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Abstract

Non-ferrous metal mining and smelting has emitted large amounts of associated toxic elements into the environment and
poses potential health risks to human health. In this study, local residents’ and miner’s hair and urine samples were col-
lected as bioindicators to assess the health risks and soil, vegetable, rice, and surface water samples were also collected to
calculate the probably daily intake of the lead (Pb), zinc (Zn), copper (Cu), and arsenic (As). The results showed that all
the collected paddy and vegetable soils were contaminated according to the assessment of impact index of comprehensive
quality. About 32% of the rice samples exceeded the As concentration limit of the national food safety standards, but the
other toxic element concentrations in rice and all the toxic elements in the vegetables were lower than the threshold limits.
Multi-pathway intake of toxic elements and target hazard quotient showed rice was the most dominate pathway of the toxic
element exposure, accounting for 68—-82% of the total exposures. The excessive daily exposure to the toxic elements posed a
high non-carcinogenic risk for residents. Hair Cu and As concentrations exceeded the Chinese resident normal hair concen-
trations by factors of 1.7-6.0, especially for the miners. The implication of this study is that proper mitigation strategy on
toxic element pollution and human toxic element exposure is to reduce the intake of local agricultural products, especially

rice and soil remediation are encouraged to improve the health of local residents.

Keywords Soil - Surface water - Rice and vegetable - Probably daily intake - Target hazard quotient

Introduction

Toxic element pollution caused by industrial activities, such
as the non-ferrous metal mining, fossil fuel combustion,
and metal processing, is a global concern. These activities
released a large number of toxic elements into air, soil, and
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water (Du et al. 2020; Kavehei et al. 2021; Zhu et al. 2020).
According to a global inventory of trace element emissions,
about 2246-46,328 tons of lead (Pb), zinc (Zn), copper (Cu),
arsenic (As), and cadmium (Cd) were emitted to the environ-
ment in 2012 and the emissions of these elements are still
increasing (Zhu et al. 2020). Non-ferrous metals mining and
smelting is considered as one of the most important anthro-
pogenic emission sources of these toxic elements, account-
ing for 25-73% of the global emissions (Zhu et al. 2020).
Among the non-ferrous metal mining and smelting, Pb—Zn
mining and smelting is the second-largest toxic element
emission source, which poses potential health risks due to
the toxicity not only from Pb and Zn, but also from the asso-
ciated toxic elements (e.g., As, Cu, and Cd) (Kavehei et al.
2021; Qin et al. 2021). Asia, one of the most economically
dynamic regions, has emitted about 38—67% of the global
Pb, Zn, As, Cu, and Cd to the environmental, especially
China, accounting for 60% of the Asian emissions (Zhu et al.
2020). Large amounts of toxic elements emitted to the envi-
ronment have resulted in serious contaminations around the
mining and smelting areas. For instance, Li et al. (2014)
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reviewed heavy-metal contamination in mine areas of China
and found that soils around the examined mines are severely
contaminated, posing high health risks to human health.

The toxic elements in the environment can potentially
enter the food chains and accumulate in human organs and
living organisms (Briffa et al. 2020; Engwa et al. 2019; Jarup
2003). Millions of people are exposed to toxic elements in
mining areas worldwide (Plumlee et al. 2013; Wcislo et al.
2002). Chronic exposure to Pb even at low dosages can dam-
age the nervous system, kidney, and liver, and cause Alzhei-
mer’s disease (Bihaqi 2019; Chibowska et al. 2016; Moody
et al. 2018). Similarly, chronic exposure to As is associated
with the occurrence of various kinds of human cancers (e.g.,
lung, skin, liver, bladder, and kidney), and other nonmalig-
nant disorders, such as respiratory illnesses, cardiovascular
diseases, diabetes, neurotoxicity, and renal diseases (Cancer
2006; Lamm et al. 2021). Excessive Zn intake can cause
cholesterol balance, diminish immune system function, and
even cause infertility (Agnew and Slesinger 2022). Excess
Cu intake can induce DNA damage and reduce cell prolifera-
tion (Royer and Sharman 2020; Xu et al. 2018).

For residents living in the mining area, there are multiple
exposure pathways including food ingestion (wheat, corn,
rice, vegetables, meat, etc.), inhalation, drinking, and con-
tacting with soil fine particles (accidental oral intake, skin
contact, and inhalation) (Bai et al. 2019; Cao et al. 2020;
Zhang et al. 2019; Zhou et al. 2019¢). Among all of the
exposure pathways, dietary intake is considered as the main
route for most populations, although inhalation can also play
an important role in contaminated sites with exhaust emis-
sion or occupational exposure (Chen et al. 2022; Sah et al.
2019; Zhuang et al. 2014). Risk assessment calculated by
simple media or pathway-specific method may underesti-
mate the risk and fail to ensure public safety, so it is neces-
sary to apply multi-pathway risk analysis and identify the
potential dominant pathway from the major relevant envi-
ronmental media (Dong and Hu 2012; Zhang et al. 2019).

Human hair, urine, and blood have been widely used as
heavy-metal bio-indicators to estimate human exposure lev-
els (Appenzeller and Tsatsakis 2012; Yang et al. 2019). Hair
sample is a useful assessment tool to characterize long-term
exposure of contaminant, whereas urine and blood always
reflect most recent exposures (Du et al. 2021; Zhou et al.
2019a). Hair has been widely used in biomonitoring envi-
ronmental and occupational exposures of various pollutants
as well as large cohort survey due to its less invasive, more
convenient to store and transport, and less toxic to handle
(Appenzeller and Tsatsakis 2012). However, urine and blood
were widely used in occupational exposure, as they are sen-
sitive and timely (Nasirzadeh et al. 2022).

In this study, we collected soil, vegetable, rice, surface
water, and residents’ hair and urine samples to examine envi-
ronmental pollution and human exposure around an active
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Pb—Zn mine. The primary aims of this research are as fol-
lows: (1) to build a connection between those risks with
environmental and human health; and (2) to evaluate the
potential health risks of the residents associated with envi-
ronmental exposure by hair and urine analysis. Our study
would provide scientific data for risk assessment as well as
risk control of human toxic element exposure in non-ferrous
mining areas.

Materials and Methods
Study Site

This study was performed in the area around the Lengshui
Pb—Zn mine in Guixi City, Jiangxi Province [Fig. S1 in
the Supporting Information (SI)]. The explored reserves
are considered as the largest porphyry Pb—Zn—Ag deposit
in China (Huang et al. 2020; Zhu et al. 2019). During our
sampling period, only serval small mines were mining and
most of the ores had not been mined, but a large amount of
mine slag was discharged and piled up in the open field. The
mine slag was eroded and leached to the adjacent stream and
agricultural lands by rain, resulting in agricultural soils suf-
fering from toxic element pollution (Du et al. 2020). In this
study, the study area is dived into three sub-areas according
to the watersheds: M1, M2 and M3 (Fig. S1).

Sample Collection

The exact sampling point are shown in Fig. S1. Totally, 36
agricultural soils were collected in the three watersheds,
24 and 12 of which were collected from the vegetable and
paddy fields. For each soil sample, three representative soils
were collected from the surface layer (0—15 cm) in a plot
(3 mx3 m) to form a composite sample. For the crops, six
kinds of the corresponding vegetables were sampled and
the staple food, rice samples were not able to collect in the
field due the seasonal nature. Instead, the rice samples were
provided by the local residents. Totally, 26 rice and 36 veg-
etable samples were collected.

Hair and urine samples were collected from both the min-
ers and local residents in the three watersheds, where 11 hair
samples and 12 urine samples were obtained from the miners
(occupationally exposed populations), and 39 urine samples
and 39 hair samples were obtained from the residents. Hair
near the scalp was scissored and morning urine was col-
lected to a 50-mL bottles. Questionnaires were filled by all
the volunteers, and their basic information were showing in
Table S1. All the residents participated of their own accord
and the local Government also permitted our sampling
scheme. The study was based on the Declaration of Helsinki.
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All the samples were stored in the cooler with ice
bags during the transport to our lab. HNO; was added
to preserve the urine samples (v:iv=5%) and then
reserved < — 20 °C. Hair samples were washed based on
the standardized washing procedure according to the IAEA
(Pozebon et al. 2017). Soil samples were air-dried to a
constant weight, while plant samples were washed with
tap water and then distilled water before dried at 75 °C to
a constant weight. All the solid samples were ground into
powder and passed through a 1 mm sieve. Detailed meth-
ods can be found in the previous study (Du et al. 2020).

Sample Analysis

Surface water samples were filtered through a 0.45 pm
filter membrane. Soil were digested by HNO;, HF, and
HCIO, (v:v:v=>5:10:5) at the temperature of 120-240 °C
on an hot plate, which were detailed in our previous study
(Zhou et al. 2019b). Hair and urine samples were digested
with 5 mL HNO;, while plant samples were digested by
mixed HNO; and HCIO, (v:v=5:1) at the temperature of
80-120 °C on an hot plate. The analysis precision and
accuracy were conducted the Pb, Zn, Cu, and As in the
digested solutions and soluble deposition were measured
by inductively coupled plasma mass spectrometry. Hair
samples (0.05 g), urine sample (2 mL), and food sam-
ple (rice and vegetables, 0.5 g) were digested with mixed
HNO; and HCIO, (viv=>5:1) of 3 mL, 6 mL and 6 mL
on an electric hot plate with the temperature 80—120 °C,
respectively. Then the Pb, Zn, Cu, and As in the digested
solutions were determined by inductively coupled plasma
mass spectrometry (ICP-MS, Perkin Elmer®). Blank
duplicates, parallels and certified reference materials for
Pb, Zn, Cu, and As was measured during the experiments.
The limits of detection for Pb, Zn, Cu, and As, based on
three times the standard deviation of replicate measure-
ments of a blank samples, was above 0.002 pg L™, and the
corresponding limits of detection obtained for Pb, Zn, Cu,
and As in samples were 0.01 pg kg™!. The instrumental
blanks were under the detection limit. Certified reference
materials (CRMs) comprising human hair (GBW07601a),
spinach [GBW10015 (GSB-6)], and single element solu-
tion of Pb, Zn, Cu, and As (GSB04-1721-2004) were used
for quality control. The recovery rates of elements in the
certified reference materials ranged between 96 and 105%.
The corresponding analytical results of CRMs are listed
in Table S2. The toxic element concentrations in the veg-
etable samples were reported in fresh weight and in the
soil, rice, and hair samples are in dry weight. Cd in all
the samples were reported and obtained from the previous
study (Du et al. 2020).

Impact Index of Comprehensive Quality (11CQ)

IICQ index synthesized the soil pollution and food con-
tamination is applied to assess the soil environmental
qualities (Huang et al. 2020), calculating based on the
following equation:

1ICQ = IICQq + IICQ, (1)

where the S and C are farmland soil and crops, respectively.
IICQ contains five classes (I-V), flowing unpolluted,
slightly polluted, moderately polluted, heavily polluted, and
extremely polluted. The detailed approach of this assessment
and classification are reported by Wu et al. (2019), as well
as shown in the SI (Text S1, Tables S3 and S4).

Bio-accumulation Factor (BAF)

Toxic element concentrations in soils and crops were in
dry weight. The BAF which is an index of the ability of
the vegetable (Cp,,,) to accumulate a particular metal with

respect to its concentration in the soil substrate (C,;), was
calculated as follows:

Chtant
BAF = & )

soil

Health Risk Assessment

The probably daily intake (PDI), target hazard quotient
(THQ), and hazard index (HI) of the residents in studying
area were calculated and analyzed.

The Probably Daily Intake (PDI) and Hazard Quotient (HQ)

The PDI (pg kg~! day™!) of toxic elements (Pb, Zn, Cu,
As, and Cd) from foodstuffs ingestion, drinking water
and dermal absorption was calculated by the following
formulae:

PDI = PDIingest + P])Idermal + PDIdrinking water? (3)
C x IR X EF x ED
Iingest/drinking water — C x IR x EF x ED X CF’ (4)
l:)chlermal
_ CxSA| Xk, xEFXED (x SA, x SAF x ABS x EF x ED % CF
B BW X ED x 365 BW X ED x 365

®)
where the parameters in Eqgs. (4) and (5) used for PDI esti-
mation were well discussed in previous study (Du et al.
2020) and presented in Table S5, which is according to the
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methods from US EPA and literatures. C represents the
chemical concentrations in rice and vegetables (mg kg™1),
respectively; IR is the daily consumed amount of rice and
vegetable (g day™!), respectively (USEPA 2011); BW is the
average body weight of the corresponding population (kg
body weight, kg BW, USEPA 2011). The C of rice was con-
verted with a factor of 0.86 due to commonly 14% water
content in home-stored rice (Zhuang et al. 2009).

The non-carcinogenic risk for Pb, Zn, Cu, As, and Cd is
calculated by the HQ, which is calculated by dividing the
PDI for the three exposure pathways by the reference dose
(RfD) (ng BW kg~! day™!). The exposed people are unlikely
to undergo adverse effects if the ratio is lower than one.
On the contrary, there is potential health risk if the ratio is
equal to or greater than one, and relevant protection measure
should be taken. The formula of HQs supplied by the United
States Environmental Protection Agency (USEPA 2011) was
as follows:

PDI ingest
(O N p— ©)
ingest RD -
HQ _ PDI drinking water (7)
drinking water — T’
ingest
PDI .
HQdermal = Rﬂ)ﬂ’ 8
dermal

where RfDj oo and RfD e, represents the oral reference
dose and dermal reference dose (pg BW kg~! day™!), respec-
tively. In this assessment, the Cd concentrations in all our
collected samples are used from our previous study (Du
et al. 2020) to comprehensive assessment the toxic element
exposure in this area. The RfD;,. for Pb, Zn, Cu, As, and
Cd are 1.4, 300, 40, 0.3, and 1 pg BW kg~! day~!, while
RfD ye;mq for the them are 0.525, 60, 1.9, 0.123, and 0.05 pg

BW kg~! day™!, respectively (USEPA 2011).
Target Hazard Quotient (THQ) and Hazard Index (HI)

The THQ represents a comprehensive risk of different
sources of a certain kind of metal on human health:

THQ = HQingest + Herinking water + HQdermal' (9)

The HI assesses the overall potential risk of non-carci-
nogenic effects composed of more than one element (Saha
and Zaman 2013). The HI was calculated by the following
formula:

HI = THQ(mxicantl) + THQ(mxicant 2) + -+ THQ(loxicam n)*
(10)

@ Springer

There is an un-acceptable risk of non-carcinogenic effects
on health assessment if HI> 1, whereas there is an accept-
able risk if HI< 1.

Statistical Analysis

The SPSS22.0 and OriginPro 9.1 were used for the statisti-
cal analysis and figure plot. Comparisons of datasets were
subjected to one-way ANOVAs analysis of variance test.
The correlation was analyzed by Pearson’s Correlation Tests.
All differences in means and correlation coefficient with p
values are significantly at the level of 0.05.

Results and Discussion
Toxic elements in Agricultural Soils

Soil contaminants have been widely used to characterize
the environmental toxic element pollution (Li et al. 2014;
Wtostowski et al. 2016). The mean concentrations of
paddy soil Pb, Zn, Cu, and As were 120+22, 186 +80.2,
21.1+10.0, and 6.6+5.3 mg kg™! in the studying area
(Fig. 1 and Table S6). For the paddy soils, the Pb, Zn, and
Cu concentrations showed the highest in the watershed M1
(138 +22, 227 + 134, and 25 + 8.6 mg kg ') and followed by
M2 and M3, while the As concentrations showed the highest
in the watershed M2 and followed by M1 and M3. The mean
Pb, Zn, Cu, and As concentrations in the vegetable soil was
178 + 110, 353 +241, 37.0+16.7, and 14.8 +10.6 mg kg™
and the toxic element concentrations showed the highest in
the watershed M2 and followed by M3 and M1.

All (100%) of the paddy soils and 98% of the vegetable
soils exceeded the soil Pb threshold values of agricultural
soil standards in China (80 and 70 mg kg™' for paddy and
vegetable soils), respectively (GB15618-2018, Table S4). A
total of 33% paddy soils and 69% vegetable soils exceeded
the soil Zn threshold values of the standard (200 mg kg™
for both paddy and vegetable soils). About 19% of vegetable
soils exceeded the soil Cu threshold values of the standard
(50 mg kg™! for both paddy and vegetable soils). Except one
vegetable soil sample in M2, soil As concentrations were
below the soil threshold values (30 and 40 mg kg™ for paddy
and vegetable soils, respectively). Paddy soils in M2 had the
highest percent of soil exceeding the thresholds than those
in M1 and M3.

In our studying area, some mines were operating and
ores were elementarily processing, which resulted in plenty
of mineral waste residue storage in the open field. The Pb
and Zn concentrations in the waste residue can be up to
2995 and 5986 mg kg~!, and the Pb and Zn concentrations
gradually decreased from mean concentrations of 2586
and 5686 mg kg~! in the new mineral waste to 1966 and
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Fig. 1 Boxplots of toxic element concentrations in paddy and vegetable soils in studying area

3742 mg kg~! in the 12-month old waste (Zhu et al. 2019).
No coverage over the mineral waste would promote large
amounts of erosion and leaching of the mineral waste to
nearby agricultural land during rain events (Du et al. 2020;
Huang et al. 2020; Zhu et al. 2019), which results in large
areas of agricultural soil contamination around these mines.
We also found higher toxic element concentrations in the
surface water and the concentrations decreased gradually
away from the mining areas (in section “Toxic Elements in
Surface Water and Agricultural Products”), which can sup-
port the toxic elements is leaching from the waste residue.

Toxic Elements in Surface Water and Agricultural
Products

To a certain extent, toxic element concentrations in sur-
face water is also an important indicator of environmental
toxic element contamination. The Pb, Zn, Cu, As, and Cd
concentrations in surface water were 9.2 + 8.0, 308 +261,
2.0+0.85, and 15.9+6.9 ng L', respectively (Fig. 2 and
Table S7). About 41% of the water samples exceeded the
Pb concentration limit of the Chinese Environmental quality
standards for class II surface water (GB3838-2002) (10 ng
L~! for Pb), while all the Zn, Cu, and As concentrations were
below their limits (1,000, 1,000, and 50 ng LY. In M2 area,
Pb concentrations in surface water at sites 9 and 10 were
4704 and 945 ng L™, and relatively higher than other sites,
which proved that mining wastewater was an important Pb
source of the surrounding environment, because the outlet
of the ore processing factory was located at about several
meters in the upstream.

The Pb, Zn, Cu, and As concentrations in the rice
samples were 0.043+0.014, 15+2.7, 2.8 +£0.57, and
0.44 +0.20 mg kg~!' (Fig. 2 and Table S8). About 32% of
the rice samples in our research exceeded the As concen-
tration limit of the national food safety standards in China
(GB2762-2017), while all of the rice Pb concentrations

were below this standard (0.5 and 0.1 mg kg~! for As
and Pb, respectively). The Pb, Zn, Cu, and As concentra-
tions in the vegetables (fresh weight) were 0.032 +0.027,
12+12,0.45+0.22, and 0.12 +0.063 mg kg™!, respectively
(Fig. 2 and Table S8). The Pb and As concentrations in all
the vegetables were under the threshold limit concentra-
tions (GB2762-2017). Zn and Cu are essential elements for
human body, so no threshold limits in food are given by the
government. Toxic element concentrations were different
among the vegetables, where leeks had the highest Pb and
As concentrations while radish leaves had the highest Zn
concentration (Table S9).

The BAF of vegetables to Pb, Zn, Cu, and As were
0.00024, 0.035, 0.014, and 0.012, respectively, which were
much lower than other research in some other contaminated
area. For instance, a study on vegetables around battery
plant showed that the BAFs of vegetables to Pb, Zn, Cu,
and As were 0.026, 0.088, 0.042, and 0.0036, respectively
(Bu et al. 2012). The speciation of the toxic elements was
the crucial factor affecting the plant uptake and BAF. Usu-
ally, exchangeable fractions are regarded as the bioavailable
toxic elements in soils and the iron and manganese oxidized,
organic matter bounded, and residual fractions are regarded
as un-bioavailable species (Ahmed et al. 2018). In this min-
ing area, we speculate that toxic elements in surrounding
soils were mainly iron and manganese oxide species and
residue species by the influence of ore waste and tailings,
and finally caused low BAFs of vegetables.

Impact Index of Comprehensive Quality (11CQ)

The IICQ index and soil environmental quality proportions
are shown in Fig. 3 and Table S10. The IICQ of M1, M2,
and M3 were 6.4, 6.0, and 7.1, respectively. For soils, the
IICQq of the three sites were 5.5, 5.5, and 6.7, and the IICQ
of the three sites were 0.97, 0.50, and 0.43 for crops, respec-
tively, indicating soil environmental quality mainly from the
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Fig.2 Boxplots of toxic element concentrations in surface water, rice, and vegetables in studying area

weighted soil qualities (IICQg). Totally, 58% of the samples
in our studying area were extremely contaminated (V), 38%
of the samples were from slightly to heavily contaminated
(II-IV), while only 2% of the samples were uncontaminated
(D. For the three areas, the highest IICQ was in M3, followed
by Mland M2, suggesting highest contamination occurred
in the M3. Although M3 was the farthest to the mines and
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slag stacks, it located in the downstream where rivers from
M1 and M2 meets (Fig. S1). Highest Zn and As has been
observed in the surface water in M3 confirmed that toxic
elements were transported from upstream (M1 and M2).
Although in this study, the toxic elements in slugs and
waste water were not studied, previous study showed that the
Pb, Zn, and Cd concentrations in the new mineral waste can
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be up to 2799, 5198, and 23.9 mg kg_l, while these in the
mineral waste stacked for about 12 months were decreased
to 1305, 2899, and 9.4 mg kg~!, suggesting that the these
metals were leached during the rain event (Zhu et al. 2019).
Our results also showed that in some sites near the mineral
waste, the Pb concentrations of water exceeded the limit
of the Chinese Environmental quality standards for class II
surface water (GB3838-2002, as shown in 3.2). Therefore,
stabilization the toxic elements in the mineral waste or the
leaching water should be treated before discharge to ensure
that toxic elements in the wastewater were under the limits
of emission standards for heavy non-ferrous metal indus-
trial pollutants (GB4913-1985). Meanwhile, some moder-
ate detoxification activities, such as soil remediation such
as chemical immobilization, foliar sprayings of benefit ele-
ments to crops, and phytoremediation, should also be taken
to reduce the toxic elements accumulation in the crops (Li
et al. 2021). Chemical immobilization can effectively reduce

the transportation of toxic elements between soil and crop,
while phytoremediation can accumulate toxic elements into
the hyper-accumulators and move out toxic elements from
soils (Li et al. 2019; Paz-Ferreiro et al. 2014; Su 2014).

Health Risk Assessment
The Probably Daily Intakes (PDIs)

The exposure pathways considered in this assessment
are from three medium: food (rice and vegetable inges-
tion), soil (ingestion and dermal absorption), and drink-
ing water. The total PDIs of Pb, Zn, Cu, and As were 0.48,
118, 17, and 2.9 pg kg™! day~!, respectively (Fig. 4 and
Table S11). The contributions to the total PDIs of Zn, Cu,
As, and Cd decreased in the same order: rice ingestion
(64-94%) > vegetable ingestion (11-36%) > soil ingestion
(0.04-0.62%) > drinking water (2.8E—3-3.3E—2%) > dermal
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absorption of soil (7.2E—5-7.0E—4%) (Fig. 4). For Pb
intake, the major pathway is also rice ingestion, averaging
for 51%, but followed by soil ingestion (28%), vegetable
ingestion (21%), and drinking water (< 0.07%), and dermal
absorption of soil (<0.02%), respectively. By reviewing lit-
eratures, rice consumption is the main contributor to dietary
toxic element intake, especially in East and Southeast Asia
where rice is the staple food (Davis et al. 2017; Himeno and
Aoshima 2019; Lee et al. 2008; Li et al. 2021; Pateriya et al.
2020; Praveena and Omar 2017; Songprasert et al. 2015;
Yadav et al. 2017; Zakaria et al. 2021). Combined with veg-
etable toxic element intake, the dietary intake accounts for
49-96% of the total exposure (Du et al. 2020; Hu et al. 2019;
Ikeda et al. 2000; Mondal et al. 2021). Therefore, reduction
of toxic element concentrations in the foodstuff, especially
toxic element in rice can effectively reduce the exposure
in the mine areas. Although PDIs of all the toxic elements
were much higher than national residents by the 5th China
total diet study (Wei et al. 2019), our estimates would still
underestimate the PDIs of toxic elements in this area. The
PDIs of toxic element near a Cu smelting factory 30 km
away from our sampling area and showed meat and egg were
contributed approximately 10% of Zn exposure (Hu et al.
2019). The inhalation and food ingestion would be also con-
tributed half and half of the exposure to As near the largest
coking plant (Cao et al. 2014). However, in this study, the
lack of enough food source and inhalation and ingestion of
atmospheric particles may underestimate PDIs of the toxic
elements.

The calculated hazard quotient (HQ) were shown in
Fig. 5 and Table S12. HQs of each median among all of
the toxic elements were less than one except for As in five
rice samples. Among all the toxic elements, HQs caused
by rice ingestion (0.16-0.85) were the highest, followed
by vegetable ingestion (0.023-0.11). While HQs of der-
mal absorption and water drinking were almost negligi-
ble (44E—6—27E—4 and 1.4E—6-3.5E—4, respectively).
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Fig. 5 The multi-pathway HQ of the toxic element in studying area
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It is worth to mention that HQs of Pb from soil ingestion
(0.08-0.12) were more than 10 times higher than other toxic
elements (0.0005-0.005), which suggested that soil inges-
tion is also a considerable source for Pb exposure.

Target Hazard Quotient (THQ) and Hazard Index (HI)

By referring the HQ of Cd in the previous study (Du et al.
2020), we calculated the THQ and HI of the five toxic
elements (Pb, Zn, Cu, As, Cd) in studying area (Fig. 6
and Table S13). THQs followed the order: rice ingestion
(2.5-3.0) > vegetable ingestion (0.56 — 1.2) > Soil ingestion
(0.09-0.13) > dermal absorption (0.02-0.05) > drinking
water (0.0007-0.0008). The THQs through rice, vegetable,
and water ingestion were higher in M1 than the other two
sites, while THQ though soil ingestion was slightly higher
in M2. Totally, rice and vegetable ingestion contributed
78-97% to the THQ, while the THQ though soil and water
ingestion were about negligible.

The HI of the residents in our studying area was 3.9,
among which the HIs of the residents from M1, M2, and
M3 were 4.4, 3.6, and 3.6. The HIs of all the residents in the
three watersheds were higher than one, indicating a high
non-carcinogenic risk for residents exposed to toxic ele-
ments in this Pb—Zn mining areas.

As for the residents and miners who have already exposed
toxic element, the possible detoxification was recommended
that: (1) The miners should car about the inhalation exposure
to toxic elements during working as inhalation may be one
of the most important toxic element exposure pathways for
occupational exposure (Mahurpawar 2015; Omrane et al.
2018); (2) the local government should prohibit local resi-
dents’ agricultural activities in the polluted areas, or culti-
vate low-heavy-metal-accumulating vegetables, such as rad-
ish or cabbage to reduce the exposure risk (as shown in 3.2);
(3) previous studies found that selenium supplementation
may have positive affect on human health after toxic element
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Fig. 6 The multi-pathway THQ and HI of residents in studying area

exposure (Aaseth et al. 2021; Zhou et al. 2019a, b, c¢) due
to the antagonism between selenium and toxic elements (Fu
et al. 2019; Jamwal et al. 2016; Skalny et al. 2016).

Toxic Elements in Hair

Hair Pb, Zn, Cu, and As concentrations of the miners were
2.6, 157, 16, and 1.8 mg kg‘l, respectively, while Pb, Zn,
Cu, and As concentrations of the residents from the three
sampling sites were, 0.74, 157, 13, and 1.2 mg kg™, respec-
tively (Fig. 7). The Pb, Cu, and As concentrations in miners’
hair were significantly higher than those in the residents’
hair (p <0.01), while no significant differences of Zn were
observed between miners and residents (p > 0.05). Research-
ers did plenty of work on toxic elements in residents’ hair in
China, showing in Table S14. Hair Cu and As in this study
were 1-3 times higher than those compared to other studies
and hair Zn and Cd were comparable with the results of most
the other studies. Hair Pb in this study were relatively lower
than most of the human hair in mining areas, accounting
for only 1/2-1/30. However, hair Cu and As in this study
exceeded the Chinese normal resident hair concentrations
(11.3 and 0.68 mg kg™! for Cu and As) by factors of 1.7-6.0
(H/ZWY03-2005 and H/ZWYO01-2007).

The Pb and Cu concentrations in hair were well correlated
with corresponding PDIs in the study areas (p <0.01, Fig.

S2), indicating hair Pb and Cu concentrations can well indi-
cate the exposure. However, no correlations were observed
between hair Zn and As with the corresponding PDIs. As
we discussed above, meat would be contributing relatively
higher Zn that is not calculated in this study. As and its
compound (As,0;) trioxide would be volatilized during the
ore preprocessing before smelting and accumulate in atmos-
pheric dust, so inhalation exposure would be also an impor-
tant exposure pathway for As (Yiiksel et al. 2013; Zhang
et al. 2021), which can be also evidenced by significantly
higher As concentration in the miner’s hair in this study
(Fig. 7).

Toxic Elements in Urine

Urinary heavy-metal levels are an important sensitive index
of heavy-metal exposure and can represent acute intoxication
(Ahmed et al. 2021). Urine Pb, Zn, Cu, and As concentra-
tions of miners from the three sampling sites were 1.9, 128,
48, and 21 pg L~!, while these concentrations of residents
were 1.9, 122, 41, and 25 ug L', respectively (Fig. 4). Urine
Cu were slightly higher in miners than in residents, though
no significant differences of all the toxic elements were
observed (p>0.05). As shown in Table S15, urine Pb Zn
and As of both miners and residents in this study were lower
than workers from nonferrous plants, miners and residents
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Fig. 7 Boxplots of toxic element concentrations in hair and urine of miners and residents in studying area

from mining area, and general populations in Guangzhou  concentrations exceeded the Chinese resident normal hair
and Wuchuan. However, urine Cu and Cd concentrations  concentrations by factors of 1.7-6.0. The implications are
of miners and residents in this study were relatively high,  that proper mitigation strategies on toxic element pollution
which were 2—-10 times higher than workers, miners, and  and human exposure are to reduce the intake of local agri-
residents in previous studies. cultural products, especially rice. Additionally, soil remedia-

tion is encouraged to improve the crop toxic element accu-

mulation and local residents’ health.

Conclusion
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