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China is the largest antimony resource globally. The mining and smelting of

antimony will inevitably have a significant impact on the surrounding and

downstream farmlands of the mining area, Therefore, it is necessary to

understand the pollution characteristics of antimony and evaluate its

potential environmental risks. In this paper, three typical antimony mining

areas were used as research districts to analyze the contents of heavy

metals in soils of the mining areas and watersheds. The single-factor

pollution index method, Nemerow comprehensive pollution index method,

geo-accumulation index method, and potential ecological risk index method

were used to comprehensively evaluate the pollution status and ecological risk

of heavy metals in soils around the mining areas. The soil around the

Lengshuijiang tin mine was polluted by As, Cd, Zn, and Sb, it was a heavily

polluted soil and at a high ecological risk level. The arable soil around the

Nandan teamountain antimonyminewas polluted by As, Cd, Cu, Pb, Sb, and Zn,

and it was a heavily polluted soil with very high ecological risk level. The soil

around the Xunyang antimony mine was mainly polluted by Sb and it was a

moderately polluted soil with moderate ecological risk level. The results

revealed that the overall soil heavy metal levels in the Lengshuijiang mining

area and the Nandanmining area were in a high-risk state, most likely due to the

mining and smelting of metal ores and the weathering of mineralised rocks.

showing a high-potential ecological risk in these mining areas. We expect to

provide a scientific basis for the safe utilization of farmland and pollution control

around the antimony mining areas and watersheds in China.
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1 Introduction

With the continuous and rapid growth of the demand for

mineral resources due to continued economic and social

development in China, the development and smelting

intensity of mineral resources has also increased, with the

accompanying environmental and safety problems becoming

ever more prominent. Mining and smelting produce a large

amount of wastewater, waste residue, and waste gas; then, these

waste products enter the areas surrounding the mine and the

farmland in the river watershed through atmospheric

deposition, surface runoff, etc., increasing the heavy metal

pollution of farmland over time. The heavy metals with

levels exceeding government standards not only directly

harm the quality and yield of crops around the mining area

and watersheds but also endanger human health through the

food chain, thereby affecting human safety and survival (Gebel,

1997; Esmaeili et al., 2014; Fu et al., 2016; Herath et al., 2017; Li

et al., 2018). The concentration of heavy metals in the soil of

smelting area, nearby mining area, mining area and tailing area

shows obvious regional distribution characteristics due to

different pollution intensities caused by smelting, mining,

transportation and stacking (Tang et al., 2019). Antimony

and its compounds are considered harmful to human health

and even carcinogenic (Gebel, 1997; Jiang et al., 2010).

Antimony exposure pathways include inhalation, ingestion

and dermal contact, resulting in acute toxic effects on the

skin, eyes, lungs, intestines, stomach, liver, kidney, and heart

(Chai et al., 2016; Mubarak et al., 2015). Therefore,

strengthening the research on heavy metals in farmland soil

around the mining area and watersheds is of great practical

significance to ensure the safety of the population and

properties in the region and to support the ecological health

of the environment in the region.

As a country, China is the largest antimony resource

globally, with rich ores, large reserves, and high production

levels, ranking first in the world (Fan et al., 2004; Gu et al., 2012;

Ding et al., 2021). Most of the antimony deposits in China are

co-associated, small or medium in size, and are bounded by the

Dabie, Qinling, and Kunlun mountain ranges, forming a dense

spatial distribution pattern in the south and sparse distribution

in the north. By the end of 2017, there were 214 antimony

mining areas with proven reserves in China, mainly distributed

in seven provinces, namely, Hunan, Guangxi, Tibet, Guizhou,

Xinjiang, Yunnan, and Gansu, accounting for approximately

84% of the total reserves in China. According to statistics, there

are more than 890 antimony deposits in China (more than

420 are small-scale or greater). The mining and smelting of

antimony will inevitably have a significant impact on the

surrounding and downstream farmlands of the mining area.

In a study, soil samples from 26 different regions in four regions

(smelting area, near ore road, mining area, and tailing area) of

West Mine were analyzed. The contents of different heavy

metals and similar metals (Sb, As, Pb, Cd) were different. In

addition, geological accumulation index and potential

ecological risk index are used to evaluate ecological risk, the

results showed that the heavy metals Sb, As, Pb, and Cd in soil

were seriously polluted and had a strong ecological risk, and Sb

and Cd were the most important pollution factors (Tang et al.,

2019). Some studies have explored the degree and spatial

distribution of heavy metal pollution in agricultural soil

affected by Sb ore. The data provided were compared with

metal concentrations in soil at mining and smelting sites in

China and other countries. The results show that the soil is

seriously polluted by heavy metals, especially Sb and As. Heavy

metal pollution has spread from mining and agricultural

activities to the mining area, and Sb is mainly due to mining

and smelting activities in the area (Wang et al., 2010a; Luo et al.,

2021). Ecological risk levels for all heavy metals in all sampling

areas are high (substantial), with Sb, Cd, and A considered to

contribute significantly to the risk index (RI) (Long et al., 2017).

However, for a long time, the relevant research has mainly

focused on lead and zinc mining areas, while the impacts on

antimony mining areas have seldomly been studied. In recent

years, although some researchers have investigated and

analysed soil pollution around antimony mining areas (Liu

et al., 2009; He et al., 2012; Shi et al., 2015; Yang et al., 2015; Fei

et al., 2017; Chu et al., 2021), nonetheless the related research

mainly focuses on a single mining area or a single metallogenic

belt and thus has a small research scope. Therefore, the existing

research cannot effectively reflect the impact of antimony

mining on surrounding areas. In this paper, we selected

three typical antimony mining areas (Lengshuijiang tin

mining area, Nandan tea mountain antimony mining area,

and Xunyang antimony mining area) as the research districts

according to the spatial distribution characteristics,

metallogenic pattern, and mineral composition of the

antimony deposits in China. Additionally, the heavy metal

contents in the farmland soils around the mining areas and

in the watersheds were analysed. Pollution index methods

(single-factor index method, Nemerow comprehensive index

method, geo-accumulation index method, and potential

ecological risk index method) were used to analyse the

pollution status of heavy metals in the farmland soils around

the mining areas and in the watersheds, to assess potential

ecological hazards. It aims to achieve the following objectives:

1) to understand the heavy metal pollution degree of the three

regions according to the national standard measurement

method of heavy metal content; 2) to evaluate the

environmental quality and potential ecological risk of eight

heavy metals in soil geochemical regionalization were by

different indexes; 3) to discuss the relationship between

different evaluation methods. This study as an example

provides relevant information for risk assessment and the

safe utilization of farmland and pollution control around the

antimony mining areas and watersheds.
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2 Materials and methods

2.1 Overview of the study area

The Lengshuijiang tin mine is in Lengshuijiang City, Hunan

Province. Lengshuijiang city is located in the middle reaches of

zijiang River in central Hunan Province. It lies between E

111°18′57ʺ-- 111°36′40″ and N 27°30′49″-- 27°50′58″. The

region has a subtropical humid monsoon climate with

distinctive scenery and abundant rainfall in different seasons.

The annual sunshine duration is about 1406.8 h, and the frost-

free period is about 269 days (Huang et al., 2018). The mine of

belongs to the central Hunan-northcentral Guangxi antimony

metallogenic belt (Peng et al., 2003a; Wang et al., 2014), is a

super-large-scale antimony mining area with the strongest

metallogenic intensity in the south and is known as the

“Antimony Capital of the World” (Peng et al., 2003a; Wang

et al., 2010b). This mining area is divided into two mining

regions, the North and the South. The North mining region is

dominated by stibnite and cervantite, and the South mining

region is dominated by stibnite (Guo et al., 2014). The Nandan

tea mountain antimony mining area is in Chehe Town, Nandan

County, Hechi City, Guangxi Province. Nandan County

(107°01′to 107°55′E, 24°42′to 25°37′N), located in Guangxi, is

famous for its production of non-ferrous metals. It has an altitude

of 600–900 m above sea level and a typical central Asian

mountain plateau climate. The average annual temperature is

16.9°C and the average annual rainfall is about 1,400 mm, most of

which occurs in July and August. Nandan county is located in the

“Danchi tin polymetallic belt” (Guo et al., 2018). Guangxi is the

main mining area. The mine belongs to the Yunnan-Guizhou-

Guanxi antimony metallogenic belt (Peng et al., 2003b; Wang

et al., 2014) and is a large-scale antimony deposit in southern

China, second only to the Lengshuijiang tin mine in terms of

metallogenic density and metallogenic intensity. The mine is

mainly dominated by stibnite, wolframite, and scheelite

(Anderson, 2012; Wang et al., 2014). The Xunyang antimony

deposit is in Xunyang County, Shaanxi Province. Xunyang

County located between 32°29′–33°13′N and 108°58′–109°48′E,
in the South of Shanxi Province, with a total area of 3,550 km2 ,

was selected as the research area. The climate of the study area is

subtropical and humid. The average temperature in Xunyang

County is 15.4°C and the average precipitation is 851 mm (Ao

et al., 2017). This mine belongs to the Qinling-Central Asia

mercury-antimony metallogenic belt (Wang et al., 2014) and is a

large-scale antimony mining area in northern China with strong

metallogenic intensity. It is divided into the Gongguan antimony

mine and Qingtonggou antimony mine and is mainly dominated

by cinnabar and stibnite (Anderson, 2012; Wang et al., 2014).

The field investigation found that the farmlands around the three

mining areas and the regional watersheds were dominated by dry

land, primarily planted with corn and sweet potatoes.

2.2 Sample collection and processing

According to the distribution of farmland around the mining

area and watersheds, large-scale farmland (area ≥ 0.667 ha) was

selected as the sampling area. There were nine sampling areas

around the Lengshuijiang tin mining area and its watershed

(Lianxi River and Zhuxi River watersheds) (Figure 1A), and nine

sampling areas around the Nandan tea mountain antimony

mining area and its watershed (Sanhe River and Diaojiang

watersheds) (Figure 1B). A total of 16 sampling areas were set

up around the Xunyang mining area and its watershed

(Gongguan River and Shengjia River watersheds) (Figure 1C).

Three soil samples were collected in each sampling area. Before

collecting the soil samples, surface stones, litter, humus, etc. were

removed. Then, the five-point sampling method was used for soil

sample collection. The sampling depth was 0–20 cm, and 2 kg of

sample was saved by the quartering method, put in a sealing,

plastic bag, and taken back to the laboratory. The soil samples

were sieved (0.15 mm) after being naturally air-dried and then

stored for later use.

2.3 Analysis methods of heavy metals in
soil

The soil samples were digested using the national standard

method (GB/T22105.2-2008), 0.2–1.0 g of soil samples that had

been dried, ground and passed through 0.149 mm aperture sieve

were weighed into 50 ml stopper colorimetric tube, moistened

with a little water, and 10 ml (1 + 1) aqua regia (3.8) was added,

shaken with fruit stopper and dissolved in boiling water bath for

2 h. Shake several times in the middle, remove and cool, dilute

with water to scale, shake well and set aside. Absorb a certain

amount of digestion test solution into a 50 ml colorimetric tube,

add heavy metal corresponding reagent solution, shake well, take

the supernatant to be tested. The contents of heavy metals (As,

Cd, Cr, Cu, Ni, Pb, Sb, and Zn) in the digested solution were

determined by inductively coupled plasma mass spectrometry

(ICP-MS) (NexION™350X). The indexing of the instrument can

reach ppm level and the accuracy is 10% and the analysis error is

about 2%. National standard samples (GSS-5) were also analysed,

and blank samples were used for quality control. The reagents

used in the analysis were all guaranteed reagent grade.

2.4 Risk assessment methods

The single-factor pollution index method (Hu et al., 2018).

The calculation formula is as follows: If the value of the index is

smaller, the better, the calculation formula is as follows:

Pi � Ci

Xi
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In the formula, Ci is the total measured amount of heavy metal i

in soil (mg kg−1).Xi is the standard assessment value of heavymetal i

(mg kg−1), the value is risk screening values for soil contamination of

agricultural land (A) of Soil environmental quality—Risk control

standard for soil contamination (GB/T22105.2-2008). Pi is the

pollution index of heavy metal i in soil. According to the Pi value,

when Pi is less than or equal to 1, the soil does not exceed the national

standard. 1 < Pi≤2 indicates light pollution, 2 < Pi≤3 indicates

moderate pollution, Pi > 3 indicates severe pollution.

The Nemerow comprehensive pollution indexmethod (Zhang

et al., 2010), Nemerow comprehensive pollution index method

takes into account the average value and the highest value of single

factor pollution index, which can be used to evaluate the

comprehensive pollution level of heavy metals in each sample

point. It is a kind of environmental quality index which is widely

used at present. The calculation formula is as follows:

PN �
���������
P2
max + P2

ave

2

√

In the formula, PN is Nemerow pollution index; Pmax is the

maximum value of soil heavy metal pollution index, and Pave is

the average value of soil heavy metal pollution index.

Classification standard: PN ≤ 0.7, safe; 0.7 < PN ≤ 1, alert

level; 1 < PN ≤ 2, slight pollution; 2 < PN ≤ 3, moderate

pollution; PN > 3, severe pollution.

The geo-accumulation index method (Fang et al., 2013), and

the potential ecological risk index method (Lars, 1980) were used

to evaluate the pollution status of the eight heavy metals (As, Cd,

Cr, Cu, Ni, Pb, Sb, and Zn). The calculation formula is as follows:

Igeo � log2
Cn

1.5Bn

In the formula, Igeo is the geological accumulation index; Cn is

the measured value of soil elements; Bn is the background value of

soil elements. This study uses the background value of heavy metal

elements in the the sampling regions soil. Classification standard:

Igeo < 0, no pollution; 0 < Igeo ≤ 1, mild-moderate pollution; 1 <

Igeo ≤ 2, moderate pollution; 2 < Igeo ≤ 3, moderate-intensity

pollution; 3 < Igeo ≤ 4, intensity pollution; 4 < Igeo ≤ 5, intensity-

extreme intensity pollution; Igeo > 5, extreme intensity pollution.

The potential ecological hazard index method was proposed

by Swedish scientists and is widely used in the study of soil

environmental ecological risk. This method not only considers

the effects of various pollutants in the environment, but also

considers the ecological effects, environmental effects and

toxicological characteristics of heavy metals (Yang et al.,

2021). The calculation formula (Lu and Zhao, 2017) is as follows:

RI � ∑Ei � ∑Ti
r ×

Ci
s

Ci
n

In the formula, RI is the comprehensive potential ecological

hazard index; Ei is the potential ecological hazard coefficient of a

single element, Ti
r is the toxicity response coefficient of a certain

heavy metal element,Ci
s is the measured value of the soil element,

Ci
n is the background value of the soil element. In this study, the

background value of heavy metal elements in the provinces soil

was used.

2.5 Data processing

The mean, standard deviation, and coefficient of variation

were calculated using Excel 2007, and Origin 2018 was used to

plot graphs.

3 Result and analysis

3.1 Contents of heavy metals in the
farmland soils in the mining areas

In Table 1, the contents of the eight heavy metals (As, Cd, Cr,

Cu, Ni, Pb, Sb, and Zn) in the farmland soil of the three mining

areas varied significantly. Except for Cr and Ni in the Xunyang

FIGURE 1
Study area and spatial distribution of sampling points [(A) Lengshuijiangmining area; (B)Nandan tea mountain mining area; (C) Xunyang mining
area].
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mining area, the highest content of other heavy metals were

identified in the Nandan tea mountain mining area, then

followed by Lengshuijiang and then Xunyang. The farmland

soil of the Lengshuijiang mining area exhibited the highest

content of Sb, then followed by Zn, As, Pb, Cu, Ni, and Cr,

and the Cd content was the lowest. Compared with the soil

environmental quality standard, the contents of Sb, As, Cd, and

Zn in the soil in the Lengshuijiang mining area are on the high

side, which are 53.54, 2.26, 14.07, and 1.77 times of the

background value, respectively. In contrast to the

Lengshuijiang mining area, the content of As in the farmland

of the Nandan tea mountain mining area was the highest,

followed by Zn, Sb, Pb, Cu, Cr, and Ni, and the Cd content

was the lowest. The content of As, Cd, Cu, Pb, Sb, and Zn in the

farmland of the Nandan tea mountain mining area exceeded the

standards by factors of 101.91, 52.17, 1.90, 2.70, 77.48, and

8.93 times, respectively. The content of Sb in the farmland

soil of the Xunyang mining area was the highest, followed by

Zn, Cr, Ni, Cu, Pb, and As, and the content of Cd was the lowest.

Compared with the soil environmental quality standard, only the

content of Sb in the farmland soil of the Xunyang mining area

exceeded the standard, at a value of 15.2 times higher than the

standard. The content of these eight heavy metals varied

significantly among the three antimony mining regions, and

the degree of heavy metal pollution in the farmland soils of

each mining areas also varied significantly.

The coefficients of variation of the eight heavy metals in the

farmland soils of the three mining areas were greatly different,

with all exceeding 30% (except for Zn and Ni in the Xunyang

mining area). The values of all heavy metals indicated a strong

degree of variation, suggesting that the degree of heavy metal

pollution in the farmland soils of these three mining areas has

been greatly affected by mining-associated anthropogenic

activities. The coefficients of variation of the eight heavy

metals ranged from highest to lowest in the order of the

Lengshuijiang mining area > Nandan tea mountain mining

area > Xunyang mining area, which may be closely related to

the length of the watershed.

TABLE 1 The concentration (mg kg−1)of eight heavy metals in farmland soils from the three typical antimony mining areas.

Area Mass fraction

PETs Max Min Average SD CV/% National secondary
standard

Lengshuijiang mining area As 151.60 21.35 67.92 41.55 61.17 30

Cd 11.12 0.56 4.22 17.64 418.01 0.3

Cr 54.82 14.85 34.78 29.96 86.14 200

Cu 146.30 23.14 48.12 29.79 61.91 100

Ni 58.53 21.97 35.90 37.41 104.21 100

Pb 188.11 20.02 51.34 392.08 763.69 120

Sb 1626.38 121.10 535.41 401.71 75.03 10

Zn 1223.92 72.80 353.88 363.63 102.76 200

Nandan tea mountain mining area As 18987.20 21.35 3057.19 5868.20 191.95 30

Cd 54.99 1.21 15.65 17.27 110.35 0.3

Cr 156.20 30.05 55.19 36.64 66.39 200

Cu 548.14 27.99 189.64 175.60 92.60 100

Ni 113.33 18.73 48.05 27.15 56.50 100

Pb 1572.06 29.47 323.82 466.03 143.92 120

Sb 3811.17 22.67 774.79 1109.84 143.24 10

Zn 5738.20 173.25 1785.83 1858.65 104.08 200

Xunyang mining area As 16.68 5.59 12.02 3.65 30.37 25

Cd 0.86 0.13 0.40 0.19 47.50 0.6

Cr 104.60 29.89 42.00 19.09 45.45 150

Cu 89.85 22.93 33.18 15.66 47.20 100

Ni 53.85 31.74 36.74 5.62 15.30 190

Pb 90.14 14.97 27.62 17.22 62.35 170

Sb 1262.60 10.89 196.48 298.08 151.71 10

Zn 107.91 69.30 90.21 12.58 13.95 300

Note: Due to the different pH values of soils in the three mining areas, the standard values are different. The soil pH values of Lengshuijiang mining area and Nandan mining area are about

6.5–7.5, and that of Xunyang mining area is more than 7.5.
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3.2 Spatial distribution characteristics of
heavy metals in farmland soils in the
mining areas

The spatial distribution characteristics of the studied

heavy metals in the farmland soils from the different

mining areas are shown in Figure 2. The areas with the

highest concentrations of the eight heavy metals and the

farmland soils with the highest pollution levels of all three

mining areas were located near the smelters and tailings and

within the same 2-km radius at each site. The content of heavy

metals downstream from the mining areas was significantly

higher than that of the upstream regions, and the degree of

pollution at each river confluence increased. In contrast, at

FIGURE 2
The distribution of heavy metal content in the soil of three typical antimony mining areas. [(A) Lengshuijiang mining area; (B) Nandan tea
mountain mining area; (C) Xunyang mining area].
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farther distances into the watershed, the degree of pollution

gradually decreased.

The spatial distribution characteristics of the As, Cr, Cu, Ni,

Pb, and Sb in the farmland soil of the Lengshuijiang mining area

were similar, and the areas with the highest pollution degree were

distributed near the smelter and tailings. The areas with the

highest Cd contamination levels were distributed near the

smelter; The spatial distribution characteristics of Zn did not

change significantly throughout the sampling area (Figure 2A).

The spatial distribution characteristics of As, Cr, Cd, Cu, Pb, Sb,

and Zn in the farmland soil of the Nandan mining area were

similar; the areas with the highest degree of pollution were all

near the tailings, and in the study area, the degree of pollution

decreased concentrically with distance from the mining area (the

centre). The areas with the highest levels of Ni were mainly in the

upper reaches of the Diaojiang River (Figure 2B). The areas with

TABLE 2 The single factor index and Nemerow index of heavy metals in the soil of three typical antimony mining areas.

Area Site Pi PN Pollution grade

As Cd Cr Cu Ni Pb Sb Zn

Lengshuijiang mining area 1 1.48 2.73 0.23 0.46 0.34 0.40 46.32 0.42 33.08 Serious pollution

2 2.43 1.86 0.19 0.50 0.47 0.45 29.99 0.36 21.45 Serious pollution

3 1.90 14.60 0.23 0.47 0.61 0.72 65.04 1.20 46.60 Serious pollution

4 5.05 8.55 0.10 0.62 0.31 0.65 162.64 1.36 116.09 Serious pollution

5 1.50 37.08 0.18 0.80 0.46 1.05 34.14 3.13 25.11 Serious pollution

6 19.42 27.98 0.27 2.93 0.83 3.76 30.71 6.12 23.19 Serious pollution

7 1.67 9.77 0.37 1.63 0.48 0.68 43.47 1.19 31.18 Serious pollution

8 2.08 16.32 0.27 0.70 0.57 0.83 57.43 1.28 41.21 Serious pollution

9 0.71 7.79 0.26 0.56 0.55 0.68 12.11 0.87 8.81 Serious pollution

Mean 4.03 14.08 0.23 0.96 0.51 1.03 53.54 1.77 38.45 Serious pollution

Nandan tea mountain mining area 1 578.36 69.25 2.12 5.29 2.51 3.45 79.61 18.75 414.43 Serious pollution

2 232.88 68.74 0.25 4.04 0.19 19.65 381.12 19.13 277.03 Serious pollution

3 22.55 10.64 0.15 1.02 0.50 2.43 57.84 3.98 41.83 Serious pollution

4 1.93 1.52 0.62 0.45 1.13 0.37 2.27 0.69 1.79 lower pollution

5 36.04 11.66 0.18 1.37 0.53 2.00 33.58 3.95 26.68 Serious pollution

6 77.03 32.17 0.21 2.82 0.63 6.66 76.70 11.15 57.47 Serious pollution

7 54.31 13.58 0.17 1.71 0.46 2.46 33.81 4.31 39.63 Serious pollution

8 40.72 16.44 0.13 1.53 0.34 3.83 39.44 5.96 30.35 Serious pollution

9 18.97 8.63 0.17 0.77 0.32 1.00 6.90 3.29 13.87 Serious pollution

Mean 118.09 25.85 0.44 2.11 0.73 4.65 79.03 7.91 100.34 Serious pollution

Xunyang mining area 1 0.67 1.58 0.15 0.27 0.33 1.13 126.26 0.43 90.02 Serious pollution

2 0.32 0.61 0.16 0.28 0.34 0.30 22.94 0.37 16.37 Serious pollution

3 0.64 1.07 0.18 0.27 0.38 0.36 2.06 0.41 1.53 lower pollution

4 0.54 1.28 0.35 0.33 0.54 0.33 5.59 0.42 4.04 Serious pollution

5 0.61 0.78 0.18 0.30 0.40 0.32 4.30 0.37 3.11 Serious pollution

6 0.60 0.97 0.20 0.23 0.36 0.34 15.63 0.29 11.17 Serious pollution

7 0.61 0.71 0.19 0.32 0.39 0.30 19.89 0.40 14.21 Serious pollution

8 0.53 0.81 0.21 0.33 0.43 0.31 1.79 0.40 1.34 lower pollution

9 0.39 0.87 0.17 0.33 0.36 0.34 6.89 0.33 4.95 Serious pollution

10 0.36 0.56 0.15 0.37 0.33 0.22 17.42 0.34 12.44 Serious pollution

11 0.29 1.01 0.52 0.29 0.33 0.36 24.42 0.40 17.44 Serious pollution

12 0.54 0.56 0.16 0.26 0.34 0.23 9.26 0.28 6.63 Serious pollution

13 0.56 0.84 0.19 0.90 0.33 0.27 27.99 0.31 19.99 Serious pollution

14 0.27 0.35 0.16 0.24 0.32 0.22 7.12 0.31 5.10 Serious pollution

15 0.53 0.28 0.18 0.24 0.32 0.19 1.09 0.31 0.82 Warning line

16 0.22 1.92 0.20 0.34 0.35 0.31 21.71 0.39 15.52 Serious pollution

Mean 0.48 0.89 0.21 0.33 0.35 0.30 19.65 0.36 14.04 Serious pollution
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the highest pollution levels of As, Cd, Cu, Ni, Pb, Sb, and Zn in

the farmland soil of the Xunyangmining area were all in the gold-

plating area of the Gongguan antimony mine, while the heavy

metal content gradually decreased along the river; the highest

degree of pollution of Cr was mainly at the confluence of the

Gongguan River and the Shengjia River (Figure 2C).

3.3 Evaluation of heavy metal pollution in
farmland soil in the mining areas

3.3.1 Evaluation using the single-factor pollution
index method

From Table 2, the single-factor pollution indices of the eight

heavy metals (As, Cd, Cr, Cu, Ni, Pb, Sb, and Zn) in the farmland

soil of the three mining areas varied significantly among the

areas. The value of single-factor pollution index of the heavy

metals in the farmland soil in the Lengshuijiang mining area

followed the order: Sb > Cd > As > Zn > Pb > Cu > Ni > Cr. The

average value of the single-factor pollution indices (Pi) of Cr, Cu,

and Ni were between 0 and 1, which belonged to the state of

clean; the average values of Pi of Pb and Zn were between

1.03 and 1.77, respectively, which belonged to the state of

light pollution; and the average values of Pi of As, Cd, and Sb

were all higher than 3, indicating that the soil in this area was

mainly polluted by a combination of these three heavy metals.

The value of single-factor pollution index of heavy metals in

farmland soil in the Nandan mining area followed the order of

As > Sb > Cd > Zn > Pb > Cu > Ni > Cr. Except for the heavy

metals Cr, Ni, and Cu, the average values of Pi of all other heavy

metals were higher than 3, and the average values of Pi of As and

Sb were as high as 118.09 and 79.03, respectively, indicating that

the main factors of soil pollution in this area were As and Sb. The

value of single-factor pollution index of heavy metals in farmland

soil in the Nandan mining area and Xunyang mining area

followed the order of Sb > Cd > As > Zn > Ni > Cu > Pb >
Cr, the average value of Pi of Sb was as high as 12.93, and the

average values of Pi of the other heavy metals were between 0 and

1, indicating that the soil of this mining area was mainly polluted

by Sb.

3.3.2 Evaluation using the Nemerow pollution
index method

Table 2 shows the Nemerow pollution index (PN) of all

sampling sites. the Nemerow pollution index (PN) of

Lengshuijiang mining area was higher than 3.0, indicating that

the region was severe pollution; in addition, the PN near the mine

(sampling site No. 4) was the highest. At this mine, the PN value

first decreased and then increased along the Zhuxi River

watershed (sampling site Nos 1–3), while along the Lianxi

River (sampling site Nos 6–9), the PN value first increased

and then decreased. The Nemerow pollution index (PN) of

Nandan mining area shows that except for sampling site No.

4 in the Nandan mining area, the PN of the other sampling sites

was higher than 3.0, indicating that the region also was severe

pollution. However, along the Sanhe River watershed (sampling

site Nos. 2, 1, 5, 8, and 9) and the Diaojiang River watershed (Nos.

3, 4, and 7), the soil PN in the arable land in this mining area

gradually decreased. The Nemerow pollution index (PN) of

Xunyang mining area showed that except for sampling site

Nos. 3, 8, and 15 in the Xunyang mining area, the PN values

of the other sampling sites were also higher than 3.0, indicating

that there was severe pollution. Along the Shengjia River

watershed (sampling sites Nos 9-10, 13–16) and Gongguan

River watershed (sampling sites Nos 1–8), the PN values of

the soil in the arable land decreased firstly and then increased,

with the highest PN value reached at the confluence of the rivers

(sampling site No. 13). The results of evaluation using the

Nemerow pollution index method were severe pollution.

3.3.3 Evaluation results using the geo-
accumulation index method

Table 3 demonstrated the geo-accumulation index of all

sampling sites in three area. It can be seen that in the

Lengshuijiang mining area, the average geo-accumulation index

(Igeo) of Sb, Cd, and As were 4.83, 2.70, and 0.67, respectively,

while the average Igeo values of the other heavy metals were all less

than 0, indicating that the arable soil around the mine was mainly

affected by Sb. In the Nandan mining area, except for the average Igeo
values of Cr and Ni, the average Igeo values of the other heavy metals

were all higher than 1.0, and the average Igeo values of Sb, As, and Cd

reached 4.77, 4.63, and 4.56, respectively, indicating that this mining

area was severely polluted by these heavy metals. In the Xunyang

mining area, except for Sb with the average Igeo value of 2.74, the

average Igeo values of the other heavy metals were less than 0, which

indicated that the arable soil around the Xunyang mining area was

mainly polluted by Sb, and the degree of pollution was moderate

to high.

3.3.4 Analysis of potential ecological risks
From Table 4, the potential ecological risk levels in the soil of

the Lengshuijiang mining area followed the order of Cd > Sb >
As > Pb >Ni > Cu > Zn > Cr. Among them, Cd and Sb exhibited

extremely high potential risks, and the value of comprehensive

potential ecological risk (RI) reached up to 852.12, indicating that

there was a high potential ecological risk of heavy metal pollution

in the soil of the Lengshuijiang mining area. The potential

ecological risks in the soil of the Nandan mining area

followed the order of Cd > As > Sb > Pb > Cu > Zn > Ni >
Cr, and heavy metal elements As, Cd, and Sb exhibited extremely

high potential risks. In addition, RI value of Nandan mining area

was 3240.52, indicating a very high potential ecological risk, and

the soil of this mining area showed the highest potential

ecological risk among the three mining areas. The potential

ecological risks in the soil of the Xunyang mining area

followed the order of Sb > Cd > As > Ni > Pb > Cu > Cr >
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Zn, and only Sb was found to have a high potential risk. The RI

value of this mining area was 175.58, indicating a medium

potential ecological risk.

4 Discussion

4.1 Heavy metal pollution in three mining
areas

Mining and smelting consistently lead to heavy metal

pollution in the surrounding and downstream soil of the

mining area, but the degree of pollution is closely related to

the distance from the pollution source. This study found that the

degree of heavy metal pollution in the surrounding farmlands

and areas downstream of the three mining areas was not only

closely related to the distance from the pollution source but was

also affected by factors such as ore composition, climate, mining

time, and smelting method. Studies have explored differences in

metal and metalloid concentrations in samples from different

sites due to spatial variability. The results show that the second

factor (PC2) dominated by As, Cd, Cu, Pb, Sb, and Zn, which are

related to smelting and mining activities. These metals and

metalloid may have been discharged by smelters, suspended in

mining tailings, and discharged during mineral processing

(Zhong et al., 2016; Guo et al., 2018).

Due to the different main components of the ores in the three

mining areas, the specific heavy metal elements that cause

pollution in the soil around each mining area and

downstream farmland and the degree of pollution varied. The

Lengshuijiang mining area and the Nandan mining area belong

to different antimony metallogenic belts (the Lengshuijiang

mining area belongs to the central Hunan-northcentral

Guangxi antimony metallogenic belt, and the Nandan tea

mountain mining area belongs to the Yunnan-Guizhou-

Guangxi antimony metallogenic belt; the farmlands in both

mining areas are polluted by a combination of As, Cd, Sb,

and Zn (Wang et al., 2014), even though their main

components are all stibnite (Sb2S3) and stibnite contains

71.4% Sb and a small amount of As, Pb, Ag, Cu, Fe, etc. In

addition to stibnite (Sb2S3), the main components of the ore in

the Nandan mining area are scheelite (CaWO4) and wolframite

TABLE 3 The geoaccumulation index of soil heavy metals in three typical antimony mining areas tested.

Area PETs Igeo Pollution grade

Min Max Average

Lengshuijiang mining area As −1.08 3.69 0.67 Non-pollution—middle pollution

Cd 0.31 4.63 2.70 Middle pollution—serious pollution

Cr −3.92 −2.04 −2.77 Non-pollution

Cu −1.70 0.96 −0.95 Non-pollution

Ni −2.26 −0.85 −1.61 Non-pollution

Pb −1.91 1.33 −0.91 Non-pollution

Sb 3.01 6.76 4.83 Serious pollution

Zn −2.04 2.03 −0.29 Non-pollution

Nandan tea mountain mining area As 0.10 8.72 4.40 Serious pollution

Cd 1.43 6.93 4.35 Serious pollution

Cr −2.90 −0.53 −2.17 Non-pollution

Cu −0.73 2.87 1.05 Middle pollution

Ni −2.49 0.11 −1.31 Non-pollution

Pb −1.35 4.39 1.38 Middle pollution

Sb 0.60 7.99 4.47 Serious pollution

Zn −0.53 4.26 2.01 Middle pollution—serious pollution

Xunyang mining area As −2.75 −1.17 −1.72 Non-pollution

Cd −2.43 0.35 −0.92 Non-pollution

Cr −3.33 −1.52 −2.93 Non-pollution

Cu −2.71 −0.74 −2.26 Non-pollution

Ni −2.09 −1.33 −1.89 Non-pollution

Pb −3.00 −0.41 −2.26 Non-pollution

Sb −0.46 6.40 2.74 Middle pollution—serious pollution

Zn −2.44 −1.80 −2.07 Non-pollution
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(FeWO4 and MnWO4). Since Ca in tungsten ore can be replaced

by Cu in the form of isomorphism, the soil around the Nandan

mining area and downstream farmland was also polluted by Cu

(Guo et al., 2014; Yang and Wu, 2014; Ye et al., 2019). The

Xunyang mining area is different from the Lengshuijiang mining

area and the Nandan mining area. The main components of the

ore are cinnabar (HgS) and stibnite. Since Hg was not

determined, the soil around the mining area and downstream

farmland were mainly polluted by Sb.

The Lengshuijiang mining area, Nandan mining area, and

Xunyang mining area all mainly adopt the pyrometallurgical

process (Erusalimskii, 1971; Feng et al., 2003; He, 2007). The

Lengshuijiang mining area has existed for 117 years, since the

establishment of the official mining bureau in 1905, and has had a

long-term impact on the heavy metal pollution of the soil in its

vicinity. The Nandan mining area has a history of nearly 50 years

since its establishment in 1973 and has profoundly impacted the

heavy metal pollution of the soil around the mining area. The

Xunyang mining area is 37 years old, dating to when the Xunyang

mercury antimony mine in Shaanxi Province was established in

1985 for simple production. This mine has a far-reaching impact

on the heavy metal pollution of the soil around it. Due to the

antimony ore in smelting ore after combustion is easy to

concentrate in the dust, through the atmospheric dust

accumulation in the soil, so the longer the mining time, the

greater the impact of heavy metal pollution on the soil around

the mining area (Li et al., 2013; Liang et al., 2013; Sheng et al.,

2022). However, because the ore composition of the Nandan

mining area is more complex than that of the Lengshuijiang

mining area, Pb and Cu pollution are also present, compared

with the similar As, Cd, Sb, and Zn pollution at Lengshuijiang.

At the same time, there is a significant difference in rainfall

between northern China and southern China. The North is dry

with low rainfall, while the South is humid with high rainfall.

Teutsch et al. (1999) found that differences in rainfall have an

important influence on the geochemical behaviour of heavy

metals in soil. Metal elements such as Cu, Pb, Zn, and As, are

positively correlated with rainfall, such that the greater the

rainfall, the greater the migration (Zhang et al., 2015; Xue

et al., 2020). Yi et al. (2008) also proved that heavy metals are

easily enriched in places with heavy precipitation.

Therefore, the Sb and As pollution in the Lengshuijiang mining

area and the Sb, As, Cu, and Pb pollution in theNandanmining area

are probably caused by antimony smelting (Long et al., 2020). In

slight variation from previous research results, the levels of Cu and

Pb heavymetals in the Lengshuijiangmining area did not exceed the

TABLE 4 The potential risk index and compound ecological risk index of soil heavy metals in three typical antimony mining areas.

Area PETs Er Grade RI Grade

Lengshuijiang mining area As 40.27 Lowest-risk 852.12 High ecological risk

Cd 422.32 The highest risk

Cr 0.46 Lowest-risk

Cu 4.81 Lowest-risk

Ni 2.56 Lowest-risk

Pb 5.13 Lowest-risk

Sb 374.79 The highest risk

Zn 1.77 Lowest-risk

Nandan tea mountain mining area As 1055.31 The highest risk 3240.52 The highest ecological risk

Cd 1627.74 The highest risk

Cr 1.43 Lowest-risk

Cu 19.78 Lowest-risk

Ni 3.42 Lowest-risk

Pb 11.2 Lowest-risk

Sb 512.12 The highest risk

Zn 9.51 Lowest-risk

Xunyang mining area As 4.81 Lowest-risk 175.58 Medium ecological risk

Cd 26.62 Lowest-risk

Cr 0.84 Lowest-risk

Cu 1.66 Lowest-risk

Ni 2.04 Lowest-risk

Pb 1.73 Lowest-risk

Sb 137.53 Higher-risk

Zn 0.36 Lowest-risk
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standards, which may be related to the fact that many plants are

distributed around the mining area and there are obvious traces of

phytoremediation. As a result, the pollution of the Lengshuijiang

mining area was lower than that of the Nandan mining area. The

Xunyang mining area was mainly polluted by Sb, and the other

heavy metal pollutants were not of significant levels. First, the ore

composition of the Xunyang mining area is different from the ore

composition of the other two mining areas, Xunyang County is rich

in mineral resources. Currently, it more than 39 kinds of mineral

resources, including mercury, lead, zinc, gold, copper, tin,

manganese, magnesium, limestone, and dolomite ores. Among

them, mercury, Hg, Au, and Pb–Zn ore are the main deposits

(Tang and Zhao, 2015). And second, the findings are related to the

low rainfall and thus low heavy metal migration of this area.

4.2 Pollution assessment and risk
assessment of the three mining areas

In this study, according to the single-factor pollution index

method and the Nemerow comprehensive pollution index

method, the three mining areas were all severely polluted by

heavy metals. Among them, Cd and Sb were the main

contributors in the Lengshuijiang tin mine; Sb was the main

contributor in the Xunyang antimony mine; and As, Cd, Sb, and

Zn were the main contributors in the Nandan tea mountain

antimony mine. The soil pollution in the three mining areas was

the most severe near the smelter or near the tailings.

According to the evaluation using the potential ecological risk

index method, the three mining areas all had a certain degree of

potential ecological risk. The Lengshuijiang tin mine had a high

potential ecological risk, while there was a moderate potential

ecological risk in the Xunyang antimony mining area. In addition,

there were certain similarities in the potential risk levels of these three

mining areas; that is, the pollution level gradually decreased from

upstream to downstream along the river watershed and increased to

some extent at the river confluence. Heavymetals in the environment

are often interrelated in complex ways. The high correlation between

the parameters may mean that they come from similar sources of

pollution (Shou et al., 2012). However, a study has been shown that

the sources of soil pollution are complex among several heavy metals

because some heavymetals are not related to each other. Therefore, it

is difficult to protect soil from heavy metal pollution (Zhu et al.,

2018). The above findings indicate that the mining of antimony ore

will cause heavymetals to enter the soil; the closer the farmland to the

mining area, the higher the heavy metal content, and the more

serious the pollution (Yao et al., 2021; Hu et al., 2022).

According to the evaluation using the geo-accumulation index

method, the Lengshuijiang tin mine had composite Cd and Sb

pollution and was classified as severe pollution; Nandan tea

mountain antimony mine had composite Sb, As, and Cd

pollution and was classified as extremely severe pollution; and

the Xunyang antimony mine had pollution from only Sb and

was classified as moderately polluted. In addition, the average

Igeo values of the three mining areas decreased gradually along

the river watershed from upstream to downstream and increased at

the confluence of the rivers. The research results of many scholars

(Yao et al., 2021; Hu et al., 2022) showed that the potential ecological

risk level of heavy metals in the riparian soil of the river watershed

increased considerably from the upstream to the downstream areas,

which varied from the results of this study. The reason may be that

the sampling sites were centred on smelters and tailings. However,

within the same radius, the degree of soil heavy metal pollution in

the upstream and downstream farmlands was low, which was

consistent with the results of previous studies.

5 Conclusion

In summary, the most serious soil pollution occurred near

the smelter or near the tailings in the Lengshuijiang tin mine, the

Nandan mining area, and Xunyang antimony mine, and the

degree of pollution gradually decreased from upstream to

downstream along the river watershed. Additionally, the

degree of pollution increased to some extent at the river

confluence point. At the same time, the heavy metal content

and degree of pollution of the soil around the mining areas were

related to the distance from each smelter; that is, taking the

smelter and tailings as the centre points, the heavy metal content

and the degree of pollution decreased concentrically from the

centre into the surrounding areas.
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