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The Wanshan district of Guizhou Province has a long history of mercury mining and smelting. Previous

studies have been carried out on heavy metal (HM) pollution in the soil around Wanshan (such as in

urban and farmland areas), but these studies have not been conducted at mercury smelting sites. In this

study, the distribution characteristics of As, Be, Cd, Cr, Cu, Hg, Ni, Sb, Pb and Zn and their sources in the

shallow stratum (<10 m) of the mercury smelting site in the Wanshan district were analyzed. Human

health risks were evaluated using deterministic risk assessment (DRA) and probabilistic risk assessment

(PRA) models. The contribution rates of different HM sources to human health risks were also calculated.

The maximum HM concentration in mercury smelting site soil occured in the shallow soil (0–1 m), and

the concentration sequences were as follows: 358.51 mg kg�1 (Hg) > 248.6 mg kg�1 (Zn) > 67.42 mg

kg�1 (As) > 59.04 mg kg�1 (Ni) > 57.56 mg kg�1 (Pb) > 49.59 mg kg�1 (Cr) > 46.65 mg kg�1 (Sb) >

15.65 mg kg�1 (Cu) > 2.02 mg kg�1 (Be) > 0.78 mg kg�1 (Cd). The variable coefficients (CVs) were 1.64

(As), 0.67 (Be), 3.15 (Cd), 1.89 (Cr), 0.95 (Cu), 3.08 (Hg), 0.79 (Ni), 1.41 (Sb), 0.68 (Pb) and 1.13 (Zn),

respectively. The HM concentrations in deep soils (9 m) still exceed the local background values,

suggesting that heavy metals in shallow soil have migrated downward in the site. Three pollution sources

identified with the shallow soil (0–1 m) HMs using the positive matrix factorization (PMF) model, were

mercury smelting and coal combustion mixed sources (As, Hg and Zn), parent material sources (Ni, Cu,

Cr, Cd and Sb) and wastewater discharge sources (Cu and Pb), respectively. DRA indicated that oral

ingestion was the main pathway affecting the carcinogenic risk (CR) and hazard quotient (HQ) of heavy

metals. The total-CR of twenty-five sampling points is between 1.219 � 10�6 and 3.446 � 10�4, and the

total-HQ is between 0.37 and 43.56. PRA results indicated that DRA will underestimate the health risk of

all populations in Guizhou Province, especially female, and BWa is the most influential variable for the

PRA results. Smelting and coal combustion mixed sources contributed the most CR (99.29%) and with an

HQ of 89.38% were the major sources of pollution affecting human health.
1. Introduction

Soil, as an important part of the terrestrial ecosystem, is not
only the carrier of heavy metals but also the medium for heavy
metals to spread to the atmosphere, organisms and water
bodies.1 Heavy metals are persistent and accumulative in soil,
and can inhibit the survival of plants and microorganisms,
accumulate continuously through the food chain, and nally
enter the human body through ingestion, thus threatening
human health.2–4 In recent years, with the improvement of
environmental protection, heavy metal pollution at industrial
sites has attracted more attention, and heavy metal pollution
Environmental Protection, Beijing Key

iation of Contaminated Sites, 100037,

tion (ESI) available. See DOI:

23079
remediation in the soil at industrial sites has become a popular
topic.5–10

The heavy metal pollution characteristics, pollution source
analysis and human health risk assessment at industrial
contaminated sites are essential links in the treatment of
contaminated soil. PMF model has been extensively applied to
the analysis of heavy metal contamination sources in soil.11–13

Taking farmland soil around the Shuikoushan lead-zinc mine
in Hunan Province as an example, Wei combined PMF model
with spatial distribution of heavy metals concentration to
determine that Pb, Zn, Cd and Sb mainly came from industrial
activity sources such as lead-zinc mine mining and smelting
(26.81%); As and Hg were mainly from agricultural activities
such As sewage irrigation and agrochemical fertilizers (14.68%)
and the main components of Cr, Ni, Co and Mo were parent
material (24.41%).14 According to the analysis of heavy metal
pollution sources of surface soil in Zhundong open-pit mining
area by Blial, the contribution rates of coal burning,
This journal is © The Royal Society of Chemistry 2020
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transportation, atmospheric dust removal, industrial emission
and natural factors are 20.79%, 16.83%, 16.83%, 27.72% and
17.82%, respectively.15 Chen used PMF model to analyze the
source and contribution rate of heavy metal pollution in
suburban farmland, and the results showed that industrial and
agricultural production (64.02%) is the main source of heavy
metal in suburban farmland.16 Yang compared the analysis
results of pollution sources among PMF model, MLR and
Unmix models, showing that the analysis results obtained by
PMF model are richer and more effective.17 Boroumandi used
PMF model, principal component analysis (PCA) and cluster
analysis (CA) to analyze the sources of heavy metals in the soil of
Zanjan basin in Iran, showing that there are four sources of
heavy metals in the soil in this area, which are mother material
source, agricultural production source, industrial production
source and industrial waste emission source. At the same time,
the results show that the error of PMF model is smaller than
that of PCA model, and the analytical results are more
reasonable.18

Human health risk assessment of heavy metals can inform
soil remediation at contaminated sites and provide remedia-
tion goals.19 Deterministic risk assessment (DRA) is the most
commonly used method for carcinogenic risk and hazard
quotient assessment of heavy metals in soil.20–22 By deter-
mining whether the carcinogenic risk and the hazard quotient
of heavy metals exceed the risk acceptance level, the inuence
of heavy metals on human health can be judged.23,24 DRA use
safety factors or conservative parameters to ensure that the
actual risk is not underestimated. But its results oen do not
reect the actual situation.25 Probabilistic risk assessment
(PRA) provides a reasonable improvement to DRA by gener-
ating a range of risk values and the average estimate and
degree of conservativeness of these estimates.26 In the PRA risk
calculation, the 90–99.9% interval of the cumulative proba-
bility distribution is considered to be the maximum exposure
within a reasonable range. The probability that the actual risk
of the site is greater than this range is 0.1–10%. In recent years,
some scholars have used pollution sources to quantitative
assessment the human health risks, and human health risk
assessments based on contamination sources of soil HMs at
industrial sites are more directly responsive to the impact of
industrial production on human health than deterministic
risk assessments and probabilistic risk assessments.27,28 At
contaminated industrial sites, the heavy metal pollution
sources are mainly related to industrial productions.29

Different industrial production activities will produce
different heavy metal pollution sources, which will have
different effects on human health risk.30 Therefore, under-
standing the inuence of industrial production activities on
human health risks is of great signicance not only to control
pollution at the source but also to provide a reference for
optimizing industrial production. In addition, industrial areas
are distinguished from other areas, such as farmland, where
there are oen single pollution sources, the area is large, and
the soil physical and chemical properties are relatively
uniform. Due to the small overall areas of industrial contam-
inated sites, changes in soil physical and chemical properties
This journal is © The Royal Society of Chemistry 2020
also have a great impact on heavy metals. Therefore, the
analysis of soil physical and chemical properties at industrial
sites is also necessary.5

Based on these conditions, in this study, a typical mercury
smelting site in Guizhou Province was selected. The concen-
trations of As, Be, Cd, Cr, Cu, Hg, Ni, Sb, Pb and Zn in the soil
were analyzed. The sources of heavy metals were identied by
PMF methods in combination with the production processes at
contaminated industrial sites. Human health exposure param-
eters issued by the Ministry of Ecological Environment of the
People's Republic of China and Exposure Factors Handbook of
Chinese Population (Adult) were used to evaluate the human
health exposure risk from different populations and pollution
sources at contaminated sites. The objectives of the present
study are, rst, to obtain information on soil heavy metal
contamination at mercury smelting sites; second, to identify the
sources of heavy metals in soil at mercury smelting sites; and
third, to analyze the effects of heavy metals on health risks in
different populations and the contribution of different sources
of contamination to human health risks.
2. Materials and methods
2.1 Study area

Guizhou Province has the largest mercury reserves in China,
and the cinerite reserves contain approximately 8.81 � 104 t of
mercury, among which the cinerite reserves in the Wanshan
district account for 70% of the total mercury in Guizhou Prov-
ince.31 Guizhou Province has conducted mercury smelting for
thousands of years. Due to the simple mining and smelting
process and backward environmental treatment measures,
large amounts of mining waste rock and smelting slag are
directly exposed to the environment, resulting in serious envi-
ronmental pollution. China acceded the Minamata Convention
on Mercury in 2013, which banned the mining of primary
mercury mines, and pollution from mercury mining has been
basically controlled, but the control measures for pollution
cause by mercury smelting are still in their infancy. Based on
this, the typical mercury smelting site in Wanshan district was
selected as the research object. The mercury smelting site
located in the Wanshan district industrial park, with 109�1301700

east longitude and 27�3101600 north latitude and an area of
42 620 square meters. The industrial site contains mercury
chloride production workshops, mercury chloride catalyst
production workshops and mercury processing production
lines, as shown in Fig. 1. The site has been smelting mercury in
a muffle furnace since 1951. With the adjustment of the
production process, blast furnaces, tile furnaces, uidized
roasters and distillation furnaces are also used to rene
mercury. Of these, blast furnaces and tile furnaces are the main
mercury smelting method, smelting 47 050 tons of mercury, or
87.34% of the total mercury smelted, as shown in Fig. 1. There is
no waste residue storage on this site, and the whole factory is
out of production. The study area belongs to the subtropical
monsoon climate, with four distinct seasons, and the dominant
wind direction is northeast all year round.
RSC Adv., 2020, 10, 23066–23079 | 23067
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Fig. 1 Location of the study area and layout of the sampling points.
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2.2 Sample collection

A total of twenty-ve soil boreholes were collected (Fig. 1). The
sampling locations were determined according to the spatial
distribution of pollution and hydrogeological information
revealed in the conrmation sampling stage and adjusted
according to the on-site XRF and other rapid detection equip-
ment and pollution traces. The maximum sampling depth of 10
m, and the sample collection is divided into three categories.
The rst is to collect a sample of 20–50 cm of soil surface aer
removing concrete and plant roots. The second category is to
collect one sample aer each soil change layer of 20–50 cm. The
third category is to collect a soil sample of the deepest point.
However, according to the actual situation of the site, the
sampling results of some boreholes will be different from the
sampling principles. Among the samples, forty-four As, Be, Cd,
23068 | RSC Adv., 2020, 10, 23066–23079
Cr, Cu, Ni, Sb, Pb and Zn and ninety Hg test samples were
collected (contains thirteen parallel samples).
2.3 Sample analysis

The soil samples were placed in an indoor ventilation area for
natural air drying. Aer grinding, the samples were placed into
an experimental bag with a 100 mesh nylon mesh screen for
later use. To avoid human interference and contact with other
metals, tools such as a wooden shovel, wooden stick and agate
mortar were used during sample collection, mixing, grinding
and crushing. The heavy metals As, Be, Cd, Cr, Cu, Ni, Sb, Pb
and Zn in the soil samples were digested by the HNO3–HF–
HClO4 method, and their concentrations were determined by
ICP-MS. The Hg concentration was determined by atomic
uorescence spectrophotometry aer (1 : 1) aqua digestion. All
the chemical reagents used in the experiment were of excellent
This journal is © The Royal Society of Chemistry 2020
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Table 1 The specific expose parameters used in DRA and PRAa

Parameter symbol Unit

DRA PRA

Numerical Population of Guizhou Province Numerical

OSIRa mg d�1 100 — 100
EDa a 24 — 24
EFa d$a�1 350 — 350
Bwa kg 61.8 Urban man Normal (mean ¼ 63.2, 95% ¼ 80.0)

Urban women Normal (mean ¼ 54.4, 95% ¼ 70)
Rural man Normal (mean ¼ 59.4, 95% ¼ 77.2)
Rural women Normal (mean ¼ 52.1, 95% ¼ 68.1)

ABSo — 1 — 1
ATca d 27 740 — 27 740
ATnc d 2190 — 2190
SAF — 1 — 1
SSARa mg cm�2 0.07 — 0.07
SAEa Cm2 3022.87 Urban man Normal (mean ¼ 3060, 95% ¼ 3420)

Urban women Normal (mean ¼ 2700, 95% ¼ 3060)
Rural man Normal (mean ¼ 2880, 95% ¼ 3240)
Rural women Normal (mean ¼ 2520, 95% ¼ 3060)

Ev Time�1 1 — 1
Ha cm 161.5 — 161.5
Hc cm 113.15 — 113.15
SERa — 0.32 — 0.32
DAIRa m3 d�1 14.5 Urban man Normal (mean ¼ 17.7, 95% ¼ 20.5)

Urban women Normal (mean ¼ 14.2, 95% ¼ 16.0)
Rural man Normal (mean ¼ 16.9, 95% ¼ 20.1)
Rural women Normal (mean ¼ 13.9, 95% ¼ 15.8)

PIAF — 0.75 — 0.75
fspi — 0.8 — 0.8
fspo — 0.5 — 0.5
EFIa d$a�1 262.5 — 262.5
EFOa d$a�1 87.5 — 87.5
PM10 mg m�3 0.119 — 0.119

a — represents dimensionless.
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grade. All glassware and plastic ware were soaked in (1 : 1)
dilute nitric acid for 24 h and washed with ultra-pure water. To
ensure the accuracy of analysis, blank and parallel samples were
taken throughout the experiment, and national standard soil
referencematerial (gss-28) was added during the testing process
for quality control. The recovery rates were ranged within 103%
� 6% of all HMs. The soil pH value was determined by the
potentiometric method, and the total organic carbon (TOC) was
analyzed by the high-temperature potassium dichromate
oxidation-volumetric method.32
2.4 Data processing

2.4.1 Statistical analysis. Descriptive statistics for the
sample data included mean value, standard deviation (SD),
coefficient of variation (CV), skewness and kurtosis of HMs.
SPSS 22.0 soware was used to test the correlation between HMs
and physical–chemical properties of soil by use of Pearson
correlation analysis. A positive matrix factorization (PMF)
model was used to explore the sources of heavy metals. All maps
were created using ArcGIS 10.6 soware, EPA PMF5.0 soware
and origin 9.1 soware.

2.4.2 Positive matrix factorization (PMF) model. The PMF
model principle is to decompose the original matrix Eik into two
This journal is © The Royal Society of Chemistry 2020
factor matrices Aij and Bik and the residual matrix 3ik using least
iterative squares. The PMF model is computed by decomposing
the original matrix Eik several times to obtain the optimal
matrices A and B, which leads to the minimum value of the
objective function Q.33 The basic formula of the model is as
follows:

Eik ¼
Xp
j¼1

AijBjk þ 3ik ði ¼ 1; 2;.;m; k ¼ 1; 2;.; nÞ (1)

Q ¼
Xm
i¼1

Xn
k¼1

�
3ik

sik

�2

(2)

where, Eik is the concentration of the kth contaminant of the ith
sample; Aij contributes to the ith sample in the jth source; Bik is
the contribution of the kth pollutant in the jth source, ik is the
random error. sik stands for Eik uncertainty.

In this study, the US EPA PMF5.0 soware was used to
analyze the source of the contaminant, and the values of
contaminant concentration and contaminant uncertainty were
entered during the operation.34

There are two types of uncertainty values, when the
contaminant concentration is less than or equal to the
RSC Adv., 2020, 10, 23066–23079 | 23069
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corresponding method detection limit (MDL), the uncertainty
value is calculated as:

Unc ¼ 5/6 � MDL (3)

When the contaminant concentration is greater than the
corresponding MDL, the value of the uncertainty is calculated
as:

Unc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs� CÞ2 þ ðMDLÞ2

q
(4)

where, s is the relative standard deviation; C is pollutant
concentration; MDL is the detection limit of the method.15

2.4.3 Human health risk assessment. DRA models and
related parameters referred to the technical guidelines for risk
assessment of soil contamination of land for construction
(Ministry of Ecology and Environment, 2019).35 As heavy metals
are less volatile, oral ingestion, skin contact and inhalation of
soil particles are considered as the main exposure routes.
Probabilistic risk assessment (PRA) was carried out to analyze
the inuence of variabilities in exposure factors of different
populations in Guizhou on the risk assessment results. Table 1
listed the specic expose parameters used in DRA and PRA,
Con
�
CRpis

�
ij
¼ Conij � IUR� BWa

DAIRa

� PM10 � DAIRa � PLAF� EDa � ðfspo� EFOa �þfspi� EFIaÞ
BWa �ATca

� 10�6 (9)

Con
�
HQpis

�
ij
¼ Conij

RfC�DAIRa

BWa

� SAF

� PM10 �DAIRa � PLAF� EDa � ðfspo� EFOa �þfspi� EFIaÞ
BWa �ATnc

� 10�6 (10)
distributions for BWa, DAIRa and SAEa were obtained from
Exposure Factors Handbook of Chinese Population (Adult).36

Distribution for PM10 was obtained from Monthly Environ-
mental Quality Report of Guizhou Province (2019.1–2020.2).

The human health risk contribution of each pollution source
was quantitatively analyzed by using PMF model, and the
mathematical expressions of the quantitative analysis are
shown in eqn (5)–(14).37 The parameter values of each formula
referred to the research results of the technical guidelines for
risk assessment of soil contamination of land for construction
(HJ 25.3-2019) and Li.38 Table S1† showed the hazard quotient
reference dose and carcinogenic slope factor of the three
exposure pathways of each pollutant.

ConðCRoisÞij ¼ Conij � SF0 �
ABS0 �

 
OSIRa � EDa � EFa

BWa

!

ATca

� 10�6

(5)
23070 | RSC Adv., 2020, 10, 23066–23079
ConðHQoisÞij ¼
Conij

RfD0 � SAF
� ABS0 �OSTRa � EDa � EFa

BWa �ATna

� 10�6 (6)

ConðCRdscÞij ¼ Conij � SF0

ABSgi

�
ABSd � Ev �

 
SAFa � SSARa � EDa � EFa

BWa

!

ATca

� 10�6

(7)

ConðHQdscÞij ¼
Conij

RfD0 �ABSgi � SAF

� ABSd � Ev � SAEa � SSARa � EDa � EFa

ATna � BWa

� 10�6

(8)
Con(CRk)ij ¼ Con(CRois)ij + Con(CRdsc)ij + Con(CRpis)ij (11)

Con(HQk)ij ¼ Con(HQois)ij + Con(HQdsc)ij + Con(HQpis)ij (12)

ConðTotal� CRkÞij ¼
X

ConðCRkÞij (13)

ConðTotal�HQkÞij ¼
X

ConðHQkÞij (14)

where, Conij is the pollutant concentration of the ith element
and the jth source; Con(CRois)ij is the oral carcinogenic risk of
the ith element and the jth source; Con(HQois)ij is the hazard
quotient of the oral pathway of the ith element and the jth
source; Con(CRdes)ij is the carcinogenic risk of skin contact
pathway from the ith element and the jth source; Con(HQdes)ij is
the ith element of the jth source of skin contact route hazard
quotient; Con(CRpis)ij is the carcinogenic risk of the ith element
and the jth source in the respiratory inhalation pathway;
Con(HQpis)ij is the ith element of the jth source of respiratory
inhalation pathway hazard quotient; Con(CRk)ij is the carcino-
genic risk of the ith element and the jth source in three ways;
Con(HQk)ij is the third pathway of the ith element and the jth
This journal is © The Royal Society of Chemistry 2020
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source is the ith element of the jth source of skin contact route
hazard quotient; Con(total-CRk)ij is the total carcinogenic risk of
the ith element from the jth source; Con(total-HQk)ij is the total
is the ith element of the jth source of skin contact route hazard
quotient of the ith element from the jth source.

3. Results and discussion
3.1 Soil HMs concentrations

3.1.1 Vertical distribution of HMs concentration. The
concentrations of ten heavy metals gradually decreased from the
shallow-soil to the subsurface soil (Fig. 2). As, Hg and Sb had the
highest concentrations, and in some sampling points, the
concentrations of these three HMs exceeded the intervention
values and controlling values.39–42 Hg was the most heavily
contaminated heavymetal in the study area, which was consistent
with the characteristics of the mercury smelting site.43 The
concentrations of Cu, Ni, Pb, and Zn exceeded only the environ-
mental background values of soil and did not exceed the inter-
vention values. A few sampling points of Be, Cd, and Cr had
concentrations exceeding the environmental background values
of soil. The maximum concentrations of ten HMs in soil were
located in the 0–1 m. It can be assumed that the shallow-soil (0–1
m) was the most polluted area at the site. However, the concen-
trations of As, Be, Cd, Cu, Hg, Ni, Sb, Pb and Zn in 9 m were still
up to 36.97, 1.45, 0.37, 54.8, 17.83, 67.20,18.60, 76.46 and
509.93 mg kg�1, respectively, all exceed the background value.
This indicated that there was a downward migration of heavy
metals in shallow soil. Pearson correlation analysis (Table S2†)
showed that As, Be and Hg were signicantly correlated with TOC
(P < 0.01), and the correlation coefficients were 0.730, 0.819 and
0.416, respectively. Cu was negatively correlated with pH value (P <
0.01), and the correlation coefficient was �0.473. Pb had
a signicant negative correlation with pH (P < 0.05), and Sb had
a signicant positive correlation with pH (P < 0.05). The concen-
tration of soil HMs in themercury smelting site was closely related
to TOC and pH. Fig. 2 indicated both TOC and pH decrease with
depth. Higher TOC may be the key factor leading to higher
concentration of HMs in shallow-soil.44 In the deep part, the
activity of soil heavy metals will increase with the lower of pH
value, which will lead to the downward migration of soil HMs.

3.1.2 HM concentration in the shallow soil (0–1.0 m).
Based on the distribution of heavy metal pollution, in this study,
the concentration of heavy metals in the shallow soil (0–1 m) was
used to analyze the source of heavy metals and evaluate the risk to
human health. The statistical results of the concentrations of ten
HMs in twenty-ve shallow soil (0–1 m) samples at the contami-
nated sites were shown in Table 2. The average concentrations of
As, Cd, Hg, Ni, Sb, Pb and Zn were 67.42, 0.78, 358.51, 59.04,
46.65, 57.56 and 248.6 mg kg�1, respectively, all exceeding the
background values. The average concentrations of Be, Cr and Cu
are 2.02, 49.59 and 15.65 mg kg�1, which not exceeding the local
soil background value. Among them, the soil pollution by Hg was
the most serious, which consistent with the results of the analysis
by Zhan.45 The variable coefficient (CV) values of As, Be, Cd, Cr,
Cu, Hg, Ni, Sb, Pb and Zn were 1.64, 0.67, 3.15, 1.89, 0.95, 3.08,
0.79, 1.41, 0.68, and 1.13, respectively, and all were characterized
This journal is © The Royal Society of Chemistry 2020
by strong variation (CV > 0.5). This nding indicates that the local
concentration of heavy metals varies greatly, the spatial variation
is obvious, and the heavy metals are disturbed by external activi-
ties.46,47 The kurtosis and skewness values were used to charac-
terize the double-tailed characteristics of the data. The HMs
concentrations in soil under a natural state should follow
a normal distribution.48 The skewness values of As, Cd, Cr, Hg, Ni
and Sb were 3.28, 4.99, 4.8, 4.43, 3.83 and 4.13, respectively, and
larger skewness values indicated more outliers produced by
human activities, which change the distribution of data.

Compared with previous studies on heavymetal concentrations
in the soil of urban and farmland areas around the Wanshan
mercury mine,45,49 the maximum and average concentrations of
Hg, Zn andNi at themercury smelting sites were higher than those
in the urban and farmland areas. This difference was related to
mercury production and the presence of smelters. The average
concentrations of Cr and Cu at the mercury smelting sites were
lower than those in the urban and farmland areas. The concen-
trations of As at mercury smelting sites was higher than that in
urban areas butmuch lower than that in farmland, and the high As
concentration in farmland was related to mercury mining in the
Wanshan area.49 The concentrations of Pb and Cd at mercury
smelting sites were higher than that in farmland but lower than
that in urban areas. The characteristics of heavy metal concentra-
tions inmercury smelting sites differed greatly from those in urban
and farmland areas, so special treatment would be needed for the
restoration process. The average pH value of the soil at the
contaminated site was 6.56, slightly higher than that of urban soil.
The mean value of TOC at the contaminated site was 18.18 g kg�1,
about nine times the average TOCof the soil inGuizhou Province.50
3.2 Sources of HMs

3.2.1 Correlation analysis.HMs in soils mainly from parent
materials and anthropogenic activities.51 There was a correla-
tion between HMs from the same source.52 Signicant or
extremely signicant correlations between HMs indicated the
presence of homologous or compound contamination.53 Pear-
son correlation analysis of shallow-soil HMs concentration
showed (Table 3) that As and Be, As and Zn were highly
signicant (P < 0.01) with correlation coefficients of 0.723 and
0.616, respectively, but Be and Zn were not correlated, indicated
that As had two sources. Cu, Ni and Sb showed a signicant
correlation (P < 0.01) with a correlation coefficient greater than
0.6, indicating that the three HMs have the same source. Cd, Cr,
Hg and Pb were not correlated with any other HMs.

3.2.2 Pollution source analysis by PMF model. The US EPA
PMF model was used to analyze data sets of ten HMs in
shallow soil from twenty-ve sampling points to identify
pollution sources and the proportion of HMs in each source.
To obtain the exact minimum value of the target function Q,
set the F peak to �0.52 with a factor iteration of 20. Fig. S1†
shows that the PMF predicted HMs concentration has a good
correlation with the actual heavy metal concentration, indi-
cating that the PMF simulation results were reasonable and
feasible. Base on the strong explanatory ability and low Q value
(0.3), three factors were selected (Fig. 3A).
RSC Adv., 2020, 10, 23066–23079 | 23071
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Fig. 2 The varies of TOC, pH and ten HMs (As (A), Be (B), Cd (C), Cr (D), Cu (E), Hg (F), Ni (G), Sb (H), Pb (I) and Zn (J)) with depth.
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As (75.7%), Hg (62.7%) and Zn (75.2%) have relatively high
loads on factor 1. Hu showed that As was mainly anthropogenic
in the soil around the Wanshan mercury mine, and Hg was
23072 | RSC Adv., 2020, 10, 23066–23079
associated with local mercury mining and smelting activities.49

Zhan believes that coal combustion was the main source of As
in Wanshan's agricultural soil, while smelting was the main
This journal is © The Royal Society of Chemistry 2020
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Table 2 Physico-chemical properties and HMs concentrations in the shallow soil of Wanshan district (n ¼ 25)a

Character Min Max Mean
Standard deviation
(SD) Variable coefficient Kurtosis Skewness

As (mg kg�1) 1.17 485.69 67.42 110.33 1.64 10.37 3.28
Asu (mg kg�1) 2.01 32.42 14.24 — — — —
Asf (mg kg�1) 95.11 160 117.6 21.87 — — —
Be (mg kg�1) 0.09 7.54 2.02 1.36 0.67 11.56 2.93
Cd (mg kg�1) 0.09 12.56 0.78 2.46 3.15 24.96 4.99
Cdu (mg kg�1) 0.26 2.22 0.87 — — — —
Cdf (mg kg�1) 0.27 0.51 0.43 — — — —
Cr (mg kg�1) 3.4 495 49.59 93.97 1.89 23.61 4.8
Cru (mg kg�1) 308.21 377.80 353.22 — — — —
Crf (mg kg�1) 41.83 84.03 59.06 — — — —
Cu (mg kg�1) 0.09 71.92 15.65 14.89 0.95 8.25 2.58
Cuu (mg kg�1) 26.35 56.83 41.45 — — — —
Cuf (mg kg�1) 34.22 59.97 43.77 8.5 — — —
Hg (mg kg�1) 5.57 5430 358.51 1102.47 3.08 20.6 4.43
Hgu (mg kg�1) 0.08 67.88 14.15 — — — —
Hgf (mg kg�1) 3.09 8.05 4.29 1.37 — — —
Ni (mg kg�1) 15.15 263.32 59.04 46.82 0.79 16.28 3.83
Niu (mg kg�1) 16.53 56.78 33.58 — — — —
Nif (mg kg�1) 14.42 24.74 18.8 3.1 — — —
Sb (mg kg�1) 7.28 341.74 46.65 65.54 1.41 18.67 4.13
Pb (mg kg�1) 14.33 173.91 57.55 39.13 0.68 2.68 1.66
Pbu (mg kg�1) 24.54 253.36 59.30 — — — —
Pbf (mg kg�1) 16.56 83.86 48.99 18 — — —
Zn (mg kg�1) 11.01 1304.76 248.60 280.37 1.13 7.88 2.56
Znf (mg kg�1) 17.66 49.69 29.13 8.81 — —
pH 4.26 7.57 6.56 1.05 0.16 0.16 �1.10
pHu 4.85 7.15 6.41 — — — —
TOC (g kg�1) 0.54 177.14 18.18 38.52 2.12 12.46 3.35
TOC of Guizhou
Province (g kg�1)

0.92 4.75 2.16 1.28 0.59 1.1 1.32

a HMu represents the concentration of HMs in the urban soil around Wanshan mercury mine; HMf represents the concentration of HMs in
farmland soil of Wanshan mercury mine.

Table 3 Pearson correlation analysis of soil HMs concentrations in shallow soila

As Be Cd Cr Cu Hg Ni Pb Sb Zn

As 1
Be 0.723** 1
Cd �0.125 �0.295 1
Cr �0.012 0.053 �0.020 1
Cu 0.009 0.116 �0.034 0.058 1
Hg 0.121 0.336 �0.067 0.032 0.344 1
Ni �0.054 0.027 �0.211 �0.006 0.839** 0.247 1
Pb �0.186 0.095 �0.108 �0.001 0.340 0.300 0.001 1
Sb �0.229 �0.148 �0.113 0.028 0.660** 0.335 0.754** 0.020 1
Zn 0.616** 0.249 �0.183 �0.079 0.421* 0.219 0.468* �0.056 0.285 1

a ** was signicantly correlated at the 0.01 level (bilateral). * signicantly correlated at the 0.05 level (bilateral).
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source of Hg and Zn.45 Guo showed that the soil As in the
Wanshan mercury mining area was source of coal combustion,
Hg was mainly source of smelting source and Zn was mainly
source of transportation.54 A large amount of coal was used in
the smelting of mercury in the site, and As was the identifying
element of coal.55 At the same time, the blast furnace process
produces a large amount of exhaust gases, which will spread to
This journal is © The Royal Society of Chemistry 2020
the southwest of the site with the atmosphere due to the pre-
vailing northeast wind. This was the main reason why the
higher levels of excess heavy metals at the site were mainly in
the southwest (the distribution of ten HMs concentrations in
shallow soil at the twenty-ve sampling points was shown in
Fig. S2†). Thus, factor 1 was primarily a source of mercury
smelting and coal combustion.
RSC Adv., 2020, 10, 23066–23079 | 23073
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Fig. 3 HMs sources analyzed by positive definite matrix (PMF) model (A) and contribution of different sources to HMs concentration (B).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
2:

53
:5

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Be (58.9%), Cd (73.5%), Cr (77.9%), Ni (42.2%) and Sb
(69.7%) have relatively high loads on factor 2. The average
concentration of Be, Cd and Cr did not exceeded the local soil
background values, indicated that these three heavy metals
mainly came from the parent material. Hu showed that Cr in the
urban soil of the Wanshan district was mainly derived from the
parent material.49 Gou found that Ni and Cr weremainly derived
from parent material in the Wanshan mercury mining area.53
23074 | RSC Adv., 2020, 10, 23066–23079
However, Cd in urban soil and farmland soil of Wanshan
district were the result of mining and agricultural pollution,45,49

which was different from the sources at the mercury smelting
site. Early studies showed that Ni in farmland soil of Wanshan
district mainly derived from soil parent material and weath-
ering products.56,57 Sb in soil was mainly derived from industrial
“three waste” emissions and parent material.58,59 Correlation
analysis showed a signicant correlation between Sb and Ni in
This journal is © The Royal Society of Chemistry 2020
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the soil at the mercury smelting site, and it assumed that Sb was
also predominantly a soil-forming parent material source.
Therefore, factor 2 represents the parent material source.

Pb (68.3%) and Cu (92.9%) have relatively high loads on
factor 3. Zhan and Gou showed that Pb in the soil of Wanshan
district was related to transportation.45,54 Hu showed that Pb in
the Wanshan district have similar geochemical properties, and
they coexist during the mineralization process and were closely
associated with each other.49 However, for this mercury smelt-
ing site, due to the poor protective measures in the early stage of
production, the wastewater, waste residue and waste gas were
discharged into the soil and atmosphere without treatment. As
a result, the soil at the site was seriously polluted. This veried
that the maximum concentrations of Pb located in the No. 2
sewage tank. The results showed that Pb and Cu pollution at the
site was mainly caused by wastewater discharge. Such pollution
is also common at other industrial sites in China.59,60 Therefore,
factor 3 represents the wastewater discharge source.

Fig. 3B showed the contribution of three sources to the
average of ten HMs in the shallow-soil from 25 sampling sites.
Smelting and coal combustion mixed sources was the main
contributor to HMs pollution at the site (58.45%). Soil-forming
parent material sources contributed 28.17% of the average HMs
concentration, and wastewater discharge sources contribute
13.38% of the average HMs concentration.
3.3 Carcinogenic risk (CR) and hazard quotient (HQ) of HMs

3.3.1 CR and HQ in DRA. Four heavy metals, As, Be, Cd and
Ni, were associated with CR, and As, Be, Cd, Cr, Cu, Hg, Ni, Sb,
Pb and Zn have a HQ (Table S1†). According to HJ 25.3-2019-
Technical guidelines for risk assessment of contaminated sites,
this contaminated site was industrial land and belongs to
category II land, and its HMs risk assessment considers only
adult CR and HQ.

Fig. 4A showed the CR values of the three exposure pathways
of As, Ni, Cd and Be at twenty-ve sampling points. The CR of
three exposure pathways with As were all exceeded the accept-
able level (1 � 10�6), among them, the CR of oral ingestion was
the highest. It was worth noting that the CR value of oral
ingestion with As at the D10 and D11 sampling points were at
the upper limit of the tolerance interval (1 � 10�4), these
sampling sites should be given special attention during soil
Fig. 4 CR (A) and HQ (B) of ten heavy metals in twenty-five sampling si

This journal is © The Royal Society of Chemistry 2020
remediation. The CR of the three exposure pathways of Be, Cd
and Ni did not exceed the acceptable level (1 � 10�6).

The HQ for the ten HMs in twenty-ve borehole of three
exposure pathways was listed in Fig. 4B. Hg was the main heavy
metal that affects HQ in the site, and the HQ of Hg with oral
ingestion at the D1, D8, D11 and D16 sampling points were the
highest. In addition, the HQ of Hg with air inhalation at the D8
sampling points, Sb with oral ingestion at the D1 sampling
points, and As with oral ingestion and air inhalation at the D10
and D11 sampling point are all upper limit of the tolerance
interval of 1.

As, Hg and Sb were the major HMs that cause high CR and
HQ of HMs in the soil at the mercury smelting site. This nding
provides a target for soil remediation at the contaminated site.

3.3.2 CR and HQ in PRA. As the risk levels of As, Hg and Sb
exceed the human health acceptable levels, these three HMs
were taken as typical pollutants to carry out PRA. The proba-
bility distribution ranges of CR and HQ of three pollutants were
shown in Fig. 5, all probabilities of health risk of four pollutants
were greater than the tolerance interval. Under the same expo-
sure scenario, the health risk of four populations in order of
rural female > urban female > rural male > urban male. Using
the exposure parameters recommended by the HJ 25.3-2019 for
DRA will underestimate the health risk of all populations in
Guizhou Province, especially female.

For the CR of As (Fig. 5A), the risk values at the 95th
percentile of the probability distributions of rural female, urban
female, rural male and urban male were 0.56, 0.46, 0.38 and
0.25 times the DRA values. The DRA values were located only at
the 31st, 38th, 55th and 68th percentiles of their probability
distribution of each population. For the HQs of the three heavy
metals (Fig. 5B–D), only the risk value at the 95th percentile of
the As probability distribution of rural female (6.90) was slightly
smaller the DRA value (7.11), and the DRA value was located at
the 96th percentile of its probability distribution. The others
were the opposite, and the risk values at the 95th percentile of
the probability distributions were 0.05–0.16, 0.30–0.66 and
0.33–0.71 times the DRA values, and the DRA values were
located at the 16th–55th, 20th–61st and 16th–55th percentiles
of their probability distributions for As, Hg and Sb, respectively.

Taking the PRA of rural female as an example to carry out
parameter sensitivity analysis, and the Spearman rank order
tes of three pathways.

RSC Adv., 2020, 10, 23066–23079 | 23075
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Fig. 5 Comparison of the PRA and DRA results of As (A) and (B), Hg (C) and Sb (D).

Fig. 6 Sensitivity analysis for rural female (A) and (B).

23076 | RSC Adv., 2020, 10, 23066–23079 This journal is © The Royal Society of Chemistry 2020
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correlation coefficient was used to explain sensitivity analysis
results. For all the three heavy metals, BWa was the most
inuential variable (Fig. 6A), which was inversely proportional
to the risk value. BWa (61.8 kg) used in DRA was located at the
44–55th percentile of its probability distribution (Fig. 6B),
which was much greater than the value at the 5th percentile
(46.39 kg), and it in turn causes the DRA result to be insuffi-
ciently conservative.
Fig. 7 Contribution rate of CR (A) and HQ (B) of different pollution sour

This journal is © The Royal Society of Chemistry 2020
3.3.3 CR and HQ in HMs sources. According to the sources
of As, Be, Cd and Ni pollution, the CR at the twenty-ve
sampling sites contaminated by each source of were analyzed
by DRA (Fig. 7A). The total CR value was between 1.219 � 10�6

and 3.446 � 10�4. The average total-CR of smelting and coal
combustion mixed sources (As) and soil parent material sources
(Be, Cd and Ni) were 4.779 � 10�5 and 3.15 � 10�7, with
contribution rates of 97.32% and 2.68%, respectively. Smelting
ces.
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and coal combustion mixed sources was the main factor
causing CR of HMs in the site.

The interpolation maps of the HQ of three pollution sources
was shown in Fig. 7B. The total- HQ of twenty-ve sampling
points was between 0.37 and 43.56. The total average HQ of the
smelting and coal combustion mixed sources, soil parent
material sources and wastewater discharge source were 3.74,
0.39 and 0.033, respectively, with contribution rates for the total
average HQ of 72.03%, 25.85% and 2.12%, respectively. The
smelting and coal combustion was the main pollution sources
that affects the HQ of heavy metals at the site, too. The deter-
mination of major pollution sources can provide a reference for
pollution protection, such as optimizing mercury smelting
processes thereby reducing the CR and HQ of soil in the
mercury smelting site.

4. Conclusion

In this study, the concentrations of ten heavy metals at depths
of 0–10 m at typical mercury smelting sites were analyzed. The
maximum concentrations of each heavy metal were mainly
concentrated in the shallow-soil of 0–1 m. The higher organic
carbon content was the main factor for the accumulation of
HMs in the shallow soil, and the lower pH value of deep soil was
a key factor affecting the transport of HMs from shallow soil to
deep soil. Three pollution sources of the ten heavy metals in
shallow soil were identied by PMF model, including mercury
smelting and production mixed sources, parent material source
and wastewater discharge source. DRA results indicated that As
and Hg were the major heavy metals affecting CR and HQ in
mercury smelting sites, respectively, with oral intake being the
main route of risk to human health. The health risk of four
populations in order of rural female > urban female > rural male
> urban male, and BWa was the most inuential variable that
affects the results of PRA. DRA will underestimate the health
risk of populations in Guizhou Province. Smelting and coal
combustion mixed sources is the main pollution sources
affecting human health in mercury smelting sites.
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