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ABSTRACT

* Agricultural activities may promote the conversion ey
of inorganic Hg to MeHg in soil. EIMs = porertly torc peakiods MeHg and nine PTMs in soils near Hg mines:
 Hg and As present an extremely and a modera- A global meta-analysis

tely contaminated level, respectively. lii:lffiiiiﬁlf.‘::?:fdi et
* The human health risks posed by As, Hg, and Ni

merit more attention.

* Pokeweed may be considered as a potential Hg
hyperaccumulator.

Soil pollution caused by potentially toxic metal(loid)s
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large scale. Global data on methylmercury (MeHg),
Hg, Cd, Cr, As, Pb, Cu, Zn, Mn, and Ni concentra- :
tions in soils from Hg mining areas were obtained B S = /mu o
from published research articles (1999-2023). : o

Based on the database, pollution levels, spatial [ R A R A A A LN M, PR W
distributions, and potential health risks were investigated. Results indicated that the average percentage of MeHg to total Hg in agricultural soils
(0.19%) was significantly higher than that in non-agricultural soils (0.013%). Indeed, 72.4% of these study sites were extremely contaminated
with Hg. Approximately 45% of the examined sites displayed a moderate level of As contamination or even more. Meanwhile, the examined sites
in Spain and Turkey exhibited considerably higher pollution levels of Hg and As than other regions. The mean hazard indices of the nine PTMs
were 2.91 and 0.59 for children and adults, with 85.6% and 13.3% of non-carcinogenic risks for children and adults that exceeded the safe level
of 1, respectively. In addition, 70.2% and 56.7% of the total cancer risks through exposure to five carcinogenic PTMs in children and adults,
respectively, exceeded the safety level. As and Hg showed a high exceedance of non-carcinogenic risks, while As and Ni were the leading
contributors to carcinogenic risks. This study demonstrates the urgent necessity for controlling PTM pollution and reducing the health risks in
soils near Hg mining sites and provides an important basis for soil remediation.
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1 Introduction distance transportation and persistence in the environment
(Li et al., 2012; O’Connor et al., 2019). Hg can exist in
Mercury (Hg) is a global contaminant owing to its long-  gaseous elemental form (Hg®) that is very stable, with a resi-

dence time of several months to over a year (Weiss-Penzias
Cite this: Soil Ecol. Lett., 2024, 6(4): 240233 et al., 2016; Saiz-Lopez et al., 2018). Its transport and
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deposition pose a significant threat to the global ecosystem
because deposited Hg is more readily transformed to
methylmercury (MeHg), the most toxic Hg form, under
anoxic conditions (Meng et al., 2011; Xu et al., 2017; Man
et al., 2021). Mercury mining is considered as one of the
most important sources of Hg contamination in the soil envi-
ronment. Thus far, the demand for Hg products has
increased steadily because they are widely used in various
industrial activities such as the manufacture of polyvinyl
chloride plastic and non-ferrous metal smelting (Ren et al.,
2014; Song et al., 2021; Cao et al., 2022). This increased
demand further intensifies Hg mining activities. Moreover,
large amounts of other potentially toxic metal(loid)s (PTMs)
are also released into the soil environment due to destructive
Hg mining (Gonzalez-Fernandez et al., 2018; Kulikova et al.,
2019; Boente et al., 2022; Barago et al., 2023). These PTMs,
including As, Cr, Pb, Cd, Mn, and Ni, are significantly
elevated in Hg mining areas (Kulikova et al., 2019; Wu et al.,
2020; Liu et al., 2022; Barago et al., 2023). Elevated PTM
levels in soils may pose a substantial threat to agricultural
production and human health because of their bioaccumula-
tion and toxicity (Tian et al., 2022; Zeng et al., 2022; Chen
et al., 2023). Thus, it is urgently needed to evaluate the
pollution status of PTMs in soils around Hg mines and
analyze their potential human health risks for sustainable
mining development.

Soil, an important environmental medium, is a potential
medium by which humans are exposed to contaminants
(Bing et al., 2021). Toxic metal(loid)s released from Hg
mining activities can easily enter agricultural soils and are
subsequently transferred to crop plants, which induced a
serious threat to sustainable agriculture and human health
(Chen et al., 2019; Eagles-Smith et al., 2020). Mercury is
one of the most toxic elements that affect endothelial and
cardiovascular functions, even at low doses (Natasha et al.,
2020; Salmi and Boulila, 2021). Furthermore, Hg toxicity
includes kidney damage, respiratory disorders, and disruption
of the nervous system (Li et al., 2022). Similarly, As exposure
can also result in liver and kidney damage in humans and
even induce cancer (Zeng et al., 2019; Wei et al., 2019).
Indeed, the exposure pathway of soil PTMs mainly includes
dermal absorption, ingestion, and inhalation. Compared to
adults, children are more susceptible to soil PTMs due to
their special behavior and weak resistance (Peng et al.,
2022; Wu et al., 2023). The PTM input in soils from Hg
mining areas has increased continuously in the last few
decades, which may elevate human health risks from expo-
sure to PTMs (Crespo-Lopez et al., 2021; Zhang et al.,
2023). Insufficiently, nearly all studies regarding soil PTM
contamination near Hg mining sites associated with human
health risk assessment have been conducted in limiting area,
while less research has been conducted at a national/global
level. In recent years, most researchers investigated the risk

assessment of exposure to PTM-contaminated sites based
on the total concentrations of PTM and related exposure
parameters (Ran et al., 2021; Yuan et al., 2021). However,
this may cause a fuzzy estimation on the health risk
because of the spatial heterogeneity of PTMs in soils and
complex environmental conditions (Guan et al., 2022).
Monte Carlo simulation is a widely used random sampling
method recommended by the USEPA and National
Academy of Sciences, which properly considers variable
factors in a complex environment (Yang et al., 2020; Guan
et al.,, 2022). Monte Carlo simulation can effectively
decrease uncertainty in various exposure parameters such
as total PTM concentrations, intake rate, and toxicity criteria
(Liu et al., 2021a; Guan et al.,, 2022). A recent study
assessed potential health risks of PTMs in agricultural soils
across China by coupling meta-analysis and Monte Carlo
simulation (Guo et al., 2023). Similarly, Wei et al. (2023)
demonstrated PTM concentrations in rice that meet safety
standards could still pose potential health risk to human
based on a national meta-analysis associated with Monte
Carlo simulation. This provides a scientific basis for reducing
the potential human health risk and proposing the efficient
remediation strategies.

Phytoremediation has been successfully applied to reme-
diate Hg contaminated soils in practice due to its sustainable,
low-cost, and environmentally-friendly method as compared
to traditional physical or chemical strategies (Raj et al.,
2020; Liu et al., 2021a; Baragafrio et al., 2022). Shoot bioac-
cumulation and translocation of Hg are the core of phytore-
mediation, which depends on the plant species (Fernandez
et al., 2017). Thus far, a few plant species have been shown
to hyper-accumulate Hg in their aerial parts (Chamba et al.,
2017; Liu et al., 2021a). Thus, more studies are required to
screen for potential Hg hyperaccumulators. Indeed, native
plant species growing in Hg mining areas are considered
potential candidates for remediating Hg-contaminated sites.
This is because they can adapt to the chemical stress
derived from exposure to Hg and the particular ambient
climatic conditions of the contaminated sites (Chamba et al.,
2017; Antoniadis et al., 2021). Furthermore, exotic plant
species pose potential ecological risks to local ecosystems
(Antoniadis et al., 2021). Therefore, a comprehensive study
of the ability of native plant species to take up Hg in heavily
contaminated areas is valuable for remediating contamination
and reducing human exposure risk.

A comprehensive meta-analysis of MeHg and nine PTMs
(Hg, Cd, Cr, As, Pb, Zn, Cu, Mn, and Ni) contents in Hg
mine-associated soils at the global scale was conducted
based on published and peer-reviewed original articles from
1999 to 2023. We hypothesize that these soil PTMs in soils
may result in serious contamination and pose potential risks
to human health. Our main aims were to 1) evaluate the
levels of PTM contamination in Hg mine-associated soils;
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2) investigate the spatial distributions of soil PTMs pollution
from Hg mining sites worldwide; 3) assess the probabilistic
health risks of soil PTMs to human; and 4) analyze the
potential of plant species for the remediation of Hg-polluted
soils.

2 Study methods and data source

2.1 Literature synthesis and data collection

A database of MeHg and PTM concentrations in soils near
Hg mining sites was compiled based on the original papers
published between 1999 and 2023 (Tables S1-S3). The key
search terms such as “metal,” “metalloid” or “individual PTM
(i.e., Hg, Cd, As, Pb, Cu, Cr, Zn, Mn, and Ni)” with “soil” and
“mercury mine” were used on ISI Web of Science, Science
Direct, Google Scholar, and China National Knowledge
Infrastructure to search relevant literature. Finally, data from
100 research papers focused on the concentrations of
MeHg and nine priority PTMs in soil from Hg mining areas
were extracted by WebPlotDigitizer software. The literature
selected for our meta-analysis met the following criteria
(Fig. S1): 1) samples were collected from surface soils in Hg
mining areas via random sampling methods and sediment
samples were eliminated; 2) the number of soil sampling
sites, coordinates of the Hg mining area, and background
values of PTM were obtained; 3) these samples were mixed,
dried, crushed, and sieved until powders were obtained for
subsequent use; and 4) MeHg and PTM contents in the soil
samples were analyzed using acceptable methods and
analytical tools. The sampling information, analytical meth-
ods, and quality control in the literature are listed in Table
S1.

In this meta-analysis, land use types were differentiated
into two subgroups, including 31 agricultural sites and 70
non-agricultural sites from Hg mining areas worldwide.
Furthermore, Hg concentrations in 172 native plant species
grown in mining areas were obtained from 13 research
papers as a new data set (Table S4). Hg concentrations in
55 plant species grown in Hg-polluted soils under pot condi-
tions were collected from 29 academic articles (Table S5).
Shoot Hg and Hg concentrations in rhizosphere soils were
obtained from the collected literature.

2.2 Soil pollution and ecological risk assessment

Geo-accumulation (/ye,) is one of the most widely-used
pollution indices because of its accuracy. It is performed by
calculating Eq. (1) (Liu et al., 2021b; Ramazanova et al.,
2021):

G
e (1)

where C, is the measured concentration of each PTM i in the
soil (mg kg™"); B, represents the background value of toxic
metal(loid) i in the soil in the study area. A seven-category
ranking system (classes 0 to 6) was applied to differentiate
the pollution levels, which was provided in Table S6 (Liu
et al., 2021b). The potential ecological risks of PTMs in Hg
mine-associated soils is assessed using Potential Ecological
Risk Index (PERI) Method (Eqgs. (2)—(4): Pobi et al., 2020;
Yang et al., 2022)

G
CFi=% ()
E'=T,xCF, (3)
PERI = )" E; 4)

where CF; is the ratio of PTM i concentration in the soil to
background value of PTM in soils; E;! is the potential ecolog-
ical risk of a single PTM [; T, represents the toxic response
factor for toxic metal(loid) i, and Tri of Hg, Cd, As, Pb, Cu, Zn,
Cr, Mn, and Ni is 40, 30, 10, 5, 5, 1, 2, 5, and 5, respectively
(Ma et al., 2020; Pobi et al., 2020). The potential ecological
risks of soil PTMs from Hg mining areas were divided into
five classes, as provided in Table S7 (Yang et al., 2022).

2.3 Health risk assessment models

2.3.1 Exposure risk assessment

Health risk assessment models proposed by the United
States Environmental Protection Agency can effectively
quantify carcinogenic and non-carcinogenic effects of
perpetual exposure to PTMs on human health (Yang et al.,
2020). The health risks arising from soil PTMs in Hg mining
areas were assessed by considering three exposure routes
(1) oral ingestion, (2) inhalation, and (3) dermal absorption.
The non-carcinogenic risk from soil PTMs is calculated by
the hazard quotient (HQ) by estimating the average daily
intake (ADI, mg kg~' d=1) of each PTM. The ADI of the PTM
via these routes was calculated using Egs. (5) to (8):

XIngRXCF XEF XED
ADI,, = =8 )
BW X AT nc
ca
XInhRXEF X ED
ADI,,, = <21 (6)
PEF X BW X AT nc
na
CXSAXSLXABS XEF XED
ADI o = x 1076 @)
BW X AT nc
ca
ADImtal = ADIing +ADIinh +ADIderm (8)
where ADI,;, ADly,, and ADl,, represent ingestion,

inhalation, and dermal routes of ADI, respectively. All
detailed information is presented in Table S8.
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2.3.2 Non-carcinogenic risk assessment

For non-carcinogenic risk, the hazard quotient (HQ) was
used to estimate carcinogenic risks from each exposure
route (Eq. (9)), and the carcinogenic risks of all exposure
routes was calculated using the hazard index (HI, Eq. (10))
(Liu et al., 2021b):

_ ADIlma[
o= ©)
HI= Z HQ = HQoral + HQdermal + HQinh (10)

where RfD indicates the reference dose (mg kg=! d=*; Table
S7). HQ/HI values < the safe level of 1 represents no
adverse effects in humans; otherwise, HQ/HI value high
than 1 suggests non-carcinogenic risks (Yang et al., 2020).

2.3.3 Carcinogenic risk assessment

The carcinogenic risk (CR) of individual carcinogenic PTMs
(Cd, Cr, Ni, As, and Cu) in soils across all exposure routes
was calculated using Eq. (11), whereas the total carcinogenic
risks (TCRs) was computed using Eq. (12):

CR=ADIXSF 11

TCR= Z CR = CRoral + CRucrmar + CRinp (12)

where SF is carcinogenicity slope factor (mg kg=' d~', Table
S9); A TCRvalue below 1 x 10~ indicates a safe or negligible
level, but TCR exceeding this threshold suggests a non-
negligible cancer risk (Guan et al., 2022).

2.4 Monte Carlo simulation

Monte Carlo simulation has been widely applied to analyze
the distribution of human health risks by properly considering
variable factors in a complex environment (Khodadadi et al.,
2022; Guan et al.,, 2022; Zhao et al., 2022). To reduce
heterogeneity of variations in risk analysis, it was employed

to handle uncertainty in soil PTM concentrations, body-
weight, exposure frequency, toxicity criteria, and various
exposure parameters (Liu et al., 2021b). In this meta-analy-
sis, the Monte Carlo simulation was run for 10000 iterations
using Oracle Crystal Ball software (11.1.2.3.000) to achieve
reliable results for human health risks. In addition, all
detailed information is presented in Table S10.

2.5 Data analysis

Statistical analysis of all data was conducted in Microsoft
Excel 2021. All figures were generated using OriginPro 9.2.
The worldwide spatial variations in soil PTM pollution from
the Hg mining area were determined using ArcGIS 10.2.
The cumulative probabilities of human health risk were eval-
uated using Monte Carlo simulation which was performed
using the Oracle Crystal Ball software (11.1.2.3.000). SPSS
25 was used to assess significant differences between the
agricultural soils and non-agricultural soils via a Mann-Whit-
ney U test.

3 Results and discussion

3.1 Concentrations of MeHg and nine PTMs in the soils

The concentrations of MeHg and nine PTMs were obtained
from over 10000 soil samples from Hg mining areas across
16 countries. Descriptive statistics for the contaminant
concentrations are summarized in Table 1. The average
concentration of Hg (135 mg kg™") in the soils was greater
than two thousand times the global background value
(Table 1), suggesting that Hg-rich contaminants are
released into the soil environment during mining activities.
Moreover, Hg readily accumulated in the topsoils (0—20 cm).
Hg concentrations decreased by more than 80% at 80—
100 cm soil depths (Fig. 1). Previous studies have indicated
that the concentration of labile Hg, including water-soluble,

The statistic analysis of MeHg (ug kg~') and PTMs (mg kg~") in soils near Hg mining sites.

Median Average Standard deviation Coefficient of variation Sample No.

Global average (mg kg™")

Table 1

MeHg and PTMs  10th  90th

MeHg 164 216 3.66 7.97 10.6
Hg 2.67 261 41.8 135 336
Cd 0.20 2.41 0.83 1.78 4.30
As 9.29 430 34.8 129 237
Pb 16.7 171 49.0 86.3 131
Cu 211 167 41.6 103 214
Zn 58.1 326 107 150 122
Cr 20.5 385 69.0 156 213
Mn 318 1562 685 846 590

Ni 17.2 461 36.4 190 404

133% 404 -
249% 14556 0.07
241% 11937 0.41
184% 12251 6.83
152% 13268 27
208% 3924 38.9
81.4% 13103 64
136% 11409 59.5
69.7% 1486 571
213% 2725 29.0




Li Chen et al.

exchangeable, and carbonate forms of Hg complexes, in
soils from Hg mining areas is extremely low, resulting in low
mobility (Fernandez-Martinez et al., 2019; Quintanilla-
Villanueva et al., 2020). The average MeHg concentrations
and their average percentages of total Hg concentrations
were 7.97 ug kg™' and 0.74%, respectively (Fig. 2). The
percentages of most study sites were similar below 0.05%.
However, the percentage (0.94%) of the Iltomuka Hg mining

Hg concentration in soils (mg kg™)
0 40 80 120 160
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Fig. 1 Soil depth profiles of Hg concentrations in soils from Hg
mining areas. Data were from five independent studies (Qiu et al.,
2006; Sun et al., 2009; Hojdova et al., 2009; Li et al., 2012; Li,
2013). Note: seven sampling sites on the soil depth profiles of Hg
concentrations were obtained from five independent studies. The
red dashed line represents trend of Hg migration in various soil
depth profiles.

area was significantly higher than that of other Hg mining
areas (Kodamatani et al., 2022) (Fig. 1). The soil organic
matter (SOM) content and its decomposition are key factors
in the formation of MeHg, while Hg methylation by microbes
occurs preferentially under reducing conditions (Tomiyasu
et al., 2012; Fernandez-Martinez et al., 2015; Kodamatani
et al., 2022). Forest soils near the Itomuka Hg mine have
high levels of SOM and a relatively high decomposition rate
of SOM, resulting in the strong Hg methylation ability of
these soils (Kodamatani et al., 2022). The average percent-
age of MeHg was significantly higher in the agricultural
lands (0.19%) than in the non-agricultural lands (0.013%),
which is also solid evidence for our above-mentioned expla-
nation (Fig. S2). This might be attributed to agricultural soils
with high microbial activities providing favorable conditions
for the decomposition of SOM (Fernandez-Martinez et al.,
2015; Kodamatani et al., 2022). Therefore, it is worth noting
that agricultural activities may induce a high environmental
risk in Hg mining areas.

The mean concentrations of Cd, As, Pb, Cu, Zn, Cr, Mn,
and Ni in the soil were 1.78, 129, 86.3, 103, 150, 156, 846,
and 190 mg kg~', respectively, which were higher than the
average global soil values (Table 1). The mean concentra-
tions of Cd, As, and Ni were 4.34, 18.9, and 6.55 times than
their average global soil values, respectively. These results
suggest that Hg mining activities increase the accumulation
of PTMs in surface soils, thereby inducing high environmental
risk. A possible reason for this result is that realgar (AsS)
and orpiment (As,S;) are important minerals associated with
Hg mining processes (Ordoéfiez et al., 2011; Silva et al.,
2014). Moreover, soil Ni and Cd enrichment in Hg mining
areas may be related to the lithological composition of the
bedrock (Podolsky et al., 2015; Kulikova et al., 2019; Hiller
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° (]
~35- o —
Tcn = MeHg concentration in soils S
V] 10 e Percentage of MeHg to total Hg - 0.8 :/0
o 30 -

= Mean concentration=7.97 ug kg™ =
225 Mean percentage = 0.074% g
o L ~—
2 0.6 °
Z 20 ED
2 " B
= 15 = 04 =
£ A4
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2 10 4 )
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on 5+ [ Q
& " « " " ] L] - %
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Fig. 2 MeHg concentrations (ug kg™') and their percentage (%) of total Hg in soils near Hg mines. Note: S1-S18 represent
soils near 18 Hg mining sites worldwide from 18 independent studies. (Detailed information is provided in Table S3)
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et al., 2021). Indeed, conglomerates with pebbles of ultraba-
sic rocks in Hg mining areas are enriched in high levels of Ni
(Kulikova et al., 2019; Hiller et al., 2021).

The coefficient of variation (CV) is an important indicator
that quantifies the average variation in soil PTM concentration
(Xie et al., 2022). In this meta-analysis, the CV values of
different PTM concentrations are the decreasing order of
Hg > Cd > Ni > Cu > As > Pb > Cr > Zn > Mn (Table 1). This
result suggests a remarkable variation in PTM concentrations
in soils. There are several possible explanations for this
phenomenon. First, wind direction and intensity play crucial
roles in influencing the PTM transportation process, espe-
cially for gaseous Hg (Ballabio et al., 2021). Meanwhile,
atmospheric deposition is an important resource for soil Hg
pollution, which is easily controlled by various factors (Chen
et al.,, 2022). Second, temperature and precipitation pose
indirect influences on the distribution of PTM concentrations
in soils near Hg mining sites (Yuan et al., 2021). Moreover,
PTM accumulation in topsoils is also influenced by other
factors, such as land-use type, geologic setting, and
exploitation method (Li et al., 2012; Hiller et al., 2021; Peng
et al., 2022).

3.2 Contamination assessment of PTMs in the soils

The Iy, values of the nine PTMs in the soils and their
percentage distributions are illustrated in Fig. 3. The mean
Igeo of Hg, Cd, As, Pb, Cu, Zn, Cr, Mn, and Ni were 6.73,
0.17,1.34, 0.20, 0.16, -0.13, -0.17, -0.61, 0.14, respectively
(Fig. 3A). According to the distribution of the /y, values,
more than 60% of these study sites for these PTMs (i.e. Cu,
Zn, Cr, Mn, and Ni) were situated in class 0 (Fig. 3B),
suggesting that most of Hg mining areas were uncontami-
nated by the five PTMs. For Cd and Pb, more than 70% of
the /,,, values were below class 2. The mean [ ,, of As was
in class 2, while ~45% of the As sampling sites were above
class 2 (Fig. 3A and 3B). This result indicates that As
showed a moderate contamination level in soils near the Hg

15 4

A

o
1

geo.

Geo-accumulation index (/,, )

-10 T T T T T T T T T

Hg Cd As Pb Cu Zn Cr Mn Ni

mines. For most Hg mining areas, cinnabar (HgS) is the
main mineral phase, while it is disseminated through the
host rock or is located in realgar (AsS) and orpiment (As,S;)
(Ordoniez et al., 2011). We also observed that the ecological
risks from Cd and As are nonnegligible in Hg mining areas
(Table S11). In addition, the /g, of Hg in 72.4% of the exam-
ined sites were situated in class 6, and Hg pollution causes
an extremely high ecological risk in this area (Fig. 3B).
These findings demonstrated that most of the study sites
were extremely contaminated by Hg and it has caused high
environmental risks. Kulikova et al. (2019) reported that
mine waste heaps contain high levels of Hg, which are the
predominant source of soil Hg pollution. Moreover, roasting
of Hg ores is considered an important source of Hg in the
soil environment because of the emission of gaseous Hg
compounds (Higueras et al., 2013; Kulikova et al., 2019).
However, it is difficult to quantify its contribution to overall
Hg pollution in Hg mining areas.

The PTM pollution levels in the soils were influenced by
land use, as shown in Fig. 4. In this study, the pollution
levels of all PTMs in non-agricultural lands were higher than
those in agricultural lands. Indeed, the accumulation of
PTMs in surface soils is easily influenced by the distances
between the study sites and centers of Hg mines. Agricultural
activities are generally carried out farther from the centers of
Hg mines (Liu et al., 2022). These five PTMs (Pb, Cu, Zn, Cr,
and Ni) exhibited uncontaminated to moderate pollution in
non-agricultural soils, but the agricultural soils were practi-
cally uncontaminated by these PTMs (Fig. 4). As mentioned
above, agricultural soils are located in areas distant from Hg
mining sites. Therefore, this phenomenon also indirectly
supports the view that PTMs enriched in non-agricultural
soils near Hg mining sites may be geogenic (Kulikova et al.,
2019; Horasan, 2020; Hiller et al., 2021).

3.3 Pollution distributions of PTMs

The pollution distribution of PTMs in Hg mining areas is

120
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Fig. 3 Geo-accumulation indices of nine PTMs (A) and their percentage distributions (B) in Hg mine-associated soils.
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Fig. 4 Geo-accumulation indices of nine PTMs in agricultural soils (A) and non-agricultural soils (N-A) from Hg mining areas.
Note: “*” represents the significant differences between agricultural soils and non-agricultural soils via a Mann—Whitney U test.

presented in Table S12. Most of the examined sites were
located in China, Spain, Slovenia, and Turkey. Their average
l4e0 values for Hg were 6.53, 5.53, 7.33, and 7.25, respectively

(Table S12). The Hg pollution levels in most study sites
were situated in class 6, revealing that Hg pollution in soils

near Hg mines is extremely serious worldwide. In addition,
the sites examined in Spain, Turkey, and Namibia were
heavily contaminated by As. In our meta-analysis, the highest
pollution level in soils from Hg mining areas was observed in
Zambia for Cu (4.95), Spain for Mn (1.35), the Philippines
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for Ni (3.94), Namibia for Pb (4.25) and Zn (2.47), and China
for Cd (4.56) and Cr (2.59) (Fig. 5). The difference in these
seven PTM pollutants from Hg mining areas may be related
to geogenic factors rather than anthropogenic factors
(Horasan, 2020; Hiller et al., 2021). However, the specific
mechanisms remain unknown.

3.4 Health risk assessment of PTMs in the soils

3.4.1 Non-carcinogenic risks of PTMs

In the meta-analysis, the ingestion route contributed to 56.3%
and 69.7% of the non-carcinogenic risk for adults and chil-
dren, respectively (Fig. 5A). The mean HQ values displayed
a decreasing trend of HQj,; > HQqermal > HQn,- This indicated
that ingestion is an important route of exposure to PTMs in
soils from Hg mining areas. This finding is agreement with
those reported by Tang et al. (2021) and Xu et al. (2020).
The HI values of PTMs for local children were significantly
higher than those for local adults, suggesting that the soil
PTM pollution may induce a higher health risk to children
(Fig. 5B). A similar result was reported by Guan et al. (2022),
showing that children are more susceptible to PTMs in
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urban agriculture soils of a typical oasis city as compared to
adults. This result is due to the peculiar physiology and
behavior of children, including a high respiration rate and
finger sucking (Liu et al., 2021b; Guan et al., 2022).

The mean HI values were 2.91 for children and 0.59 for
adults, respectively (Fig. 5). Despite that the mean H/ values
of adults were far below the safety threshold of 1, this does
not imply that these PTMs do not pose health risks to adults
living in Hg mining areas. In some of the examined sites, the
health risks to adults exposed to PTMs in the soils exceeded
the safety level. As shown in Table S13 and Fig. 5B, the
mean HI values for the individual PTM increased in the
order Zn < Cu < Cd <Ni<Mn <Pb < Cr<Hg<As. The HI
values of As and Hg for children were 60 and 33.58% of the
HI values of all PTMs, respectively (Fig. S4). Furthermore,
the children’s HI value was 1.60 and 1.09 for As and Hg,
respectively, exceeding the safety threshold of 1.0. This
finding revealed the health risks of As and Hg in soils to chil-
dren. Therefore, As compounds can pose strong effects on
a variety of human organisms, including the skin, intestine,
stomach, weasand, and brain (Bali and Sidhu, 2021;
Rehman et al., 2021). Meanwhile, Hg is also highly toxic to
human health and can induce multiple adverse reactions,
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Fig. 5 Contributions of three exposure routes (ingestion, inhalation, and dermal contact) to non-cancer (A) and cancer risks (C),
and hazard index (B) and cancer risk (D) of the nine PTMs in the soils.
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including stomach ache, diarrhea, renal failure, and
gastrointestinal perforation (Huang et al., 2022; Feng et al.,
2022). In addition, other PTMs in soils, such as Cd, Zn, Cu,
and Ni, induced no non-cancer risk to local inhabitants due
to their low contribution rates to total HI values (< 1%)
(Fig. S3).

3.4.2 Carcinogenic risk of PTMs

Similar to the above-mentioned results, the CR for ingestion
was higher than that for both inhalation and dermal contrac-
tion (Fig. 5C). Meanwhile, the total CR values of children for
each PTM were markedly lower than those of adults, which
provided direct evidence that children were more susceptible
to PTMs (Fig. 5D). In this meta-analysis, the total CR values
of these PTMs for adults and children were 1.44E-04 and
1.77E-04, respectively, revealing the presence of carcino-
genic risks for human living in Hg mining areas, because
their total CR values in the soils exceeded the safety thresh-
old of 1E-04. In addition, the contribution rates of As and Ni
were 70.92 and 69.92% for adults and children (Fig. S4),
respectively. These results suggest that As and Ni are the
primary carcinogenic PTMs in soils.

3.5 Risk characterization based on Monte Carlo simulation

The health risk results of the nine PTMs in soils around Hg
mining sites based on Monte Carlo simulations are shown in
Fig. 6. As mentioned above, although the mean H/ value for
local adults was below the safe threshold of 1, 13.3% of
their HI distribution exceeded the safe level (Fig. 6A). More-
over, the average HI value for children was substantially
higher than the toxic effect value, with 85.6% of the
children’s HI values > 1 (Fig. 6A). Among these PTMs, the
contribution of As to children’s non-carcinogenic risks was
the highest, followed by Hg and Cr (Fig. S3). Meanwhile,
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29.6% and 42.2% of the children’s HI values for Hg and As
were > 1, respectively. However, none of the H/ values of
Cd, Cu, Ni, Zn, and Mn for adults and children exceeded 1
(Fig. S5).

As shown in Fig. 6B, the TCR for local children and adults
were 70.2% and 56.7%, respectively, higher than the
carcinogenic risk threshold (1E-04). These results indicate
that children have a higher percentage of TCR values
exceeding the safe level than adults. Among the carcinogenic
PTMs, As and Ni were the primary contributors to TCR
values, accounting for 37.9% (34.8%) and 33.2% (35.1%)
for adults (children), respectively (Fig. S4). Meanwhile, 13.7%
and 11.8% of the As CR values for local children and adults,
respectively, were greater than the safe level (Fig. S6). For
Ni, ~16.8% and 11.0% of the CR values for local children
and adults, respectively, exceeded the threshold value (Fig.
S6).

3.6 Remediation of Hg contaminated sites by screening
potential Hg accumulator

For soils near Hg mines, Hg and As are the main contami-
nants derived from mining activities, resulting in serious
risks to the ecological system and human health. The envi-
ronmental risks posed by Cd and Ni in soils cannot be
ignored. Overall, Hg should be preferentially controlled
compared with As, Cd, and Ni because Hg causes more
serious pollution in soils. Remediation techniques for Hg-
contaminated soil include soil washing, stabilization, thermal
treatment, and phytoremediation (Xu et al., 2015; Wang
et al., 2020). Among these techniques, phytoremediation
has been widely used to remediate heavily Hg-contaminated
soils because of its low cost, ease of use, and eco-friendliness
(Singh et al., 2022; Baragafio et al., 2022). The shoot accu-
mulation factor (SAF) of Cyrtomium macrophyllum for Hg
was the highest (22.3) among 55 plant species growing in
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Hg-polluted soils under pot conditions (Table S5 and
Fig. S7). However, we observed an extremely low SAF
(0.012) for Cyrtomium macrophyllum grown in the Hg mining
area (Table S4). This phenomenon may be due to the addi-
tional Hg solution applied to the pot soils, which resulted in a
high level of Hg bioavailability (Xun et al., 2017). Indeed, low
Hg bioavailability in mining areas has been demonstrated in
numerous studies (Lin et al.,, 2010; Xun et al., 2017; Yin
et al., 2018). Thus, screening of potential Hg hyperaccumu-
lators should be prioritised under real field conditions.

In this meta-analysis, the SAF was 1.05 for pokeweed
(Phytolacca americana L.) and 1.01 for pepper (Capsicum
annuum L.) (Fig. 7). Among the 172 native species, they
exhibited greater potential for remediating Hg-contaminated
sites (Table S4). However, pepper is a crop plant with rela-
tively low biomass. Therefore, it is not suitable for phytore-
mediation. Pokeweed is a perennial herb with high biomass
and fast growth rate and is widely distributed globally. In
addition, pokeweed shows a strong ability to absorb various
PTMs, including Cd, As, and Mn, from contaminated soils (Li
et al., 2018; Wang et al., 2021). Therefore, pokeweed could
be a potential plant species for remediating contaminated
soils in Hg mining areas.

3.7 Limitations
Mercury is a unique PTM, and it is liquid over a wide range
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of ambient temperatures common (Wang et al., 2020). Thus,
the pollution status of Hg mining sites may be dynamic
owing to the emission and leaching of Hg from the mine
waste calcines (Li et al., 2012). However, most studies only
investigated the soil pollution of Hg mining sites at a certain
stage. The geological conditions can also influence the soil
PTM pollution near Hg mines. Therefore, the collected data
from different studies may cause some discrepancies due to
variations in temporal disparities and geological conditions.
Moreover, the behavior of residents is crucial in health risk
assessments, but it is difficult to eliminate the errors caused
by the differences in human behavior in different regions. In
our meta-analysis, the toxicity parameters for soil PTMs
were derived from the USEPA guidelines and international
research findings to minimize this error. The wind direction
and strength are also important factors influencing the
spatial distribution and pollution level of PTMs in soils.
However, wind direction and strength associated with envi-
ronmental impacts are lacking in most studies, which limit
the accurate evaluation of health risks of PTMs.

4 Conclusion

Soil PTM pollution and its potential health risk in Hg mining
areas at the global scale were assessed. Hg concentrations
in native plants were also obtained. The results indicated

Native plant speices

Fig. 7 The top 15% of shoot accumulation factors among the 172 native species were grown in the Hg mining areas. Note:
PS 1, Phytolacca americana L.; PS 2, Capsicum annuum; PS 3, Chaerophyllum hirsutum L.; PS 4, Phyllanthus niruri; PS 5,
Jatropha curcas; PS 6, Senna alata; PS 7, Stecherus bifidus; PS 8, Potentilla sibbaldii Haller f.; PS 9, Tamarix dalmatica Baum;
PS 10, Plectramthus sp.; PS 11, Dittrichia viscosa (L.) W. Greuter; PS 12, Eleocharis interstincta, PS 13, Piper marginathum;
PS 14, Guazuma ulmifolia; PS 15, Setaria viridis (L.) Beauv.; PS 16, Clidemia sp.; PS 17; Oxycaryum ctbense; PS 18, Pityro-
gramma colomelanos; PS 19, Cyperus luzulae; PS 20, Ricinus communis; PS 21, Calathea lutea; PS 22, Desmodium sequax;
PS 23, Cinnamomum camphora (L.) Presl; PS 24, Rhus chinensis Mill; PS 25, Boehmeria pseudotricuspis.



Li Chen et al.

11

that agricultural activities may increase the risk of converting
Hg to MeHg in soils by enhancing SOM content and its
decomposition rate. Hg-rich contaminants were released
into the soil environment during mining activities, which led
to extreme Hg pollution at most study sites. As is also an
important pollutant in soils, resulting in moderate contamina-
tion. The pollution levels of Hg and As at the study sites
were higher in Spain and Turkey. Furthermore, the ecological
risks posed by Cd and As in soil cannot be neglected.
Based on the health risk assessments, As and Hg presented
high non-carcinogenic risks to residents, whereas As and Ni
displayed unacceptable carcinogenic risks. Soil PTMs pollu-
tion in Hg mining areas induced a higher risk to children as
compared to adults. Therefore, protection measures should
be a priority. Therefore, this study revealed the pollution
status and health risks posed by exposure to soils from Hg
mining areas and presented a viable non-destructive reme-
diation strategy, which provides policymakers with a scientific
basis for minimising PTM pollution and reducing health
risks.
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