 54  0.126  70.65  5.56 
Pb 18.6/131 74.56 ± 34.18 46  29.7  2.51  0.74 
Cr 20.9/74.3 41.92 ± 17.71 42  71.4  0.59  − 1.35 
As 7.69/68 27.84 ± 15.54 56  15.7  2.01  0.24 
Sb 18.3/842 267.69 ± 216.62 81  1.87  143.15  6.58 
Cu Overall 12/2300 118.80 ± 160.33 135  27.3  4.35  1.54 
Zn 44.6/8770 283.61 ± 509.77 180  94.4  3.00  1.01 
Cd 0.29/70.3 8.14 ± 8.56 105  0.126  64.71  5.43 
Pb 16.8/4430 117.98 ± 265.44 225  29.7  3.97  1.41 
Cr 14/123 50.46 ± 21.09 42  71.4  0.71  − 1.09 
As 7.69/281 51.06 ± 43.34 85  15.7  3.25  1.12 
Sb 8.36/2170 383.71 ± 324.73 85  1.87  205.20  7.10  
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The overall pollution of soil samples can be classified according to 
PLI (see Fig. 2(b)). In this study, the PLI values ranged from 1.59 to 
51.48, with a mean value of 5.45. The distribution of soil pollution levels 
is as follows: no low-level pollution points, and the sampling points with 
moderate pollution account for 1.4%, while the high pollution and 
heavy pollution account for 10.9% and 87.7% respectively. The overall 
soil contamination level in the study area was defined as severe based on 
the overall contamination reflected by PLI. 

4.2. Geospatial distribution of heavy metals around tailings ponds 

Geospatial distribution of PTEs in soils can provide useful informa
tion for research, such as sources of elements and possible enrichment 
zones (Fei et al., 2019), Understanding the geospatial distribution of 
these elements is pivotal for tackling problems such as accumulation of 
soil PTEs and anthropogenic influences (Bai et al., 2016). The geospatial 
distribution information of PTEs acquired using the IDW method is 
shown in Fig. 3. Cr was free from human interference and constituted no 
environmental pollution in the study area. It was therefore not applied 
to the visualization of ArcGIS. 

From Fig. 3, the areas with high contents of Cu, Zn, Cd, Sb, Pb were 

similarly distributed in the middle of the research area near the south
east, where the terrain was low and more gentle, and these areas were by 
and large situated downstream of the tailings ponds, agricultural land, 
and construction areas. High As values occurred in the north of the 
research area, near the high- elevation woodlands and grasslands. Ac
cording to the spatial distribution and field investigation of heavy 
metals, it can be found that: Firstly, contaminated run-off from tailings 
ponds and mining production was the most direct route for PTE to 
penetrate into the soil. There were more than thirty antimony mining 
companies in the central region engaged in the processing and smelting 
of antimony ore, and the waste, tailings and slag from the high-input 
antimony mines, as well as the wastewater from the production of 
antimony and metals, were concentrated in the permeable embankment 
of the Longwangchi fine mud tailings reservoir. Previous investigations 
have illustrated that one characteristic of PTEs deposits in tailings ponds 
was that they mixed easily with water flow, and when the proportion of 
PTEs present in the substrate was high, more PTEs accumulated in the 
soil near the tailings ponds and in low-lying areas (Yuan et al., 2018), 
thereby penetrating farmlands and surface water and spreading into 
surrounding areas. Moreover, the high enrichment of PTEs in the central 
and southeastern parts of the study area was also attributed to the use of 

Fig. 2. (a) Heavy metal element Igeo range distribution proportion map, (b) PLI range distribution.  

Fig. 3. Spatial distribution of PTEs other than Cr.  
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PTE-bearing deposits and substrates by residents to fill the open space. 
Secondly, vehicular traffic due to mining activities and tailings 

accumulation also contributes significantly to the convergence of PTEs 
in the area. Since the commissioning of the Longwangchi tailings pond 
in 1983, the distribution of PTE in the study area has been affected by 
pollution from vehicle transportation caused by tailings build-up for 
almost 40 years. County-Road Z003 passes through the southeast side of 
the study area and is frequently used by vehicles as a major arteryfor the 
transportation of tailings. Yang et al. argued that vehicular traffic from 
years of mining activities had boosted Cu, Zn, and Pb enrichment at the 
mine site (Yang et al., 2016). 

Thirdly, agricultural activities may also have a bearing on soil PTE 
distribution. Agricultural activities, including the use of fertilizers, 
pesticides, and herbicides by residents, and the transportation of soil 
from agricultural fields or upslope from tailings ponds to downstream or 
downslope areas in order to enhance soil fertility, offer crucial evidence 
for anthropogenic influence. At the same time, depending on the nature 
and distribution of local soil, this area is clay in texture, with a high 
adsorption capacity, Thus, heavy metals from fertilizers, pesticides and 
herbicides build up in the soil, and may be transmitted with anthropo
genic activities, resulting in contamination of the surface soil sur
rounding the tailings pond. 

4.3. Source analysis 

The correlation between PTEs in the study area was explored using 
the Pearson correlation coefficient matrix (Table 1). Zn boasted the 
highest correlation with Pb (r2 = 0.831), followed by Cu and Pb(r2 =

0.690), and then Cu and Zn (r2 = 0.654), respectively, while the degrees 
to which Cr, Cd, Sb, and As were correlated were not high. Higher item 
correlations generally indicate that items may have the same origin or 
similar laws of movement and pathways throughout the study region, 
whereas smaller or even negative correlations demonstrate that items 
tend to have divergent origins (Li et al., 2017). 

The sources of PTEs in the study area were categorized using PCA 
and PMF methods, respectively, and their respective contribution rates 
were quantified (Fig. 4). Three principal components were extracted by 
PCA, which were capable of accounting for approximately 74% of the 

variance. The agreement between measured and fitted concentrations 
was checked according to the coefficient of determination (R2) 
(Table 4), since the results showed that R2 was closer to 1 on the PMF 
model and the PMF displayed better performance. In consequence, PMF 
was used as the receptor model for source identification in this paper. 

This study utilized EPA PMF 5.0 (USEPA, USA) to decompose the 
data to obtain possible sources. The input model concentration and 
uncertainty data were subjected to twenty factor iterations respectively 
in an effort to improve the accuracy of the prediction. (Wu et al., 2021). 
The optimal solution could be found when the number of source factors 
was fixed at 6. Cu (88.3%) was the dominant element in factor 1. It is 
likely that the contribution to Cu stemmed directly from the influence of 
contaminated runoffs from the antimony tailings pond, where large 
numbers of heavy metals were delivered to the soil surrounding the 
tailings pond via runoffs (Du et al., 2015). In addition, the results of 
previous studies have shown that tire and brake lining wear contribute 
significantly to Cu (Zhang et al., 2016). Cd was the second factor, rep
resenting 90.3%. From an enrichment factor perspective, the greater Cd 
accumulation was anthropogenic in origin (Xiao et al., 2021). Cd was 
primarily produced by municipal sewage, agricultural production, and 
atmospheric deposition (Rehman et al., 2018). Fertilizer and pesticide 
applications also played a vital role in the buildup of Cd in soils. Cr 
contributed 88.4% to the 3-factor. The concentration of Cr always 
fluctuated with background value. Compared with other heavy ele
ments, Cr had an EF value lower than 1. It was minimally affected by 
anthropogenic perturbations. Natural rock weathering and soil erosion 
dominated Cr sources. In factor 4, Sb comprised 85.9% of the total. The 
mining of the antimony deposits for over 110 years and the accumula
tion of large quantities of antimony-containing tailings have wreaked 
much havoc on the local environment. The findings of the site survey 
suggest that the exposed Sb-rich mine waste in tailings ponds has 

Fig. 4. Contribution of PMF and PCA to the identification of possible sources.  

Table 4 
R2 of PCA and PMF methods.  

R2 Cr Cd Cu Zn Pb Sb As 

PCA  0.663  0.397  0.716  0.810  0.851  0.747  0.918 
PMF  0.989  0.999  0.944  0.926  0.809  0.999  0.951  
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become a direct source of Sb contamination, and that mine waste is 
located on slopes at higher altitudes, which can readily transfer Sb to 
surrounding soils and downslope soils in the wake of leaching or water 
weathering (Yang et al., 2018). Factor 5 contains 71.5% As, with the 
high concentration being primarily in the grass zone. Prior studies make 
it clear that the irrational use of herbicides, pesticides, and fertilizers can 
prompt As to accumulate in the soil (Xiao et al., 2019). Furthermore, As 
in the melting of dust particles deposited on the molten surface of slag 
waste and tailings that have been exposed for a long period of time in 
tailings ponds, atmospheric deposition can precipitate high levels of 
contamination of the surrounding soil (Sun et al., 2021). The sur
rounding woodlands are covered in dense vegetation which blocks at
mospheric particulates, thus making grass the primary receiving area 
(Anaman et al., 2022). In factor 6, Zn (80.8%) and Pb (70.2%) act as the 
main contributors. Previous studies have verified the presence of 
abundant Zn in dust generated at the surface of tires and during rubbing 
(Apeagyei et al., 2011). Pb is mainly released from leaded gasoline 
(Liang et al., 2016).The use of leaded petrol has been banned in China 
since 2000, but the effects of transport-induced soil contamination from 
long-term antimony mining, smelting, and the accumulation of tailings 
ponds persist. However, the high correlation of Cu, Zn, and Pb cannot 
rule out the possibility that their sources are all linked to polluted run
offs from the tailing ponds. 

Overall, the major sources of PTE in the region are 36% pollution and 
mining activities of tailings ponds, 8% atmospheric deposition, 19% 
traffic emissions, 9% combustion emissions, 11% natural sources and 
17% input of agricultural production. Among them, tailings pond 
pollution and mining activities are the dominant causes affecting the 
environment around Longwangchi. The source of Sb in this study differs 
from those found previously in antimony mining areas in that the Sb in 
the study area arises directly from the transfer of antimony tailings and 
mine waste, rather than from atmospheric deposition from smelters as 
previous studies have shown (He et al., 2021, Sheng et al., 2022). 

4.4. Ecological risk assessment 

The mean Ei
n values of Cr、Cu、Zn、Pb and As in the research area 

are below 40 (see Fig. 5). It is advised that the ecological hazards posed 
by these elements in the research area should not be a prominent 
concern for future planning of environmental management and pollu
tion prevention in the region. The mean values for Cd and Sb are 129.42 
and 966.71, respectively, and Sb attains a very high-risk level, pre
senting a grave threat to the ecosystem. 

Fig. 5 shows the distribution of RI values for forest, grassland, agri
cultural land, and built-up areas. The highest risk percentage (RI > 300) 
is found in built-up areas at 8.89%, followed by 1.72% in grasslands, 
1.15% in farmlands, and the lowest at 0.57% in forested areas. A review 
of the geographical distribution of RI values illustrates that there are 
notable lines of demarcation of RI indices between the distinct land 
types (Hossain Bhuiyan et al., 2021). The construction areas are a major 

contributor to the higher ecological risk, which is closely associated with 
the long-term mining activities in the region. High-intensity mining has 
resulted in severe heavy metal contamination, especially the disposal of 
slag waste involving antimony and other metals and the discharge of 
wastewater containing antimony. 

Fig. 6 features the spatial visualization of RI throughout the research 
area and Sb. Nearly the entire region is at a very high risk of Sb, and the 
research area is heavily contaminated with Sb, which becomes the pri
mary driver of high ecological risk, resulting in a spatial distribution of 
RI across the study area that is very similar to that of Sb. Unlike this 
paper, previous studies concerning ecological risk in antimony mining 
sites have deemed Cd as the element with the highest ecological risk, 
and Sb much less toxic than Cd (Qi et al., 2022, Zhu et al., 2018). The 
finding of this study can be combined with existing research to supple
ment the risk assessment of the environment around the antimony 
tailings ponds, and, by incorporating local environmental factors, to 
provide a theoretical basis for the prevention effort of tailing pond 
pollution in the future. 

5. Conclusion 

Despite the issue of soil contamination in the vicinity of tailings 
ponds looming large, there are few studies concerned with the pollution 
induced by antimony tailings ponds. This study aims to investigate the 
contamination, distribution, sources and ecological risks of Cu, Zn, Sb, 
Cd, Pb, Cr and As in the surface soils of different land uses around the 
Longwangchi tailings pond in Xikuangshan, the “Antimony capital of the 
world”, Hunan Province, China, to determine the pollution potential of 
PTEs in the region, and to afford insights into the study of antimony 
tailings pond pollution. Proceeding from the overall findings, this paper 
presents the following highlights:  

(1) The average concentrations of heavy metal elements except Cr 
exceed the background values. Sb is the main pollution element, 
and its average concentration is 205 times of the background 
value. The Sb and Cd are defined as severe pollution by Igeo, and 
PLI divides the overall pollution level of soil into serious pollution 
levels.  

(2) In terms of enrichment factors, Cu, Zn, Pb and As are moderate 
anthropogenic pollution, and Sb and Cd fall under severe 
anthropogenic pollution.  

(3) The results of source analysis show that Cr is a natural pollution 
source, while Cu, As, Cd, Sb, Pb and Zn are all man-made pollu
tion sources.  

(4) As far as ecological risks are concerned, differences in land 
boundaries give rise to differences in risks, with the construction 
areas identified as the dominant contributor to levels. Cd is no 
longer the element that causes the highest ecological risk, but the 
ecological risk of Sb is obvious. The pollution arising from mining 

Fig. 5. Distribution of the ecological risk index and the range of RI values for woodland, grassland, agricultural land and built-up areas for each element.  
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activities and tailing ponds is the principal reason for the great 
ecological risk in the vicinity of the Longwangchi tailing pond. 

This study complements the investigation of soil contamination 
around antimony tailing ponds, which can provide a solid theoretical 
basis for future environmental risk control around antimony tailing 
ponds and other aspects, and crystallize the priorities for subsequent 
pollution prevention efforts in tailing ponds. However, further 
comprehensive studies on the health risks of the environment around 
antimony tailing ponds are needed so as to establish a complete evalu
ation system for the risk studies of antimony tailing ponds. 
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