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analysis of heavy metals in soil
around an asbestos mine in an arid
plateau region, China

Xuwei Li*%, Da Ding¥?, Wenyi Xie'?, Ya Zhang'?, Lingya Kong'?, Ming Li*%, Mei Li'? &
Shaopo Deng®2**

Asbestos is widely used in construction, manufacturing, and other common industrial fields. Human
activities such as mining, processing, and transportation can release heavy metals from asbestos into
the surrounding soil environment, posing a health hazard to the mining area’s environment and its
surrounding residents. The purpose of the present study was to determine the extent of ecological
and human health damage caused by asbestos pollution, as well as the primary contributors to the
contamination, by examining a large asbestos mine and the surrounding soil in China. The level of
heavy metal pollution in soil and sources were analyzed using methods such as the geo-accumulation
index (l4..), potential ecological risk index (RI), and positive matrix factorization (PMF) model. A
Monte Carlo simulation-based health risk model was employed to assess the health risks of heavy
metals in the study area’s soil to human beings. The results showed that the concentrations of As,
Pb, Cr, Cu, and Ni in the soil were 1.74, 0.13, 13.31, 0.33, and 33.37 times higher than the local soil
background values, respectively. The I ., assessment indicated significant accumulation effects for
Ni, Cr, and As. The Rl evaluation revealed extremely high comprehensive ecological risks (Rl = 444)

in the vicinity of the waste residue heap and beneficiation area, with Ni exhibiting strong individual
potential ecological risk (Eir 2320). The soil health risk assessment demonstrated that As and Cr
posed carcinogenic risks to adults, with mean carcinogenic indices (CR) of 1.56E - 05 and 4.14E - 06,
respectively. As, Cr, and Cd posed carcinogenic risks to children, with mean CRs of 1.08E - 04,

1.61E - 05, and 2.68E - 06, respectively. Cr also posed certain non-carcinogenic risks to both adults
and children. The PMF model identified asbestos contamination as the primary source of heavy metals
in the soil surrounding the asbestos mining area, contributing to 79.0%. According to this study,

it is recommended that management exercise oversight and regulation over the concentrations

of Ni, Cr, Cd, and As in the soil adjacent to asbestos mines, establish a designated control zone to
restrict population activities, and locate residential zones at a safe distance from the asbestos mine
production zone.

In recent years, with the rapid development of the national industry, soil environmental issues have become
increasingly prominent and have attracted widespread attention from society. As one of the most common soil
pollutants, heavy metals possess characteristics such as persistence, accumulation, and difficulty in degradation’.
When pollution reaches a certain level, it can make the natural ecological environment fragile and directly or
indirectly threaten human health and the sustainable development of society®. Mineral resource development has
always been one of the main sources of heavy metal pollution in environmental media®. Currently, many scholars
have conducted research on heavy metal pollution in different types and regions of mines and surrounding soils.
The results show that heavy metals generated by mining activities have caused varying degrees of pollution to
surrounding soils. For example, Zhang et al. discovered that the soils in 15 lead-zinc mining regions in southern
China were polluted with a diverse range of heavy metals, predominantly Cd, Pb, and Zn*. Sun et al. found that
small-scale mining activities resulted in average concentrations of Cu, Zn, As, Cd, and Pb in surface soils of
farmland being seven times higher than the corresponding background values’. Mohammad et al. assessed the
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pollution level of farmland surrounding a coal mine in Bangladesh and found significant accumulations of Mn,
Zn, and Pb, primarily derived from coal mining activities®. Vuong et al. conducted a study in Vietnam where
they gathered 17 surface soil samples from a lead-zinc mining region. Their findings revealed that Pb, Zn, and
Cd were the most heavily contaminated substances’. Hye-Sook Lim et al. conducted a comprehensive assessment
of soil heavy metal pollution near an abandoned gold mine in South Korea and found that the concentrations
of As and Hg in farmland soil reached as high as 626 mg-kg™ and 4.9 mg-kg™!, respectively. The highest hazard
quotient and carcinogenic risk for the mine were 16 and 2.7E-03, respectively®.

Asbestos is known for its high tensile strength, resistance to chemical degradation, and excellent heat
resistance. These characteristics have led to its widespread use in various industries such as construction and
manufacturing’. Long-term asbestos mining generates a large number of tailings. For example, there are still over
2800 operational mines in India'®. Additionally, countries like Greece!'!, Canada'?, Russia'?, and Italy'* also have
asbestos mines in operation or in a state of closure. In China, asbestos mining production in 2020 has reached
a total of 100,000 t"°. Industrially, for every ton of asbestos consumed, approximately 10 g of asbestos fibers are
released into the environment, the released short asbestos fibers can remain suspended in the atmosphere for
several months'®. Fine asbestos fibers that settle on the surface of soil can be transported by wind, even floating
several km away, causing pollution to mining areas and surrounding environments'”. In recent years, research
on asbestos in mining areas and surrounding soil has attracted increasing attention from researchers. Especially,
considering the toxicity of asbestos to health, some public health institutions primarily study the length of asbes-
tos fibers and their potential pathogenicity upon inhalation by humans®!'®!?. During the process of pollution
dispersion, asbestos is often accompanied by heavy metal elements such as Ni, Cd, Cr?, which can spread to the
site and surrounding soil, posing a serious threat to human health and ecological environment.

However, currently, there is still insufficient research on the asbestos mines and heavy metal contamination in
the surrounding soil, both domestically and internationally. Especially in terms of human health risks and source
analysis, only Sonali Banerjee et al. have evaluated the soil pollution and health risks in agricultural fields near an
asbestos mine in India using synergistic statistical methods. The results indicated higher ecological risks of heavy
metals near the mine, as well as carcinogenic risks for children and adults®. Adarsh Kumar et al. found that the
concentrations of Ni and Cr in the soil of agricultural fields near a Cr-containing asbestos mine in India exceeded
the soil threshold values?!. The aforementioned research primarily examined the effects of asbestos mines on
adjacent agricultural land in India. China, as a major asbestos mining country, has more sensitive receptors in
and around asbestos mines, but the sources of asbestos contamination, ecological risks, and health risks have
rarely been reported. In addition, traditional health risk assessment uses fixed values as input parameters, which
may overestimate or underestimate the risk, whereas probabilistic risk assessment uses parameters with prob-
ability distributions as input values, which is able to deal with the uncertainty and variability of data parameters.

This study examines the production and residential areas of asbestos mines in China. It evaluates the pollution
characteristics and potential ecological risks of heavy metals using various methods such as the geo-accumulation
index method, potential ecological risk index method, positive matrix factorization method, and probabilistic
health risk assessment. The study also analyses the sources of heavy metal pollution in asbestos mine sites and
assesses the health risks to nearby sensitive receptors. The aim is to provide technical support for the precise
prevention and control of heavy metal pollution in asbestos mine environments.

This article analyzes the content characteristics of heavy metals in an asbestos mine and its surrounding
soils in an arid plateau region. It assesses the potential ecological risks, environmental risk levels, and scope
of heavy metal pollution in the asbestos mining area. Additionally, it utilizes the Positive Matrix Factorization
(PMF) method and Monte Carlo simulation to conduct source analysis and probabilistic assessment of health
risks associated with heavy metals in the soil. The goal is to provide technical support for precise prevention or
control of heavy metal pollution in asbestos mining environments.

Materials and methods

Study area overview

The study area includes the asbestos mining area and the residential area located on the northeast side. The
mining area has a length of approximately 6 km from east to west, a width of approximately 4 km from north
to south, and covers an area of about 14.11 km?. The mining area has a history of 62 years and is a large ultra-
basic rock-type chrysotile deposit. The main mineral of asbestos ore in the mining area is clinochrysotile and
the mining method used is spiral open-pit mining. Asbestos fibers in the soil of the mining area mainly come
from natural weathering and erosion of asbestos mines, as well as human mining activities and the deposition
of tailings and waste residues. The waste residues are piled around the mining area and distributed to the south
of the mining area. The size of the deposition areas varies, and their heights typically range from 3 to 8 m, with
the maximum height not exceeding 15 m. The study area has a continental plateau climate, characterized by
dry and cold conditions with drastic temperature changes. It is windy throughout the year, and according to
meteorological data, the average annual temperature in the mining area is 1.5 °C. The area experiences minimal
rainfall, with an annual precipitation of only 46.9 mm. The daily average wind speed is generally greater than
5 m-s™!, with a maximum of 26 m-s™!. Hydrogeological data and geological exploration results of surrounding
mines indicate that no groundwater has been observed within a depth of 200 m in the currently exploited mines.

Sample collection and analysis methods

In this study, a total of 84 sampling points were set up in the investigation area, distributed in areas such as
the mining area, beneficiation area, waste residue pile surrounding area, residential area, and bare land. After
scraping off impurities with a wooden shovel, the surface 0-30 cm of soil was collected. Each sample weighed
approximately 1 kg, and a total of 84 samples were collected. Considering that the main sources of soil asbestos
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contamination are asbestos ore mining, as well as asbestos tailings, asbestos products, and asbestos dust generated
during asbestos processing, four types of pollution source samples were collected for heavy metal concentration
analysis, with three samples collected for each pollution source. The location map of the study area is shown in
Fig. 1.

For the analysis methods and detection limits of Cr, the method described in “Soil Quality—Determina-
tion of Total Chromium—Flame Atomic Absorption Spectrophotometry” (HJ 491-2019) was referenced. For
other elements, the analysis methods and detection limits were in accordance with the requirements specified
in “Soil Environmental Quality—Risk Control Standard for Soil Contamination of Development Land (Trial)”
(GB 36,600-2018), specifically in “Table 3: Analysis Methods for Soil Pollutants”. The testing methods for the
samples included graphite furnace atomic absorption spectrophotometry, atomic fluorescence spectrometry,
flame atomic absorption spectrophotometry, etc.

Geo-accumulation index method

The Geo-accumulation Index (I, is a quantitative indicator proposed by German scientist Miiller in the 1970s to
study the degree of heavy metal pollution in sediments and other substances®?. What sets the Geo-accumulation
Index method apart from other pollution assessment methods is that it takes into account the factors that cause
background value changes due to natural diagenesis. The detailed calculation process is formulated in the fol-
lowing Eq. (1).

Igeo = log,[Ci/(K - Co)] (1)

In the formula, I, represents the geo-accumulation index of heavy metal i; Ci represents the measured value
of heavy metal i in soil (mg-kg™); C, represents the background value of element i in soil (mg-kg™); k is the cor-
rection coefficient for the variation of background values caused by soil-rock differences, which is generally taken
as 1.5. Taking into account the regional characteristics of the study area, the composition of parent materials in
surface soils, and the evolutionary laws of geomorphology and geological environment, this study takes the soil
element background values of non-agricultural land in Ruogiang County, Xinjiang as a reference. The values for
Hg, Cd, As, Pb, Cu, Ni, Cr, and Zn are 0.02, 0.12, 11.20, 19.40, 26.27, 26.60, and 68.80 mg-kg™", respectively®.

The classification criteria for geo-accumulation index are as follows: Igeo <0 indicates no pollution; 0 < L, <1
indicates slight pollution; 1 <I,, <2 indicates moderate pollution; 2 <1, <3 indicates severe pollution; L,., >3
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Figure 1. Distribution and zoning map of sampling points in the study area. Map was created using ArcGIS
Desktop 10.3 (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview).
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indicates extremely severe pollution. When the I, value is greater than 0, it indicates that the main source of
heavy metals in the soil is human activities rather than natural factors such as parent materials.

Potential ecological risk index method

The potential ecological risk index method was proposed by Swedish scientist Hakanson. It takes into account
the properties of heavy metals, their environmental behavior, toxic effects, synergistic effects between different
heavy metals, and the sensitivity of the ecological environment to heavy metals*’. The formula for calculating
the individual potential ecological risk index (E}) is as following Eq. (2).

g LG

'S TG, 2)

In the formula, T} represents the toxicity response coeflicient of a certain heavy metal in the soil (the toxic-
ity response coefficients for Hg, Cd, As, Pb, Cu, Ni, Cr, and Zn are 40, 30, 10, 5, 5, 5, 2, and 1, respectively). Ci
represents the concentration of heavy metals in the soil, and C, represents the background value of heavy metals
in the soil. The comprehensive Potential Ecological Risk Index (RI) is the sum of individual potential ecological
risk indices, and the calculation formula is as following Eq. (3).

n
RI = E} 3)
i=1

The grading criteria for the Potential Ecological Risk Index (RI) takes into account the toxicity coeflicients of
eight heavy metal pollutants and the comprehensive evaluation of ecological risk levels?*. Hakanson proposed the
RI grading criteria based on the sum of the toxicity coefficients of As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, and polychlorin-
ated biphenyls (PCBs), which totals to 133. The threshold value for the first level of RI classification according
to Hakanson is 150. However, this study involves eight different heavy metals: As, Cd, Cr, Cu, Hg, Ni, Pb, and
Zn, and the sum of the toxicity response coefficients for these eight heavy metals in the RI grading criteria is 98.
Therefore, the RI classification limits need to be adjusted. To make the adjustment, the study proposes calculating
the unit toxicity coefficient grading value as RI=150/133 = 1.13. The corresponding threshold value for the first
level of RI is approximately 111. Each subsequent level's threshold value is twice that of the previous level*. For
the adjusted RI grading criteria, please refer to Table 1.

Monte Carlo simulation for health risk assessment

An evaluation of carcinogenic and non-carcinogenic risks for adults and children through three exposure path-
ways (oral ingestion, dermal contact, and inhalation) was conducted using the health risk assessment model
recommended by the United States Environmental Protection Agency (USEPA). The daily soil intake for oral
ingestion, dermal contact, and inhalation can be calculated according to Eqgs. (4), (6).

ADDjpgest = Ci - Ringest - EF - ED/BW - AT - 107° (4)
ADDgermal = Ci - SA - SL - ABF - EF - ED/BW - AT - 107° (5)
ADDjyha1 = Ci - Righat - EF - ED/PEF - BW - AT )

In the formulas, ADD; 5, ADDyerma, and ADD,p, represent the daily average intake of heavy metals from
soil through ingestion, dermal contact, and inhalation, respectively. Ci represents the measured value of heavy
metal i in soil. The meanings of other parameters can be found in Table 2.

Calculate the non-carcinogenic risk index and carcinogenic risk index through the daily average soil intake,
which are Egs. (7), (8).

HI = HQ= ) (ADDj/RfDy) )
TCR=» CR=) ADDj - SF; (8)

Level |El Ecological risk level | RI Ecological risk level

1 Ei< 40 Slight RI<111 Low

2 40 <El <80 Moderate 111<RI<222 | Moderate

3 80< E‘r <160 Strong 222<RI<444 | High

4 160 <EL <320 | Very strong RI>444 Extremely high

5 E‘rz 320 Extremely strong

Table 1. Grading criteria for potential ecological risk coefficient (EL) and potential ecological risk index (RI).
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Parameter | Description Unit Type Children Adult Reference
Ringest Soil ingestion rate mg-d™! Triangular | 66,103,161 | 4, 30, 52 2
EF Exposure frequency dy! Point 350 350 2
ED Exposure duration y Uniform 0,10 0,50 29
Rinhal Inhalation rate m?d! Point 7.6 20 30
PEF Particle emission factor m’kg™ | Point 1.36E+09 1.36E+09 | ¥
BW Average body weight kg Lognormal |16.68,1.48 |57.03,1.18 |*
AT Average time d Point 2190 9125 3
SA Exposed skin area cm? Lognormal | 7422, 1.25 18,182,1.1 |3
AF Skin adherence factor mg-cm™ | Lognormal | 0.65, 1.2 0.49, 0.54 32
ABF Dermal adsorption factor | - Point 0.001 0.001 »

Table 2. Input parameters and values in health risk assessment for soil with Mote Carlo. —data not available.

RID (mg:(kg day)") SF ((kg day) mg™)
Elements | Ingestion | Inhalation | Dermal Ingestion | Inhalation | Dermal References
As 3.00E-04 |123E-04 |123E-04 |15E+00 1.51E+00 3.66E+00 |3
Cd 1.00E-03 | 1.00E-05 |1.00E-05 |6.1E+00 6.30E+00 - 3
Cu 4.00E-02 |4.02E-02 |120E-02 |- - - 34
Cr 3.00E-03 |286E-05 |6.00E-05 |850E-03 |4.20E+00 - 3
Hg 3.00E-04 |857E-05 |2.10E-05 |- - - 2
Ni 2.00E-02 |2.06E-02 |540E-03 |- 8.4E - 01 - 3
Pb 3.50E-03 |3.52E-03 |525E-04 |850E-03° |- - 3
Zn 3.00E-01 |3.00E-01 |6.00E-02 |- - - 3

Table 3. Corresponding reference dose (RfD) and slope factors (SF) values of heavy metals in soils in health
risk assessment model with Mote Carlo simulator. - data not available.

In the formulas, HQ and HI represent single and integrated non-carcinogenic risk indices, respectively. CR
and TCR represent single and integrated carcinogenic risk indices, respectively. RfDj; refers to the reference dose,
while SF; represents the slope factor, with specific values given in Table 3. When HQ/HI< 1, it indicates that the
non-carcinogenic risk can be ignored. Conversely, there is a non-carcinogenic risk. When CR/TCR<1.00E -6, it
suggests that the carcinogenic risk can be ignored. If 1.00E — 6 < CR/TCR < 1.00E — 4, it indicates the presence of
tolerable carcinogenic risk. Finally, if CR/TCR > 1.00E - 6, it implies the existence of intolerable carcinogenic risk.

Compared to traditional health risk models, the Monte Carlo simulation-based health risk assessment model
first needs to determine the distribution function of variables. Then, random sampling is performed from the
variable distribution, and the probability distribution of the simulation results is output®. In this study, Oracle
Crystal Ball software was used for data processing, with the number of iterations set to 10,000 for each run and
a confidence level of 95% to obtain an approximate solution for the risk assessment.

PMF model analysis method

The PMF (Positive Matrix Factorization) model is a novel and effective source analysis method?®. By combining
the markers of various emission sources and computational results, it infers the types of pollution sources and
their contributions to soil heavy metals. The analysis results are more in line with the actual situation. In recent
years, this model has been increasingly applied in the identification and allocation of soil pollution sources®”s.
PMF is a multivariate receptor model that decomposes an i x j-dimensional matrix (x;) into a contribution matrix
(gu) and a factor matrix (fy), the calculation formula is as following Eq. (9).

P
X = gufig + e )
k=1

In the formula, i and j represent the number of samples and species, respectively, while k represents the
number of factors, and e;; represents the residual fraction. The PMF model obtains factor distribution maps and
contributions by minimizing the objective function Q using the least square method, the calculation formula
is as following Eq. (10).

=23 (5)
i=1 j=

Here, U; represents the uncertainty of each species detected in each sample.
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In this study, the following processing steps were performed on the obtained heavy metal concentrations to
ensure the accuracy of the research: (1) For non-detects, the concentration was replaced with 5/6 of the detection
limit. (2) The number of factors was set to 3-6, and multiple model reconstructions were performed to stabilize
the Q value. The ratio residuals and R*>values were adjusted to ensure that the proportion of component ratio
residuals between + 3 and — 3 was greater than 95.5% and that the R? value exceeded 0.98.

Experimental data processing

The statistical analysis of data for the eight heavy metals was carried out using Excel spreadsheets. In this study,
ArcGIS 10.2 geographic information system software was used for inverse distance weighting (IDW) interpola-
tion. The data processing for health risk assessment model based on Monte Carlo simulation was performed
using Oracle Crystal Ball 11.1.2.4 software. The source analysis of soil heavy metals was conducted using PMF 5.0.

Results and discussion

Characteristics of heavy metal contents in soil

The concentration characteristics of heavy metals in soil are usually described using representative statisti-
cal parameters. The statistical characteristic values of heavy metal content in the study area soil are shown in
Table 4. It can be seen that, except for Hg, Cd, and Zn, the average concentrations of the other five heavy metals
are higher than the soil background values of non-agricultural land in Ruogiang County to varying degrees.
The average concentrations of As, Pb, Cr, Cu, and Ni are 1.74, 0.13, 13.31, 0.33, and 33.37 times higher than the
soil background values, respectively. The proportions of samples exceeding the soil background values for seven
elements including As, Cd, Pb, Cr, Cu, Zn, and Ni are 57.14%, 36.90%, 63.10%, 91.67%, 70.24%, 23.81%, and
98.81%, respectively. The above results indicate that, in non-agricultural land in Ruoqiang County, except for
the soil background value of Hg, which is significantly higher than that of Hg in Xinjiang Autonomous Region,
the background values of other elements are lower than the soil background values for those elements in the
Xinjiang Autonomous Region®. In terms of the proportion of samples exceeding the Ruogiang County back-
ground values, As, Zn, and Ni are all above 50%, indicating that these three elements are widely enriched in the
soil. The multiples of Cr and Ni average concentrations exceeding the background values are much larger than
those of other elements. Research by Alloway et al. showed that the average concentration of Cr in soils contain-
ing serpentinite reaches as high as 3000 mg-kg™!, while the concentration range of Cr in uncontaminated soils is
0.5~250 mg-kg™'*°. Reeves et al. found that the Cr content in serpentinite soil environments in Costa Rica ranged
from 1400 to 3640 mg-kg™'*!. Ni and Cr were found to be associated and present in all types of rocks, with high
concentrations of Ni primarily observed in serpentine soil**. In a serpentine mining waste site in Taiwan Region,
the content of Ni ranged from 691 to 1220 mg-kg™'**. Similarly, near an abandoned asbestos mine in India, the
concentration of Ni in the soil was also relatively high, ranging from 945 to 1620 mg-kg™'*!. These findings reveal
that the concentrations of Ni and Cr are generally high in serpentine rock formations and the associated soils,
consistent with the asbestos mine type and the levels of the two heavy metal pollution observed in this study.
This further confirms the severe contamination of surrounding soils caused by this type of mineral deposit.

The coeflicient of variation is a parameter that represents the uniformity of element distribution in soil.
A higher coefficient of variation indicates a more uneven distribution and greater disturbance from human
activities*. The coeflicient of variation ranges from 0.38 to 1.45 for eight heavy metals, with the order of magni-
tude being As>Hg>Pb>Ni> Cr>Cu>Cd>Zn. The coeflicients of variation for As, Hg, Pb, Ni, Cr, are greater
than 0.9, indicating significant spatial distribution variations and strong heterogeneity. On the other hand, the
coefficients of variation for Cd and Zn range from 0.3 to 0.6, indicating moderate variation and relatively con-
sistent influence from external factors.

From Table 5, it can be seen that the average concentrations of As, Hg, Cd, Pb, Cr, Cu, Zn, and Ni in the four
types of asbestos pollution sources (asbestos ore, asbestos tailings, asbestos products, and asbestos dust) are 14.73,
0.02,0.07, 6.23,1339.17,10.33, 13.33, and 1788.33 mg-kg’1 respectively. Among them, the average concentrations
of As, Ni, and Cr exceed the soil background values in the non-agricultural land of Ruogiang County by 0.9,
95.5, and 32.0 times respectively. Research conducted by Evangelos Gidarakos and others has shown that, except
for the high concentrations of Ni and Cr, the concentrations of other heavy metals and harmful substances in
the soil are at low levels*, which is consistent with the findings of this study. The coefficient of variation for the
eight heavy metals ranges from 0.08 to 0.47, while the variation coefficients for Pb and Cu range from 0.3 to 0.6,
indicating moderate variation. The variation coefficients for the remaining heavy metals range from 0.1 to 0.3,

Statistics As Hg Cd |Pb Cr Cu Zn Ni

Minimum value 1.29 0.002 | 0.04 2.72 2491 4.00 16.58 15.25
Maximum value 206.10 0.103 | 0.29 |175.38 |1826.35 |117.74 |122.20 |1951.19
Average value 21.79 0.010 | 0.09 16.62 580.04 20.25 41.72 636.93
Standard deviation 31.54 0.011 | 0.04 18.30 559.74 13.82 15.95 632.68
Coefficient of variation 1.45 1.18 |0.38 1.10 0.97 0.68 0.38 0.99
Background value* 7.94 |11.48 |0.10 | 14.67 40.54 15.23 | 48.00 18.53

Table 4. Statistical information of heavy metal contents in soil; unit: mg-kg™. The background value* refers to
the background value of each element in the non-agricultural land soil of Ruoqiang County, Xinjiang®.

Scientific Reports |

(2024) 14:7552 | https://doi.org/10.1038/s41598-024-58117-4 nature portfolio



www.nature.com/scientificreports/

Statistics As Hg Cd Pb |Cr Cu Zn Ni
Minimum value 8.87 10.016 |0.038 3.39 | 890 4 13 1600
Maximum value 17.1 0.022 [0.094 |13.2 | 1560 16 20 2000
Average value 14.73 | 0.02 0.07 6.23 | 1339.17 |10.33 |13.33 | 1788.33
Standard deviation 2.10 |0.00 0.02 2.93 | 218.50 3.50 2.29 135.70
Coefficient of variation 0.14 |0.10 0.27 0.47 0.16 0.34 | 0.17 0.08

Table 5. Statistical information of heavy metal contents in asbestos pollution sources.

indicating low variation. This suggests that there is no significant spatial difference in the concentrations of the
six elements, including As, Hg, Cd, Cr, Zn, and Ni, with higher levels observed for Ni and Cr.

Soil heavy metal pollution assessment

The geo-accumulation index method takes into account both geological background and human activities. The
mining activities of asbestos mines can to some extent cause soil heavy metal pollution. The evaluation results
of the geo-accumulation index for soil heavy metals are shown in Fig. 2. The average values of the geo-accumu-
lation index (Iy,) are as follows: Ni (3.58) > Cr (2.46) > As (0.04) > Cu (- 0.36) >Pb (- 0.71) >Cd (- 0.74) >Zn
(—0.85)>Hg (- 11.09). Among them, Ni, Cr, and As have evaluation average values greater than 0, indicating
the presence of severely polluted sampling sites. The evaluation result for Ni is mainly severe pollution (I, > 3),
accounting for 50%, followed by heavy pollution (2 <I,.,<3) at 17.86%, and only 5.95% of the sampling sites show
no pollution (I, <0). For Cr, the evaluation result is mainly severe pollution (L, > 3), accounting for 46.43%, fol-
lowed by moderate pollution (1 <I,<2) at 19.05%, and 16.67% of the sampling sites show no pollution (I, <0).
The evaluation result for As is mainly no pollution (I, <0), accounting for 51.19%, followed by slight pollution
(0<Ig,<1) at 25%, and the percentage of severely polluted sites (I ., >3) is 3.57%. The evaluation results for Cu,
Pb, Cd, and Zn are mainly no pollution (0 <1, < 1), accounting for 78.57% to 100% of the sampling sites. The
evaluation result for Hg is no pollution (I, <0), accounting for 100% of the sampling sites.

The above results indicate that the cumulative effects of Ni, Cr, and As elements in the study area are sig-
nificant under the influence of asbestos production and human activities. Among them, the mean ranks of the
geo-accumulation index for Ni and Cr are the highest, indicating severe pollution. Kahangwa et al. demonstrated
that the ground accumulation index is indicative of soil contamination levels, with Cr being the primary con-
taminant in the research area*. Adarsh Kumar et al’s research shows that the geo-accumulation index of Ni and
Cr near abandoned asbestos mines in agricultural soil is relatively high, with maximum values of 4.37 and 3.59,
respectively. These values decrease with increasing soil depth?'. This finding is consistent with the conclusions of
this study. As for As, 3.57% of the sampled points show a state of severe enrichment, indicating that local sites are
more significantly affected by human activities. This result is also consistent with the conclusion reflected by the
variation coefficient of As element. Jiang et al’s research on nonferrous metal mines in northwestern China also
indicates that As is greatly influenced by human activities, with a geo-accumulation index ranging from —0.838
to 7.34 and a proportion of severely polluted sites (I, >5) of 21.4%*. Hence, potential pollution with additional
heavy metals resulting from human activities during the mining and manufacture of asbestos.

Potential ecological risk assessment
Potential ecological risk is generally influenced by factors such as the properties of heavy metals, their biological
toxicity, and ecological effects. The results of the potential ecological risk index assessment in the study area are
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Figure 2. Geoaccumulation index of soil heavy metals in the study area.
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shown in Fig. 3. According to the findings of the ecological risk assessment conducted on the sampling sites, the
average values of individual potential ecological risks (E}) are as follows: Ni (171.87) > Cr (28.62) > Cd (28.25) > As
(27.45)>Cu (6.65) > Pb (5.67) > Zn (0.87) > Hg (0.03). Ni, Cr, Cd, As, and Pb pose moderate or higher ecological
risks. Among them, the proportion of sampling points evaluated as having extremely high ecological risk (E;
> 320) for Ni is 27.38% of the total sampling points. The proportions of sampling points evaluated as having
very high ecological risk (160 < El <320) for As and Ni are 15.48% and 2.38%, respectively. The proportions of
sampling points evaluated as having high ecological risk (80 < E! <160) for As, Cd, Cr, and Ni are 5.95%, 1.19%,
3.57%, and 5.95%, respectively. The proportion of sampling points evaluated as having high ecological risk or
above for Ni reaches 48.81%. Overall, the evaluation results for the eight heavy metals mainly indicate slight
ecological risks (E; < 40), with the proportion of sampling points falling within the range of 39.29% to 100%.
The proportion of sampling points evaluated as having slight ecological risk (E} < 40) for both Cu and Zn is as
high as 100%.

The mean of the comprehensive potential ecological risk index in the study area is 269.40, reaching a high
ecological risk level. The range of the risk index (RI) for all sampling points is between 41.82 and 755.01. As
shown in Fig. 4, areas with low ecological risk (RI<111) account for 34.52% of the total sampling points, fol-
lowed by areas with extremely high ecological risk (RI>444), accounting for 29.76% of the total points. Areas
with moderate ecological risk (111 <RI<222) and high ecological risk (222 <RI <444) account for 19.05% and
16.67% of the total points, respectively. Regions with extremely high ecological risk are mainly located in the
eastern and southern parts of the study area. Among them, the areas surrounding waste piles and mining areas
have a relatively concentrated distribution of sampling points with extremely high ecological risk, accounting
for 36% and 48% respectively.

These results indicate that asbestos production activities in the study area have caused significant ecological
risks to the soil, especially in the areas surrounding waste piles and mining areas where the ecological risk is
extremely high. Among them, Ni poses a particularly strong individual potential ecological risk, with a wide
range of influence and the most significant degree of harm. Gianina E. Damian et al. pointed out that an aban-
doned mine in Romania poses an ecological risk to the surrounding soil, with a potential ecological risk index
range for Ni of 80.4 to 140.7, showing a high ecological risk*®. The mean of the potential ecological risk for Ni
(E!) obtained in this study falls within the range of Gianina E. Damian et al’s results. Additionally, asbestos
mine waste is also a major source of Ni in the surrounding soil*\. Therefore, when assessing the suitability of
agricultural land in asbestos mines and the neighboring area for crop cultivation, managers ought to direct their
attention towards the Ni content of the soil.

Probabilistic health risk of soil heavy metals

The carcinogenic and non-carcinogenic risks for adults and children through three exposure pathways (oral
ingestion, dermal contact, and inhalation) were evaluated using the health risk assessment model recommended
by USEPA. As shown in Fig. 5, for adults, the average values of carcinogenic risk index (CR) for the five heavy
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Figure 3. Individual potential ecological risk index of soil heavy metals and proportion of sampling points.
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Figure 4. Proportion and spatial distribution of sampling points with comprehensive potential ecological risks
from soil heavy metals. Map was created using ArcGIS Desktop 10.3 (https://www.esri.com/en-us/arcgis/produ
cts/arcgis-pro/overview).

metals are as follows: As (1.56E — 05) > Cr (4.14E — 06) > Cd (2.35E — 07) > Ni (5.74E — 08) > Pb (5.66E — 08).
The mean values of CR for As and Cr are both greater than 1.00E-6, and the 95th percentile values of CR for
As and Cr are 3.92E - 05 and 8.04E — 06, respectively (>N1.00E - 6). The mean values and the 95th percentile
values of CR for Cd, Ni, and Pb are all less than 1.00E — 6. The maximum CR values are 3.92E - 05, 1.21E - 07,
and 2.44E - 07 for Cd, Ni, and Pb, respectively. For children, the mean values of CR for the five heavy metals
are as follows: As (1.08E — 04) > Cr (1.61E — 05) > Cd (2.68E — 06) > Pb (6.21E — 07) > Ni (6.27E — 08). The mean
values and the 95th percentile values of CR for As, Cr, and Cd are all greater than 1.00E — 6. The mean value and
95% value of CR for Ni are 6.27E — 08 and 1.21E — 07, respectively, and the maximum CR value is 1.75E — 07.
The comprehensive carcinogenic risk index (TCR) shows that the average values of TCR for adults and children
are 2.00E -5 and 1.27E -4 (> 1.00E - 6), with 95th percentile values of TCR being 4.73E — 05 and 2.81E — 04
(>1.00E - 6). These results indicate that there is a certain level of carcinogenic risk from heavy metals in the soil
of the asbestos mine and its surrounding areas for both children and adults. Specifically, As and Cr pose carcino-
genic risks to adults, while As, Cr, and Cd pose carcinogenic risks to children. The carcinogenic risk from total
potentially toxic elements concentration has been reported earlier although®. Studies have shown that children
are at higher risk of carcinogenic effects than adults in all three exposure pathways®. Children are more vulner-
able to heavy metal contamination. In the soil of mining areas in northwestern China, the health risks of As for
both children and adults exceed safety thresholds, with oral ingestion of soil particles being the main exposure
pathway associated with high risk*’. Ali Najmeddin et al. observed a carcinogenic risk of Cr for Iranian children®.
Therefore, measures need to be taken in the polluted areas to reduce carcinogenic risks.

As shown in Fig. 6, for adults, the mean value of non-carcinogenic risk index (HQ) for 8 heavy metals is from
4.92E - 05 to 7.51E — 01, and the 95th percentile range of HQ is from 5.84E — 05 to 2.45. For children, the mean
value of non-carcinogenic risk index (HQ) for 8 heavy metals is from 1.86E — 04 to 1.58, and the 95th percentile
range of HQ is from 1.83E — 04 to 4.81. In both exposure scenarios, the mean values and 95th percentile values
of Cr’s HQ are greater than 1. The comprehensive non-carcinogenic risk index (HI) shows that the mean values
of HI for adults and children are 7.94E — 01 and 1.85, and the 95th percentile values of HI are 2.56 and 5.33
respectively. The above results indicate that there is a non-carcinogenic risk associated with soil heavy metals in
the asbestos mine and its surrounding areas for both children and adults. Specifically, Cr poses a certain degree
of non-carcinogenic risk to both adults and children®'. Some research findings also suggest that children have
higher HI values than adults in various exposure pathways, revealing the fact that children are more susceptible
to the harmful effects of toxic heavy metals®**. Any heavy metals can be harmful even at very low concentra-
tions, exposure time, and dosage®. It follows that the necessary protective measures need to be taken to reduce
children’s exposure and minimize the risk of exposure.
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Figure 5. Probability distribution of carcinogenic risk from soil heavy metals.

PMF source analysis
In this study, the PMF (Positive Matrix Factorization) source analysis model was used to calculate the spectra
and contribution rates of each source component. Based on the concentration values in the source component
spectra, the contribution rate of each pollution source was calculated proportionally, summarizing the contri-
bution rates of each factor to the indicators. The results are shown in Fig. 7. The model was run 20 times under
the random seed mode to determine the optimal number of factors. The simulation effects of 3-5 factors were
tested separately, ensuring the minimum Q value was obtained. From the fitting results of the included model
calculations, it can be seen that when the number of factors is 3, the overall concentration fit is good, with a
correlation coefficient R? of 0.988. In this model, the Q,pus/ Qerue is 0.924, indicating the robust operation of the
model under stable conditions.

The data analyzed by the PMF model indicates that the pollutants with high contribution rates in Factor 1 are
Cr and Ni, with contribution rates of 75.9% and 79.2%, respectively. According to Table 5, the types of asbestos
pollution sources in the study area include asbestos ore, asbestos dust, asbestos tailings, and finished asbestos
products. The concentration ranges of Cr and Ni are 890 ~ 1560 and 1,600 ~ 2000 mg-kg™’, respectively, with aver-
age concentration levels of 1339.17 and 1788.33 mg-kg™!, exceeding the background values of Ruogiang County,
Xinjiang® by 49.3 and 67.1 times, respectively. This indicates that asbestos pollutants contain a large amount of
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Figure 7. Contribution of different sources to soil heavy metals.

Cr and Ni elements. It has also been reported that asbestos is often associated with heavy metal elements such
as Niand Cr*% Li et al. found that heavy metal Cr exhibits strong mobility, and in the soil, it shows distribution
characteristics similar to asbestos minerals. Moreover, there is a severe exceedance of the standard at the asbestos
tailings residue site**. Adarsh Kumar et al. found high concentrations of Cr (1148 mg-kg™") and Ni (1120 mgkg™)
in agricultural soils near asbestos mining waste, far exceeding the soil threshold limits*!. These conclusions are
consistent with the results of this study. Due to the production activities of asbestos mines, high concentrations
of heavy metals have spread, migrated, and accumulated. Thus, Factor 1 can be considered as the asbestos pol-
lution source, which is also consistent with the assessment results of the geoaccumulation index for Cr and Ni.

Factor 2 is characterized by the elements Hg, Cd, Pb, Cu, and Zn, with contribution rates of 59.9%, 76.2%,
86.7%, 69.0%, and 71.6% respectively. According to the detection results of asbestos pollution sources (Table 5),
the average concentration levels of Hg, Cd, Pb, Cu, and Zn are 0.02, 0.07, 6.23, 10.33, and 13.33 mg-kg™!, respec-
tively. These values are lower than the non-agricultural soil background values in Ruoqiang County, indicating
that the concentrations of these five heavy metals in asbestos pollutants are relatively low. It has been suggested
that the main sources of Cd and Cu are industrial smelting, tires, and vehicular transportation®, but the produc-
tion activities at the study site had little effect on the concentrations of the samples, and the soil parent material
factor may play a dominant role. This is consistent with the evaluation results of the geoaccumulation index (I,,)
for Hg, Cd, Pb, Cu, and Zn. In addition, numerous studies have also indicated that Hg, Cd, Pb, Cu, and Zn mainly
originate from the soil parent material. For example, in coastal soils near Shanghai®*, sugarcane cultivation soils
in northeastern Brazil*, agricultural soils in the Yangtze Delta region of China®, surface soils in regions under-
going intensive industrialization and urbanization in China®, and agricultural soils in a river basin in Spain®,
similar conclusions have been drawn. Thus, Factor 2 is identified as a natural source.

Factor 3 is characterized by the element As, with a contribution rate of 100%. As is a typical indicator element
of coal combustion sources®. After combustion, the resulting ash enters the air and settles into the soil through
dry deposition. In the study area, there is a relatively large residential and industrial office area in the north,
while scattered small-scale residential and office areas are distributed in the south. The prevailing wind direction
is northwest, and the population consumes a large amount of coal in their daily lives. Fly ash generated from
long-term coal combustion ultimately settles into the nearby soil®, leading to the accumulation of As in the soil
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in the asbestos mining environment. Furthermore, there are no other industries in the vicinity. Therefore, it can
be determined that Factor 3 represents the emission source of coal combustion.

Sonali Banerjee et al’s research indicates that natural sources (asbestos mines) and industrial sources (min-
ing, processing, tailings) are the main contributors to Ni and Cr pollution. The contributions of transportation
and agricultural emissions are 6.9% and 15.7% respectively®’. This study identified three main sources, as shown
in Fig. 7. The main contribution levels of different sources to soil heavy metals are asbestos pollution sources
(79.0%) > coal combustion sources (11.1%) > natural sources (9.9%). This indicates that asbestos pollution is
the major source of soil heavy metals, which is consistent with the results of Sonali Banerjee et al’s research.
The primary environmental risks at the sample sites are primarily associated with asbestos mining activities,
particularly at the open pit mining site. This site produces a significant amount of dust during various opera-
tions such as blasting, shovelling, transportation, levelling, and tailings stockpiling. Consequently, it poses the
highest potential risks, which should be a matter of concern. On the other hand, the potential risk triggered by
soil parent material is the lowest.

Conclusion

(1) The average contents of As, Pb, Cr, Cu, and Ni in the asbestos mine and surrounding soil in the study area
are 1.74, 0.13, 13.31, 0.33, and 33.37 times higher than the background values of non-agricultural land in
the local area, respectively. The concentrations of Ni and Cr in the asbestos pollution source are relatively
high.

(2) The results of the geo-accumulation index evaluation show that there is a significant accumulation effect
of Ni, Cr, and As elements, with 3.57% of the sample points being severely enriched with As. The results
of the potential ecological risk index evaluation indicate that there is an extremely high comprehensive
ecological risk around the waste residue piles and beneficiation area, among which Ni has an extremely
strong individual potential ecological risk.

(3) Soil health risk assessment shows that As and Cr pose carcinogenic risks to adults, with mean values of CR
being 1.56E — 05 and 4.14E — 06, respectively. As, Cr, and Cd pose carcinogenic risks to children, with mean
values of CR being 1.08E — 04, 1.61E — 05, and 2.68E — 06, respectively. Cr poses certain non-carcinogenic
risks to both adults and children.

(4) The PMF model identified three main sources, and their contributions to soil heavy metals are as follows:
asbestos pollution source (79.0%) > coal combustion emissions source (11.1%) > natural sources (9.9%).

(5) The results of this study are applicable to the risk prediction of heavy metals in soils in and around asbestos
mines of the same type in China, and it is recommended that agricultural soils in and around asbestos
mines should be monitored for the elements of Ni, Cr and As. In addition, it is also recommended that
the management authorities should monitor and control the elements of Ni, Cr, Cd and As in soils in the
vicinity of the asbestos mines, and that they should delineate the areas of restricted crowd activities and
control.

Data availability
All data generated or analyzed during this study are included in this published article. Further information is
available from the corresponding author [S.D.] upon reasonable request.

Received: 7 December 2023; Accepted: 25 March 2024
Published online: 30 March 2024

References

1. Zheng, S., Wang, Q., Yuan, Y. & Sun, W. Human health risk assessment of heavy metals in soil and food crops in the pearl river
delta urban agglomeration of China. Food Chem. 316, 126213. https://doi.org/10.1016/j.foodchem.2020.126213 (2020).

2. Li, Z., Ma, Z., van der Kuijp, T. J., Yuan, Z. & Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and
health risk assessment. Sci. Total Environ. 468, 843-853. https://doi.org/10.1016/j.scitotenv.2013.08.090 (2014).

3. Li, Y. et al. Trends and health risks of dissolved heavy metal pollution in global river and lake water from 1970 to 2017. Rev. Environ.
Contamin. Toxicol. 251, 1-24. https://doi.org/10.1007/398_2019_27 (2020).

4. Zhang, Y., Song, B. & Zhou, Z. Pollution assessment and source apportionment of heavy metals in soil from lead—Zinc mining
areas of South China. J. Environ. Chem. Eng. 11, 109320. https://doi.org/10.1016/j.jece.2023.109320 (2023).

5. Sun, Z., Xie, X., Wang, P, Hu, Y. & Cheng, H. Heavy metal pollution caused by small-scale metal ore mining activities: A case
study from a polymetallic mine in South China. Sci. Total Environ. 639, 217-227. https://doi.org/10.1016/j.scitotenv.2018.05.176
(2018).

6. Bhuiyan, M. A. H., Parvez, L., Islam, M. A., Dampare, S. B. & Suzuki, S. Heavy metal pollution of coal mine-affected agricultural
soils in the northern part of Bangladesh. J. Hazard. Mater. 173, 384-392. https://doi.org/10.1016/j.jhazmat.2009.08.085 (2010).

7. Vuong, X. T. et al. Speciation and environmental risk assessment of heavy metals in soil from a lead/zinc mining site in Vietnam.
Int. J. Environ. Sci. Technol. 20, 5295-5310. https://doi.org/10.1007/s13762-022-04339-w (2023).

8. Lim, H,, Lee, J., Chon, H. & Sager, M. Heavy metal contamination and health risk assessment in the vicinity of the abandoned
Songcheon Au-Ag mine in Korea. J. Geochem. Explor. 96, 223-230. https://doi.org/10.1016/j.gexplo.2007.04.008 (2008).

9. Thives, L. P, Ghisi, E., Junior, J. J. T. & Vieira, A. S. Is asbestos still a problem in the world? A current review. J. Environ. Manag.
319, 115716. https://doi.org/10.1016/j.jenvman.2022.115716 (2022).

10. Ramanathan, A. L. & Subramanian, V. Present status of asbestos mining and related health problems in India a survey. Ind. Health
39, 309-315. https://doi.org/10.2486/indhealth.39.309 (2001).

11. Koumantakis, E., Kalliopi, A., Dimitrios, K. & Gidarakos, E. Asbestos pollution in an inactive mine: Determination of asbestos
fibers in the deposit tailings and water. . Hazard. Mater. 167, 1080-1088. https://doi.org/10.1016/j.jhazmat.2009.01.102 (2009).

Scientific Reports |

(2024) 14:7552 | https://doi.org/10.1038/s41598-024-58117-4 nature portfolio


https://doi.org/10.1016/j.foodchem.2020.126213
https://doi.org/10.1016/j.scitotenv.2013.08.090
https://doi.org/10.1007/398_2019_27
https://doi.org/10.1016/j.jece.2023.109320
https://doi.org/10.1016/j.scitotenv.2018.05.176
https://doi.org/10.1016/j.jhazmat.2009.08.085
https://doi.org/10.1007/s13762-022-04339-w
https://doi.org/10.1016/j.gexplo.2007.04.008
https://doi.org/10.1016/j.jenvman.2022.115716
https://doi.org/10.2486/indhealth.39.309
https://doi.org/10.1016/j.jhazmat.2009.01.102

www.nature.com/scientificreports/

12.
13.

14.

15.
16.

17.

18.
19.
20.
21.
22.
. Y.Y. Ceng; W. Fan; Y.E. Chen; J.L. Zhou. Soil geochemical background values and quality evaluation of the oasis zone in Ruoqiang
24.
25.
26.
27.

28.

29.
30.
31.
32.

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.

44,
45.

46.

47.

48.

Khlifa, R., Rivest, D., Grimond, L. & Bélanger, N. Stability of carbon pools and fluxes of a technosol along a 7-year reclamation
chronosequence at an asbestos mine in Canada. Ecol. Eng. 186, 106839. https://doi.org/10.1016/j.ecoleng.2022.106839 (2023).
Schiiz, J. et al. A retrospective cohort study of cancer mortality in employees of a Russian chrysotile asbestos mine and mills: Study
rationale and key features. Cancer Epidemiol. 37, 440-445. https://doi.org/10.1016/j.canep.2013.03.001 (2013).

Gualtieri, A. F. et al. Determination of the concentration of asbestos minerals in highly contaminated mine tailings: An example
from abandoned mine waste of Crétaz and Emarese (Valle D’Aosta, Italy). Am. Miner. 99, 1233-1247. https://doi.org/10.2138/am.
2014.4708 (2014).

Chen, J. et al. A comparative study of the disease burden attributable to asbestos in Brazil, China, Kazakhstan, and Russia between
1990 and 2019. BMC Public Health 22, 2012. https://doi.org/10.1186/s12889-022-14437-6 (2022).

Avataneo, C. et al. Chrysotile asbestos migration in air from contaminated water: An experimental simulation. J. Hazard. Mater.
424, 127528. https://doi.org/10.1016/j.jhazmat.2021.127528 (2022).

Bhattacharjee, P. & Paul, S. Risk of occupational exposure to asbestos, silicon and arsenic on pulmonary disorders: understanding
the genetic-epigenetic interplay and future prospects. Environ. Res. 147, 425-434. https://doi.org/10.1016/j.envres.2016.02.038
(2016).

Boulanger, G. et al. Quantification of short and long asbestos fibers to assess asbestos exposure: A review of fiber size toxicity.
Environ. Health 13, 1-18. https://doi.org/10.1186/1476-069X-13-59 (2014).

Miserocchi, G., Sancini, G., Mantegazza, F. & Chiappino, G. Translocation pathways for inhaled asbestos fibers. Environ. Health
7, 1-8. https://doi.org/10.1186/1476-069X-7-4 (2008).

Banerjee, S. et al. Assessing pollution and health risks from chromite mine tailings contaminated soils in India by employing
synergistic statistical approaches. Sci. Total Environ. 880, 163228. https://doi.org/10.1016/j.scitotenv.2023.163228 (2023).
Kumar, A. & Maiti, S. K. Assessment of potentially toxic heavy metal contamination in agricultural fields, sediment, and water
from an abandoned chromite-asbestos mine waste of Roro Hill, Chaibasa, India. Environ. Earth Sci. 74, 2617-2633. https://doi.
0rg/10.1007/s12665-015-4282-1 (2015).

Muller, G. Schwermetalle in Den Sedimenten Des Rheins-Veranderungen Seit. Umschav 79, 133-149 (1979).

County, Xinjiang, China. Proceedings of the Annual Conference of the Chinese Society of Environmental Sciences. in Chinese.
doi:ConferenceArticle/5af26112c095d716587c9db5 (2016).

Hakanson, L. An ecological risk index for aquatic pollution control. A sedimentological approach. Water Res. 14, 975-1001. https://
doi.org/10.1016/0043-1354(80)90143-8 (1980).

Li, L. et al. Extensive study of potential harmful elements (Ag, as, Hg, Sb, and Se) in surface sediments of the Bohai Sea, China:
Sources and environmental risks. Environ. Pollut. 219, 432-439. https://doi.org/10.1016/j.envpol.2016.05.034 (2016).
Ferndndez, J. A. & Carballeira, A. Evaluation of contamination, by different elements, in terrestrial mosses. Arch. Environ. Contam.
Toxicol. 40, 461-468. https://doi.org/10.1007/s002440010198 (2001).

Yang, S. et al. Status assessment and probabilistic health risk modeling of metals accumulation in agriculture soils across China:
A synthesis. Environ. Int. 128, 165-174. https://doi.org/10.1016/j.envint.2019.04.044 (2019).

Wu, B., Zhang, Y., Zhang, X. & Cheng, S. Health risk assessment of polycyclic aromatic hydrocarbons in the source water and
drinking water of China: Quantitative analysis based on published monitoring data. Sci. Total Environ. 410, 112-118. https://doi.
org/10.1016/j.scitotenv.2011.09.046 (2011).

Emergency, U. S. E. P. & Response, R. Risk Assessment Guidance for Superfund: Pt. A. Human Health Evaluation Manual, Vol. 1
Office of Emergency and Remedial Response, US Environmental Protection Agency, (1989).

Xu, Y. et al. Occurrence and risk assessment of potentially toxic elements and typical organic pollutants in contaminated rural
soils. Sci. Total Environ. 630, 618-629. https://doi.org/10.1016/j.scitotenv.2018.02.212 (2018).

Huang, D. et al. Probabilistic risk assessment of Chinese residents” exposure to fluoride in improved drinking water in endemic
fluorosis areas. Environ. Pollut. 222, 118-125. https://doi.org/10.1016/j.envpol.2016.12.074 (2017).

Chen, R. et al. Characterization and source apportionment of heavy metals in the sediments of Lake Tai (China) and its surround-
ing soils. Sci. Total Environ. 694, 133819. https://doi.org/10.1016/j.scitotenv.2019.133819 (2019).

Huang, J. et al. Health risk assessment of heavy metal (Loid) S in park soils of the largest megacity in China by Using Monte Carlo
simulation coupled with positive matrix factorization model. J. Hazard. Mater. 415, 125629. https://doi.org/10.1016/j.jhazmat.
2021.125629 (2021).

Gu, Y, Lin, Q. & Gao, Y. Metals in exposed-lawn soils from 18 urban parks and its human health implications in southern China’s
Largest City, Guangzhou. J. Clean Prod. 115, 122-129. https://doi.org/10.1016/j.jclepro.2015.12.031 (2016).

Chen, G., Wang, X., Wang, R. & Liu, G. Health risk assessment of potentially harmful elements in subsidence water bodies using
a Monte Carlo Approach: An example from the huainan coal mining area, China. Ecotox. Environ. Saf. 171, 737-745. https://doi.
org/10.1016/j.ecoenv.2018.12.101 (2019).

Paatero, P. & Tapper, U. Analysis of different modes of factor analysis as least squares fit problems. Chemometrics Intell. Lab. Syst.
18, 183-194. https://doi.org/10.1016/0169-7439(93)80055-M (1993).

Liang, J. et al. Spatial distribution and source identification of heavy metals in surface soils in a typical coal mine city, Lianyuan,
China. Environ. Pollut. 225, 681-690. https://doi.org/10.1016/j.envpol.2017.03.057 (2017).

Jiang, Y. et al. Source apportionment and health risk assessment of heavy metals in soil for a township in Jiangsu Province, China.
Chemosphere 168, 1658-1668. https://doi.org/10.1016/j.chemosphere.2016.11.088 (2017).

China National Environmental Monitoring Centre. Chinese soil element background values. China Environment Publishing
Group. http://irimde.ac.cn/handle/131551/6392 (1990).

Alloway, B. . Heavy Metals in Soils: Trace Metals and Metalloids in Soils and their Bioavailability Vol. 22 (Springer Science & Busi-
ness Media, 2012).

Reeves, R. D., Baker, A. & Romero, R. The ultramafic flora of the santa Elena Peninsula, Costa Rica: A biogeochemical reconnais-
sance. J. Geochem. Explor. 93, 153-159. https://doi.org/10.1016/j.gexplo.2007.04.002 (2007).

Noll, M. R. Trace elements in terrestrial environments: biogeochemistry, bioavailability, and risks of metals. J. Environ. Qual. 32,
374. https://doi.org/10.1007/978-0-387-21510-5 (2003).

Ho, C,, Hseu, Z., Chen, N. & Tsai, C. Evaluating heavy metal concentration of plants on a serpentine site for phytoremediation
applications. Environ. Earth Sci. 70, 191-199. https://doi.org/10.1007/s12665-012-2115-z (2013).

Abdi, H. Coefficient of Variation. Encyclopedia of Research Design. 1, (2010).

Gidarakos, E., Anastasiadou, K., Koumantakis, E. & Nikolaos, S. Investigative studies for the use of an inactive asbestos mine as a
disposal site for asbestos wastes. J. Hazard. Mater. 153, 955-965. https://doi.org/10.1016/j.jhazmat.2007.09.060 (2008).
Kahangwa, C. A. Application of principal component analysis, cluster analysis, pollution index and geoaccumulation index in
pollution assessment with heavy metals from gold mining operations, Tanzania. J. Geosci. Environ. Protect. https://doi.org/10.
4236/gep.2022.104019 (2022).

Jiang, Y., Wen, H., Zhang, Q., Yuan, L. & Liu, L. Source apportionment and health risk assessment of potentially toxic elements in
soil from mining areas in northwestern China. Environ. Geochem. Health https://doi.org/10.1007/s10653-021-00907-0 (2022).
Damian, G. E., Micle, V,, Sur, I. M. & Chirila Babdu, A. M. From Environmental ethics to sustainable decision-making: Assessment
of potential ecological risk in soils around abandoned mining areas-case study “Larga De Sus Mine” (Romania). J. Agric. Environ.
Ethics 32, 27-49. https://doi.org/10.1007/s10806-019-09767-2 (2019).

Scientific Reports |

(2024) 14:7552 | https://doi.org/10.1038/s41598-024-58117-4 nature portfolio


https://doi.org/10.1016/j.ecoleng.2022.106839
https://doi.org/10.1016/j.canep.2013.03.001
https://doi.org/10.2138/am.2014.4708
https://doi.org/10.2138/am.2014.4708
https://doi.org/10.1186/s12889-022-14437-6
https://doi.org/10.1016/j.jhazmat.2021.127528
https://doi.org/10.1016/j.envres.2016.02.038
https://doi.org/10.1186/1476-069X-13-59
https://doi.org/10.1186/1476-069X-7-4
https://doi.org/10.1016/j.scitotenv.2023.163228
https://doi.org/10.1007/s12665-015-4282-1
https://doi.org/10.1007/s12665-015-4282-1
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/j.envpol.2016.05.034
https://doi.org/10.1007/s002440010198
https://doi.org/10.1016/j.envint.2019.04.044
https://doi.org/10.1016/j.scitotenv.2011.09.046
https://doi.org/10.1016/j.scitotenv.2011.09.046
https://doi.org/10.1016/j.scitotenv.2018.02.212
https://doi.org/10.1016/j.envpol.2016.12.074
https://doi.org/10.1016/j.scitotenv.2019.133819
https://doi.org/10.1016/j.jhazmat.2021.125629
https://doi.org/10.1016/j.jhazmat.2021.125629
https://doi.org/10.1016/j.jclepro.2015.12.031
https://doi.org/10.1016/j.ecoenv.2018.12.101
https://doi.org/10.1016/j.ecoenv.2018.12.101
https://doi.org/10.1016/0169-7439(93)80055-M
https://doi.org/10.1016/j.envpol.2017.03.057
https://doi.org/10.1016/j.chemosphere.2016.11.088
http://ir.imde.ac.cn/handle/131551/6392
https://doi.org/10.1016/j.gexplo.2007.04.002
https://doi.org/10.1007/978-0-387-21510-5
https://doi.org/10.1007/s12665-012-2115-z
https://doi.org/10.1016/j.jhazmat.2007.09.060
https://doi.org/10.4236/gep.2022.104019
https://doi.org/10.4236/gep.2022.104019
https://doi.org/10.1007/s10653-021-00907-0
https://doi.org/10.1007/s10806-019-09767-2

www.nature.com/scientificreports/

49. Roy, A. & Bhattacharya, T. Ecological and human health risks from pseudo-total and bio-accessible metals in street dusts. Environ.
Monit. Assess. 194, 101. https://doi.org/10.1007/s10661-021-09658-y (2022).

50. Najmeddin, A., Keshavarzi, B., Moore, F. & Lahijanzadeh, A. Source apportionment and health risk assessment of potentially toxic
elements in road dust from urban industrial areas of Ahvaz megacity, Iran. Environ. Geochem. Health 40, 1187-1208. https://doi.
0rg/10.1007/s10653-017-0035-2 (2018).

51. Alyousef, R. A., Alfaifi, H. ], Zaidi, F. K. & Al-Hashim, M. Geostatistical and pollution index-based approach for assessing heavy
metal pollution in the cambro-ordovician Saq Aquifer in Central Saudi Arabia. Environ. Earth Sci. 81, 370. https://doi.org/10.
1007/s12665-022-10498-3 (2022).

52. Schreier, H. Asbestos fibres introduce trace metals into streamwater and sediments. Environ. Pollut. 43, 229-242. https://doi.org/
10.1016/0269-7491(87)90159-X (1987).

53. Li, Y. J. et al. Effects of asbestos tailings site on geochemistry and microbial diversity of contaminated soils. . Jilin Univ. (Earth Sci.
Edn.) https://doi.org/10.13278/j.cnki.jjuese.20220312 (2023).

54. Huang, C. C. et al. Quantitative analysis of ecological risk and human health risk of potentially toxic elements in farmland soil
based on Pmf model. Land Degrad. Dev. https://doi.org/10.1002/1dr.4277 (2022).

55. Li, J., He, M., Han, W. & Gu, Y. Analysis and assessment on heavy metal sources in the coastal soils developed from alluvial deposits
using multivariate statistical methods. J. Hazard. Mater. 164, 976-981. https://doi.org/10.1016/j.jhazmat.2008.08.112 (2009).

56. Da Silva, E. B. V., Do Nascimento, C. W. A., Araujo, P. R. M., Da Silva, L. H. V. & Da Silva, R. F. Assessing heavy metal sources in
sugarcane Brazilian soils: An approach using multivariate analysis. Environ. Monit. Assess. 188, 1-12. https://doi.org/10.1007/
$10661-016-5409-x (2016).

57. Xu, X., Zhao, Y., Zhao, X., Wang, Y. & Deng, W. Sources of heavy metal pollution in agricultural soils of a rapidly industrializing
area in the Yangtze Delta of China. Ecotox. Environ. Safe. 108, 161-167. https://doi.org/10.1016/j.ecoenv.2014.07.001 (2014).

58. Hu, Y. et al. Assessing heavy metal pollution in the surface soils of a region that had undergone three decades of intense industri-
alization and urbanization. Environ. Sci. Pollut. Res. 20, 6150-6159. https://doi.org/10.1007/s11356-013-1668-z (2013).

59. Nanos, N. & Martin, J. A. R. Multiscale analysis of heavy metal contents in soils: Spatial variability in the Duero River Basin (Spain).
Geoderma 189, 554-562. https://doi.org/10.1016/j.geoderma.2012.06.006 (2012).

60. Farooqj, A., Masuda, H., Siddiqui, R. & Naseem, M. Sources of arsenic and fluoride in highly contaminated soils causing ground-
water contamination in Punjab, Pakistan. Arch. Environ. Contam. Toxicol. 56, 693-706. https://doi.org/10.1007/s00244-008-9239-x
(2009).

61. Raja, R. et al. Effect of fly ash deposition on photosynthesis, growth and yield of rice. Bull. Environ. Contam. Toxicol. 93, 106-112.
https://doi.org/10.1007/s00128-014-1282-x (2014).

Author contributions

Investigation, X.L. and D.D.; methodology, X.L., WX, D.D., L.K. and Y.Z; supervision, S.D. and M.L. (Li Ming);
writing—original draft, X.L.; writing—review and editing, S.D. and M.L. (Li Mei); funding acquistion, W.X. All
authors have read and agreed to the published version of the manuscript.

Funding
This work was supported by the Special Fund of Chinese Central Government for Basic Scientific Research
Operations in Commonweal Research Institute (GYZX230301 and GYZX230305).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7552 | https://doi.org/10.1038/s41598-024-58117-4 nature portfolio


https://doi.org/10.1007/s10661-021-09658-y
https://doi.org/10.1007/s10653-017-0035-2
https://doi.org/10.1007/s10653-017-0035-2
https://doi.org/10.1007/s12665-022-10498-3
https://doi.org/10.1007/s12665-022-10498-3
https://doi.org/10.1016/0269-7491(87)90159-X
https://doi.org/10.1016/0269-7491(87)90159-X
https://doi.org/10.13278/j.cnki.jjuese.20220312
https://doi.org/10.1002/ldr.4277
https://doi.org/10.1016/j.jhazmat.2008.08.112
https://doi.org/10.1007/s10661-016-5409-x
https://doi.org/10.1007/s10661-016-5409-x
https://doi.org/10.1016/j.ecoenv.2014.07.001
https://doi.org/10.1007/s11356-013-1668-z
https://doi.org/10.1016/j.geoderma.2012.06.006
https://doi.org/10.1007/s00244-008-9239-x
https://doi.org/10.1007/s00128-014-1282-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Risk assessment and source analysis of heavy metals in soil around an asbestos mine in an arid plateau region, China
	Materials and methods
	Study area overview
	Sample collection and analysis methods
	Geo-accumulation index method
	Potential ecological risk index method
	Monte Carlo simulation for health risk assessment
	PMF model analysis method
	Experimental data processing

	Results and discussion
	Characteristics of heavy metal contents in soil
	Soil heavy metal pollution assessment
	Potential ecological risk assessment
	Probabilistic health risk of soil heavy metals
	PMF source analysis

	Conclusion
	References


