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� Spatial distribution of Hg concentra-
tions in environmental media was
obtained.

� A multi-pathways health risk assess-
ment of Hg for mining areas was
established.

� Risk categorization and prioritization
of Hg for mining areas was
conducted.

� Suggestions for the elevated expo-
sure risks of both IHg and MeHg were
provided.
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This is a systematic study of human health risk assessment (HHRA) and risk categorization for inorganic
mercury (IHg) and methylmercury (MeHg) in Hg mining areas. A multi-pathway exposure model coupled
with Monte Carlo simulation was constructed for the Wanshan Hg mining area (WSMM), Southwestern
China, with consideration of oral ingestion (foodstuffs, water and soil), dermal contact (water and soil),
and inhalation (gaseous Hg and particulate Hg). The results show that dietary intake (food and water),
gaseous Hg inhalation, oral ingestion of soil particles, dermal contact, and particulate Hg inhalation
comprised 88.3e96.3%, 3.49e6.14%, 0.14e5.3%, 0.02%, and <0.01% of total IHg ingestion, respectively. As
expected, rice consumption contributed the highest proportion (86.3e92.7%) of MeHg. The study shows
that the elevated MeHg exposure risk is the most significant issue in Hg mining areas. In addition, Hg risk
categorization and prioritization in the WSMM are established for the first time based on rice-based
exposure doses of IHg and MeHg. Target areas for future treatment and/or remediation are character-
ized according to thresholds of reference dose and provisional tolerable weekly intake for exposure
doses, as well as risk screening values and risk control values for contaminated soil. The proposed multi-
pathway exposure model is strongly recommended for the HHRA of Hg-contaminated sites worldwide
and helps facilitate the implementation of the Minamata Convention on Mercury.
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1. Introduction

Mercury (Hg) is a global pollutant characterized by long-
distance transportation. It comes from both natural and anthro-
pogenic sources and can exist as elemental Hg, inorganic Hg (IHg)
and organic Hg compounds in the environment. Generally, inor-
ganic mercurial salts are absorbed at various proportions in the
lungs and gastrointestinal tract, while negligible absorption occurs
by dermal contact. Elemental Hg is almost completely (60e80%)
absorbed by the lungs but is negligibly absorbed by both the
gastrointestinal tract and skin (Gnamu�S et al., 2000; Gochfeld,
2003; USEPA, 2004). Organic Hg is absorbed by dermal contact at
moderate to high degrees and is almost completely absorbed via
the lungs and gastrointestinal tract (Gochfeld, 2003).

China has abundant cinnabar resources, with approximately
38% of the total national cinnabar reserve being located in Guizhou
Province, Southwest China (China mineral processing technology
mining website, 2017). Many Hg-contaminated sites have been
generated by long-term time mining and retorting activities. In
addition to Hg mining areas, gold mining areas, chemical facilities,
and nonferrous metal smelting areas also are typical Hg-
contaminated sites (Wang et al., 2012; Kocman et al., 2013;
Eckley et al., 2020). In recent decades, many Hg health risk as-
sessments (HHRAs) or Hg exposure risk assessment studies have
been conducted in Hg mining areas (Feng et al., 2008; Zhang et al.,
2010; Li, 2013; Li et al., 2015a; Du et al., 2016; Bavec et al., 2018; Jia
et al., 2018; Jim�enez-Oyola et al., 2020), gold mining areas (Riaz
et al., 2017; Gyamfi et al., 2020), the vicinity of chemical facilities
(Gibi�car et al., 2009; Li et al., 2017), non-ferrous metal smelting
areas (�Arvay et al., 2017; Li et al., 2018), Hg-added product plants
(Shao et al., 2012), and municipal solid waste incinerators (Deng
et al., 2016).

In these studies, pathways of inhalation and oral ingestion,
particularly rice and fish consumption, have beenwidely discussed.
However, soil exposure pathways (oral ingestion and dermal con-
tact) are rarely considered. In fact, individuals can orally ingest soil
(or dust) particles unintentionally by outdoor hand-to-mouth ac-
tivities. The oral ingestion of high-Hg-concentration soil or dust
particles can pose significant exposure risks to people, especially
children and toddlers (Guney et al., 2013; Safruk et al., 2015; Sun
et al., 2020; Jim�enez-Oyola et al., 2020). In addition, total Hg
(THg) without consideration of absorption factors have usually
been used directly in previous HHRA studies, which will over-
estimate Hg exposure risks. However, little is known about the
exposure risk levels and contribution rates (CRs) of soil exposure
pathways coupled with those of food and water consumption and
inhalation in heavily Hg-contaminated mining areas.

Monte Carlo simulation is a random sampling method that can
provide probability distributions of exposure risks. It has been
extensively used in HHRA studies of heavy metal pollution of water
(Dong et al., 2020), soil (Chen et al., 2019), and rice (Xu et al., 2020)
in recent years. Therefore, using an optimized multi-pathway
exposure model coupled with Monte Carlo simulation should
provide a relatively correct and better understanding of the expo-
sure characteristics of these pathways.

Since the Minamata Convention on Mercury came into force in
2017 (UNEP, 2017), HHRA studies, risk categorization, and prioriti-
zation have become essential at Hg-contaminated sites, and a pilot
study of multi-pathway HHRA, risk categorization and prioritiza-
tion is crucial for the implementation of the Minamata Convention.
In the present study, we selected the largest Hg mining area of
China as a study area and conducted a pilot study of quantitative
HHRA and risk categorization. The objectives were to 1) provide a
quantitative assessment of health risk levels via a multi-pathway
exposure model, 2) elucidate the IHg and MeHg exposure
characteristics in an Hg mining area, 3) establish Hg risk categories
and priorities, and 4) link the pilot study to the implementation of
the Minamata Convention.

2. Materials and methods

2.1. Study areas

The Wanshan Hg mining area (WSMM; 27� 240e380 N, 109�

070e230 E) lies in eastern Guizhou Province, Southwest China. Most
large Hg mines are in the mid-western region of the WSMM. The
population of theWSMM is 84,500, whomainly reside in the towns
or villages of Aozhai (AZ), Gaolouping (GLP), Xiaxi (XX), Huangdao
(HD), and Wanshan Town (WST), and the recent birth rate was
10.65‰, the total administrative region of WSMM is 338.13 km2

(Wanshan Government, 2019). The large-scale Hg mining and
retorting activities were stopped in 2004; however, there is an
operating Hg chemical park that recycles Hg catalysts and Hg-
contaminating waste.

2.2. Sampling and measurement

2.2.1. Sampling and preparation
We collected rice grain (n ¼ 148) and surface soil (n ¼ 86)

samples and measured gaseous Hg concentrations (GEM) in
ambient air (n ¼ 67) from across the WSMM from September 2014
to October 2016. Rice grain samples were directly collected from
rice paddies, thoroughly cleaned with deionized water and Milli-Q
water (18.25 MU cm�1), then freeze-dried, the hulk and bran
removed, and the grain ground through a 200 mesh sieve with a
pulverizer (IKA A11 Basic, Germany) before analysis. Surface dry-
land soil samples were collected and homogenized by mixing of
three subsamples, packed in PVC bags, and then air-dried in a
ventilated place and ground with a ceramic mortar through 200
mesh sieves before analysis. GEM concentrations in the atmosphere
were measured by a Lumex RA-915 Mþ Zeeman modulation mer-
cury analyzer (Lumex Company, Russia) after at least 30 min of
continuous monitoring at each site, and the instrument detection
limit (IDL) is 0.5 ng m�3. The sampling sites are shown in Fig. S1
(a)e(c). Meanwhile, data on the THg and MeHg concentrations in
drinking water (Zhang et al., 2010), vegetables (Feng et al., 2008;
Zhang et al., 2010), corn (Zhang et al., 2010), pork (Feng et al., 2008),
poultry (Ji et al., 2006; Zhang et al., 2010), and fish (Qiu et al., 2009)
were collected. At all sampling sites, the geographic coordinates
were recorded with a portable global positioning system device.

2.2.2. Hg analysis
THg. For soil, approximately 0.2 g of sample was weighed into a

glass tube and digested at 95 �C with a fresh mixture of HNO3 and
HCl (1:3, v/v) for 0.5 h, then oxidized by BrCl, neutralized by NH4OH
HCl, reduced by SnCl2, and measured by an F-732VJ cold vapor
atomic absorption spectrometer (CVAAS; Shanghai Huaguang In-
strument, China). For rice, approximately 0.2 g of sample was
digested with HNO3 at 95 �C in a water bath for 3 h, oxidized by
BrCl, neutralized by NH4OH HCl, reduced by SnCl2, and measured
by cold vapor atomic fluorescence spectrometer (CVAFS; Model III,
Brooks Rand Co. Ltd., USA) following USEPA method 1631e (USEPA,
2002). The method blanks, sample blanks, duplicates (10%),
certificated reference materials of estuary sediment (ERM CC580),
and citrus leaves (GBW10020) were used to ensure data quality.
Recovery of THg was in the range of 91e103% and the relative
standard deviation (RSD) was <10%. The limit of detection (LOD)
and quantification (LOQ) for THg analysis of CVAAS and CVAFSwere
20.6 ng g�1 and 52.7 ng g�1, 0.023 ng g�1 and 0.041 ng g�1,
respectively.
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MeHg. For rice, approximately 0.2 g of rice sample was digested
with 25% KOH-methanol in an oven at 75 �C for 3 h, then extracted
with CH2Cl2 and back-extracted into the water phase, followed by
NaBEt4 ethylation and purging, trapping, and measured by gas
chromatography-cold vapor atomic fluorescence spectrometry
(GC-CVAFS; Model III, Brooks Rand Co. Ltd., USA) following method
1630 (USEPA, 2001) and Liang et al. (1996). The method blanks,
sample blanks, duplicate samples (10%), and lobster hepatopan-
creas (Tort-2) were also used to ensure data quality. The recovery
was 90e95% and the RSD was <10%. The IDL was 0.002 ng L�1,
method LOD and LOQ for MeHg analysis were 0.005 ng g�1 and
0.008 ng g�1. In this study, THg and MeHg data were measured
individually, while the IHg in rice and other foodstuffs was calcu-
lated as IHg ¼ THg � MeHg.
2.3. Health risk assessment

In the conceptual multi-pathway exposure model, the pathways
were characterized as 1) oral ingestion of soil particles, drinking
water, and food (fish, meat, rice, other crops, and vegetables), 2)
inhalation of GEM and particulate Hg (PHg), and 3) dermal contact
with water and soil particles. Since the proportions of MeHg as THg
(MeHg%) in drinking water (Zhang et al., 2010) and agricultural soil
(Qiu et al., 2005) are approximately < 0.1%, the MeHg exposure
doses via oral ingestion and dermal contact with water and soil
were considered negligible. We assumed that taking a shower
would be the major source of dermal contact with water, and only
considered IHg because of the very low MeHg% (0.12%) in water. In
this study, the PHg emitted from surface soil was used to estimate
the PHg in the atmosphere by the method recommended by MEE
(2014). Meanwhile, due to a lack of daily intake rate (IR) data for
food consumption by children, paired exposure doses were not
considered either.

In this model, we assumed that all foodstuffs supplied to resi-
dents came from local areas and that residents did not move during
their lifetime. The provisional daily intake (PDI) and absorption
factors were used to represent exposure risk levels following USEPA
(2019a), Khpalwak et al. (2019), and Sun et al. (2020). In addition,
for the PHg inhalation and dermal contact pathways, the calcula-
tions of IR were modified from the methods recommended by the
USEPA (2019a). Values of exposure factors of the Chinese popula-
tionwere used where possible, and the RfD (MeHg 0.1 mg kg�1 d�1,
IHg 0.3 mg kg�1 d�1) and provisional tolerable weekly intake
(PTWI, converted to daily intake, MeHg 0.23 mg kg�1 d�1, IHg
0.57 mg kg�1 d�1) recommended by the USEPA (2019b) and JECFA
(2010) were also used as criteria. The general equations were as
follows:

PDIi ¼Ci � IRi � ED� EF �RBai � CF = ðBW �ATÞ (1)

IRinh�p ¼ IRinh
.
PEF (2)

IRder�s ¼Adhevent � SER� SA� EV (3)

IRder�w ¼Kp � tevent � SA� EV (4)

In these equations, PDIi is the daily exposure dose via the three
pathways; Ci is the concentration of pollutant in environmental
media; IRi is the daily intake rate; EF is exposure frequency; ED is
exposure duration; Rbai is relative bioaccessibility; BW is body
weight; AT is exposure time (ED� 365); PEF is the particle emission
factor; SA is body surface area; SER is the ratio of exposure area as
SA; EV is exposure frequency; Adhevent is the adherence rate of soil
to skin; Kp is the dermal permeability coefficient, and tevent is the
event duration. Detailed information on these parameters is listed
in Table S1.
2.4. Data process and analysis

In this study, the distributions of Hg concentrations in soil, rice
and soil were predicted automatically by Anderson-Darling, Kol-
mogorov-Smirnov, and Chi-squared test in Crystal Ball 11.2.4
(Oracle Co. Ltd., USA) embedded in Microsoft Excel (2013) (Micro-
soft Co. Ltd., USA). Origin 2020 (learn edition) was used to calculate
the values of geometric mean (GM), arithmetic mean (AM), and
median, and plot the frequency histograms. Adobe Illustrator CS6
(Adobe Co. Ltd., USA) and ArcGIS 10.2 (ESRI, USA) software were
used to generate maps of the sampling sites and the spatial dis-
tribution of Hg concentrations and exposure doses. Crystal Ball
11.2.4 was used as the Monte Carlo simulation tool to calculate the
PDIs and CRs.
3. Results and discussion

3.1. Hg concentrations and spatial distribution

3.1.1. Hg concentrations
Rice. The THg and MeHg concentrations in rice are listed in

Table 1. THg ranged from 2.65 to 455 ng g�1 (lognormal) with a
mean of 16.5 ± 2.31 ng g�1 (geometric mean ± standard deviation,
GM ± SD). The highest THg value in rice was obtained from the
vicinity of a chemical facility and may be due to previous mining or
active Hg chemical production. Approximately 32.4% of rice sam-
ples exceeded the maximum Hg concentration allowable for cereal
products (20 ng g�1; NHC, 2017). The MeHg concentrations in rice
ranged from 0.45 to 87.9 ng g�1 (lognormal) with an mean of
4.94 ± 2.60 ng g�1 (GM ± SD). However, the highest MeHg con-
centration in rice was found near a Hg mine but far away from the
WST, which is quite different from the distribution of rice THg.

Drinkingwater and other foodstuffs. In this study, the collected
Hg concentrations in drinking water, vegetables, and meat (pork,
poultry, and fish) are listed in Table 1. Among these foodstuffs, the
average THg concentrations in fish, pork, poultry, and vegetables
were much higher, while the average THg in corn was the lowest
(2.3 ng g�1). Both THg and MeHg in local farmed fish were the
highest (290 ng g�1 and 60 ng g�1), while the average MeHg in
drinking water and vegetables were the lowest (0.064 ng L�1 and
0.097 ng g�1).

Soil. Soil THg concentrations ranged from 0.05 to 335 mg kg�1

(lognormal) with an mean of 2.7 ± 8.7 mg kg�1 (GM ± SD; Table 1).
The highest value was observed in a vegetable cropping area near
active chemical facilities in the Wanshan Hg recycling industrial
park, while lower values were observed in far-away areas, including
sites in XX, HD, and GLP villages. For the whole area, the THg
concentrations of approximately 27.9% and 25.6% of soil samples
exceeded the recent risk screening value of 3.4mg kg�1 and the risk
control value of 6.0 mg kg�1 for agricultural soil (MEE, 2018a),
respectively.

Air. The GEM concentrations ranged from 1.3 to 799 ng m�3

(lognormal) withmean of 16.4 ± 3.0 ngm�3 (GM). The highest GEM
concentration was measured near an active chemical facility, while
much lower values were observed at sites in XX, GLP, HD, and AZ
villages, which are far away from Hg mines and chemical plants.
Among these sampling sites, the GEM at three sites (4.2%) exceeded
the reference concentration of 300 ng m�3 set by the USEPA
(2019b) and 9.86% of sampling sites exceeded the China Ambient
Air Quality Standard of 50 ng m�3 (MEE, 2012).



Table 1
Hg concentrations in contaminated environment media from Wanshan.

Media Hg N Range AMa GMb Median Sources

Soil (mg kg�1) THg 86 0.05e335 21.2 ± 56.4 2.25 ± 8.63 1.35 This study
Atmosphere (ng m�3) GEM 67 1.26e799 42.8 ± 118 16.4 ± 2.95 15.1 This study
Rice (ng g�1, dw) THg/MeHg 148 2.65e455/(0.45e87.9)c 25.7 ± 42.8/(8.21 ± 11.5) 16.5 ± 2.31/(4.94 ± 2.60) 15.9/(4.86) This study
Water (ng L�1) THg/MeHg e e 50/(0.064) e e Zhang et al. (2010)
Corn (ng g�1, dw) THg/MeHg e e 2.3/(0.25) e e Zhang et al. (2010)
Vegetables (ng g�1, ww) THg e e 130/(0.097) e e Feng et al. (2008);

Zhang et al. (2010)
Pork (ng g�1, ww) THg/MeHg 7 7.5e565/(0.05e3.43) 216 ± 230/(0.85 ± 1.23) e e Feng et al. (2008)
Fish (ng g�1, ww) THg/MeHg 12 61-680/(24e98) 290 ± 16/(60 ± 26) e e Qiu et al. (2009)
Poultry (ng g�1, ww) THg/MeHg e e 160/(2.4) e e Ji et al. (2006),

Zhang et al. (2010)

a AM is arithmetic mean.
b GM is geometric mean.
c Data in bold is MeHg.

Z. Xu et al. / Chemosphere 260 (2020) 1275824
3.1.2. Spatial distribution
The inverse distance weighted method was used to obtain the

spatial distribution of Hg in soils, air, and rice (Fig. 1). In soil, GEM,
and rice, elevated Hg concentrations were concentrated inWSTand
areas adjacent to Hg mines and active chemical facilities, while
lower Hg concentrations were observed in areas distant from Hg
mine and retorting sites. Meanwhile, the Hg concentrations in soil,
air, and rice showed large variations, of 2e4 orders of magnitude,
which may mean there are large variations in health risk. Hence,
Fig. 1. The spatial distributions of Hg concentrations in soil, air, and rice in the WSMM. (a), (b
MeHg in rice, respectively. The four villages and one town marked in (a) are (1) GLP, (2) A
using WST as the base point, two circular zones with high and low
Hg concentrations (with radii of about 0e4 km and 4e15 km,
respectively; Fig. S1) were defined in the following risk assessment.
3.2. Hg exposure doses

3.2.1. Oral ingestion
Foodstuffs and drinking water. The PDIs for consumption of all

types of foodstuffs are listed in Table 2. For IHg, the PDIs of rice
), (c), and (d) show the spatial distributions of GEM in ambient air, THg in soil, THg, and
Z, (3) XX, (4) HD, and (5) WST.
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consumption in the two zones were in different ranges of
2.16e164 ng kg�1 d�1 and 0.726e37.1 ng kg�1 d�1. Among the
average IHg PDIs of foodstuffs and drinking water, the vegetables
consumption exhibited the highest PDI value (42.6 ng kg�1 d�1),
followed by consumption of pork (19.9 ng kg�1 d�1), rice
(4.19 ng kg�1 d�1, GM), poultry (1.81 ng kg�1 d�1), fish
(0.495 ng kg�1 d�1), and corn (0.142 ng kg�1 d�1). And drinking
water showed the lowest IHg PDI (0.107 ng kg�1 d�1) in dietary
pathways. Meanwhile, for MeHg, PDIs for rice consumption in the
two zones were in different variations of 11.4e200 ng kg�1 d�1 and
2.41e468 ng kg�1 d�1. As for the mean MeHg PDIs of dietary
pathways, rice consumption showed the highest value
(26.4 ng kg�1 d�1, GM), followed by consumption of fish
(1.74 ng kg�1 d�1), pork (1.07 ng kg�1 d�1), and poultry
(0.275 ng kg�1 d�1), while mean MeHg PDI of water drinking still
was the lowest (0.002 ng kg�1 d�1), suggesting a negligible expo-
sure dose.

Soil. In this study, the Rba values in the normal and assumed
scenarios were taken as 7% and 100%, respectively. The PDIs for oral
ingestion of soil particles are listed in Table 2. We observed a sig-
nificant decrease in PDI in the order of 0e4 km > 4e15 km for both
children and adults in both scenarios. In the two zones and normal
scenario, the PDIs of children were 0.636e283 (30.3, GM) ng kg�1

d�1 and 0.0422e35.7 (0.83, GM) ng kg�1 d�1, while the PDIs of
adults in the two zones were 0.0870e38.7 (4.14, GM) ng kg�1 d�1

and 5.77 � 10�3e4.88 (0.113, GM) ng kg�1 d�1, respectively. In
comparison, the PDIs of both children and adults under the
assumed scenario were much higher and even exceeded the RfD
(300 ng kg�1 d�1) and PTWI (570 ng kg�1 d�1) of IHg. Meanwhile,
for children with a soil-pica habit (IR 1000 mg d�1) under the
normal scenario, the PDI in the 0e4 km zonewas elevated and even
exceeded both the RfD and PTWI. Thus, oral ingestion of soil could
pose significant exposure risks to local people, especially children
with a soil-pica habit.
3.2.2. Inhalation
The PDI for GEM inhalation over the entire area was 0.242e153

(3.13, GM) ng kg�1 d�1, which is comparable to that for the con-
sumption of other foodstuffs. However, the PDI of PHg was
Table 2
PDIs of IHg and MeHg of each exposure pathway in Wanshan (ng kg�1 d�1).

Pathways IHg (MeHg)a

0e4 km 4e15 km

Range GM/AM/P50/P95 Range GM

Oral Soil-a-n 0.0870e38.7 4.14/9.22/4.65/33.5 0.00577e4.88 0.1
Soil-c-n 0.636e283 30.3/67.4/34.0/283 0.0422e35.7 0.8
Soil-a-as 1.19e530 56.7/126/63.6/458 0.0791e66.9 1.5
Soil-c-as 9.08e4042 433/963/485/3493 0.603e510 11
Soil-c-sp 3.18e1415 151/337/170/1223 0.211e178 4.1
Rice 2.16e164 (11.4

e200)
8.78/19.7/6.62/164 (51.3/
73.9/41.7/200)

0.726e37.1
(2.41e468)

3.8
24

Vegetables
Corn
Pork
Poultry
Fish
Water

Inhalation GEM 1.29e153 6.50/20.2/3.67/90.7 0.242e14.3 2.2
PHg 3.97 � 10�6-

1.77 � 10�3
1.89 � 10�4/4.21 � 10�4

/2.12 � 10�4/1.53 � 10�3
2.64 � 10�7-
2.23 � 10�4

5.1
5.2

Dermal Soil 4.27 � 10�3-
1.90

0.203/0.453/0.228/1.64 2.84 � 10�4-
0.240

5.5
0.1

Water

a Bold data in brackets is MeHg.
b Mean value.
2.64 � 10�7e1.77 � 10�3 (1.19 � 10�5, GM) ng kg�1 d�1, which is
significantly lower than that for the inhalation of GEM, other oral
ingestion pathways, and the reference dose of inhalation (RfDinh,
72 ng kg�1 d�1 for adults) converted from the reference concen-
tration and daily inhalation volume (MEE, 2014), suggesting that
there is a negligible health risk to the local inhabitants.

3.2.3. Dermal contact
For soil particles, the PDIs in two zones were 4.27 � 10�3e1.90

(0.203, GM) ng kg�1 d�1 and 2.84 � 10�4e0.240 (5.53 � 10�3, GM)
ng kg�1 d�1, respectively. The mean PDI of dermal contact with
water was 1.71� 10�3 ng kg�1 d�1. The PDIs of both dermal contact
pathways were much lower than the reference dose of dermal
contact (RfDder, 21 ng kg�1 d�1) recommended by the USEPA
(2019b), also suggesting negligible exposure risk.

3.3. Contribution rates of different exposure pathways

The probability distributions of the CRs were simulated by
Monte Carlo simulation (100,000 iterations), and the normalized
median values were used to represent the mean CRs (Table 3). For
MeHg, the CRs of rice consumption were 92.7%, 86.3%, and 87.5% in
two zones and the entire area, respectively. These proportions were
followed by those for the consumption of vegetables (two zones
0.85% and 1.6%, entire area 1.4%), fish (two zones 3.4% and 6.4%,
whole area 5.9%) and pork (two zones 2.1% and 3.9%, entire area
3.6%). Compared with previous exposure risk assessments for
MeHg (Zhang et al., 2010), the CRs of rice consumption were
slightly lower but the CRs of vegetables, fish, and pork consumption
were slightly higher, which is probably due to the different IR
values of rice and other foodstuffs with elevated Hg concentrations
that were only collected in Hg mining-affected areas.

For IHg and entire area, the CRs of vegetables, pork, rice, and
poultry consumption were 59.1%, 27.6%, 5.3%, and 2.5%, respec-
tively. The total proportion of 94.5% suggests that the consumption
of these four foodstuffs is themain IHg exposure pathway. The CR of
GEM inhalation was 4.2% but the PHg inhalation and dermal con-
tact CRs (both soil and water) were negligible (<0.02%). Compared
with previous exposure risk assessments of IHg (Li et al., 2015a) and
Whole area

/AM/P50/P95 Range GM/AM/P50/P95

13/0.392/0.114/2.36 0.0057e38.7 0.260/2.45/0.156/11.3
22/2.87/0.837/17.3 0.0422e283 1.90/17.9/1.14/82.5
4/5.49/1.57/32.3 0.0791e530 3.64/34.3/2.21/155
.8/41.9/12.0/246 0.603e4042 27.8/261/August 16, 1179
2/14.7/4.18/86.1 0.211e1415 9.71/91.4/5.88/413
6/5.43/3.79/14.2 (24.4/40.4/
.1/116)

0.726e164
(2.41e468)

4.19/6.87/4.12/17.6 (26.4/43.8/
25.9/174)
42.6/(4.32)b

0.142/(0.235)b

19.9/(1.07)b

1.81/(0.275)b

0.495/(1.74)b

0.107/(0.002)b

6/2.85/2.53/4.94 0.242e153 3.13/8.19/2.89/31.0
4 � 10�6/1.79 � 10�5/
3 � 10�6/1.08 � 10�4

2.64 � 10�7-
1.77 � 10�3

1.19 � 10�5/1.12 � 10�4/
7.13 � 10�6/5.16 � 10�4

3 � 10�3/0.0193/5.62 � 10�3/
16

2.84 � 10�4-
1.90

1.28 � 10�2/0.120/7.66 � 10�3/
0.554
1.71 � 10�3



Table 3
CRs of exposure pathways of Hg in Wanshan.

Areas Inhalation Dermal contact Oral ingestion Sources

GEM PHg Soil Water Soil Water Rice Vegetables Corn Pork Poultry Fish

THg or IHg
Whole 1.3e4.7 e e e e 0.1e0.2 18.6e23.7 46.1e53.7 0.2e0.3 16.9e25.9 1.1e1.7 0.3e0.5 Li et al. (2015a)
Wholea 1.64 e e e e 0.09 42.2 40.5 0.09 14.7 0.66 0.30 Zhang et al. (2010)
Wholea 10.0 e e e e e 57.2 24.8 e 6.9 e 1.1 Du et al. (2016)
Wholeb 95 5 Du et al. (2018)
0e4 km 6.14 2� 10�4 0.25 0.002 5.3 0.13 9.4 51.7 0.17 24.1 2.2 0.60 This study
4e15 km 3.5 7� 10�6 0.007 0.002 0.14 0.15 5.1 59.8 0.20 27.9 2.5 0.69 This study
Whole 4.2 2� 10�5 0.02 0.002 0.31 0.15 5.3 59.1 0.20 27.6 2.5 0.68 This study
MeHg
Whole e e e e e 0.002 96.6 0.62 0.26 1.2 0.2 1.26 Zhang et al. (2010)
0e4 km e e e e e 0.004 92.7 0.85 0.46 2.1 0.54 3.4 This study
4e15 km e e e e e 0.007 86.3 1.6 0.86 3.9 1.0 6.4 This study
Whole e e e e e 0.006 87.5 1.4 0.79 3.6 0.92 5.9 This study

a Using THg.
b Using Hg isotope method, and 95% is non-fish foodstuffs, 5% is fish foodstuffs.
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THg (Zhang et al., 2010; Du et al., 2016), our results showed lower
CRs of rice consumption and GEM inhalation but higher CRs of
vegetables, pork, poultry, and fish consumption. Aside from the
possible causes of the MeHg CRs, the much higher CRs reported by
Zhang et al. (2010) and Du et al. (2016) resulted from calculation of
THg concentrations without consideration of absorption factors.

Notably, for oral ingestion of soil particles, a large variation
(0.14e5.3%) in the IHg CRs in the two zones was observed, sug-
gesting that this exposure pathway could generate a significantly
higher IHg exposure risk in the heavily contaminated area. For the
elevated CRs, we further analyzed the probability distributions of
the CRs of soil particle oral ingestion with those of GEM inhalation
and rice consumption in the two Hg contamination zones (0e4 km
and 4e15 km) and the relationships between IHg (or THg) con-
centrations and PDIs in Fig. 2 (c) and (d). Both the probability dis-
tributions and the linear relationships reveal that the elevated CR
(median ¼ 4.65%) and exposure dose obtained from the oral
ingestion of soil particles is comparable with those of GEM inha-
lation (median 6.14%) and rice consumption (median 9.43%) in the
heavily Hg-contaminated area (0e4 km zone). Thus, the significant
proportion of exposure due to oral ingestion of soil in the heavily
contaminated area is reliable in Hg-mining areas.

3.4. Total exposure doses of IHg and MeHg

In the present study, the PDIs of IHg andMeHgwere obtained by
Monte Carlo simulation for the entire area and the two zones
shown in Fig. 2 (a, b) and S2. If we assume that the probability
distribution equals the entire exposure risk to local people, the IHg
PDIs of about 0.2% and 0.06% residents exceed the RfD and PTWI
values of the whole area, respectively. The two values in the
0e4 km zone are 2.37% and 0.58%, while nearly no people exceed
the criteria in 4e15 km zone. Thus, the data indicate that only
residents in the heavily Hg-contaminated area suffered elevated
IHg exposure risks, while those of residents in the other areas were
acceptable.

For MeHg, the PDIs of residents in the entire area of about 9.81%
and 1.62% exceeded the two criteria of RfD and PTWI, respectively.
For the two zones, the proportions were 23.8% and 6.6% (0e4 km
zone, RfD and PTWI) and 7.74% and 1.2% (4e15 km zone, RfD and
PTWI), respectively (Fig. S2). Thus, compared with IHg, elevated
MeHg exposure risk was the most significant health issue for local
people, especially the residents in heavily Hg-contaminated areas.
Our results are also consistent with the investigation into MeHg
concentrations in hair (8.2% and 2.1%) by Li et al. (2015b), but much
lower than the 34% and 7% reported by Zhang et al. (2010).

4. Risk categorization and prioritization

For Hg-contaminated soil, the risk screening value (RCV) and
risk control value (RSV) recommended byMEE (2018a, 2018b, 2019)
for residential land are 33 mg kg�1 and 8 mg kg�1, respectively,
while the values for agricultural land are 6 mg kg�1 and
3.4 mg kg�1. Thus, according to the soil Hg concentration, soil-areas
1, 2, 3, 4, and 5 can be divided according to the two criteria for
residential and agricultural land (Fig. S3). The priority for treatment
or remediation decreased from soil-areas 1 to 5, while and soil-area
1 and soil-areas 1e3 are the top priorities for residential and
agricultural land, respectively.

Using the PDIs and CRs of rice consumption, the spatial distri-
butions of the total PDIs of IHg and MeHg were obtained (Fig. 3).
Similarly, based on the RfD and PTWI, three areas were categorized
to represent higher (rice-areas 1 and 2) and lower (rice-area 3)
exposure risk levels for both IHg and MeHg. The priority for
treatment or remediation decreased from rice-areas 1 to 3. For both
IHg and MeHg, rice-areas 1 and 2 were concentrated in areas near
Hg mining and retorting sites (mainly in WST, AZ and GLP), but a
difference was also observed in the distributions of elevated IHg
andMeHg exposure dose areas. Unlike the IHg, rice-areas 1 and 2 of
MeHg covered a larger area, mainly in the vicinity of Hg mines,
chemical facilities, and previous retorting sites of WST, GLP and AZ.
As newly deposited Hg is highly bioavailable to methylation in rice
paddies (Zhao et al., 2016; Ao et al., 2020), the dissimilar distribu-
tions of IHg and MeHg might be related to strong methylation
processes occurring in Hg mining or retorting impacted rice paddy
ecosystems.

5. Suggested actions

Suggested actions for mitigating Hg-contaminated soil and
elevated Hg exposure risks are listed in Table S2. For contaminated
soil used for residential purposes, soil remediation or treatment
should be conducted in soil-area 1, while a detailed investigation
and risk assessment should be conducted in soil-area 2. For
contaminated soil used for agricultural purposes, strict control
measures (such as agronomic regulation and delimitation farming)
should be undertaken in soil-areas 1, 2 and 3, while continuous
monitoring and risk assessment should be conducted in soil-area 4.
In addition, because oral ingestion of soil particles is an important
IHg exposure pathway in heavily Hg-contaminated areas,



Fig. 2. Rice-based total exposure doses of (a) IHg and (b) MeHg; (c) frequency IHg CRs of oral soil ingestion, GEM inhalation, and rice consumption; and (d) Hg concentration versus
IHg PDIs in the WSMM. For (c), 1 indicates the 0e4 km zone, 2 is the 4e15 km zone. For agricultural products in (d), THg was used to represent the upper limit of IHg concentrations,
1075 ng g�1 is the maximum THg in the edible parts of agricultural products recently reported by Xia et al. (2020). And 3917.1 ng g�1 is the maximum of THg in poultry recently
reported by Yin et al. (2017). For drinking water, the national criteria of 100 ng L�1 in surface drinking water reported by MEE (2002) was used as the maximum THg concentration.
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additional cleaning procedures, such as frequent hand washing and
showering, are strongly recommended during outdoor activities
around abandoned Hg mines and chemical plants, especially for
children and toddlers who have a high frequency of hand-to-mouth
activity.

In relation to elevated Hg exposure risks, since food consump-
tion accounted for the highest proportions of IHg and MeHg
exposure (95.4% and ~100%, respectively), one of most effective
treatments would be to directly reduce local food consumption. As
Fig. 3. Risk categorization and prioritization based on exposure doses of (a) IHg and (b) M
shown in Fig. 3, there is no imperative need to reduce the con-
sumption of local foods in the eastern and southern parts of the
WSMM (mainly in XX and HD), which had relatively low PDIs for
both IHg and MeHg. However, for the western and northern areas
(mainly in WST, AZ and GLP), which had higher PDIs for both IHg
and MeHg, the consumption of local high-Hg foodstuffs, particu-
larly rice, vegetables, and pork, should be strictly limited. Alterna-
tively, commercial foods or other local foods with low Hg
concentrations, like those cultivated in areas like XX and HD,
eHg (areas representing high and low exposure risk are divided by red dotted lines).
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should be consumed. This countermeasure of limiting the con-
sumption of local foodstuffs with elevated Hg concentrations
would be feasible and beneficial to local society.

6. Implications for the Minamata Convention

Article 12 of the Minamata Convention requires that HHRA and
risk categorization and prioritization should be conducted at Hg-
contaminated sites. Although technical guidelines for the risk
assessment of contaminated sites, and RSVs and RCVs for
contaminated soil in agricultural and developed land (residential
and industrial) have been published by MEE (2014, 2018a, 2018b,
2019), current models and methods are mainly designed for
industrially contaminated sites and rarely consider the food con-
sumption exposure risk. In addition, values of certain exposure
factors are not suitable for contaminated agricultural areas and
need to be optimized. For example, the gastrointestinal tract ab-
sorption factor for soil Hg is usually regarded as 100%, rather than
about 7%, which would overestimate exposure risk levels. Thus,
current inconsistencies in knowledge of the absorption factors
involved in different exposure pathways will cause large variations
in estimates of exposure risk.

In the present study, the multi-pathway exposure model and its
optimized exposure factor values were demonstrated to be suitable
use in large-scale Hg-contaminated agricultural areas and pre-
sented reasonable Hg exposure risk estimates. In addition, with the
help of Monte Carlo simulation and spatial distribution data on Hg-
exposure risks, target areas and potential remediation or treatment
actions were identified and prioritized. Thus, this pilot study on
multi-pathway exposure could provide appropriate Hg exposure
risk estimates that can inform future remediation or treatment
programs at Hg mining contaminated areas. In addition, with the
implementation of multi-pathways HHRA studies in other Hg-
contaminated sites in future, the gaps existing in the current
technical guidelines aspect would be narrowed significantly.

7. Conclusions

This study conducted a systematic pilot study of multi-pathway
HHRA and risk categorization in Hg mining areas. Food consump-
tion was the major exposure pathway for both MeHg and IHg.
Elevated MeHg exposure risk was most significant issue in Hg
mining areas, while IHg exposure risks were much lower than
previously reported. Notably, unintentional oral ingestion of soil
particles was also an important IHg exposure pathway in heavily
Hg-contaminated areas that should not be ignored. Based on the
spatial distributions of soil Hg concentrations and rice-based
exposure doses of MeHg and IHg, various target areas of Hg-
contaminated soil and Hg-exposure risk levels were also charac-
terized and prioritized. Overall, the multi-pathway exposure model
is suitable for Hg mining areas and is also strongly recommended
for other types of Hg-contaminated sites worldwide (i.e. in the vi-
cinity of chemical facilities and gold mining areas). This pilot study
also is conducive to the current implementation of the Minimata
Convention.
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