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a b s t r a c t
Cadmium (Cd) contamination from mining and smelting operations has led to growing environmental health
concerns. In this study, soil, surface water, drinking water, rice, vegetables, and biomarkers (hair and urine)
were collected from local residents near an active lead-zinc mine and a copper smelter. The aim was to determine
how nonferrous metal mining and smelting activities have affected the health of local residents. It was found that
the Cd concentrations in most soil and rice samples exceeded the national tolerance limits of China. Dietary intakes of rice and vegetables were the two major pathways of Cd exposure to local residents, accounting for
N97% of the total probable daily intake. The excessive daily intake of Cd resulted in potential non-carcinogenic
risks to the local residents, especially to children living around the two areas. The mean hair and urine Cd concentrations were 0.098 ± 0.10 mg kg−1 and 5.7 ± 3.1 μg L−1 in the mining area, and 0.30 ± 0.21 mg kg−1 and 5.5 ±
3.5 μg L−1 in the smelting area, respectively. A signiﬁcantly positive correlation between hair Cd concentrations
and the hazard quotient (HQ) for rice ingestion indicated that rice contamination had the most critical adverse
effect on local residents. Due to the high levels of environmental Cd contamination, residents of the smelting
area had a much higher Cd exposure than residents of the mining area. The results suggested that nonferrous
mining and smelting should not coexist with agricultural activities. Effective contamination mitigation strategies
and environmental remediation should be formulated and implemented to improve the health of local residents.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Cadmium (Cd) is a highly toxic heavy metal that occurs naturally in
environmental media and as a contaminant emitted mainly from industrial sources, such as mining and metal smelting (Cui et al., 2016;
Wlostowski et al., 2016; Wu et al., 2019). Generally, Cd is scarce in the
earth's crust as a pure metal, and is principally associated with ferrous
and non-ferrous metal ores. During mining and milling activities, particularly the exploitation and concentration of ores and disposal of tailings,
large amounts of Cd are released to the surface environment (Lee et al.,
2005). After mining, metal smelting procedures also produce large
amounts of exhaust gases, wastewater, untreated slag, and tailings
(Zhou et al., 2018). The Cd emitted from smelting and mining via wastewater, acid mining drainage, atmospheric deposition, and erosion of the
slags and tailings is input to agricultural soils, which are considered to
be a net sink of heavy metals. Soil Cd contamination has become a serious environmental concern in the surroundings of mining and smelting
areas, especially in areas where mining/smelting and farming coexist
(Helmfrid et al., 2015; Weerasundara et al., 2018).
Cadmium is relatively more mobile than other heavy metals and is
extremely active in the water-soil-plant system (Liu et al., 2019). Once
discharged into the free environment, Cd can be readily accumulated
in crops and then enters the food chain, which leads to adverse effects
on environmental and human health. Many studies have been conducted to assess the environmental risk of Cd contamination and to conduct human health assessments, which have helped to effectively
reduce Cd exposure. Environmental risk can be deﬁned as the “actual
or potential threat of adverse effects on living organisms and the environment by efﬂuents, emissions, wastes, resource depletion, etc., arising
out of an organization's activities” (https://crawfordgts.com/services/
environmental-risk/environmental-risk-deﬁned.aspx). Generally, Cd
exposure for populations living in mining or smelting areas occurs via
multiple pathways, including the direct ingestion of soil, intake of food
and water, dermal absorption of contaminated soil and water, and inhalation of dust (Cao et al., 2015; Yousaf et al., 2016a). Dietary intake has
been recognized as the major pathway in most previous studies
(Chanpiwat et al., 2019; Helmfrid et al., 2015; Yousaf et al., 2016b),
and the assessment of the potential risk has been estimated by the Cd
concentrations in food and the consumption habits of individuals. However, drinking water intake has been revealed to play the most important role in some mining areas (Lee et al., 2005). Studies have shown
that exposure to high levels of Cd can cause damage to the liver, testes,
and cardiovascular and endocrine systems (Fittipaldi et al., 2019; Gao
et al., 2018; He et al., 2019; Hirako et al., 2017), and is also linked to
renal cancer, which is regarded as the most sensitive target organ for
Cd (Nogawa et al., 2015).
Exposure biomarkers are considered to be important tools in estimating the internal dose of human exposure to environmental contaminants. Additionally, they are usually essential in determining
exposure–health effect relationships in epidemiological studies (Wu
et al., 2016). Because of the lack of sensitive and unitized biomarkers,
blood, urine, nail, and hair samples are usually used to indicate Cd toxicity (Ali et al., 2019). Urinary Cd is used as a biomarker to indicate
short-term exposure levels in the general population because concentrations in urine decrease from one week after exposure (Gil et al.,
2011; Molina-Villalba et al., 2015; Pozebon et al., 2017; Sun et al.,
2016; Wang et al., 2019). The analysis of hair Cd is a practical alternative, because scalp hair grows at a rate of about 10 mm per month, providing the potential to assess and reconstruct past episodes that are
relevant to exposure (Kempson et al., 2007; Ni et al., 2011; Pozebon
et al., 2017; Skalny et al., 2018; Varrica et al., 2014). Although the analysis of blood samples is widely used to check for possible intoxication
and to diagnose diseases, hair and urine have a simpler matrix
(Pozebon et al., 2017). Therefore, hair and urine are widely used as biological materials due to the simplicity of its non-invasive collection
(Zhou et al., 2019a).

As a rapidly developing country, the demand for ferrous and nonferrous metals in China has risen in recent years. Production activities
have also caused an increasingly serious environmental Cd contamination problem. In this study, we sampled soils, vegetables, rice, drinking
water, surface water, and the hair and urine of residents near an active
lead-zinc (Pb\\Zn) mine and a copper (Cu) smelter. The primary aims
were: (1) to compare the environmental Cd contamination from nonferrous mining and smelting and determine the health risks to local residents through the food chain, and (2) investigate environmental exposure with reference to the body Cd burden. We hypothesized that there
was a linear relationship between the elevated environmental Cd contamination and human Cd burden in the two areas (six sites). The results of the current study can be used to optimize mitigation strategies
to reduce the environmental risks and human health exposure in the
study areas.
2. Materials and methods
2.1. Study area
The study was conducted in the area impacted by the Lengshui
Pb\\Zn mining and copper smelter in Guixi city, Jiangxi Provence,
China. The mine operates in the largest porphyry lead-zinc-silver deposit in China, while the smelter is the largest modern copper smelter
plant in China. The sites went into formal operation in 1992 and 1986,
respectively (Leng, 2017; Zhou et al., 2019a). During the sampling campaign, only a small part of the deposit was being mined and most parts
were yet to be exploited. The production capacity of the smelter was
about 7.5 × 105 t of Cu in 2007. In the mining and smelting process,
large amounts of mine slag and acid mine wastewater have been
discharged into the adjacent river and agricultural ﬁelds, resulting in
farmlands within 127 and 130 ha around the mine and smelter suffering
from heavy metal contamination, respectively (Huang et al., 2020; Zhou
et al., 2018). The mine area was dived into three regions associated with
its corresponding watersheds, M1, M2, and M3, while according to the
distance and direction to the smelter, the samples were collected from
three villages, S1, S2, and S3.
2.2. Sample collection
The locations of the two sampling sites are shown in Fig. 1. The sampling campaign was conducted in June 2017 in the smelting area and
October 2018 in the mining area. In the smelting area, 28 soil samples
were collected, including 16 vegetable soil samples and 12 paddy soil
samples. In the mining area, 45 soil samples were collected, including
24 vegetable soil samples and 21 paddy soil samples. In each sampling
site, each representative soil was sampled in triplicate from a depth of
0–15 cm within a 3 × 3 m plot and then mixed thoroughly. The corresponding edible pats of the crops were also collected, including 7 and
10 vegetable varieties in the mining and smelting areas, respectively.
The local staple food is rice, but the harvest failed in the ﬁeld around
the mining area during our sampling campaign (November 2018).
Therefore, the rice samples were sampled in the homes of nearby residents. A total of 12 rice and 33 vegetable samples were collected in
the mining area, while 24 rice and 23 vegetable samples were collected
in the smelting area (Table S1).
In the mining area, 53 urine samples and 52 hair samples (1 person
was without hair) were collected from the miners (occupationally exposed (OE) populations) (n = 10) and residents of three watersheds
(n = 43) in the mining area, while 50 urine and hair samples were collected from the residents (n = 50) of three villages in the smelting area.
Hair was cut from the occipital region of the scalp. The morning urine
was sampled in 50 mL centrifuge tubes. All volunteers were asked to
complete a questionnaire to give their age, gender, height, weight, residence time, and diet during the campaign. All residents gave their informed consent for inclusion. The sampling scheme was permitted by
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Fig. 1. Location of the sampling sites in the smelting and mining areas.

the local Government. Additionally, and the study was conducted according to the Declaration of Helsinki.

2.3. Sample analysis
The collected samples were packaged in iceboxes during the sampling period. In the laboratory, the urine samples were preserved by
adding a 5% HNO3 solution to the total volume, and then stored in a refrigerator at −20 °C. Soil samples were air-dried in the laboratory. Plant
samples were washed thoroughly with tap water and deionized water,
and then weighed. Hair samples were washed with acetone, water,
water, water, and acetone successively according to the standardized
washing procedure suggested by the International Atomic Energy
Agency (IAEA) (Pozebon et al., 2017). The washed plant and hair samples were oven-dried to constant weight at 60 °C and weighed again
to obtain the water content. Subsequently, plant and soil samples
were thoroughly ground to a powder in a clean stainless steel grinder,
and passed through a 100 mesh sieve.
The sample analysis method can be found in the supporting information (SI). Brieﬂy, plant, urine and hair samples were digested by
HNO3 and HClO4 (v:v = 5:1) at a temperature of 80–160 °C, and soil
samples were digested with HNO3, HF, and HClO4 (v:v:v = 5:10:5).
The Cd analysis was conducted by inductively coupled plasma mass
spectrometry (ICP-MS, Perkin Elmer, Waltham, MA, USA). The details
of the quality assurance and quality control procedures are given in
the Text S1 and Table S2.

2.4. Impact index of comprehensive quality (IICQ)
Soil Cd concentrations can result in an exceedance of the Cd limit
standard in food. The IICQ index in the context of soil contamination
and food safety is used to evaluate soil environmental quality (Wang

et al., 2016). It was calculated according to the following equation:
IICQ ¼ IICQ S þ IICQ AP

ð1Þ

where the subscripts S and AP represent agricultural soil and crops, respectively. The IICQ consists of ﬁve classes (I\\V), uncontaminated,
slightly contaminated, moderately contaminated, heavily contaminated, and extremely contaminated. A detailed description of the equation and classiﬁcation scheme were presented in a previous study (Wu
et al., 2019) and are also shown in the Text S2, and Tables S4 and S5.
2.5. Non-carcinogenic risk assessment
Local residents were sub-grouped into children (age: 4–16 years)
and adults (age: N16 years). Assessment of the non-carcinogenic risk
was based on the non-carcinogenic hazard index (HI) (USEPA, 2011):
HQ ¼ PDI=RfD

ð2Þ

PDI ¼ PDIingest þ PDIdermal þ PDIdrinking water

ð3Þ

PDIingest=drinking water ¼
PDIdermal ¼

C  IR  EF  ED
 CF
BW  ED  365

ð4Þ



C  SA1  kp  EF  ED C  SA2  SAF  ABS  EF  ED
þ
BW  ED  365
BW  ED  365
 CF
ð5Þ

where hazard quotient (HQ) is the ratio of the probable daily intake of
Cd (PDI, μg kg−1 BW day−1) and chronic reference dose (food RfD in−1
BW day−1, drinking water RfD drinking water =
gest = 1 μg kg
0.5 μg kg−1 BW day−1and dermal absorption RfD dermal =
0.025 μg kg−1 BW day−1) (USEPA, 1985; WHO, 1972); and PDI includes
the probable daily intake of ingestion (PDI ingest) and dermal absorption
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RfDABS ¼ RfDO  ABSGI

ð6Þ

where RfDABS is the dermally adjusted reference dose (0.025 μg kg−1
BW day−1), RfDo is the oral reference dose (μg kg−1 BW day−1), and
ABSGI is the gastrointestinal absorption factor (0.025).
2.6. Statistical analysis
The population was divided into two subgroups by age: children
(5–16 years old) and adults (17–81 years old). Mean Cd concentration
in soil and crop samples were compared among the study sites. Comparisons of datasets were subjected to a one-way analysis of variance
(ANOVA) test. Before the ANOVAs were performed, the normality of
the dataset distribution was tested. If the p values of both
Kolmogorov-Smirnov and Shapuro-Wilk tests were b0.05, the datasets
could be used in a one-way ANOVA. The correlations between data
were analyzed by a Spearman's correlation test. All differences in
means and correlation coefﬁcients with p values were signiﬁcant at
the level of 0.05. The coefﬁcient of variation (CV) was also calculated according to the ratio of the standard deviation and mean.
3. Results and discussion

4
-1

Cd con. (mg kg )

4

-1

(PDI dermal). The parameters in Eqs. (4) and (5) that were used for PDI
estimation are presented in Table S5, and were adopted in accordance
with methods used by USEPA and in other studies. When the HQ was
≤1, no non-carcinogenic risks are likely to be experienced, whereas
values N1 indicate potential non-carcinogenic effects.
No reference doses are currently available for directly estimating
dermal absorption exposure to pollutants. Therefore, the USEPA developed a method to extrapolate the oral toxicity value in dermal risk evaluation (RfD ABS), which was estimated according to the following
equation (USEPA, 2002):
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Fig. 2. Boxplots of cadmium concentrations in paddy and vegetable soils in the smelting
(S) and mining (M) areas.

contamination of surrounding areas. In the mining area, several mines
were operating and large amounts of mineral slag were stored in open
ﬁelds, while they contained high Cd concentrations (up to
13.7–25.4 mg kg−1) (Zhu et al., 2019). Additionally, Zhu et al. (2019)
also found that the Cd concentration decreased with the age of mineral
slag age due to erosion and leaching. Therefore, we inferred that heavy
rain eroded and leached the stacked slag into nearby rivers during rain
events. Heavy rain also caused the overﬂow of rivers that ﬂooded the
surrounding agricultural land and resulted in large amounts of heavy
metal contamination in the submerged soils. Our results, and those of
previous studies, also showed that Cd levels in the river water close to
the mine and mineral slag were much higher than in the upstream
and downstream areas (Fig. S1) (Huang et al., 2020; Zhu et al., 2019).

3.1. Cadmium concentrations in agricultural soils
3.2. Cadmium in agricultural products, drinking water, and surface water
Soil contaminants are widely used to characterize environmental
pollution (Li et al., 2014; Wlostowski et al., 2016). The mean Cd concentrations were 1.08 ± 0.36 mg kg−1 in the smelting area, and were significantly higher at S1 (1.50 ± 0.18 mg kg−1) than at S2 (0.94 ±
0.19 mg kg−1, CV = 20%) and S3 (0.79 ± 0.16 mg kg−1, CV = 20%)
(p b .05). The soil Cd concentrations in the smelting mining area were
signiﬁcantly higher than those in the mining area (p b .01). The mean
Cd concentration was 0.84 ± 0.63 mg kg−1 (CV = 75%) in the mining
area, and were highest in the M1 watershed (1.13 ± 0.81 mg kg−1,
CV = 72%), followed by M3 (0.57 ± 0.46 mg kg−1, CV = 81%) and
M2 (0.66 ± 0.15 mg kg−1, CV = 23%) (Fig. 2). For all the sampled
soils in the mining area, the Cd concentrations were higher than the
background value of Cd in the soil A horizon of Jiangxi Province
(0.108 mg kg−1) (CNEMC, 1990) and the Soil environment quality
risk control standard for soil contamination of agriculture land
(CNMEE, 2018, GB 15618–2018) (Table S4). In the smelting area,
89.3% of samples exceeded the threshold soil values of the standard.
These results suggested that both areas suffered serious Cd
contaminations.
In individual areas, no signiﬁcant variations (p N .05), but signiﬁcant
correlations (p b .05), were observed between the paddy and vegetable
soil Cd concentrations. Numerous studies have shown that metal
smelting is the major source of Cd to the atmosphere (Sha Qe et al.,
2019; Tian et al., 2015) and has resulted in high Cd loadings in the surrounding surface environment (Cowden and Aherne, 2019; Sonke et al.,
2008). Our long-term atmospheric deposition observations also showed
the same trend between soil Cd concentrations and atmospheric deposition ﬂuxes (10.3, 3.4, and 3.0 mg m−2 yr−1 for S1, S2, and S3, respectively, unpublished data), which indicates that Cd emitted from the
smelter was transported by the atmosphere and resulted in the

Comparisons of Cd concentrations in rice and vegetables from the
smelting and mining areas are presented in Fig. 3 and Table S1. Crop
samples were collected directly from the local vegetable garden or residents' homes, which could effectively reduce selection bias. The mean
Cd concentrations in vegetables at the six sites followed the order of
S1 N S2 N M1 N S3 ≈ M2 ≈ M3, which did not completely accorded
with the surface soil Cd concentrations (Figs. 1 and 2). This was likely
due to the different varieties of vegetables grown because the sampling
times were not in the same seasons. Additionally, the mean rice Cd concentrations were also not completely in accordance with the soil Cd
concentrations, despite many studies suggesting that heavy metal accumulations in plants were principally inﬂuenced by their concentrations
in soil (Gray et al., 2019; Lukin and Selyukova, 2018; Wlostowski et al.,
2016). However, in the current study, the overall mean Cd concentrations in rice were signiﬁcantly higher in the smelting area than in the
mining areas (p b .05), while the corresponding soil Cd concentrations
in the smelting area were slightly lower, but with no signiﬁcant variations (p N .05). The reason would be that the soil Cd in smelting areas
were mainly from the atmospheric depositions, which were much bioavailable compared the heavy metal form other sources (Liu et al., 2019;
Weerasundara et al., 2017; Weerasundara et al., 2018). For example, in
our previous study, it was found that in S1 and S2 newly deposited soil
Cu and Pb from the atmosphere only accounted for 0.34–8.7% and
0.07–0.29% of the total soil Cu and Pb pools, but they contributed
41–77% and 6–27% of the total concentrations in rice grains, respectively
(Zhou et al., 2019b). Therefore, the pattern of Cd contamination may be
similar to that of Cu and Pb, and the higher crop Cd concentrations in
smelting areas would result from the contribution of newly deposited
Cd.

B. Du et al. / Science of the Total Environment 720 (2020) 137585

0.9

0.2

0.6

0.1
0.3

-1

S1 S2 S3 M1 M2 M3

S1 S2 S3 M1 M2 M3

0.0

-1

Vegetable

1.2

0.4
0.3

0.9

0.2

0.6

0.1
0.3

0.0
0.0

S

M

S

-1

0.0

Rice

Cd concentrations (mg kg )

0.3
1.2

Cd concentrations (mg kg )

(b) 1.5

Vegetable

-1

Rice

Cd concentrations (mg kg )

Cd concentrations (mg kg )

(a)1.5

5

M

Fig. 3. Boxplots of cadmium concentrations in rice and vegetable samples from six sites (a) and two areas in the smelting (S) and mining (M) areas (b).

Overall, the mean Cd levels in rice were 0.21 ± 0.08 mg kg−1 in the
mining area and 0.73 ± 0.29 mg kg−1 in the smelting area. When compared with the food standard adopted by China, the World Health Organization (WHO), and the European Union (EU) (0.2 mg kg−1), 100% and
69% of the Cd concentrations in rice samples exceeded the corresponding thresholds in the smelting and mining areas, respectively. Rice with
a high level of Cd would pose health risks to local residents, because rice
is the staple food. Nogawa et al. (2015 reported that rice Cd levels were
signiﬁcantly related to the natural log-transformed markers of renal
changes in a Cd-polluted area in Japan, and also suggested that the lowest benchmark doses for the renal effect markers were 0.25 and
0.24 mg kg−1 for males and females, respectively. However, the mean
Cd concentration in the smelting area was about two-times higher
than these values, suggesting much higher risks in the area. Additionally, the consumption of Cd-contaminated rice has been reported to
have increased both the occurrence of itai-itai disease and renal tubular
dysfunction in the Jinzu River Basin, Japan (Kobayashi et al., 2009). The
rice Cd concentrations in the current study were comparable to those in
some other mining and smelting areas, such as a tungsten mine in south
China (0.02–0.79 mg kg−1) (Lu et al., 2019) and a Zn mine in northwestern Thailand (0.030–1.3 mg kg−1) (Chanpiwat et al., 2019). These results suggest that the Cd-polluted soils near the Pb\\Zn mine and Cu
smelter may not be suitable for planting rice.
For vegetables, only two (one each from S1 and S2) of the 24 samples exceeded the Cd limit standard of China (0.2 mg kg−1) in the
smelting area and all samples were within the corresponding threshold
in the mining area, with average concentrations of 0.08 ± 0.07 and
0.06 ± 0.03 mg kg−1, respectively. Large CV values for the Cd concentrations were found in the two areas, indicating that the Cd concentrations
in the different vegetables varied signiﬁcantly. Among all the vegetables
in the individual sites, water spinach accumulated the highest Cd concentrations, followed by eggplant. A plot experiment also showed that
higher Cd concentrations accumulated in eggplant and water spinach
than in the other two non-leafy and leafy vegetables, respectively
(Wang et al., 2006). Therefore, to reduce Cd exposure through vegetable
consumption it is recommended that eggplant and water spinach
should not be planted in Cd-polluted soils.
The Cd concentrations in the drinking water samples were far less
than the threshold value adopted in China (GB5749–2006) and by the
WHO (5.0 μg L−1), suggesting that drinking water was safe in both
areas. Among all six sites, water samples at S1 and S3 had the lowest
Cd concentrations, while the values were 2–4 times higher at the
other four sites (S2, M1, M2, and M3). This differed from the decreasing
trend of soil Cd concentrations in the six sites, because the drinking
water intake at sites S1 and S3 was terminal tap water, while in the
other sites the source was underground water. The Cd concentration
in the current study was similar to that in some other drinking water
samples from Pb\\Zn and Mn mining areas (Du et al., 2019), suggesting
that drinking water intake may make little contribution to the overall Cd
exposure in mining areas of China.

A similar variation in water Cd concentrations was observed to that
of the soil Cd concentrations, reﬂecting a similar source in both environmental medias. Signiﬁcantly higher Cd concentrations in surface water
were observed at S1 (p b .01), with levels exceeding the Chinese Environmental Quality Standards for Surface Water (SEPA, 2002, GB
3838–2002) (5.0 μg L−1) (Fig. S1). This was because the signiﬁcantly
higher atmospheric Cd deposition and soil acidiﬁcation (pH = 4.57)
promoted Cd mobilization (Zhou et al., 2019b). In the mining area, the
surface water Cd concentration was highest in the upstream area near
the mine and tailings (M1 and M3), and then decreased in the downstream area due to Cd releases from mine drainage and tailing pond
leakage (Fig. 1), with the Cd concentration in the sewage drains
reaching a maximum of 600 μg L−1 (Huang et al., 2020).
3.3. Impact index of comprehensive quality
Although soil Cd concentrations indicate the degree of soil Cd pollution, the environmental risk of Cd in soil still needs to be assessed (Gan
et al., 2018). For example, although 95% of the Cd concentrations in soils
exceeded the threshold values of vegetable soils in the two areas, only
5% of the vegetable samples exceeded the maximum concentration
limit. Therefore, the IICQ index, which considers both soil contamination and food safety, was used to assess the signiﬁcance of Cd contamination in the two areas (Fig. S2 and Table S6). According to the IICQ
results, environmental risks were more serious in the smelting area
than in the mining area. In the smelting area, 69% of the 45 sites were
classed as extremely polluted (V) and the remaining 31% were classiﬁed
as heavily polluted (IV), while 36% and 53% of the 28 mining sites were
extremely polluted (V) and heavily polluted (IV), while 10% were uncontaminated (I). These results suggest that local residents were exposed to a serious risk of Cd exposure, especially in the smelting area.
3.4. Health risk assessment
3.4.1. Daily metal intakes
The total PDI of Cd via multiple pathways ranged from 3.4–6.5 and
4.1–7.9 μg kg−1 BW day−1 for the adults and children in the smelting
area, respectively, and from 1.6–2.2 and 1.9–2.7 μg kg−1 BW day−1 for
the adults and children in the mining area, respectively (Table S7). In
both areas, the contributions of the different pathways to the estimated
total PDI decreased in the order of rice (55–96%) N vegetables (4–42%) N dermal absorption (0.6–2.3%) N soil ingestion (0.04–0.26%) N drinking water intake (0.0007–0.02%). As shown in other
studies in Asia, rice intake was the predominant pathway of PDI in the
contaminated areas, because rice is the staple food (Chanpiwat et al.,
2019; Du et al., 2019; Suwatvitayakorn et al., 2019; Yu et al., 2019). Subsequently, Cd exposure from vegetable intake was the second largest
contributor, accounting for 4–12% and 16–43% of the total PDI in the
mining and smelting areas, respectively. The two major exposure routes
(rice and vegetable consumption) accounted for over 97% of the total
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Hazard quotient

Table 1
Correlation coefﬁcients (r) for the relationship between biomarkers and HQ values in the
study areas.

Dermal
Drinking water
Soil
Vegetable
Rice

HQ=1

6

Biomarkers

Rice

Vegetable

Soil

Drinking water

Dermal

Total HQ

Hair
Urine

0.94⁎
−0.086

−0.60
0.086

0.257
−0.086

−0.26
0.94⁎

0.029
−0.029

0.77
−0.257

⁎ Correlation is signiﬁcant at the 0.01 level (two-tailed).

4
than for soil ingestion, drinking water intake, and dermal absorption.
In comparison to adults, the potential non-carcinogenic risk for children
was 1.2 times greater, indicating much higher adverse effects on local
children in both areas. The results indicated the need for a greater
focus on the health risks induced by Cd for both adults and children
around the Cu smelter and Pb\\Zn mine.
Many other studies have also shown that children have a higher risk
of Cd exposure than adults in polluted areas (Cao et al., 2015; Huang
et al., 2020; Pastorelli et al., 2018). This is because children usually
have a higher exposure frequency and ingestion rate, as well as smaller
body sizes (Ali et al., 2017; Li et al., 2014). Therefore, mitigation measures are needed to reduce the risks of chronic adverse effects on local
people in the mining and smelting areas investigated in this study, especially children. Although the cultivation of crops is forbidden by the local
government in some heavily contaminated sites around the Cu smelter
(Zhou et al., 2019a) and a small soil remediation demonstration area has
been established at S1 (Cui et al., 2018), more action needs be taken to
further reduce the risks, such as the application of soil amendments and
risk control measures (Yousaf et al., 2017; Yousaf et al., 2016c).
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Fig. 4. The multi-pathway hazard quotient (HQ) for adults (Ad) and children (Ch) in the
smelting (S) and mining (M) areas.

PDI in the two areas (Table S7). However, other pathways of food Cd intake were not calculated in this study. For example, a previous study in
Beijing showed that the intake of aquatic food items contributed about
5% of the total dietary Cd intake (Wei and Cen, 2020). In the current
study, using the mean Cd concentration in 11 ﬁsh species from Poyang
Lake, Jiangxi Provence (0.004 mg kg−1) (Wei et al., 2014) and the average consumption rate of 0.026 kg aquatic food items in Jiangxi Provence,
the PDI from aquatic food items would be 0.0017, which would be negligible. In comparison, the soil ingestion, dermal absorption (including
soil and surface water dermal absorption), and drinking water intake
pathways made an even lower contribution of b0.3% of the total Cd accumulation. These results were consistent with those of many other
studies that have indicated food consumption to be the major pathway
of human exposure to Cd. Dietary intake usually accounts for N85% of
total Cd ingestion, and the effect of soil ingestion and drinking water intake is negligible in terms of non-carcinogenic risk (Cao et al., 2015; Yu
et al., 2019). Due to the serious soil, rice, and vegetable Cd contamination in the smelting area, the local residents had a much higher PDI of
Cd than those in the mining area.

3.5. Cadmium concentrations in hair and urine samples
Cadmium is a nonessential toxic metal and is widely distributed in
the environment. Although the acute and chronic adverse effects of Cd
exposure are well known, the potential developmental and other toxic
effects are unknown (Molina-Villalba et al., 2015). The evaluation of
Cd exposure is constrained by the lack of recognized biomarkers. The
lack of a correlation between Cd concentrations in internal organs and
hair has led to the discrediting of hair as a biomarker (Pozebon et al.,
2017). However, some biomarkers that are easy to collect and conserve
have been used as indicators of Cd exposure and health risk evaluation,
such as blood, urine, hair, and nails (Waseem and Arshad, 2016). In this
study, urine and hair were used as biomarkers in a Cd exposure assessment because urine may record short-term exposure (about one week)
(Pozebon et al., 2017) and hair may record relative longer exposures (a
few months) (Kempson et al., 2007).
The Cd concentrations in hair were in the range of
0.029–0.90 mg kg−1 (Fig. 5). The mean Cd concentration was signiﬁcantly higher in the smelting area (0.30 ± 0.21 mg kg−1) than in the
mining area (0.098 ± 0.10 mg kg−1) (p b .05), decreasing in the order
of S1 (0.34 mg kg−1) N S2 (0.31 mg kg−1) N S3 (0.26 mg kg−1) N OE

3.4.2. Risk assessment
The HQ values of the six sites followed the order of
S1 N S2 N S3 N M1 N M2 N M3 N 1, indicating a high non-carcinogenic
risk to local residents due to the daily intake of Cd (Fig. 4). However,
the risk resulting from the consumption of other non-staple food
items (e.g., ﬁsh, poultry, and pork) may also be also important (Du
et al., 2019). Additionally, the bioavailability and/or gastrointestinal bioaccessibility of Cd in food and soil should be determined to improve the
accuracy of risk assessments (Liu et al., 2019). Vegetable and rice intake
had the predominant role in determining the non-carcinogenic risk,
which was at least two orders of magnitude greater for dietary intake
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Fig. 5. Cadmium concentrations in the hair of residents from six sites (a) for adults (Ad) and children (Ch) in the smelting (S) and mining (M) areas.
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(0.18 mg kg−1) N M3 (0.09 mg kg−1) N M2 (0.075 mg kg−1) ≈ M1
(0.073 mg kg−1). Hair Cd concentrations were higher in the OE populations in the mining area than in residents in the same area, suggesting
that other sources may contribute to the Cd exposure, such as dust inhalation during mining operations, although this was not considered in
the current study. When comparing the age groups, children's hair
had the highest Cd concentrations in both the smelting and mining
areas (Fig. 5b). This result was consistent with the highest HQ being
found for children in the two areas (Fig. 4). It was found that 38% of
the children and 5% of the adults in the smelting area exceeded the
health standard for Cd in hair as reported by the Trace Element Research
Council of China (b0.5 mg kg−1 for children and b 0.6 mg kg−1 for
adults) (Ni et al., 2011). The Cd concentration in hair samples in this
study were much higher than the mean hair Cd value
(0.062 mg kg−1) in 384 normal residents of 11 Chinese cities (Zhou
et al., 2016). The hair Cd concentrations in the smelting areas were
also higher than in some other polluted areas around the world, such
as iron and steel workers in Spain (0.07 ± 0.13 mg kg−1) (Gil et al.,
2011), children living near a copper smelter in Russia
(0.040–0.118 mg kg−1) (Skalny et al., 2018), and children living near
a mine in Italy (0.019 mg kg−1) (Varrica et al., 2014). These results
also indicated the potential for adverse health effects on local residents,
especially children.
In this study, signiﬁcant correlations were observed between hair Cd
concentrations and the HQ of rice ingestion (r2 = 0.94, p b .01) among
the six sites, while hair Cd concentrations were not correlated with
the HQ of vegetables, soil, drinking water intake, and dermal absorption
(Table 1). This result was consistent with our above ﬁnding that rice intake was the predominant pathway in the PDI of Cd in these areas. This
study also indicated that hair is a suitable biomarker of internal Cd exposure to humans in polluted areas. This result was consistent with
our hypothesis that there was a linear relationship between the elevated environmental Cd contamination and human Cd burden in the
two areas. In a previous study, Helmfrid et al. (2015 also found a link
between the consumption of different foods and hair Cd
concentrations. The results of the current study suggested that food
ingestion was the major pathway of Cd intake and a reduction in the
Cd concentration at lower trophic levels could therefore effectively decrease the human Cd burden.
The urinary Cd concentration is an important sensitivity index of Cd
exposure and renal damage (Kobayashi et al., 2009). In the current
study, unlike the hair Cd results, the mean urinary concentrations
were slightly higher in the urine of the OE populations in the mining
area (7.7 ± 3.4 μg L−1), followed by residents in the mining area
(5.7 ± 3.1 μg L−1) and the smelting area (5.5 ± 3.5 μg L−1) (Fig. 6). Children had slightly higher concentrations than adults in the mining area,
but lower concentrations in the smelting area (Fig. 6b). In this study,
the urinary Cd concentration was an order of magnitude greater than
reported previously in other groups in contaminated sites, such as a
contaminated area of Sweden (0.34 μg L−1), urban area of Jiangsu,

China (0.14–0.37 μg L−1) (Helmfrid et al., 2015), Pb\\Zn mine foundry
workers (1.41 μg L−1) (Sun et al., 2016), and steel smelting plant
workers (0.93 μg L−1) in northeastern China (Wang et al., 2019). The
Cd biomarkers of hair and urine indicated that children and adults in
the mining and smelting areas had a higher Cd exposure and body
burden.
4. Conclusions
This study adopted an integrated approach, considering multipathway Cd intakes and biomarkers, to assess the environmental risk
and human exposure to Cd near an active Pb\\Zn mine and a Cu
smelter. Rice and vegetable ingestion were the two major pathways of
Cd exposure. Contamination of the food chain provides potential noncarcinogenic risks to the human health of local residents, especially children living around the two areas. The Cd concentrations in the hair and
urine biomarkers in the current study areas were much higher than in
the general population, indicating that residents in the mining and
smelting areas had higher Cd body burdens than the general population.
Effective Cd pollution control and environmental remediation strategies
should be implemented to improve the health of local residents.
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