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ARTICLE INFO ABSTRACT
Editor: Xinbin Feng Source-specific risk apportionment for soil heavy metals (HMs) is crucial for pollution mitigation and risk control in

coal-mining areas. The ecological and human health risks resulting from different sources were evaluated through
an integrated method that combines risk assessments with positive matrix factorization (PMF) model. Thirty soil sam-
ples were collected from a typical coal-mining city in central China and analyzed for six HMs (Cu, Ni, Pb, Cd, As, and
Coal-mining Hg). The results indicate that surface soil in the study area suffered from moderate HMs pollution, especially pollution
Ecological risk by Cd and Hg. Four potential sources of soil HMs were identified and quantified in the study area, including natural
Human health risk source (27.7%), traffic emissions (33.4%), agricultural practices (16.2%), and industrial activities (22.7%). The eco-
logical risk of the study area was at moderate level, and the leading contributions in urban and suburban areas were
from industrial activities and agricultural practices, respectively. The non-carcinogenic risks for adults and children
were lower than the risk threshold, while the carcinogenic risks ranged between 1E—06 and 1E— 04, suggesting
that carcinogenic risks and hazards to human health should not be neglected. Traffic emissions and natural sources
mainly contributed to the non-carcinogenic and carcinogenic risks, due to the strong non-carcinogenicity and carcino-
genicity of As and Ni. These findings highlight the ecological and health risks linked to potential sources of soil HMs
contamination and provide valuable information on the reduction of corresponding risks for local environmental
managers.
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1. Introduction

Coal mining activities can cause serious environmental pollution be-
cause large amounts of heavy metals (HMs) are released into the surround-
ing areas (Li et al., 2014; Sun et al., 2019; Cheng et al., 2020). Several
studies reported that airborne particles (Ren et al., 2021), road dust (Cui
et al., 2020), water (Mahato et al., 2017), sediment (Ji et al., 2017), soil
(Cheng et al., 2020), and crops (Hossen et al., 2021) are contaminated
with HMs in coal mining areas. The presence of high HMs contents in
soils can damage soil ecosystems, reduce soil biological communities,
cause toxic effects on plants, and reduce agricultural productivities
(Huang et al., 2019; Liu et al., 2020). Concerns on the ecological and
human health risks presented by HMs pollution are growing from both ac-
ademia and the public, because of their high toxicity, persistence and accu-
mulation (Han et al., 2020; Jiang et al., 2020). In fact, a continuous
retention of HMs in the environment can cause chronic toxicity for
human, causing damage to nervous system, blood composition, kidneys,
lungs, liver and even death (Tchounwou et al., 2012; Gu and Gao, 2018;
Briffa et al., 2020). Therefore, from the viewpoint of environment and
human health protection, it is important to evaluate the contamination
levels and primary sources of soil HMs in typical areas with intensive
coal-mining activities.

The quantification of soil HMs originating from natural or anthropo-
genic sources is vital for understanding and analyzing priority contami-
nants (Jiang et al., 2020; Men et al., 2020). Based on the constraints
conditions, positive matrix factorization (PMF) model is widely utilized in
many regions for the apportionment of contaminants source in the environ-
mental medias (Men et al., 2020; Heidari et al., 2021; Huang et al., 2021;
Luo et al., 2022). Indeed, source profiles are not required in PMF, while
each data point is weighed based on its uncertainty (Jiang et al., 2017).
The results of PMF provide an important basis for the assessment and con-
trol of pollution (Huang et al., 2018; Luo et al., 2022). Moreover, the results
of source apportionment do not provide information about human health
risks associated with these sources of contamination (Guo et al., 2021). It
has been demonstrated that soil HMs from anthropogenic or natural
sources contain different fractions associated with human health risks (Lei
et al., 2010; Cao et al., 2018); thus, source-specific risk evaluation can be
the precursor to identify priority sources.

Several factors can affect risks associated with HMs including concen-
tration, toxicity and the integrative actions of multiple types of HMs
(Jiang et al., 2020; Men et al., 2020). Thus, the assessment of risks and
contamination caused by HMs have been performed using various
methods, among which geo-accumulation index (Ig,), pollution index
(PD), and pollution load index (PLI) have been widely used to compute
the contamination status of soil HMs (Men et al., 2018, 2020; Huang
et al., 2021; Luo et al., 2022). Meanwhile, the potential ecological risk
index (RI) and human health risk (HHR) evaluation methods are used to as-
sess the threats of HMs to the environment and human health, respectively
(Jiang et al., 2020; Heidari et al., 2021). These classic methods can provide
accurate information regarding HMs pollution levels, but do not target the
quantitative distribution of the sources of pollutants (Men et al., 2020).
Nevertheless, quantitative risk apportionment is essential and beneficial
to prevent contamination and to control the risks of soil HMs. Therefore,
an integrated approach that couples source apportionment with risk assess-
ment models was performed to obtain source-specific risk estimates in this
study (Jiang et al., 2020; Men et al., 2020). This method helps to quantify
ecological and human health risks from various sources, so that the priority
pollution sources can be determined, and effective measures can be taken to
protect the ecosystem and human health (Jiang et al., 2020).

Previous studies have indicated that soil HMs contaminating the
surrounding of mining areas mainly emanate from industrial emissions
(Li et al., 2014; Liu et al., 2019; Sun et al., 2019), such as coal mining and
smelting activities; but research on the quantification of specific risks
from various sources is still lacking. Considering the high contributions of
coal-mining activities to soil HMs concentrations, we thus hypothesized
that the ecological and human health risks are mainly from the
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anthropogenic source of coal-related industrial activities. Taking a typical
coal industrial city from central China, Yongcheng, as an example, a com-
prehensive approach was used to quantify the ecological and human health
risks of soil HMs from different sources. The city possesses rich coal mine
resources with an underground storage area of 1326 km?, and is one of
the seven largest coal chemical bases across the nation (Lu et al., 2020).
Therefore, the current pollution status and apportion risk sources of soil
HMs were evaluated using geostatistics and PMF-based risk assessment
methods. The objectives of this research are: (1) to explore the contamina-
tion levels of soil HMs, (2) to identify and apportion the potential sources of
soil HMs contamination, and (3) to quantify the source-specific ecological
and human health risks posed by soil HMs in the study area. The results
of this research will provide effective information on the quantification of
priority contamination sources, and will be of great importance to prevent
further ecological and health risks in typical coal industrial cities.

2. Materials and methods
2.1. Study area

This study is performed in the core areas of the Yongcheng city
(ca. 300 km?), eastern Henan Province (33°42'-34°18'N, 115°58'-
116°39’E). The total administrative area of Yongcheng is 2020 km?, includ-
ing 2000 km? of plain area with a total population of about 1.6 million (Lu
et al., 2020). The city falls in the sub-humid zone of warm temperate zone,
where monsoon has a significant impact. The annual average temperature
and precipitation are 14.4 °C and 868 mm, respectively. The city has fluvio-
aquic and lime concretion black soil types, with relatively low organic mat-
ter content (Lu et al., 2020).

2.2. Sample collection and analysis

The sampling area was divided into urban area with high resident den-
sity, and suburban area dominated by industrial and agricultural activities
(Fig. 1). A total of 30 soil samples were collected from surface soil
(0-20 cm) in August 2020, consisting of 16 samples in the urban area and
14 samples in the suburban area (Fig. 1). For each sampling site (10 m X
10 m), five subsamples were collected from five spots and mixed to obtain
a composite fresh soil sample of about 1.5 kg (Sun et al., 2019). The col-
lected soil samples were stored in self-sealing polyethylene bags and imme-
diately transported to the laboratory (Cheng et al., 2020). The specific
location of each sampling site was recorded as global positioning system
(GPS) coordinates (Cheng et al., 2020). After air-drying for 15 days, the
soil samples were then sieved through a 1000-pym nylon mesh to remove de-
bris (Men et al., 2020), and carefully stored in airtight polyethylene bags in
a refrigerator at <4 °C prior to analysis.

Six HMs were measured, namely Cu, Ni, Pb, Cd, As, and Hg, which typ-
ically coexisted in the soil of the study area. Approximately 100 mg of ho-
mogenized soil sample was put in a Teflon digestion container, and
digested using HNO3-HClO,4-HF in a microwave. The digested solution
was cooled, filtered and diluted to 25 ml. Then after, the concentrations
of Cu, Ni, Pb, and Cd were measured by inductively coupled plasma—mass
spectrometry method (ICP-MS, Thermo Fisher, USA), and the concentra-
tions of As and Hg were determined using atomic fluorescence spectrome-
try method (AFS-SA20, Jitian Ltd., China). Reagent blanks, replicated
samples, and standard reference materials were used to provide quality
assurance and control (QA/QC), and the recoveries of these HMs were in
the range of 93% and 115%. The method detection limits of Cu, Ni, Pb,
Cd, As, and Hg were 1, 1, 0.1, 0.01, 0.01 and 0.002 mg kg’l, respectively.
The relative standard deviations (RSDs) of the duplicated samples were less
than 5%.

2.3. Contamination status

The contamination levels of soil HMs were evaluated using indices
including pollution index (PI), pollution load index (PLI), and geo-
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Fig. 1. Maps of study area and sampling sites.

accumulation index (Ig,). PI represents the pollution level with a single HM
and PLI reflects the overall pollution level of all HMs in a soil sample. PI and
PLI were calculated based on each soil sample, and are determined using
the following equations (Wang et al., 2021; Luo et al., 2022):

Pl = 2 1)

i

&

PLI = (PI; X PI, X PI3 X -+en x PL)'" o)

where C; represents the measured concentration of HM; B; denotes its cor-
responding background value (BV) in Henan Province (CNEMC, 1990), and
n is the number of HMs. The classification of HMs contamination in soils
based on PLI is listed in Table S1.

Geo-accumulation index () is the most popular index used to assess
the contamination level of HMs in soil samples, and to compare the present
and background concentrations of the same area (Men et al., 2018). The Ig,
was calculated as:

C:
leo = ot |35 | ®
- 1

here, C; and B; are the contents of HM in each sample and its corresponding
BV, respectively. The coefficient 1.5 is generally used to regulate the an-
thropogenic impacts (Huang et al., 2021). The pollution levels of HMs ac-
cording to the ranges of I, are given in Table S1.

2.4. Source apportionment

The PMF model developed by the USEPA was applied to apportion the
sources of soil HMs. The model decomposed a matrix sample data into
factor contribution and factor profiles under non-negative limits (USEPA,
2014). The model helps to solve origin profiles and origin contributions
according to synthetic datasets (Guan et al., 2018; Jiang et al., 2020). The
species concentrations and uncertainty associated with the sample species

data were used to weight individual points in the model (USEPA, 2014).
The uncertainty was either a sample-specific or equation-based uncertainty
(Guo et al., 2021). Per Huang et al. (2018), the uncertainty of each sample
was calculated using the equation-based uncertainty profile in this study
(see Supporting information S1).

As well, statistical analysis of geographical data was used to intuitively
reflect local conditions, which proved an effective method to identify pollu-
tion hotspots and determine their sources (Zhang et al., 2018; Cheng et al.,
2020; Luo et al., 2022). The spatial analyses of soil HMs were conducted as
a confirmation of source apportionment, using the Inverse Distance
Weighting (IDW) method in ArcGIS version 10.7 (Fig. S1).

2.5. Source-specific risk analysis

2.5.1. PMF-based RI model

The potential ecological risk index (RI) was computed to assess the de-
gree of ecological risk related to soil HMs. The PMF-based RI model is a new
integrated method to quantify the ecological risks of soil HMs from differ-
ent sources (Heidari et al., 2021; Wang et al., 2021). In the present study,
the contribution of each source (factor) was calculated using procedure
described in Jiang et al. (2020). In short, the mass concentration of pollut-
ant n in sample j originated from source [ (C},,) was first calculated by the
following equation:

Cj, = *Cj, x C; @

where C}, is the calculated concentrations (mg kg~ ") of soil HM n from
source [ in sample j, and C; is the concentrations of soil HMs in sample j
(Jiang et al., 2020).

Then, the total concentration of soil HMs to RI originated from various
sources was quantified. The calculation of ecological risk posed by soil HMs
from source [ in sample j (lel-) is given as:

. c,
1
RI = (XE,), = zf x T! ®)
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where E: and Tirefer to the potential ecological risk and the toxicity coeffi-
cient of HM;, respectively. B; is the background value of HM;. The values of
Tt for Cu, Ni, Pb, Cd, As, and Hgare 5, 5, 1, 30, 10, and 40, respectively
(Norris et al., 2014; Luo et al., 2022). The categorization of ecological risk
levels based on E: and RI values is given in Table S2.

2.5.2. PMF-based HHR model

The exposure to health risks were calculated using the average daily
intake (ADI) of soil HMs through three pathways: direct ingestion, inhala-
tion, and dermal contact absorption. Considering the behavioral and phys-
iological differences between children and adults, they were divided into
two groups and assessed separately (Sun et al., 2019). An integrated ap-
proach (PMF-based HHR model) combining the HHR with PMF was ap-
plied to assess the contribution of each source to the total health risk. The
first step was to import the contributions of HMs in each soil sample from
each source into the HHR formula. Thereafter, we quantitatively evaluated
the non-carcinogenic and carcinogenic risks posed by HMs from each
source (Jiang et al., 2020; Wang et al., 2021). Detailed calculation of ADI
and related indexes in the formulas is provided in the Supporting informa-
tion S2 and Table S3.

Non-carcinogenic risk from HMs is expressed by the hazard quotient
(HQy), which is calculated with respect to the ADI of each HM and the cor-
responding reference dose (R/D) (Jiang et al., 2020). Here, Hanli is the haz-
ard quotient for the exposure route i (ingestion, inhalation or dermal
absorption) from source [ of the HM n in sample j. The total hazard index
(THI) is calculated as:

1

HI = ZHQ’. = Zﬂ ©)
i = 2 RID,

THI = Y HI (O]

here, if the value of HI > 1, it indicates that soil HMs may pose adverse
health risk; if HI < 1, it means that the non-carcinogenic risk is insignificant
(Huang et al., 2021).

The carcinogenic risk (CR;) is calculated by multiplying the ADI by the
slope factor (SF;). Here, CRjnli is the carcinogenic risk for the exposure
route i from source [ of the HM n in sample j (Jiang et al., 2020). As with
THI, the total CR; (TCR) is calculated as:

CR = Y CR), = YADI}, x SF; @®)
TCR = YCR )

where the precautionary criterion is 1E— 06, which indicates that one
per million people suffer from excess risks. The cautionary criterion
of 1E — 04 demonstrates that people suffers from significant risks of
cancer (Men et al., 2021; Luo et al., 2022). The corresponding param-
eter values used in above formulas were summarized in Tables S3-S4.
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3. Results and discussion
3.1. Concentrations of soil heavy metals

The descriptive statistics of soil HMs concentrations in the study areas
are shown in Table 1. The average concentrations of six HMs in Yongcheng
were higher than the BVs of Henan Province (CNEMC, 1990), especially Cd
and Hg, which were 1.76 and 2.24 times higher compared to their BVs, re-
spectively. This finding subsequently confirms that the concentrations of
Cd and Hg were strongly disturbed by anthropogenic activities (Huang
et al., 2021; Wang et al., 2021). The mean soil HMs concentrations were
higher in urban area than in suburban area, indicating significant contribu-
tions from residential activities and traffic emissions to the accumulations
of HMs in urban area. As a result, the soils in urban and suburban areas of
Yongcheng were differently contaminated with HMs.

The coefficient of variation (CV) of Hg exceeded 50%, indicating a
strong variation of this heavy metal and its strong interference with exter-
nal factors (Jiang et al., 2020). Point source pollution occurred in Hg distri-
bution, revealed by the detection of extremely high Hg concentrations in
some samples from the agricultural areas (Fig. S1). In contrast, the CVs of
the other HMs were less than 25%, suggesting a slight variation in these
HMs (Wang et al., 2021). The study area is a typical coal industrial city,
where the most obvious sources of interference are transportation and
coal-related industrial activities. Different types of HMs have been emitted
from these human activities and scattered in various media (Cheng et al.,
2020). The HMs enter the atmosphere and settle in various places as the
air flows (Wang et al., 2021), causing a spatial variation of soil HMs in dif-
ferent study areas.

3.2. Levels of soil HMs contamination

Igeo, PT and PLI of soil HMs were further calculated to explore the con-
tamination status of the study area, and to better distinguish HMs from an-
thropogenic activities and natural provenance (Fig. 2). The average Iy, of
the HMs ranged between —0.47 and 0.83, and followed the order Hg
(0.83) = Cd (0.83) > Cu (—0.19) > Pb (—0.28) > Ni (—0.29) > As
(—0.47). Accordingly, the I, of Cd and Hg were higher than one (1) in
40% and 56.7% of soil samples, respectively; indicating that Cd and Hg pre-
sented low to moderate contamination in the soil of the study area. None-
theless, the I, values of the other HMs in more than 85% of all soil
samples were lower than zero, suggesting these elements could create neg-
ligible contamination in the soil of Yongcheng.

The mean PI values of the soil HMs followed the order: Hg (3.24) > Cd
(2.74) > Cu (1.34) > Pb (1.24) = Ni (1.24) > As (1.11). The PI of Cd and
Hg were higher than two in more than 70% of the soil samples, denoting
an obvious Cd and Hg pollution of the soil in the study area. Moreover, the
PLI ranged between 1 and 2 in 90% soil samples, which confirmed the
study area was moderately polluted by HMs. The findings of I, PI and PLI
indicate anthropogenic inputs and pollution by HMs (especially Cd and Hg)
in both urban and suburban areas of Yongcheng. Previous research similarly
reported anthropogenic effect and HMs pollution in typical coal mine cities
in China such as Lianyuan and Tangshan (Liang et al., 2017; Sun et al., 2019).

Table 1

Descriptive statistics of soil HMs concentrations (mg kg~ 1) in Yongcheng, China.
HMs Yongcheng City (n = 30) Urban areas (n = 16) Suburban areas (n = 14) BVs

Max Min Mean SD CV/% Max Min Mean SD CV/% Max Min Mean SD CV/%

Cu 44.46 19.58 26.41 5.19 19.64 44.46 21.61 29.29 5.41 18.48 26.37 19.58 23.13 211 9.14 19.7
Ni 42.07 21.15 33.14 4.87 14.71 42.07 31.62 35.91 3.69 10.28 36.91 21.15 29.96 4.11 13.73 26.7
Pb 31.72 18.30 24.36 3.42 14.05 31.72 21.30 26.10 3.25 12.44 27.68 18.30 22.38 2.46 10.99 19.6
Cd 0.29 0.12 0.19 0.05 23.85 0.29 0.16 0.22 0.04 16.16 0.21 0.12 0.16 0.03 17.17 0.07
As 18.30 7.65 12.60 2.57 20.37 18.30 7.65 13.47 2.80 20.79 15.02 8.15 11.60 1.90 16.42 11.4
Hg 0.21 0.01 0.10 0.05 52.31 0.17 0.03 0.11 0.05 43.16 0.21 0.01 0.08 0.05 63.84 0.03

SD: standard deviation; CV: coefficient of variation.
BVs: background values derived from CNEMC (1990).
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Fig. 2. Contamination characteristics of soil HMs in Yongcheng: (a) Geo-accumulation index (Ig,), (b) Pollution Index (PI) and Pollution Load Index (PLI).

3.3. Source apportionment of soil HMs

This study used the PMF 5.0 model to identify and assign sources of soil
HMs in Yongcheng. Four factors solutions were determined based on the
minimum and stable Q values, at which time most of the residual was
ranged from —4 to 4. The signal-to noise ratios (S/N) were greater than 8
and categorized as strong, which ensured the rationality of this model
(Luo et al., 2022). Moreover, the model highly predicted the high measured
data of each HM, with coefficient of determinations (%) higher than 0.80,
except for Ni (¥* = 0.67) and Pb (> = 0.73). This finding indicates that
the PMF model parameters are chosen reasonably and the results are reli-
able (Luo et al., 2022). Thus, this model would be appropriate to explain
the sources of soil HMs in the study area.

The detailed depiction of the factor profiles and contribution of each
HM by PMF model showed that the first factor (Factor 1) accounted for
27.7% of the contribution, with As (27.2%), Pb (25.9%) and Ni (30.3%)
having higher factor loads than the other HMs (Fig. 3). As shows the distri-
bution of Factor 1 (Fig. 4), the sites with high-value concentrated around
the urban center and southeast part of the study area. This finding was con-
sistent with the distributing patterns of As, Pb and Ni concentrations, where
high accumulations of these HMs were recorded near the same locations
(Fig. S1). Generally, As and Ni are regarded as indicators of natural origin,
and are widely present in soil parental materials and pedogenic processes
(Jinetal., 2019; Huang et al., 2021). Meanwhile, As and Ni could be recog-
nized as natural origins because their average contents were very close to
their corresponding BVs (Huang et al., 2021). Therefore, Factor 1 might
be related to natural sources.

The second and highest factor accounted for 33.4% of the contribution
and displayed high loadings (over 30%) for all HMs, except for Hg. The spa-
tial distribution of Factor 2 dominated the northeastern and western parts
of the study area, which showed strong effects on the concentrations of
soil HMs (Figs. 4 and S1). High concentrations of Pb, Cd and Cu accumu-
lated in the urban areas with the most serious traffic pollution, because
the city center commonly reflects greater traffic volume (Huang et al.,
2021). The main sources of soil Pb, Cd and Cu pollution are engine wear,
leaded gasoline, braking, and other sources of traffic, which could be
released, then deposited and adsorbed into the environment (Men et al.,
2020; Huang et al., 2021). The main sources of Pb emissions from vehicles
are wear and tear rather than fuel combustion, although trace amounts of
Pb remain in many fuels since leaded gasoline was phased out in recent
years (Luo et al., 2022). Hence, Factor 2 might be assigned to traffic
emissions.

The third factor (Factor 3) explained 16.2% of the contribution, and pre-
sented the highest loadings of Hg (60.5%) (Fig. 3). As above-mentioned,
several sampling sites exhibited obvious Hg pollution in soils of the study
area. Hg had the highest pollution level according to I, and PI results
(Fig. 2), indicating that the accumulation of soil Hg originated mainly
from anthropogenic sources. The main source of soil Hg contamination is
the application of pesticides and fertilizers containing Hg, which are widely
used and overused in agricultural activities (Men et al., 2020; Huang et al.,
2021). The highest concentrations of soil Hg mainly occurred in urban cen-
ter and southeastern parts of the study area, and coincided with the spatial
distribution pattern of Factor 3 (Fig. 4). Hg contained in pesticides and fer-
tilizers could be released into the environment and become concentrated in

(@)
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IA 27.7%,
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16.2% AP} = Factor 1

= Factor 2

33.4%, Factor 3

TE
= Factor 4

(b) 100 } ' ] l
| | \
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Fig. 3. Source apportionment of soil HMs in Yongcheng, China. (a) Contribution of each factor (NS: natural sources; TE: traffic emissions; AP: agricultural practices;

IA: industrial activities). (b) factor profiles of soil HMs.
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Fig. 4. Spatial distribution of four factors (factor 1 to 4: natural sources, traffic emissions, agricultural practices and industrial activities, respectively) in Yongcheng, China.

surface soils due to its high volatility and migration (Cheng et al., 2020).
Hence, the long-term application of agro-chemicals and livestock manures
might lead to Hg contamination in the study area; and the Factor 3 can
therefore be derived from agricultural practices.

Finally, Factor 4 accounted for 22.7% of the contribution with high
loadings of Cd (45.8%), Ni (28.3%), and Hg (24.9%) (Fig. 3). The soils in
the study area showed a serious pollution level by Cd and Hg (Fig. 2), indi-
cating significant effects from anthropogenic activities (Men et al., 2020).
Previous research highlighted a significant amount of Cd releases from
coal-related industrial activities, mostly through coal (Huang et al., 2021;
Luo et al., 2022). Coal resource development and combustion are generally
important sources of environmental Hg releases, with relatively high con-
tent of Hg (about 0.17 mg kg™~ 1) in coal in China (Zhang et al., 2012). Burn-
ing coal releases Hg into the atmosphere, which can then be deposited on
the soil by atmospheric deposition (Jiang et al., 2020). The sites with
high Hg and Cd contents were located in the southeast of the study area
(Fig. S1), especially due to the rapid development of industrial activities
in the eastern area. In fact, there are several industrial parks founded on
the east of the study area (egg. a large in-use coal mine), and they consume
large amounts of coal for their activities. Hence, Factor 4 was identified as
industrial activities.

3.4. Source-specific quantification of potential ecological risk
Here, potential ecological risk (RI) assessment method was first adopted

to assess the ecological risk levels of soil HMs in the study area. Then, we
used the PMF model to disassemble and evaluate the RI contributed by

Table 2
Potential ecological risk of soil HMs from different sources in Yongcheng, China.

the above four sources. The average E, for each HMs followed the order
Hg (129.8) > Cd (82.3) > As (11.1) > Cu (6.7) > Ni (6.2) > Pb (1.2). The
average RI in the urban and suburban sites were 237.3 and 267.8, respec-
tively (Table 2), indicating a moderate level of the ecological risk in the
study area. Most areas with high-values of RI were located close to the
urban center and southeast of the city, showing that urban activities caused
severe damage to local ecological environment (see Fig. 5).

Table 2 lists the potential ecological risks associated with soil HMs from
four identified sources. In the urban area, contributions from four sources
ranged in the following order: industrial activities > agricultural practices >
natural source > traffic emission (Table 2). This result indicates that the
source from industrial activities was the leading contribution of ecological
risk in the urban area. Meanwhile, the highest contribution to ecological
risk in the suburban area was from agricultural practices, followed by
natural sources, traffic emissions and industrial activities (Table 2). These
findings can also be attributed to the loadings of HMs (Hg, Cd) released by in-
dustrial activities in urban areas and agricultural practices (Hg) in suburban
areas were higher than those from the other sources (Jiang et al., 2020).

3.5. Source-specific quantification of human health risk

Health risk assessment (HHR) of soil HMs to adults and children has
become a hotspot in the last years (Huang et al., 2021; Men et al., 2021).
PMF-based HHR model was used to quantify the non-carcinogenic and car-
cinogenic risks associated with soil HMs exposure from various sources
(Jiang et al., 2020). According to the soil HM exposure model, ADIs
under the ingestion, inhalation, and dermal absorption routes were

Factor 2
Traffic emissions

Factor 1
Natural sources

Factor 4 Total factors

Industrial activities

Factor 3
Agricultural practices

Urban areas 63.94 60.91
Proportion (%) 23.88 22.75
Suburban areas 54.23 50.28
Proportion (%) 26.79 24.84
Yongcheng 59.41 55.95

Proportion (%) 25.04 23.58

65.29 77.62 267.75
24.38 28.99 -
56.99 40.92 202.43
28.16 20.21 -
61.42 60.49 237.27
25.89 25.49
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Fig. 5. Computed potential ecological risk factor (E,) and spatial distribution of potential ecological risk (RI).

calculated, and followed the order ADIipgestion > ADldermal > ADlinhatation
(Table S4). As a result, ingestion was the most important route of soil
HMs effects on human health.

Children were more vulnerable to non-carcinogenic risk than adults as
the THI was higher for children than adults (Table 3). The THIs of both
adults and children were less than one in urban and suburban sites,
which reveals no obvious non-carcinogenic risk for residents in the study
area (Fig. 6). For the carcinogenic risk, the values of TCR for adults and chil-
dren were within the range of 1E— 06 and 1E — 04, suggesting a limited tol-
erable carcinogenic risks and hazards to human health. Both the
carcinogenic and non-carcinogenic risks were significantly higher for chil-
dren compared to adults (Table 3). This might be explained by child-
specific physiological and behavior patterns, since children have more ex-
tensive hand-to-mouth behaviors than the adults (Men et al., 2020). Finally,
both the THI and TCR exhibited the same distribution pattern, with higher
risk in urban area than that of the suburban area.

The contribution orders of four factors to non-carcinogenic risk were
similar for both adults and children, and ranged in the order traffic emis-
sions > natural source > agricultural practices > industrial activities. In
fact, traffic activities and natural origin mostly contributed to non-
carcinogenic risk, because these sources mainly emitted As that posed
more than 80% of the total non-carcinogenic risk among the six HMs
(Table 3). However, the concentration of As in the study area was similar
to its corresponding BV, and showed no obvious pollution level (Table 1,
Fig. 2). This result indicates that the most contributing HMs to the non-

carcinogenic risk were different from those leading to higher pollution
such as Cd and Hg. For the carcinogenic risk, the most contributing factor
was also traffic emissions, followed by natural source, industrial activities
and agricultural practices, respectively (Table 3). Ni and As (Ni > As)
mainly contributed to carcinogenic risk compared to the other HMs due
to their very high SF for inhalation, ingestion and dermal absorption routes
(Heidari et al., 2021). These two HMs together constituted more than 95%
of the total carcinogenic risk in the study area, with high loadings in natural
source and traffic emissions. In this regard, the carcinogenic risk profiles
were mainly affected by As concentrations attributed to each factor, not
by the concentration profiles presented in Fig. 3. Hence, the high non-
carcinogenic toxicity of As, and the high carcinogenicity of As and Ni
have mainly changed the source-specific health risk profiles relative to
the concentration profiles in the study area (Heidari et al., 2021).

3.6. Limitations of this study

This study assessed HMs contamination in a typical coal mine city of
central China, and quantified source-specific ecological and health risks
through an integrated approach. However, this study has some limitations.
First, it only focused on the hazards of six HMs (Cu, Ni, Pb, Cd, As and Hg)
in surface soils, but other HMs, such as Zn and Cr, that may be hazardous to
human health were not included. Second, information on soil properties
such as pH, organic matter content, and particle size, etc., from the samples
was missing. The physical and chemical properties of soils have critical

Table 3
Human health risks of soil HMs from different sources in Yongcheng, China.

Children Adults

Factor 1 Factor 2 Factor 3 Factor 4 Total factors ~ Factor 1 Factor 2 Factor 3 Factor 4 Total

Natural source  Traffic emission ~ Agricultural Industrial Natural source  Traffic emission ~ Agricultural Industrial factors

practices activities practices activities

Non-carcinogenic risk (HI)
Cu 2.01E-03 2.47E-03 2.00E-03 2.02E-03 8.51E-03 2.17E-04 2.66E—04 2.16E—-04 2.18E—-04 9.17E—-04
Ni 5.25E—03 5.90E—-03 4.87E—-03 5.34E—03 2.14E-02 5.66E—04 6.36E—04 5.25E—-04 5.76E—04 2.30E-03
Pb 2.20E-02 2.62E—02 2.08E—02 2.14E-02 9.04E—02 2.38E—-03 2.84E—-03 2.25E—03 2.32E—03 9.79E—03
Cd 7.29E-04 8.55E—04 6.51E—04 8.02E—04 3.04E-03 8.83E—05 1.04E—-04 7.89E—05 9.72E—-05 3.68E—04
As 1.42E-01 1.44E-01 1.23E-01 1.30E-01 5.40E-01 1.53E—-02 1.55E—02 1.33E-02 1.40E—-02 5.81E—-02
Hg 1.10E-03 8.53E—04 1.26E—03 1.08E—03 4.29E—-03 1.21E—-04 9.35E—-05 1.38E—04 1.18E—-04 4.70E—04
THI 1.73E-01 1.80E—-01 1.53E—-01 1.61E—-01 6.68E—01 1.86E—02 1.94E—-02 1.65E—02 1.74E—02 7.19E—02
Carcinogenic risk (CR)
Ni 1.61E—-05 1.81E-05 1.49E-05 1.63E—05 6.54E—-05 7.15E—06 8.04E—-06 6.63E—06 7.27E—06 2.91E-05
Pb 5.52E—08 6.58E—08 5.22E-08 5.37E-08 2.27E-07 2.37E-08 2.82E-08 2.24E-08 2.30E—-08 9.73E-08
Ccd 2.77E—08 3.25E-08 2.47E-08 3.05E-08 1.15E—-07 1.26E—08 1.48E—-08 1.12E-08 1.38E—08 5.24E—-08
As 5.48E—-06 5.56E—06 4.76E—06 5.03E—-06 2.08E-05 2.36E—-06 2.40E—-06 2.05E—06 2.17E—-06 8.97E—06
TCR 2.16E—-05 2.37E—05 1.97E-05 2.15E-05 8.66E—05 9.55E—-06 1.05E—-05 8.72E—06 9.48E—06 3.82E—05
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Fig. 6. Non-carcinogenic risks (THI) and carcinogenic risks (TCR) posed by soil HMs for children and adults in Yongcheng (YC), urban areas (UA) and suburban areas (SA).

effects on the availability, distribution and concentration of HMs (Huang
et al., 2021). Therefore, future research should pay close attention on the
status of more HMs and the soil properties, so that the assessment bias on
subsequent risks analysis can be reduced. Meanwhile, more focus should
be strengthened on the integration of different methods to accurately eval-
uate and validate the source apportionment results.

4. Conclusions

In this study, we investigated the soil HMs contamination and pollution
sources in a typical coal industrial city. The ecological and human health
risks from specific sources were also quantitatively evaluated through an in-
tegrated approach. Overall, the average concentrations of HMs exceeded
the corresponding BVs, and the study area was moderately contaminated
by soil HMs, especially from the accumulation of Cd and Hg. HMs pollution
was higher for soils in urban area than soils suburban area. The specific con-
tributions of four sources, including natural source, traffic emissions, agri-
cultural practices and industrial activities, were apportioned as 27.7%,
33.4%, 16.2% and 22.7%, respectively. The ecological and human health
risks from PMF-based RI and HHR models were quantified from four source
factors; and a moderate ecological risk occurred in the whole study area,
with industrial activities and agricultural practices as leading contributions
in the urban and suburban areas, respectively. The non-carcinogenic risks
for both adults and children were lower than the risk threshold, while the
carcinogenic risks were within the range of 1E— 06 and 1E — 04, suggesting
that carcinogenic risks and hazards to human health should not be
neglected. In addition, the non-carcinogenic and carcinogenic risks of chil-
dren were higher than those of adults, while the contributions of human
health risk from different sources were very similar between the two groups.
Sources from traffic emissions and natural origin mainly contributed to the
non-carcinogenic and carcinogenic risks in the study area, due to the high
non-carcinogenicity and carcinogenicity of As and Ni. These findings sug-
gest that the combination of risk assessment models and PMF can be an ef-
fective method in obtaining accurate source apportionment of soil HMs; and
the results are of great significance for decision-makers to reduce ecological
and human health risks from potential contamination sources.
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