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Long-term mining activities can result in the release of heavy metals into soil, ultimately posing a threat to
human health. In arid and semi-arid regions, wind-driven transport of these toxic metals from mining areas
represents a primary mechanism for their spatial distribution. To evaluate pollution levels and associated
health risks of eight metals, A total of 95 soil samples, corresponding 25 vegetable samples and 3 tailing
samples were collected from various land types surrounding a typical Pb-Zn mine in northern China’s
semi-arid region. The mean concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn in soils were 62.8, 0.27,
29.6, 11.5, 0.02, 14.4, 49.9 and 109.5 mg/kg, respectively. Among these, As, Cd, Pb, and Zn emerged as
the predominant pollutants, with some samples exceeding national risk screening values. The results of
contamination factor (CF), pollution load index (PLI) and geo-accumulation index (/) indicated that
heavy metals in most soils exhibited non-polluted level or slight pollution level, though localized severe
contamination by As, Cd, Pb, and Zn was observed. Spatial distribution analysis demonstrated similar
dispersion patterns for As, Cd, Pb, and Zn, with wind-mediated transport extending up to 2.0 km from
contamination sources. Pearson’s correlation analysis and principal component analysis (PCA) suggested
that As, Cd, Pb and Zn mainly originated from mining activities, and Cr, Ni, Cu and Hg derived from soil
parent materials. All vegetable samples contained metal concentrations below food safety thresholds.
Health risk assessment showed hazard quotient (HQ) values for individual metals below 1 across all
exposure groups, indicating negligible non-carcinogenic risk. Similarly, carcinogenic risk (CR) values for
As, Cd, Cr, and Pb fell within acceptable ranges. While mining activities have induced significant
localized contamination, the overall affected area remains limited in arid and semi-arid regions. However,
greater attention should be directed toward potential health implications from vegetable consumption in
proximity to mining operations within arid and semi-arid regions.

©2025 China Geology Editorial Office.

1. Introduction

Global soils were contaminating by heavy metals with
economic development and become a significant concern
worldwide (Wang FF et al., 2020; Yu JA et al., 2025; Li SL et
al., 2024). Approximately 14%-17% of global agricultural
land has been affected by toxic metal contamination, exposing

First author: E-mail address: 2401110638 @stu.pku.edu.cn (Zun-zhuang Ke).

* Corresponding author: E-mail address: liu.guannan(@126.com (Guan-nan Liu).

Literary editor: Xi-jie Chen
doi:10.31035/cg20250039

2096-5192/© 2025 China Geology Editorial Office.

an estimated 0.9-1.4 billion people in polluted regions to
elevated health risks (Hou DY et al., 2025). According to the
2014 National Soil Pollution Survey of China, heavy metal
contamination exceeded regulatory limits at 19.4% of
monitored cropland sites, with cadmium surpassing
permissible levels at 7.0% of sampling points (Chen NC et al.,
2017). Soil heavy metal contamination not only diminishes
arable land resources but also poses significant threats to both
food security and ecosystem integrity (Munir N et al., 2022).
Consequently, soil heavy metal contamination has emerged as
a significant barrier to achieving the United Nations’
Sustainable Development Goals (SDGs), garnering substantial
scientific and policy attention in recent decades (Wang FF et
al., 2020; Niu LL et al., 2013; Mazarji M et al., 2021).

Copyright © 2025 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The accumulation of heavy metals in agricultural soils
induces physicochemical degradation of soil matrices, impairs
nutrient cycling processes, and consequently suppresses crop
productivity through multiple pathways (Chu C et al., 2018;
Mao CP et al., 2019; Friedlova M, 2010). More critically,
heavy metals can be absorbed and accumulated by crops,
which may subsequently enter the human body through food
consumption, potentially causing adverse effects on human
health (Zhang Z et al., 2024; Kumar S et al., 2019; Gergen |
and Harmanescu M, 2012). Chronic human exposure to heavy
metals may induce carcinogenic effects, chromosomal
abnormalities, and heritable genetic mutations through
multiple molecular mechanisms (Kim HS et al., 2015; Lan FN
et al., 2024; Mishra S et al., 2010).

Although native soils in regions with high geological
background levels inherently contain elevated concentrations
of heavy metals (Chen LY et al., 2024), the primary source of
soil metal pollution stems from anthropogenic activities, such
as transportation, industrial operations, agricultural practices
and mining activities (Men C et al., 2018 & 2020; Wang FF et
al., 2020; Yang SY et al., 2024; Chen DL et al., 2023). In
mining areas, long-term mining operations generate a large
amount of acid mine drainage (AMD) and tailings (Xie Q et
al., 2022; Sun ZH et al., 2018; Demkova L et al., 2017; Li ZY
et al., 2014; Liang N et al., 2011; Rashed MN, 2010; Wei CY
et al., 2009; Chen R et al., 2022; Da Pelo S et al., 2009). The
toxic metals present in AMD and airborne dust from tailings
can be released into the environment, significantly increasing
the concentrations of metal elements in nearly river and soils,
leading to severe metal pollution (Qiao PW et al., 2023; Li
ZY etal., 2014; Liu HB et al., 2022).

Generally, hydrological dynamics and wind power, which
are closely related to climate conditions, play a crucial role in
the migration of heavy metals (Pandey B et al., 2014; Yu JY
et al., 2024; Liu FL et al., 2024; Liu LH et al., 2020; Zhang
YW et al., 2023). In humid regions, the migration of metals is
mainly driven by rainfall or surface water (Saha A et al.,
2024). Heavy metals existing in dissolved or particulate forms
in water can facilitate their long-distance migration. Previous
studies have reported that the concentrations of metals in
sediments and soils located far from mining areas can also be
significantly increased (Chen T et al., 2023; Li ZY et al.,
2014; Xie Q et al., 2022; Jian L et al., 2018; Ding Q et al.,
2017; Li X et al., 2017). In the semi-arid regions, where
annual rainfall is less than 400 mm, the migration of metals
via surface water is limited. However, the arid climate
exacerbates wind erosion, leading to increased dispersion of
tailings containing heavy metals and thus contributing to
heavy metal contamination in areas surrounding tailing ponds
(Chen T et al., 2023; Khademi H et al., 2018; Mian MH et al.,
2004). To date, few studies have focused on the degree and
scope of heavy metal pollution driven by wind in arid areas.
Hence, it is necessary to investigate the migration of these
metallic elements via wind in mining areas of semi-arid
regions.

It is remarkable that the semi-arid or arid regions around
the world are rich in metal mineral resources, including

Australia, China, Chile (Mudd GM et al., 2017). In particular,
Pb-Zn ore represents a fundamental metal mineral resource,
but metal pollution near Pb-Zn mines is equally serious due to
the ultra-high concentrations of Pb, Zn and other multiple
associated toxic metals in ores and tailings (Yin ZY et al.,
2022; Li ZY et al., 2014). In this study, we selected a typical
Pb-Zn mine area located in the semi-arid region of northern
China to investigate the migration of wind-driven eight metals
and assess their pollution level and health risk associated with
vegetable consumption. This study will provide a valuable
reference for environmental protection and health risk
management in semi-arid regions near mines.

2. Materials and methods
2.1. Study area

The studied Pb-Zn mine is situated in the semi-arid
regions of northern China, covering approximately 22 km?
(Fig. 1a). The mine employs the underground mining methods
with dry stack tailings management. The prevailing wind
direction is WNW, with an annual mean wind speed of 2.99
m/s (Fig. 1b). The area belonged to the warm temperate zone
continental monsoon climate with an annual mean
temperature of 2.6°C and mean annual precipitation of 384.5
mm and evaporation of 1625 mm (Fig. lc). Additionally, the
area receives 2897.8 annual sunshine hours.

A small river in the study area exhibits distinct seasonal
characteristics, primarily due to scarce rainfall, limited
groundwater recharge, and high evaporation rates. The mining
area’s landform consists of hills ranging in elevation from
1450 to 1700 m, forming a transitional zone between low hills
and a plateau. The area’s exposed rock types include
leptynite, basalt, and volcanic sedimentary rock, with sandy
soil predominating.

2.2. Sample collection and pretreatment

A total of 95 soil samples and 25 vegetable samples were
collected from the studied area (Fig. la). Prior to sample
collection, all sampling sites were set by GPS (Fig. la).
Around mining area was key sampling area (4 km?) with
sampling density of 8—16 samples per square kilometers and
outside of mining area (16 km?) was general sampling area
with 2-4 samples per square kilometers. At each sampling
site, soil samples were collected using five-point sampling
method within a 20-meter radius to ensure representative
sampling. Approximately 1 kg of surface soil (0-20 cm) was
collected using sample bags. A total of 25 vegetable samples
(edible part) were collected at the same soil sample sites,
including 23 potato samples, 1 baby cabbage sample and 1
broccoli sample. Additionally, three tailing samples (WK-01,
WK-02 and WK-03) were collected from the tailing pond. All
collected samples were transported to the laboratory for
processing. The dried soil samples and tailings were ground
using an agate mortar and sieved through a nylon sieve with
0.149-mm. The processed samples were stored in pre-cleaned
polyethylene bottles. The fresh vegetable samples were
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Fig. 1. (a) Digital elevation map (DEM) of the studied area and soil-vegetable sampling locations; (b) the wind rose picture of study area; (c)
the annual precipitation of study area (The data from the local meteorological observatory in the studied area).

promptly transferred indoors, cut into small pieces after
cleaning with deionized water and then air-dried at 105°C
until achieve a constant weight. Finally, the dried samples
were then finely ground to powder for subsequent analysis.

2.3. Chemical analysis

The physicochemical properties of all soil samples were
characterized, including pH, organic matter (OM), soil
particle size (SSZ) distribution, concentrations of metals in
soil. Soil pH was measured using a pH meter at a soil-to-
water ratio of 1:2.5. The potassium dichromate redox
method was used to measure the concentrations of soil OM. A
laser particle analyzer was used to analyze the soil particle
size structure composition (Mastersizer-3000, Malvern
Instruments Ltd, Britain). For elemental analysis, soil and
vegetable samples were digested with HNO;-HClO4-HF
(3:1:1, vwh) and H,0,-HNO; (1 © 1, v/v), respectively.
Quality control was ensured by analyzing national standard
reference materials (GSS-1 and GSS-2 for soils, GSV-1 for
vegetables) with each batch of samples. The concentrations of
Cd, Cr, Cu, Ni, Pb and Zn in soils were determined by

inductively coupled plasma optical emission spectrometer
(ICP-OES, Optima 8300, PerkinElmer, Inc., USA). X-ray
fluorescence spectrometer (XRF, ZSX Primus [V, Rigaku-
corporation, Japan) was used to measure the concentrations of
iron (Fe). The concentrations of As and Hg in soils were
measured by atomic fluorescence spectroscopy (AFS, AFS-
830, Jitian Instrument Co, Ltd., Beijing). The concentrations
of As, Cd, Cr, Cu, Ni, Pb and Zn in vegetables were measured
by inductively coupled plasma mass spectrometry (ICP-MS,
iCAP™ Q, Thermo, USA), except to Hg in vegetables was
measured by AFS (AFS-830, Jitian Instrument Co, Ltd.,
Beijing).

2.4. Environmental risk assessment

2.4.1. Contamination factor (CF) and pollution load index
(PLY
CF as single factor index was usually used for assessing
pollution status of each heavy metals in soil. The relevant
calculation formula of CF could be as follows formula (1):
Ci

CF==

B, ()]
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Where C; is concentrations of metal i in soil and B; is
background value of metal i in study area. The soil
background values of Hebei province were used, with
concentrations of 6.53, 0.11, 40.6, 13.1, 0.02, 15.6, 19.6 and
43.3 mg/kg for As, Cd, Cr, Cu, Hg, Ni, Pb and Zn,
respectively (CNEMC, 1990). CF values are divided into five
levels: non-pollution with CF<1, low pollution with 1<CF<2,
moderate pollution with 2<CF<3, high pollution with 3<
CF<S5, extremely high pollution with 5<CF.

PLI was used to evaluate overall pollution status for all
metals, the PLI value obtain from as follow formula (2):

PLI=~/CF,xCF,x---xCF, 2)

Where CF is contamination factor of each metal, n is the
number of types of all metals (n=8). The overall pollution
status also could be divided into four levels: low pollution
with PLI<1, moderate pollution with 1<PLI<3, significant
pollution with 3<PLI<6, very high pollution with 6<PLI.

2.4.2. Geo-accumulation index (/y,,)

Iy, played a key role in evaluating pollution level of
heavy metals in recent years. The /., value was calculated as
follow formula (3):

¢
Loy = log, < ; B‘> 3

Where C; is concentrations of metal / in soil and B; is
background value of metal i in study area. The & set as 1.5 to
avoid metals concentration fluctuation originate from both
natural and artificial disturb. According to the calculated /.,
results, the contamination levels were divided into seven
categories: uncontaminated with ,,,<0, uncontaminated to
moderate  contaminated ~ with  0</y,<l, moderately
contaminated with 1</,,<2, moderately contaminated to
heavily contaminated with 2</,.,<3, heavily contaminated
with  3</,,<4, heavily contaminated to extremely
contaminated with 4</,.,<5, extremely contaminated with

5«1,

geo*

2.5. Human health risk assessment of consuming vegetables

2.5.1. Mean daily intake (AD1)
ADI of the oral intake pathways can calculate using the
following formula (4) (US EPA, 1986, 1989, 2000, 2004):

R poa XAF X EF X ED
AT X BW

ADI ;04 = Crooq X x 107 4

Where ADI, 4 are the mean daily intakes through food by
oral intak, mg/(kg-day). Cg,.q is the concentrations of heavy
metals in vegetable, mg/kg. Rg,.q is the food intake rate
(150000 and 75000 for adults and children, respectively,
mg/day). AF is the skin adherence factor (0.20 and 0.07 for
adults and children, respectively, mg/cm’h). EF is the
exposure frequency (350 days/year). ED is the exposure
duration (24 and 6 for adults and children, respectively,
years). AT is the mean time (EDx*365 for non-carcinogenic

risk and 76.60%365 for carcinogenic risk, days). BW is the
mean body weight (63 for adults and 29 for children, kg)
(Zhang Y et al., 2018).

2.5.2. Hazard quotient (HQ)

HQ was used to calculate the potential non-cancer risk for
single intake pathway (US EPA, 1989), the HQ could
calculate with following formula (5):

ADI,
HQ, = § ' 5
0 RfDo; ©)
HI = E HQ, 6)

where ADI is the mean daily intakes of single pathway; RfDo
is the reference dose of individual heavy metals for different
pathway; i stands for the single metal; j stands for the
pathways; HI is the non-carcinogenic risk for multiple
pathways (formula (6)). If the HI value is equal to or greater
than 1, indicated that there is non-carcinogenic risk for adults
or children; if the HI value is less than 1, there are no
significant non-carcinogenic for public. The RfD value of As,
Cd, Cr, Cu, Hg, Ni, Pb and Zn for ADI,4 are 0.0003, 0.001,
0.003, 0.04, 0.0003, 0.02, 0.0035 and 0.3 mg/kg/day,
respectively, for both adults and children (Cheng Z et al.,
2018; Jiang YX et al., 2017; Liu GN et al., 2014).

2.5.3. Cancer risk (CR)
CR was used to assess carcinogenic risk of food intake for
public, it could calculate with the following formula:

CR;=ADI;,,,XSF, (7

TCR = Z CR, (®)

where SFo is the carcinogenic slope factor of oral vegetable
intake with dimensionless; i stands for the heavy metals. The
SFo of As, Cr, Cd and Pb for vegetable intake are 1.5, 0.5,
0.0038 and 0.0085 mg/kg/day, respectively (Cheng Z et al.,
2018; Chen HY et al., 2016). Hg, Ni, Cu and Zn are not
carcinogenic elements in the human body. The 7CR the sum
of CR, the results could be divided into three levels: no
significant health hazards (TCR<1x107%), acceptable or
tolerable risk (1x10°<TCR<1x10"* and unaccepted risk
(TCR>1x10"%.

2.6. Multivariate statistical analysis

Statistical analyses were performed using SPSS version
20.0 (IBM Corp., USA), including Pearson’s correlation
analysis and principal component analysis (PCA). In the PCA,
the principal components were calculated based on the
correlation matrix, and Kaiser’s standardized orthogonal
rotation method was applied to facilitate interpretation of the
load matrix. Only those whose default eigenvalue is close to 1
are considered independent components. The spatial
distribution pattern of eight metals were visualized using
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ArcMap 10.5 (ESRI, USA) with ordinary Krigin interpolation
(Acosta JA et al., 2011).

3. Results and discussion
3.1. Soil physicochemical properties

The physicochemical properties of the soils are presented
in Table 1. Most soils were sandy, with sand content ranging
from 24.8% to 82.9%. Soil pH, which is closely related to
bioavailability of heavy metals in soil (Kim RY et al., 2015),
varied from 5.87 to 9.41 with large fluctuation. The mean pH
of 7.92 indicated the most soils were slightly alkaline, while
soils near the mine present low pH values. The observed pH
distribution pattern may result from the dispersion and
oxidation of dust containing Pb/Zn minerals, such as pyrite
(FeS), galena (PbS), and sphalerite (ZnS) (Sun ZH et al.,
2018). Soil OM ranged from 4.5% to 83.8%, with a mean
value of 20.0+£17.2 % and a coefficient of variation of 40.9%,
indicating a non-normal distribution. The content of total
Fe,O; in soil is between 1.1% and 5.5%, with a mean of
2.4+1.0% and a coefficient of variation of 53.0%, also
exhibiting a non-normal distribution. The non-normal
distribution of OM and TFe,0O; suggest heterogeneous
concentration patterns across the studied area.

3.2. Heavy metals in soils, tailings and vegetables

3.2.1. Soil
The concentrations of eight metals in the soils are

Table 1. Soil physicochemical properties.

presented in Table 2. The mean concentrations of Zn, As, Pb,
Cr, Ni, Cu, Cd and Hg in soils followed a descending order
with mean values of 109.5+£196.4, 62.8£295.6, 49.9+121.2,
29.6+12, 14.4+6.7, 11.5+7, 0.27+0.46, and 0.02+0.02 mg/kg,
respectively (Fig. 4a). The mean concentrations of As, Cd, Pb
and Zn were 9.62, 2.45, 2.55 and 2.53 times of their
background values, respectively, and the other metals were
close to the background values. The CV of all metals were
exceeded 40%, with particularly high values for As (470.6%),
Cd (173.9%), Pb (242.7%) and Zn (173.9%). These high CVs
indicate heterogeneous or discontinuous spatial distributions
of these metals, likely due to strong anthropogenic influences
(Wei MC et al., 2023; Xie Q et al., 2022; Wang YZ et al.,
2020; Zhao HQ et al., 2023; Zhuo H et al., 2020). Although
the mean concentrations of all metals were below their
respective risk screening values (GB15618-2018), some
individual soil samples exceeded these thresholds for As, Cd,
Pb, and Zn. The exceedance rates for these metals were
13.5%, 12.4%, 2.2%, and 6.7%, respectively. Additionally,
some samples contained As and Pb at levels surpassing the
risk control values. These findings suggest that As, Cd, Pb,
and Zn are the primary pollutants in the study area, exhibiting
significant contamination. For comparison, previous studies
on heavy metal pollution from mining activities were
summarized in Table 2. Besides As, Cd, Pb, and Zn, Cr, Cu,
and Ni have also been reported to cause moderate to heavy
pollution in mining areas in southern China (Table 2).
Furthermore, mining-related toxic metal pollution in other
countries tends to be more severe than in the study area. Thus,
the study area exhibits relatively fewer pollutant types and
lower metal concentrations compared to other mining regions.

statistic  Sand/%  Silt/%  Clay/% pH OM/%  TFe,05/%
Min 24.8 13.5 3.5 59 45 1.1 3.2.2. Tailings
Max 82.9 65.5 179 94 88 9 The concentrations of eight metals in ftailings are
Mean 39.5 8.0 32.5 79 200 24 presented in Table 3. The mean concentrations of As, Cd, Cr,
Ve 233 362 341 81 409% 530 Cu, Hg, Ni, Pb and Zn were 1219.3+146.0, 5.3+0.7,
Table 2. Heavy metal concentrations in the soils surrounding Pb-Zn mine /(n=89, mg/kg).

Region Statistical parameters pH As Cd Cr Cu Hg Ni Pb Zn
Studied area Mean /(mg/kg) 7.92 62.8 0.27 29.6 11.5 0.02 144 499 109.5

Max /(mg/kg) 9.41 2146.1 3.21 65.4 57.2 0.15 422 1004.4 1541

Min /(mg/kg) 5.87 3.8 0.03 13.1 42 0.01 6.3 15 19.1

SD 0.65 295.6 0.46 12 7 0.02 6.7 121.2 196.4

CV /% 8.1 470.6 1739 40.6 61.2 84.1 46.5 242.7 179.3

Background values /(mg/kg) 6.53 0.11 40.6 13.1 0.02 15.6 19.6 433

(CNEMC, 1990)

Risk screening values /(mg/kg)  6.5<pH<7.5 30 0.3 200 100 2.4 100 120 250

pH>7.5 25 0.6 250 100 3.4 190 170 300

RSV exceedance rate/% 135 12.4 0 0 0 0 22 6.7
Henan, China (Dong Q et al., 2023) 6.5<pH<7.5 30 0.3 200 100 2.4 100 120 250
Village C in Yaoposhan, Guangdong (Sun Z et al., 2018) 4.0-5.7 105 2.51 104 17.86 49.8 681 499
Xikuangshan, Hunan (Li X et al., 2017) 5.50 40.46 7.56 32.30 17.86 18.77 4543 512.09
Daye, Hubei (Zhou H et al., 2024) 43.25 1.46 90.51 355.72 3231 260.87
Shangluo, Shannxi (Chen R et al., 2022) 8.5 125739 143 11521  39.96 45.14 5215  20.92 44.37
Nizna Slana, Slovakia (Fazekasova D et al., 2020) 5.7 90.07 0.73 83.15 94.75 1.97 43.73  44.53 114.25
Central Spis, Slovakia (Demkova L et al., 2017) 48.4 1.57 36.98 303.2 11.5 31.77  96.7 482.4
Darreh Zereshk, Iran (Chitsaz M et al., 2021) 8.03 69.42 25.01 36.87 29.25  190.78  170.33
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75.9£12.6, 66.4+3.5, 0.041+0.005, 23.7+2.2, 434.0+22.6 and
1578.3+199.1mg/kg, respectively. Notably, the concentrations
of As, Cd, Pb, and Zn significantly exceeded the regional soil
background values, indicating that these metals in
surrounding soils were influenced by mining activities to
some extent.

3.2.3. Vegetables

Vegetable samples were collected from farmland within
mining regions to determine concentrations of eight metals
and assess associated environmental health risks. The
concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn in
vegetables were all below China’s national food safety limits
(GB 2762-2022), with mean values of 0.01+£0.00, 0.01£0.00,

Table 3. Heavy metal concentrations in tailing ponds /(mg/kg).
Tailing As Cd Cr Cu Hg Ni Pb Zn
WK-01 1377 452 641 705 0.0401 22,6 454 1362
WK-02 1194 595 892 643 0.0457 263 439 1754
WK-03 1088 548 742 644 0.0361 223 409 1619

0.02+0.01, 0.50+0.18, 0.0005+0.0004, 1.34+0.71, 0.01+0.00,
and 2.91+0.92 mg/kg, respectively (Table 4). The
bioconcentration factor (BCF) is defend as the ratio of
bioaccumulated concentrations of toxic metals in plant to the
concentrations of toxic metals in rhizosphere soil (Li DX et
al., 2022; Ali H et al., 2013; Zhuang P et al., 2007). The
descending order of BCF was as followed: Ni>Cd>Zn>Cu>
Hg>Cr>As>Pb (Fig. S3). BCF analysis revealed no direct
correlation between vegetable metal uptake and soil metal
concentrations. While some sites had elevated soil metal
levels, vegetables demonstrated limited uptake capacity for
As, Cd, Pb and Zn. Although toxic metal concentrations in
surveyed vegetables were relatively low, long-term
consumption may still pose potential health risks (Dong J et
al., 2011; Gergen I and Harmanescu M, 2012).

3.3. Spatial distribution of pH, TFe,03;, OM and heavy metals

The spatial distribution patterns of pH and heavy metals in
the study area are presented in Fig. 2. Soil pH represents a key

Mean 12193 5.30 759 664 0041 237 434 15783 factor controlling the speciation and solubility of heavy
b 1460 07 126 35 0005 22 226 1991 metals (Jian L et al., 2018; Li X et al., 2017; Friedlova M,
Table 4. Heavy metal concentrations in vegetables /(n=25, mg/kg).

As Cd Cr Hg Ni Pb Zn Cu
Min 2.12x107 1.64x107° 7.36x107 6.90x107° 527x107" 4.40x107 1.36x10° 2.72x107!
Max 1.28x1072 1271072 4.40x1072 1.29x1073 3.51x10° 1.75x1072 5.80x10° 1.01x10°
mean 5.46x107 6.68x107° 2.06x1072 5.35x107* 1.34x10° 9.87x1073 2.91x10° 5.04x107!
SD 2.45x107 3.64x107 9.96x107 3.88x107* 7.09x107" 3.36x107° 9.18x10" 1.83x107!
cv 4.48x107"! 5.44x107" 4.84x107" 7.25%x107"! 5.29x107"! 3.41x107! 3.16x107" 3.64x107!
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Fig. 2. Spatial distribution characteristics of pH and metals contents in soil.
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2010). The study area exhibited a mean soil pH of 7.92,
indicating slightly alkaline conditions, while soils in the
mining region were acidic. In contrast, the spatial distribution
of acidic soils correlated with primary pollutants (As, Cd, Pb,
and Zn), suggesting that mining activities induced soil
acidification (Feng J et al., 2023; Li ZY et al., 2014; Xie Q et
al., 2022). Notably, the spatial distribution patterns of TFe,O;
and OM showed a spatial distribution pattern similar to that of
pH (Fig. S2).

The spatial distribution patterns of As, Cd, Pb, and Zn
showed significant similarity, with elevated concentrations
primarily clustered around the tailing pond and mining area
(Fig. 2). In contrast, Cr, Ni, and Cu exhibited a distinct west-
to-east decreasing gradient, while Hg demonstrated a unique
spatial pattern with relatively high concentrations in the
southeastern region of the study area. Soil heavy metal
pollution wusually is spatially heterogeneous due to
superposition of multiple pollution sources and accumulation
of multi-elements (Wang FF et al., 2020). The similar spatial
distribution patterns indicated that those toxic metals with
spatial correlativity might be from the same sources (Wang
YZ et al., 2020). The consistent spatial distribution patterns of
As, Cd, Pb, and Zn, along with their elevated concentrations
near the tailing pond and mining area, clearly demonstrate
their primary origin from Pb-Zn mining activities. The result
also consistent with the concentrations of them in tailings
(Table 3). In contrast, Cr, Ni, Cu, and Hg concentrations
approximated background levels, suggesting their derivation
from natural soil parent materials. Tailings management
employs a dry stack process in the Pb-Zn mine. The tailings
were transported by auto truck from mining area to tailing
ponds. During this transportation process, metal-rich tailings
may become dispersed. Furthermore, the study area
experiences predominant westerly winds year-round, which
facilitate the atmospheric dispersion of metal-bearing particles
from both transport operations and tailing ponds, ultimately
shaping the observed spatial distribution patterns.
Topographic influences also play a crucial role in metal
migration (Huang B et al., 2020). The study area's terrain,
featuring higher eastern elevations and lower western
elevations, effectively restricts the eastward spread of metal-
containing dust. This observation aligns well with previous
research findings (Ding Q et al., 2017).

The study area is situated in a semi-arid climate zone
featuring limited precipitation but abundant wind resources.
Consequently, metal migration and dispersion were unlikely
attributable to rainfall runoff as observed in humid regions.
The wind rose map shows that the main wind direction in the
study area is dominated by northwest wind and northwest
wind (Fig. 1b). Notably, the spatial distribution pattern of As,
Cd, Pb, and Zn follows a distinct southwest-northeast
orientation, strongly suggesting that westerly winds primarily
drive the transport of these dominant pollutants. Previous
studies have demonstrated that wind can effectively mobilize
tailings particles and significantly modify their size
distribution, with wind speed being a critical factor governing

transport dynamics (Stovern M et al., 2015; Huang B et al.,
2020, 2014; Ding Q et al., 2017; Yun SW et al., 2017). The
dust emission rate of 100 pm tailings increased with the
increase in wind speed, potentially causing severe local
pollution. In contrast, finer tailings (e.g., 10 um) can be
carried much farther by the wind (Peng XY et al., 2012), the
vast majority of Pb-Zn tailings have particle sizes below sand
size (<200 um) (Yang JS et al., 2009). Considering the annual
average wind speed (2.99 m/s, Figure 1b), the transport
distance of tailings is likely to be restricted. Furthermore, the
spatial distribution of primary pollutants indicates that
pollution hotspots are limited in extent.

Mining operations, including ventilation systems and ore
transportation processes, generate dust containing As, Cd, Pb,
and Zn in the atmosphere. Subsequent atmospheric deposition
of this metal-laden dust has caused soil enrichment of these
elements, leading to As, Cd, Pb, and Zn concentrations that
surpass natural background levels in certain areas (Pandey B
et al.,, 2014). In addition, the results of previous studies in
mining area show that mining released heavy metals with
higher concentrations and the large diffusion areas in other
humid and hot area (Table 2). Because humid and hot climatic
conditions accelerated the release and leaching of metal
elements and enhanced the migration of metal elements (Qiao
PW et al., 2023; Liu LH et al., 2020). This study revealed that
the spatial distribution of four metals demonstrated a
maximum transmission range of approximately 2 km from the
core mining area. These findings suggest that heavy metal
migration may be more restricted in semi-arid regions
compared to humid regions globally. Notably, large deposits
of these metals are also found in other semi-arid and arid
regions worldwide, including Australia and Chile. The results
further imply that wind-driven heavy metal diffusion may
similarly occur in these areas. In conclusion, long-term
mining activities in these regions have generated heavy metal
pollution primarily driven by wind dispersion.

3.4. Source identification of soil heavy metals

Correlation analysis results showed that As exhibited
significant positive correlations with Cd, Pb and Zn at the
p<0.01 significant level (Fig. 3). The correlation coefficients
between As and Pb, Zn, Cd were 090, 0.77, 0.75,
respectively. Similarly, Cr, Ni, Cu and Hg also displayed
significant positive correlation with each other at the p<0.01
significant level. The results indicated that these elements
have the similar pollution sources and diffusion pathway (Xie
Q et al, 2022; Li X et al., 2017). A significant negative
correlation (p<0.05) was observed between pH and Pb. This
can be explained by the oxidation of sulfide minerals in
tailings, which not only decreases soil pH but also releases
heavy metals (Zhang Y et al., 2023). The results indicated that
soil Pb was obviously influenced by mining activities.
Notably, a lower soil pH can enhance the mobility and
bioavailability of most heavy metals, causing them to migrate
into deeper soil layers and be absorbed by crops (Chen et al.,
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2023). Although, OM can chelate with heavy metals and
decrease their mobility and bioavailability as well
(Kwiatkowska-Malina J, 2018), it only presented significant
and positive correlation with unpolluted elements (Hg, Cr, Ni
and Cu, p<0.01). Generally, iron is generally considered a
background element due to its naturally high concentrations
(Liaghati T et al., 2004). Fe significantly correlated with all
elements indicating that a considerable part of these elements
were geogenic. In addition, compare with sand and silt
composition in soil, the clay composition with Zn and Cd has
negative correlation at 0.05 and 0.01 significantly level,
respectively. Notably, clay exhibited a negative and
significant correlation with Cd and Zn, which were the
primary pollutants. While clay has the potential to adsorb
more heavy metals due to its high specific surface area, OM,
and Fe/Al/Mn oxides (Huang B et al., 2020; Park HJ et al.,
2019; Gupta SS, 2005; Lin K et al., 2025), most of the
external heavy metals originated from large-particle-sized
tailings. Therefore, it is not surprising that clay showed a
negative and significant correlation with Cd and Zn. In
addition, the clay has stronger adsorption capacity for metals

Ke et al. / China Geology 8 (2025) 487—499

and the clay loaded metals were easily blown away together
by the wind (Gupta SS et al., 2005).

Two principal components were extracted from eight
metals in Pb-Zn mining area (Table 5; Fig. S1). Two PCs
accounted for 82.912% of the total variance, suggesting less
information is missing during PCA calculation. The first
principal component (PC1) including As, Cd, Pb and Zn can
explain 43.165% of the total variance. The Cr, Ni, Cu, Hg and
TFe,05 were grouped together accounting for 39.747% of the
total variance. The results of principal component analysis
were consistent with those of element correlation analysis. In
PCl1, the sources of As, Cd, Pb, and Zn—identified as the
main pollutants in soil —are strongly correlated, indicating
their common origin from Pb-Zn mining activities. The spatial
distribution of As, Cd, Pb and Zn with high concentrations in
mining core regions also affirmed that they originated from
mining activities of the Pb-Zn mine. The minerals of the Pb-
Zn ore contain galena (PbS), sphalerite (ZnS), arsenic-bearing
pyrite (FeAsS) and chalcopyrite (CuFeS,) with high
concentrations of Pb, Zn, As and Cd (Zhang CQ et al., 2015;
Huang DH et al., 1991). Long-term mining activities lead to

Color
As 0.77 | 0.75 | 0.90 1.0
Hg * 0.59 | 0.57 | 0.61 0.58 0.8
Cr ‘ 098 | 0.89 0.89 | 0.81
Ni . ‘ 0.87 0.88 | 0.82 06
w|® @ . . 093 | 0.73 - 0.4
7n . % % * Kk 098 | 0.86 L 0.2
cd . sk sk * *k ‘ 0.83
-0
w|@ ¢ o X
Fez()3 *k . . . ‘ *k *k ok 0.75 ——-02
oM 2000 - o
pH * * * © o
Sand 0.99 | —0.80 —0.6
Silt . 0.71 -0.8
» | o X0 .
As Hg Cr Ni Cu Zn Cd Pb Fe,O, OM pH Sand Silt Clay ’
*p<0.05 ** p<0.01
Fig. 3. Pearson’s correlation between heavy metals and soil properties.
Table 5. Total variables of soil elements and rotation matrix of PCA.
Component Initial eigenvalues Rotation sums of squared loadings Elements Component
Total % of variance Cumulative/% Total % of variance Cumulative/% 1 2
1 4.62 51.33 51.33 3.885 43.165 43.165 As 0.957 0.043
2 2.84 31.59 82.91 3.577 39.747 82.912 Cd 0.947 0.113
3 0.90 9.95 92.86 Cr —-0.058 0.981
4 0.44 4.87 97.73 Cu 0.516 0.783
5 0.11 1.25 98.97 Hg 0.099 0.359
6 0.05 0.54 99.51 Ni -0.117 0.967
7 0.02 0.27 99.78 Pb 0.938 0.130
8 0.01 0.14 99.91 Zn 0.917 0.116
9 0.01 0.09 100.00 TFe,0; 0.243 0.945
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the release of As, Cd, Pb and Zn from those crystal ore
minerals. In PC2, Cr, Ni, Hg and Cu main from soil parent
martial with geological genesis. Although long-term use of
pesticides and fertilization with Cu(Il) leads to the
accumulation of metals in farmland soils, the concentrations
of Cr, Ni, Cu and Hg in soils and vegetables were smaller
than the local background values and the national limit values
of toxic metals in food, respectively (Table 2). Therefore,
agricultural activities were not the currently source of Cr, Ni,
Cu and Hg. The weathering of geological background
volcanic rock was mainly contribution to the source of PC2.
These results were in agreement with previous studies (Dong
Qetal., 2023; Liu GN et al., 2014).

3.5. Environmental risk assessment

The CF, Iy, and PLI were employed to assess the degree
of heavy metal pollution in soils (Fig. 4a~4c). The results
showed that the mean CF values of As, Cd, Cr, Cu, Hg, Ni,
Pb and Zn were 9.19+44.08, 2.44+4.16, 0.72+0.29, 0.87+0.52,
1.06+0.88, 0.92+0.42, 2.49+6.02, and 2.52+4.44 mg/kg,
respectively. The mean CF values of Cr, Cu, Hg and Ni
nearly less than one indicating non-pollution (Fig. 4b).
However, the CF values of As, Cd, Pb and Zn greater than 2
in mining core area indicated that the soil in Pb-Zn mining
region was obviously contaminated by As, Cd, Pb and Zn.

Iy, was wildly used to assess the degree of heavy metals
pollution in soil or sediment via comparing with geochemical
background (Zhuo H et al., 2020). The order of /4, values
was followed as: As (0.40£1.52)>Pb (0.03+£0.99)>Zn (—0.00+
1.23)>Cd (-0.13£1.35)>Hg (—0.73+0.74)>Ni (—0.82+0.56)>
Cu (=0.95+0.63)>Cr (—1.15+0.52) (Fig. 4c). The mean Iy,
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values of As and Pb were greater than zero indicating
uncontaminated to moderate contaminated level, while other
metals were uncontaminated level. In other mining area with
higher /,, value were located in southern and eastern of
China, the most of the mining areas in southern China are
heavily polluted (Li ZY et al., 2014). Although the mean /.,
values of all metals were lower than one, the Iy, values of
some soil samples for As, Cd, Pb and Zn showed heavily
contaminated to extremely contaminated level. The /4, results
suggested that Pb-Zn mining activities increased the
concentrations of As, Cd, Pb and Zn in soil. In additions, the
Iy, values of some soil samples for Cr, Ni, Cu and Hg in non-
mining core area were greater than one, indicating that
agricultural activities may cause the pollution in the western
part of the study region. Agricultural activities were
considered as one of the sources of metals in soil, such as
fertilization and spraying pesticides (Sawut R et al., 2018).
Hence, agricultural activities may lead to the contents of Cr,
Cu, Hg and Zn higher than soil geochemical background. The
mean values of PLI were 0.88+0.76 indicating a low pollution
level (Fig. 4b). The mean PLI value less than one suggested
that the overall toxic metals pollution level was low.

The studied area is a typical semi-arid area with fragile
ecological system (Li PX et al., 2023). Although the current
heavy metal (As, Cd, Pb, and Zn) pollution from mining
activities in the soil is relatively low, the long-term
accumulation of these toxic metals may exacerbate the
ecological vulnerability of semi-arid area. Heavy metals in
soils can stunt plant growth, inhibit chlorophyll synthesis,
degrade local soil quality, and disrupt the soil ecosystem (Chu
Cetal, 2018; Mao CP et al., 2019). At the same time, long-
term consumption of crops containing high concentrations of
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Fig. 4. Boxplots of heavy metal concentrations (a), CF and PLI (b), Iy, (¢) in soil.
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heavy metals can pose significant risks to human health.
3.6. Human health risk assessment

The HQ value was used to assess non-carcinogenic risk
effect of eight metals for both adults and children. According
to the HQ results, the non-carcinogenic risks of Ni and As
was higher among the adults and children (Table 6). Hg has
the lowest non-carcinogenic risks, lower an order of
magnitude than Ni. Except to As, the HQ value of adults
higher than children, the results suggested that adults should
reduce consumption of vegetables, such as potatoes and
broccoli. The HI value of adults and children were 0.098 and
0.026, respectively. The HI value much less than 1, indicating
that there is no significant non-carcinogenic risk through oral
intake pathway for public. However, the cumulative risk from
heavy metals oral intake through vegetable consumption from
study area should pay an attention.

The CR value was employed to calculate the carcinogenic
risk of As, Cd, Cr and Pb for adults and children (Table 6).
The CR value of As, Cd, Cr and Pb were less than 1><1074,
indicating that the carcinogenic risks for adults and children
was acceptable or tolerable. However, the long-term
accumulated carcinogenic risk of As, Cd, Cr, and Pb through
vegetable consumption should not be ignored.

4. Conclusions

Heavy metals transported by wind represent a significant
migration pathway from mine areas in semi-arid regions;
however, the extent of their impact may be spatially
constrained. This study investigated the influence of mining
activities on soils and vegetables, pollution level and human
health risk of As, Cd, Cr, Cu, Ni, Hg, Pb and Zn surrounding
a Pb-Zn mine in semi-arid region. The main conclusions are
as follows:

(i) High concentrations of As, Cd, Pb, and Zn were
detected in soils surrounding the mine area, with maximum
values reaching 2146.1, 3.21, 1004.4, and 1541.0 mg/kg,
respectively. The spatial distribution of these elements
extended from the southwest to the northeast, predominantly
shaped by wind direction and topographical characteristics.

Table 6. Non-carcinogenic risks and carcinogenic risks for
adults and children.

Non-carcinogenic risks (HQ) Carcinogenic risks (CR)

Adults Children Adults Children
As  1.43x1072 3.87x107° 1.87x107°  2.03x10°°
cd  5.23x107° 1.42x1073 8.56x10%  9.30x10°%
Cr 5.37x107° 1.46x1073 235x107  2.55x107°
Cu 9.87x107° 2.68x1073 - -
Hg 140x107 3.79x107* - -
Ni  5.25x107 1.43x1072 - -
Pb  221x107° 5.99x107* 5.64x10°  6.13x107°
Zn  7.58x107° 2.06x1073
HI 9.84x107 2.67x1072 TCR 9.87x107°  1.07x107*

The results of spatial distribution and PCA indicated that As,
Cd, Pb, and Zn mainly originated from mining activities.
Notably, heavy metal concentrations in vegetables were all
below the limit values for food consumption.

(i) The environmental risk results of CF, PLI, and Iy,
indicated that eight metals in most soils exhibited non-
polluted level or slight pollution level, except that some soils
were severely polluted by As, Cd, Pb and Zn. The HQs values
of individual metals for the both adults and children were all
below one, suggesting a low non-carcinogenic risk. The CR
value of As, Cd, Cr and Pb were all less than 1X1074,
indicating that the carcinogenic risks for both adults and
children from consuming foods near the mine are acceptable
or tolerable.

(iii) Although the extent of wind-driven heavy metal
pollution is limited in semi-arid areas, extremely high
concentrations of toxic metals can still be observed in soils.
Therefore, it is crucial to focus on dust suppression from
tailings ponds and during the transportation processes of
mining activities to prevent further expansion of heavy metal
pollution. In addition, the non-carcinogenic and carcinogenic
risks associated with long-term consumption of toxic metals
contaminated vegetables warrant significant attention.
Therefore, it is advisable to avoid cultivating crops or other
agricultural products in mine areas and their surrounding
regions to mitigate potential human health risks.
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