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Abstract: The harm of toxic trace element polluted living environments to human health in mining
areas has attracted extensive attention. In this study, human hair samples from a toxic trace element
polluted area (village A) in a mineral processing area collected in 2015 and 2019 were studied in
detail and the nonpolluted human hair samples from a contrast area (village B) with a relatively
clean environment were also collected for comparison. The Hg and As in human hair samples
were analyzed by Atomic Fluorescence Spectrometry (AFS) and the Pb, Cd, Cr, and Cu in human
hair samples were analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The
single cumulative index (Pi) and the Nemerrow index (Pz) were used to evaluate the single and
comprehensive cumulative pollution index. The results indicated that the average toxic trace element
contents in human hair from different ages in the polluted area exhibited certain statistical significance.
The average single cumulative indexes indicated a significant accumulation of Hg, Pb, and Cd in
human hair of both genders and different ages from the polluted area, and the comprehensive
cumulative pollution indexes revealed higher accumulation of toxic trace elements in the hair of
males than in females. In general, the content of toxic trace elements in human hair from polluted
area was still growing in accumulation. The high content of toxic trace elements in human hair shows
a notable correlation with human health, and the environmental pollution in gold mining areas is
seriously harmful to human health.

Keywords: toxic element accumulation; human hair; gold mining area; Xiaoqinling Mountains

1. Introduction

Heavy metals and toxic trace elements, especially Hg, Cd, Pb, Cr, As, and Zn, have
significant biological toxicity. They cannot be degraded by microorganisms in soil and
water environments but can only be transformed, dispersed, and enriched between various
forms. Occupational exposure or long-term, low-level exposure will lead to Minamata
disease (Hg), Itai-itai disease (Cd), arsenic poisoning (As), etc., which can cause body
malformation and even endanger life. The toxic trace elements in the human bodies are
mainly englobed by daily drinking, breathing, eating, and will be harmful to human health
when beyond a certain amount. The mining of mercury, lead-zinc, copper, gold, nickel,
chromite and other metal mineral resources will expose the deep buried ores to the Earth’s
surface. The main components and symbiotic or associated toxic elements will leach with
mining gangue and drain into water and soil environments. More importantly, a very
small part of Hg, Pb, Zn, Cu, Cd, As, and Cr will be diffused through industrial fumes,
tailings slurry, and waste gangue in the process of beneficiation and metallurgy causing
environmental pollution in rivers, groundwater, air, and soil and endangering people’s
health directly or indirectly. Activities of mineral mining have led to serious pollution
of fertile farmlands in many developing countries including some poor and backward
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areas of western China and were caused by weak awareness of environmental protection,
loose administration, and the single pursuit of economic development [1]. In the past
three decades of rapid economic development in China, only a few local governments
have issued environmental protection regulations and set protecting financial funds in
standardizing mining order, restoration of mining environment, and eliminating outdated
technology involving low-tech, labor-intensive mining and mineral processing [2–10]. This
choice has suppressed the development of China’s mining economy in the short term.
However, through the reform and industrial upgrading of large state-owned enterprises,
the mining economy is gradually picking up [11,12].

Human hair is an effective indicator to evaluate human exposure to some toxic ele-
ments. The World Health Organization (WHO), the U.S. National Environmental Protection
Agency (EPA), and the International Atomic Energy Agency (IAEA) declared that elements
in human hair are accurately determined and represent the overall level of body ele-
ments [13]. It is usually used for heavy metal exposure assessment, regional biological
death monitoring, retrospective investigation, and medical diagnosis [14]. In clinical appli-
cations of hair analysis, the hair elemental contents and their relative ratios have certain
practical values and implications [15]. As a recognized biological marker for human health
monitoring, modern medicine has taken the contents of Pb, Cr, Cd, and As in human hair as
the detection indicators of environmental pollution caused by occupational poisoning [16].
In developing nations, inhabitants of settlements around active and abandoned mineral
mining areas are exposed to toxic trace elements emanating from mineral exploitation and
processing. These harmful trace elements have contaminated soils and rivers in China [17],
Ecuador [18,19], Nigeria [20,21], and Ghana [22,23]. These pollution incidences have led
to many health issues in the areas where the mining and mineral processing activities are
carried out [24]. At present, many scholars have studied the trace elements in human hair.
The heavy metals Sb, As, and Hg in antimony mining and smelting areas are significantly
more harmful to human health than the corresponding heavy metals in non-antimony
mining areas [25]. Some researchers reported a more serious harm due to Pb and Cd
contents to juvenile group (under 15 years old) with more significant amount of Pb and Cd
elements in juveniles’ hair, and reliable correlations were established among the contents of
Cu, Zn, Pb, Cd, and As in human hair around the Dexing mining area [26]. The distribution
of toxic trace elements in human body is controlled by the human living environment.
The content of toxic trace elements in human body is closely related to the geological
background. The source of toxic trace elements’ concentration in human hair is highly
related to the small-scale crude metal smelting process. The content of contaminating
elements was relatively high in human bodies living in the metal processing industrial
area, where 33% of the samples showed high As content beyond healthy control limits.
The Cu content in the water of the Le’an River flowing through Dexing Copper Mine in
Jiangxi Province is positively correlated with the Cu content in children’s hair along the
river. The trace element content in children’s hair is consistent with the pollution status and
the regularity of pollutant reduction in the river [27]. The Xiaoqinling gold mining area is a
typical mining area in China where soils and some rivers were seriously polluted by Hg,
Pb, and Cd [28–37]. The three main objectives of the present study are as follows: (1) to
investigate the concentration of six toxic trace elements in human hair in Xiaoqinling gold
mining area; (2) to evaluate age- and gender-related variations in levels of toxic metals;
and (3) to estimate the temporal effects by comparing toxic metal results in human hair
from 2015 to 2019 in the same village with severe toxic element pollution; (4) to estimate
the spatial effects by comparing toxic metal contents in human hair from the polluted area
and the contrast area. Some recent studies usually compare the results of the polluted area
with other polluted or nonpolluted areas in published literature while this study selected
a contrast area with the same geological environment [38]. This kind of contrast area can
prevent the influences of different backgrounds in the study. The findings may provide
a scientific basis for early warning of environmental pollution in mining and mineral
processing areas.
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2. Materials and Methods
2.1. Description of the Xiaoqiinling Gold Mining Area

The Xiaoqinling gold mine belt spans Henan and Shaanxi provinces from east to west
including Lingbao County, Tongguan County, Luonan County, and Huayin County. The
areas of gold mining, smelting, and processing are near 1500 km2, which is the second
largest hard-rock gold mining and processing base of China after Zhaoyuan gold mine
in Shandong Province. The gold mining area is mainly distributed in the Xiaoqinling
Mountains, and the agricultural area with many mineral processing and smelting industries
is located especially at the junction region of Shaanxi and Henan province (Figure 1). Due
to historical reasons, Xiaoqinling gold mining area is a typical representative of China’s
disorder and weak awareness of environmental protection in mining development from
1986 to 2000. There were hundreds of large and small corporations and individually owned
workshops in mining and beneficiation. The town- and individually owned workshops
mainly used crude flotation, amalgamation grinding, cyanidation pond, and other methods
for gold extraction. Crude flotation, amalgamation grinding, and cyanidation pond were
widespread around the Xiaoqinling gold mining area and mainly adopted by local village
collectives and individuals for gold extraction. The waste slag of mineral processing and
smelting is dumped randomly in the fields, around the villages, and along the roads
and rivers. Rainfall leaching, atmospheric dust fall, and river scour accelerate toxic trace
elements entering rivers and soil, causing serious Hg, Pb, Cd, and Cu pollution in the
soil and water environment around the mining areas. Some literature on the Xiaoqinlin
gold mining area indicated the Hg in the soils and rivers mainly comes from the mercury
flotation beneficiation. The Pb, Cu, Cd, and Zn are mainly provided by galena, sphalerite,
chalcopyrite, and other ore minerals in gold-bearing quartz veins, while As and Cr exhibit
poor correlation with Pb, Cu, Cd, and Zn [34].
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2.2. Sample Collection and Preparation

In order to study the impact of toxic trace element contents in the environment on
human health, the spatial and temporal comparison methods were applied. The accumu-
lation of toxic trace elements in human hair can be assessed by comparing the content
of toxic trace elements in human hair from polluted areas and contrast areas. Although
an effective evaluation standard for the accumulation of toxic trace elements in human
hair was not established, the average content of toxic trace elements in human hair from
the contrast area under the same geological environment background, the same dietary
habits, without artificial environmental pollution, and beside the polluted area could be
reasonably used as a comparison to evaluate the accumulation with the aim of reflecting
the impact of toxic trace element pollution on human health.

In this paper, the human hair from village A with serious cross-contamination of
water and soil environment was collected and analyzed. Within 1 km from village A, a
long history of gold ore processing and smelting activities has been ongoing for near three
decades. Some villagers are engaged in small cyanide, small mercury mixing mill, gold
burning, and mercury discharging activities in their own courtyard or in front and behind
their houses. At present, there are still sporadic gold extraction activities around the village.
Twenty and sixty-five human hair samples were collected from both genders and different
ages in 2015 and 2019, respectively. Village B, which is located 15 km away from the village
A, was selected as the contrast area because of the weak mineral and metallurgical activities
in history and its clean water and soil environment. The hair samples from village B were
randomly collected from four and seventeen volunteers of both genders and different
ages in 2015 and 2019. The two sampling years included the same eleven volunteers,
nine in village A and two in village B, expecting to obtain the temporal changes of toxic
trace element contents in human hair. The residential environmental situation and the
relationship between the health status of the population and the pollution sources were
also investigated and recorded during the sample collection.

Two grams of hair were cut from the back of the head of each person, and stored in
plastic bags. The samples were processed and analyzed by the Laboratory of the North-
western Supervision and Monitoring Center for Mineral Resources, the China Geological
Survey. Hair samples were soaked in absolute ethanol for 1 h in the laboratory, then poured
out ethanol and soaked in 75% ethanol for 1 h, then washed with distilled water and dried
naturally. Next, 1 g of hair samples was weighed and placed in a beaker. The samples were
digested with nitric acid and left overnight. After heating the samples until almost dry,
and the samples were repeatedly processed with permanganic acid until the yellow color
faded, then 5 mL nitric acid was added, the volume was set to 25 mL with distilled water,
and permanganic acid was added to smoke.

2.3. Pollution and Accumulation Evaluation

In this study, the cumulative degree of toxic trace elements in human hair was de-
scribed by single pollution index and comprehensive pollution index. The higher content
in human hair than in the control area was considered as the result of environmental toxic
elements’ effect.

The single cumulative index of toxic trace elements in human hair is showed in
following equation [39]:

Pi =
Ci
Ci0

(1)

where Pi is the single cumulative index of toxic trace elements in human hair. The higher the
Pi value, the higher the accumulation of toxic trace elements in the human hair compared
with the control area, and the greater the risk of people suffering from toxic trace element
hazards. Ci is the content of i-typed toxic trace element in human hair of village A in
contaminated area (mg/kg); Ci0 is the average content of i-typed toxic trace element in
human hair of village B in the contrast area (mg/kg).
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The Nemerrow index was used to evaluate the compound accumulation degree of
toxic trace elements in the human hair of village A in the polluted area, and is also known
as the comprehensive cumulative pollution index [40,41]:

Pz =

√
(maxPi)

2 +
(

Pi
)2

2
(2)

where PZ is the comprehensive cumulative pollution index of toxic trace elements in human
hair; Pi is the single cumulative pollution index of toxic trace elements; max Pi is the largest
single accumulative pollution index value of the six toxic elements; Pi is the average of the
single accumulative pollution index of the six toxic elements.

The cumulative rate of toxic trace elements (Ra) in human hair was determined by the
ratio of the number of samples with toxic trace element contents higher than the contrast
area (Na) and the total number of samples in the polluted area (Nt):

Ra =
Na

Nt
× 100% (3)

The cumulative contribution rate of type i toxic trace element (Rc) in human hair was
determined by the ratio of the single pollution index of type i toxic trace element (Pi) and
the sum of the single pollution index of all types of toxic trace elements.

Rc =
Pi

∑n
i=1 Pi

× 100% (4)

where n is the number of total samples.
The growth rate (Rg) of the toxic trace elements in the eleven volunteers sampled in

both 2015 and 2019 was calculated by dividing the numbers of the toxic trace element
increased from 2015 to 2019 (Ng) into the total sample number (N):

Rg =
Ng

N
× 100% (5)

2.4. Analytical Methods

The analytical instruments for determining the toxic trace element contents in the
human hair samples were provided by the Xi’an Center of China Geological Survey. Hg and
As were determined by Atomic Fluorescence Spectrometer (Haiguang AFS 9760) and Pb,
Cd, Cr, and Cu were analyzed by Inductively Coupled Plasma Mass Spectrometry (Agilent
7700x ICP-MS). A certified human hair reference material (GBW07601a, National Research
Center for Certified Reference Materials, Beijing, China) was used to ensure the accuracy
of the analytical data, and the average relative standard deviation for instrumentation was
less than 5%.

3. Results
3.1. Content Characteristics of Toxic Trace Elements in Human Hair

Eighteen was used as the distinguishing age between adults and juveniles. As shown
in Table 1, the average contents of toxic trace elements in the hair of the four categories,
namely, adult male, adult female, juvenile male, and juvenile female in the contrast area
were coincident. Only the Pb in the hair of juvenile males and the Hg, Pb, and Cd in the
hair of juvenile females were higher than those of other groups. Moreover, the Pb content
in the hair from the juvenile group was significantly higher than that of the adults. In
addition, only the contents of Pb in the human hair samples from the contrast area were
obviously higher than the average Pb result in the Chinese resident normal hair content,
which indicates a relatively high background of Pb in Xiaoqinling Mountains.
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Table 1. The average contents of toxic trace elements in the human hair in the contrast area.

Sample Groups (Numbers)
Hg Pb Cd Cr As Cu

mg/kg

Adult males (5) 0.14 12.46 0.11 0.55 0.24 9.05
Adult female (6) 0.14 8.96 0.17 0.56 0.51 9.69
Juvenile male (3) 0.16 18.47 0.32 0.59 0.39 8.69

Juvenile female (2) 0.29 28.95 0.5 0.43 0.32 10.07
Standard deviation 0.07 8.11 0.16 0.06 0.10 0.54

Chinese resident normal hair content 1 0.77 6.60 0.29 1.21 0.68 11.30
1. Standards from Chinese Trace Elements Scientific Society (H/ZWY03-2005, H/ZWY01-2007).

Table 2 showed a prominent statistical significance in the average content of toxic trace
elements in the hair of 65 volunteers in the polluted area. The Hg in the hair samples of the
volunteers aged from 40 to 49 years old was the highest (3.492 mg/kg), followed by people
aged between 60 and 77 years old (which was associated with disordered gold mining
and leaching activities in this area during 1986 to 2000, and these villagers participated
in gold mining and mineral processing in the period) and the children aged from 2 to
9 years old. However, the elements Pb, Cd, As, and Cu in the hair of children aged from
2 to 9 years old were significantly higher than those in other age groups. Therefore, the
accumulated characteristics of toxic trace elements in the hair of children under the age of
9 were obviously observed, and they were the most susceptible individuals suffered from
environmental toxic trace element pollution and health risk.

Table 2. The average contents of toxic trace elements in human hair of different ages in the polluted
area.

Samples in Different Ages
(Numbers)

Hg Pb Cd Cr As Cu

mg/kg

2–9 (10) 1.098 193.92 1.335 0.452 1.075 78.197
10–17 (7) 0.417 57.957 0.646 0.471 0.407 11.136
18–29 (4) 0.828 74.325 0.945 0.563 0.286 43.643
30–39 (9) 0.811 78.456 0.354 0.532 0.841 13.366
40–49 (13) 3.492 77.248 0.844 0.471 0.431 14.565
50–59 (15) 0.546 80.773 0.715 0.571 0.756 14.816
60–77 (7) 1.207 94.129 0.813 0.516 0.500 12.683

Standard deviation 0.98 42.08 0.28 0.04 0.27 23.48

As shown in Table 3, Hg, Pb, Cd, Cr, As, and Cu could be detected in the human hair
of different groups in both polluted and contrast areas. The average contents of Hg, Pb,
and Cd in hair of different people in the contaminated area were higher than those in the
contrast area. Except for As element in adult women’s hair, the As and Cu content in the
other groups was higher than that in the contrast area, and the Cr content in all the samples
were lower than that in the contrast group. Adult males accumulated the most Hg, Pb, and
Cd, followed by juvenile males. In general, the toxic trace element content in male hair is
higher than that in female hair, while the toxic trace element content in adult hair were
higher than that in same-sex juveniles. Therefore, environmental pollution caused by Hg,
Pb, Cd, and As elements has become the dominant hazard endangering people’s health.
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Table 3. The single cumulative index of toxic trace elements in human hair.

Sample Groups (Numbers) Hg Pb Cd Cr As Cu

mg/kg

Adult males in contrast area (5) 0.14 12.46 0.11 0.55 0.24 9.05
Adult males in polluted area (21) 2.63 120.44 0.67 0.63 0.99 15.59
The single cumulative indexes of

adult males 18.78 9.67 6.09 1.15 4.13 1.72

Adult females in contrast area (6) 0.14 8.96 0.17 0.56 0.51 9.69
Adult females in polluted area (26) 0.57 47.25 0.76 0.44 0.28 17.40
The single cumulative indexes of

adult females 4.07 5.27 4.47 0.79 0.55 1.80

Juvenile males in contrast area (3) 0.16 18.47 0.32 0.59 0.39 8.69
Juvenile males in polluted area (9) 1.01 125.02 1.39 0.49 1.01 11.97
The single cumulative indexes of

Juvenile males 6.31 6.77 4.34 0.83 2.59 1.38

Juvenile females in contrast area (2) 0.29 28.95 0.35 0.43 0.32 10.07
Juvenile females in polluted area (8) 0.60 152.46 0.67 0.42 0.56 11.49

The single cumulative indexes of
Juvenile females 2.07 5.27 1.91 0.98 1.75 1.14

Standard deviation 5.45 62.42 2.23 0.26 1.24 7.91

The contents of Pb element in the hair of two girls aged two years old from the polluted
area were 368 and 574 mg/kg, respectively, which were 12.71 and 19.82 times higher than
the average Pb content of human hair (28.95 mg/kg) in the contrast area. This phenomenon
indicated that children bodies are more likely to accumulate Pb element and are in the
highest risk. In some previous studies, the general trend of Pb in human hair showed a
regular decrease with increase in age [42], and the environmental pollution is harmful
to juveniles.

3.2. Analysis of Toxic Trace Element Accumulation in Human Hair

From Table 4, for both genders and different ages in the polluted area, Hg, Pb, and
Cd were the most accumulated elements in human hair and followed by As and Cu. The
average single accumulative index of Hg, Pb, and Cd elements were 7.81, 6.75, and 4.20,
respectively, which were consistent with the accumulative behavior of Hg, Pb, and Cd
elements in soil, groundwater, and crops in the study area [34]. After excluding one adult
with the highest content (268.57 mg/kg of Hg, 15.49 mg/kg of Pb, 10.09 mg/kg of Cd, and
the comprehensive contamination index of 193.22), the toxic trace elements in the human
hair of the remaining 21 adult males accumulated significantly with the single cumulative
indexes as Hg of 18.7, Pb of 9.67, Cd of 6.09, and As of 4.13; followed by juvenile males,
adult females, and juvenile females. The comprehensive cumulative index of the six toxic
elements ranged from large to small were adult male (14.16), juvenile male (5.46), adult
female (4.23), and juvenile female (4.03).

Table 5 shows that toxic trace elements in human hair in polluted areas were accumu-
lated to various degrees. The cumulative rate of the Hg element in human hair of all the
samples were 100% followed by Pb, Cd, and Cu, indicating that Hg is the most common
accumulated element. The cumulative rate of Hg, Pb, Cd, and Cu were all 100% in the hair
of adult males and followed by that in juvenile males. The results were consistent with the
evaluation of Hg, Pb, and Cd elements in rivers, soils, vegetables, and crops in the previous
study in this area [28–37,43].
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Table 4. The average single cumulative pollution indexes and average comprehensive cumulative pollution indexes of toxic
trace elements in human hair in the polluted area.

Sample Groups (Numbers)
The Single Cumulative Index (Pi) The Comprehensive Cumulative

Pollution Index (Pz)Hg Pb Cd Cr As Cu

Adult males (21) 18.79 9.67 6.09 1.15 4.13 1.72 14.16
Adult females (26) 4.07 5.27 4.47 0.79 0.55 1.80 4.23
Juvenile males (9) 6.31 6.77 4.34 0.83 2.59 1.38 5.46

Juvenile females (8) 2.07 5.27 1.91 0.98 1.75 1.14 4.03
Average values 7.81 6.75 4.20 0.94 2.23 1.51 6.97

Table 5. The cumulative rate of toxic trace elements in human hair in the polluted area.

Sample Groups
(Numbers)

Hg Pb Cd Cr As Cu

%

Adult males (21) 100.0 100.0 100.0 68.2 86.4 100.0
Adult females (26) 100.0 84.6 80.8 11.5 Unaccumulated 73.1
Juvenile males (9) 100.0 100.0 88.9 11.1 77.8 88.9

Juvenile females (8) 100.0 75.0 62.5 12.5 62.5 50.0

Table 6 shows that the cumulative contribution rates of Hg, Pb, and Cd elements
in human hair of different ages and both genders were the top three. The cumulative
contribution rates of these three elements account for 83.13%, 81.47%, 78.36%, and 69.07%
in adult males, adult females, juvenile males, and juvenile females, respectively. In the
polluted area, the cumulative contribution rate of Hg in the hair of the adult males was the
highest (45.19%), the cumulative contribution rate of Pb in the hair of the juvenile females
was the highest (39.27%), and the cumulative contribution rate of Cd in the hair of the adult
females was the highest (26.37%). This result revealed that the content of Pb in human
hair has the most significant influence on adult females and juveniles, especially juvenile
female. Moreover, Hg easily accumulated in adult bodies to a greater extent in males than
in females; and Pb easily accumulated in juvenile bodies to a greater extent in females than
in males.

Table 6. The cumulative contribution rate of toxic trace elements in human hair from different groups
in the polluted area.

Sample Groups (Numbers)
Hg Pb Cd Cr As Cu

%

Adult males (21) 45.19 23.28 14.66 2.77 9.97 4.14
Adult females (26) 24.01 31.09 26.37 4.66 3.24 10.62
Juvenile males (9) 28.43 30.45 19.48 3.78 11.65 6.21

Juvenile females (8) 15.42 39.27 14.38 7.30 13.11 10.51
Average values 28.26 31.02 18.72 4.63 9.49 7.87

3.3. Temporal Effects of Toxic Trace Elements in the Human Hair

The human hair samples from the eleven volunteers in polluted area and contrast
area were collected in both 2019 and 2015, respectively (Table 7). The analysis results
showed obvious differences in the toxic trace element contents and its variation trend in
groups of both genders and different ages. The values were marked as negative or positive
according to the results subtracted by the toxic trace element contents from the hair samples
of the same volunteers in 2015 and 2019 (Table 7). The results showed almost a reduction
trend among the contents of Hg and Cr in human hair from both the contrast area and
the contaminated area. Comparing the results between 2019 and 2015, the increased toxic
trace elements are mainly Cd (with growth rate of 100%) > Pb (with growth rate of 72.7%)
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> As (with growth rate of 63.6%) > Cu (with growth rate of 54.5%) > Hg (with growth
rate of 9.1%), which indicates that the Cd content in human bodies increases significantly
with a period of time, and Cd, Pb, As, and Cu become the main accumulated elements of
human hair in the mining area, while the overall content of Hg decreases (only one human
hair sample increases). This phenomenon is closely related to the recent government’s
clear prohibition of beneficiation processes using the mercury flotation method and the
reduced amount of Hg metal, but the reason for the higher arsenic content remains to be
further studied.

Table 7. The variation of toxic trace elements in human hair from 2015 to 2019.

Samples
Hg Pb Cd Cr As Cu

mg/kg

F1d −0.15 10.00 2.60 −1.25 −1.01 −0.11
F1d female −0.19 5.60 2.60 −1.94 0.05 −1.07
F1 female −0.84 33.01 0.73 −0.71 23.00 5.90

F2 −0.12 13.30 1.60 −1.27 −0.11 2.11
F3 −0.29 −9.00 5.80 −1.24 −0.39 1.30

F4 female −1.19 8.60 11.60 −0.80 31.00 2.70
F5 −0.53 −22.10 2.80 −1.15 19.00 −0.31
F6 −0.67 −19.00 0.49 −0.88 0.24 −3.70

F7 female −0.99 118.80 4.80 −1.09 23.00 7.20
F8 30.96 71.00 1.05 −1.16 0.09 20.10
F9 −0.41 119.30 9.00 −4.79 29.00 1.20

The growth rate Rg (%) 9.10 72.70 100.00 0.00 63.60 54.50
F1d and F1d female samples were collected from the contrast area, while the others were collected from the
polluted area.

Compared with the results of 2015 and 2019, no matter in the contrast area or the
polluted area, the content of Hg and Cr in human hair were decreasing, and the contents
of Pb, Cd, As, and Cu in human hair were increasing. Compared with the contrast area,
the contents of Hg and Cr of the human hair decreased slightly whereas the content of Pb,
Cd, As, and Cu of the human hair increased significantly in the polluted area. Generally
speaking, the content of Pb, Cd, Cr, As, and Cu in human hair in the polluted area is still
accumulating, and the sum of the single cumulative indexes of toxic trace elements (36.56)
is 4.83 times higher than that in the contrast area (7.57). The toxic trace elements in human
hair is obviously cumulated in 5 years and the average Pb and Cd contents in human hair
in the polluted area increased by 0.28 and 0.10 mg/kg·a−1.

3.4. Analysis of Environmental Pollution and Human Health

Toxic trace element pollution in human habitat environment is one of the important
causes of human health problems [3,43–45]. The quantification of the relationship between
environmental pollution and human health is difficult because of the latent, causal diversity,
specificity, susceptibility, and uncertainty of the hazardous environmental pollution on
human health [46]. Toxic trace elements in the environment could directly or indirectly
affect the human body through soil, plants, animals, or air pollution and pose a threat
to human health. Due to the differences in time and intensity of the human diet and
exposure to polluted environment, some studies indicated the harmfulness of slow acting
geochemical disasters manifests first in susceptible or vulnerable populations [47].

Wheat and seasonal vegetables in northern China are the main food sources for
villagers in the study area. The average content of Hg in samples of wheat, vegetables, and
drinking well water around village A is 45, 306, and 0.06 µg/kg, respectively. If calculated
as 0.5 kg of flour, 0.5 kg of vegetables, and 1.0 kg of drinking water per person and day, the
intake of Hg per person and day is 175.56 µg/kg, which is 17.56 times the international
estimated daily total Hg threshold of 10 µg/day [48]. The estimation does not cover the
daily amount of Hg inhaled by villagers from the atmospheric environment in the area.
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Obviously, environmental pollution has caused harm to the health of villagers. Among
the 20 villagers inspected in the contaminated area in 2015, Hg and Pb in the hair of the
villagers engaged in gold ore dressing and smelting activities were significantly higher
than that of the long-term exposed population as well as the villagers from contrast area
(Table 8). Fifteen of them experienced different health problems. Among the 9 villagers,
whose comprehensive cumulative index of toxic trace elements was over 19, 8 of them
were suffering from symptoms of dizziness, shortness of chest tightness, weakness, and
high blood pressure. The high content of toxic trace elements in human hair has an obvious
correlation with human health. The health of the people in the polluted area has been
endangered mainly by Hg and Pb.

Table 8. The comparison of the toxic trace elements in human hair from the volunteers working on
mining processing and the contrast area.

Sample Groups
Hg Pb Cr Cu

mg/kg

Working on mining and mineral processing 3.54 88.57 1.51 11.32
Live in the polluted area 1.38 51.56 2.21 10.91
Live in the contrast area 0.29 3.03 2.03 6.48

4. Discussion

As many studies have shown, hair can be a useful indicator for monitoring long-
term exposure in contaminated areas [49–52]. The concentrations of Pb, Cu, Cd, As, and
Hg in hair samples from the polluted area in this study were higher than the Chinese
resident normal hair content of trace elements. Toxic trace elements can accumulate inside
and outside the hair tissue during a long term of exposure [53]. In the process of hair
growth, some metals in the blood and those in contact with soil particles or metals in the
air will constantly integrate into the hair shaft [54]. Sulfur is evenly distributed in hair
tissue, which provides a good platform for the absorption of elements. Mammalian hair
is mainly composed of keratin, which contains a large number of sulfhydryl groups and
can combine with a variety of metals. Elements in the environment are linked to sulfur
atoms in S–H group of hair tissue and accumulate in the group [53]. Aluminum, arsenic,
chromium, copper, and nickel are elements with high concentrations in external tissues
such as hair [54]. The hair tissues of human beings are in direct and continuous contact
with the floating dust in air because of their high activity around their habitations, such
as farming, mining, smelting, and even indoor activities [55]. Dry and wet deposition
of contaminated dust from heavy equipment activities is usually a more relevant way
for human hair to absorb toxic elements. Consistent with our results, some studies have
shown that the element levels in external tissues are relatively high in the hair of some
animals [54,56–59]. Environmental factors, including metals in food, water, soil, and air,
as well as age, gender, season, physiology, and health conditions, can affect the content of
chemical elements in mammalian hair [52,55].

The assessment of the comprehensive cumulative pollution index (Pz) revealed that
males have significantly higher cumulative potentials of toxic trace elements than females.
Many studies have shown that the stress response of different sexes to toxicity is quite
different. In some mammals, including human beings, the bioaccumulation patterns of
toxic elements usually exhibit gender differences [60–66]. Many factors can affect the bioac-
cumulation of essential elements between genders, such as gender-related occupational
exposure, metabolic profile of metals, metal intake or absorption, activity of sex hormones,
nutritional needs, or interactions between elements [64,67,68]. The gender with higher
metabolic activity and long-term exposure may be more susceptible to specific, chemical-
induced toxicity [69]. In the study area, males are the main group involved in mining and
smelting, with high work intensity, fast physiological metabolism, and long exposure time.
Therefore, they will be exposed for a longer time, consume more energy, and have higher
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metabolic activity [55,70]. However, the high metabolic rate of adult males indicates high
intake of food, which may explain the increase of toxic trace element contents in the study
area. In addition, different dietary habits may be an effective factor for toxic trace element
bioaccumulation in different genders [71]. The results show that gender must be taken into
account in order to accurately estimate the future environmental pollution based on the
bioaccumulation of toxic elements in human development.

Compared with the previous studies on soil pollution in this study area, the single
accumulation index of Hg, Pb, and Cd in human hair collected from the polluted area is
higher, indicating the toxic elements may come from the soil [72]. The residents may be
exposed to toxic trace elements in the polluted areas through a variety of ways, including
inhalation of dust in the air, emissions from heavy equipment and vehicles, and ingestion of
contaminated water or food and vegetables grown in soil. The concentrations of elements in
different tissues of mammals, including humans, are directly proportional to their contents
in food [73]. The residents in the study area usually have wheat and green vegetables for
daily meals. Many kinds of toxic trace elements in the dust can be deposited on the surface
of the vegetables and then absorbed into the vegetable tissue, thus increasing the content
of these elements in the residents’ body in the study area.

The average concentrations of toxic elements in almost all human hair samples from
the contaminated area were higher than those in the control area. In general, with the
increase of the distance from the contaminated area, the element content in human hair will
be decreased. Moreover, the toxic trace element contents in the human hair samples from
the polluted area are mostly higher than that of the contrast area. Moreover, we observed
that the single cumulative index of Cu and Cr in human hair was relatively low. In most
cases, the increase of Cu content in the environment does not lead to the increase of Cu
content in human tissues. Some studies have shown that the uptake and distribution of
essential metals such as Cu and Zn in mammals (including humans) are physiologically
regulated [74–77]. The possible reason is that the homeostasis mechanism can regulate the
concentration of copper near the optimal value of metabolism in human body [78].

According to some previous studies on heavy metal accumulation in farmland soils in
the Xiaoqinling gold mining area, Pb, Cu, Cd, and other trace elements showed significant
accumulation trends in the soil from 2015 to 2018. This is the same as the accumulation
trend of toxic trace elements in human hair in this study [79]. However, the concentration
of toxic trace elements in human hair depends on many factors, such as gender, age, body
shape, body weight, individual homeostasis mechanism, physiological state, differences in
population structure, interaction between elements, changes in feeding patterns, pollution
degree, pollutant concentration, and exposure time in exposure area [55,80,81]. It is still
difficult to establish a reliable model for human health assessment only by using dietary
habits, and more influencing factors need to be considered in future research.

5. Conclusions

In this study, hair samples were collected from residents of different genders, ages, and
times (the years 2015 and 2019) in the Xiaoqinling gold mining area, Northwest China. The
bioaccumulation effects of the six toxic trace elements in different ages and both genders
were determined. Nonpolluted villages away from the mining industry concentration
area with the same geological background were selected as the contrast area to explore the
spatial variations of toxic trace element accumulation in the Xiaoqinling area. However, this
work did not assess toxic trace element concentrations in other biological indicators (e.g.,
feces and urine) and other important organs (e.g., liver and kidney).This study recorded
high levels of Hg, Pb, Cd, Cr, As, and Cu in the population aged from 2 to 77 in the
Xiaoqinling gold mining area. The results showed that the average contents of Hg, Pb,
and Cd in the hair of residents of different genders and ages in the contaminated area
are higher than those in the contrast area. The average single cumulative indexes of Hg,
Pb, Cd, and As among adult males were the highest in all groups, indicating the highest
risk of toxic element concentration in the bodies of adult males. The average cumulative
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contribution rate of Hg, Pb, and Cd in hair of all the groups in the polluted area ranked
among the top three, accounting for 78% of the total contribution rate. Therefore, Hg, Pb,
and Cd pollution in the study area are considered to be the dominant factors threatening
the health of residents. However, the content of Hg, Cr, and Cu in the hair of humans
who directly engaged in mining and mineral processing were significantly higher than
that of nonmining practitioners in polluted areas and residents in contrast area. This result
shows that mining and mineral processing are the main sources of toxic elements in human
body in the polluted area. Compared the results of 2015 and 2019, the contents of Hg and
Cr in human hair were decreased while the contents of Pb, Cd, and Cu were increased
in both contrast and contaminated areas. Compared with the contrast area, the contents
of Hg and Cr decreased slightly while Cd, As, and Cu increased notably in the human
hair from the polluted area. The overall results indicated that the contents of Hg and
Cr in the environment were decreasing while the contents of Pb, Cd, As, and Cu were
still accumulating.

In conclusion, toxic trace elements in human hair from polluted areas in the Xiao-
qinling gold mining area were still accumulating, causing potential human health risk
associated with the environmental pollution in gold mining areas. Therefore, local environ-
mental management departments still need to continue to manage and control wastewater,
solid waste, and fume discharges from mining and mineral processing industries. For
historically contaminated farmland soils, necessary land improvement techniques and
crops with weak uptake of toxic elements should be adopted. Of course, residents of the
area should also be educated on the health issues associated with the bioaccumulation of
toxic trace elements in the human bodies.

Author Contributions: Conceptualization, M.Y.; methodology, Y.X.; software, H.C.; validation, Y.X.;
formal analysis, M.Y.; investigation, H.C.; writing—original draft preparation, M.Y.; writing—review
and editing, M.Y.; supervision, H.K.; project administration, H.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the China Geological Survey Foundation, grant number
DD20160336.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Xi’an Center of China
Geological Survey (201711020-1 and 26 December 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the Data Management Policy of
China Geological Survey.

Acknowledgments: We are thankful to the Key Laboratory for Geohazards in Loess Areas, the
Chinese Ministry of Natural Resources, and the Xi’an Center of China Geological Survey for their
contributions to this research. The authors would like to thank the reviewers for their very helpful
and constructive reviews of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van-Bockstael, S. Land grabbing “from below”? Illicit artisanal gold mining and access to land in post-conflict Côted’Ivoire. Land

Use Policy 2019, 81, 904–914. [CrossRef]
2. Fang, F.; Wang, Y.; Zhu, Z.; Yao, Y.; Lin, Y.; Wang, J. Distribution characteristics and influencing factors of heavy metals in scalp

hair of Huainan urban residents. Environ. Monit. Assess. 2019, 191, 443. [CrossRef] [PubMed]
3. Ni, S.; Li, R.; Wang, A. Heavy metal content in scalp hair of the inhabitants near Dexing Copper Mine, Jiangxi Province, China.

Sci. China Earth Sci. 2011, 54, 780–788. [CrossRef]
4. Ferring, D.; Hausermann, H.; Effah, E. Site specific: Heterogeneity of small-scale gold mining in Ghana. Extr. Ind. Soc. 2016, 3,

171–184. [CrossRef]
5. Salo, M.; Hiedanpaa, J.; Karlsson, T.; Carcamo, A.; Kotilanen, J.; Jounela, P.; Rumrrill, G.R. Local perspectives on the formalization

of artisanal and small-scale mining in Madre de Dios gold fields, Peru. Extr. Ind. Soc. 2016, 3, 1058–1066. [CrossRef]

http://doi.org/10.1016/j.landusepol.2018.04.045
http://doi.org/10.1007/s10661-019-7592-z
http://www.ncbi.nlm.nih.gov/pubmed/31203464
http://doi.org/10.1007/s11430-011-4194-1
http://doi.org/10.1016/j.exis.2015.11.014
http://doi.org/10.1016/j.exis.2016.10.001


Int. J. Environ. Res. Public Health 2021, 18, 2074 13 of 15

6. Hilson, G.; Maconachie, R. Formalizing artisanal and small-scale mining: Insights, contestations and clarifications. Area 2017, 49,
443–451. [CrossRef]

7. Hilson, G.; Hilson, A.; Maconachiec, R.; McQuilkena, J.; Goumandakoyea, H. Artisanal and small-scale mining (ASM) in
sub-Saharan Africa: Reconceptualizing formalization and ‘illegal’ activity. Geoforum 2017, 83, 80–90. [CrossRef]

8. Siwale, A.; Siwale, T. Has the promise of formalizing artisanal and small-scale mining (ASM) failed? The case of Zambia. Extr.
Ind. Soc. 2016, 4, 191–201. [CrossRef]

9. Maconachie, R. Navigating the intergenerational divide? Youth, artisanal diamond mining, and social transformation in Sierra
Leone. Extr. Ind. Soc. 2017, 4, 744–750. [CrossRef]

10. McQuilken, J.; Hilson, G. Mapping small-scale mineral production networks: The case of Alluvial diamonds in Ghana. Dev.
Chang. 2017, 49, 978–1009. [CrossRef]

11. De-Haan, J.; Geenen, S. Mining cooperatives in Eastern DRC The interplay between historical power relations and formal
institutions. Extr. Ind. Soc. 2016, 3, 823–831. [CrossRef]

12. Huggins, C.; Buss, D.; Rutherford, B. A ‘cartography of concern’: Place-making practices and gender in the artisanal mining
sector in Africa. Geoforum 2017, 83, 142–152. [CrossRef]

13. Samanta, G.; Sharma, R.; Roychowdhury, T.; Chakraborti, D. Arsenic and other elements in hair, nails, and skin-scales of arsenic
victims in West Bengal, India. Sci. Total Environ. 2004, 326, 33–47. [CrossRef]

14. Gonzalez-Munoz, M.J.; Meseguer, A.P.I. Monitoring heavy metal contents in food and hair in a sample of young Spanish subjects.
Food Chem. Toxicol. 2008, 46, 3048–3052. [CrossRef] [PubMed]

15. Massaquoi, L.D.; Ma, H.; Liu, X.; Han, P.; Zuo, S.; Hua, Z.; Liu, D. Heavy metal accumulation in soils, plants, and hair samples:
An assessment of heavy metal exposure risks from the consumption of vegetables grown on soils previously irrigated with
wastewater. Environ. Sci. Pollut. Res. 2008, 22, 18456–18468. [CrossRef] [PubMed]

16. Yao, C.; Yin, X.; Song, J.; Li, Z.; Qian, W.; Zhao, Q.; Luo, Y. Characteristics of six elements contents in human hairs in the vicinity
of metal smelting factories. Environ. Sci. 2008, 29, 1376–1379.

17. Lu, C.; Wu, Y.; Hu, S.; Zhang, X.; Fu, Y. Distribution and transport of residual lead and copper along soil profiles in a mining
region of North China. Pedosphere 2016, 26, 848–860. [CrossRef]

18. Schudel, G.; Kaplan, R.; Miserendino, A.R.; Veiga, M.M.; Velasquez-Lopez, P.C.; Guimaraes, J.R.D.; Bergquist, B.A. Mercury
isotopic signatures of tailings from artisanal and small-scale gold mining (ASGM) in southwestern Ecuador. Sci. Total Environ.
2019, 686, 301–310. [CrossRef]

19. Mora, A.; Jumbo-Flores, D.; González-Merizalde, M.; Bermeo-Floresv, S.A.; Alvarez-Figueroa, P.; Mahlknecht, J.; Hernández-
Antonio, A. Heavy metal enrichment in fluvial sediments of an Amazonian Basin impacted by gold mining. Bull. Environ. Contam.
Toxicol. 2019, 102, 210–217. [CrossRef]

20. Fashola, M.; Ngole-Jeme, V.; Babalola, O. Heavy metal pollution from goldmines: Environmental effects and bacterial strategies
for resistance. Int. J. Environ. Res. Public Health 2016, 13, 1047. [CrossRef]

21. Oyebamiji, A.; Amanambu, A.; Zafar, T.; Adewumi, A.J.; Akinyemi, D.S. Expected impacts of active mining on the distribution of
heavy metals in soils around Iludun-Oro and its environs, Southwestern Nigeria. Cogent. Environ. Sci. 2018, 4, 1–21. [CrossRef]

22. Nukpezah, D.; Abdul-Rahman, F.; Koranteng, S.S. The impact of small scale mining on irrigation water quality in Asante Akim
Central Municipality of Ghana. West Afr. J. Appl. Ecol. 2017, 25, 49–67.

23. Ansah, E.; Nukpezah, D.; Hogarh, J.N. Levels and distribution of heavy metals in Weija Reservior, Accra, Ghana. West Afr. J. Appl.
Ecol. 2018, 26, 74–88.

24. Afrifa, J.; Ogbordjor, W.D.; Duku-Takyi, R. Variation in thyroid hormone levels is associated with elevated blood mercury levels
among artisanal small-scale miners in Ghana. PLoS ONE 2018, 13, e0203335. [CrossRef] [PubMed]

25. Liu, B.; Wu, F.; Deng, Q.; Mo, C.; Zhu, J.; Zeng, L.; Fu, Z.; Li, W. Pollution characteristics of antimony, arsenic and mercury in
human hair at Xikuangshan antimony mining area and Guiyang city, China. Environ. Sci. 2009, 30, 907–912.

26. Ni, S.; Li, R.; Wang, A. The distribution of heavy metal in the scalp hair of the females near Dexing mine area, Jiangxi, China.
Environ. Monit. China 2012, 28, 81–87.

27. Wang, Y.; Li, Q.; Li, X. The correlation on heavy metal pollution and trace element content of hair samples from children. Environ.
Dev. 1999, 14, 23–25.

28. Xu, Y.; Zhang, J.; Liu, R.; Ke, H.; Li, Y. Environmental effects of heavy metal pollution of farm land soils in gold mining areas.
China Geol. 2007, 134, 716–722.

29. Xu, Y.; Zhng, J. Contents of heavy metals in bottom sediments of the Taiyu river in the Tongguan gold mining area, Shaanxi
China, and contamination assessments. Geol. Bull. China 2008, 27, 1263–1671.

30. Zhang, J.; Zhao, A.; Chen, H.; Xu, Y.; He, F. Evaluation of potential ecological risk of heavy metal pollution in bottom mud of the
Xiyu river in the Xiaoqinling gold mining area. Geol. Bull. China 2008, 27, 1286–1291.

31. Xu, Y.; Zhang, J.; Chen, S.; Ke, H. Distribution of contents of heavy metals in soils profile contaminated in different ways in
Xiaoqinling gold mining area. J. Agro-Environ. Sci. 2008, 27, 200–206.

32. Yang, J.; Wang, N. Assessment of potential ecological risk of heavy metals in soils from Jia-Pi-Gou gold mine area, China. J.
Agro-Environ. Sci. 2013, 32, 595–600.

33. Xu, Y.; Zhang, J.; Zhao, A.; Ke, H. Water and soil contamination and environmental effect in a certain gold area in Xiaoqinling.
Hydrogeol. Eng. Geol. 2009, 34, 131–134.

http://doi.org/10.1111/area.12328
http://doi.org/10.1016/j.geoforum.2017.05.004
http://doi.org/10.1016/j.exis.2016.12.008
http://doi.org/10.1016/j.exis.2017.05.006
http://doi.org/10.1111/dech.12403
http://doi.org/10.1016/j.exis.2016.05.003
http://doi.org/10.1016/j.geoforum.2016.09.009
http://doi.org/10.1016/j.scitotenv.2003.12.006
http://doi.org/10.1016/j.fct.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18586066
http://doi.org/10.1007/s11356-015-5131-1
http://www.ncbi.nlm.nih.gov/pubmed/26268624
http://doi.org/10.1016/S1002-0160(15)60090-X
http://doi.org/10.1016/j.scitotenv.2019.06.004
http://doi.org/10.1007/s00128-019-02545-w
http://doi.org/10.3390/ijerph13111047
http://doi.org/10.1080/23311843.2018.1495046
http://doi.org/10.1371/journal.pone.0203335
http://www.ncbi.nlm.nih.gov/pubmed/30161259


Int. J. Environ. Res. Public Health 2021, 18, 2074 14 of 15

34. Xu, Y.; Zhang, J.; Zhao, A.N.; Ke, H.; Liu, R.; Xu, D. Study on Temporal and Spatial Variation of Hg Cumulative Effect of
Farmland Soil in Tongguan Goldfield. In Proceedings of the 2011 International Symposium on Water Resource and Environmental
Protection, Xi’an, China, 20–22 May 2011; pp. 1771–1775.

35. Xu, Y.; Zhang, J.; Ke, H.; Liu, R.; Chen, H. Cd contamination of farmland soil in a gold mining area and its environmental effects.
China Geol. 2013, 40, 636–643.

36. Liu, R.; Xu, Y.; Zhang, J.; Chen, H.Q.; Fang, H.; Li, X.; Ke, H.L.; Qiao, G. Accumulation and environmental risk on heavy metal
pollution in bottom sediments of surface waters in Xiao Qinling gold mine Belt, China. Int. Conf. Mater. Sci. Environ. Eng. 2014,
773, 862–866. [CrossRef]

37. Xu, Y.; Zhang, J.; Xie, J.; Ke, H.; Liu, R. Contrast analysis on heavy metals contents in villagers’ hair in contaminated areas of the
Xiaoqinling gold belt, China. Geol. Bull. China 2008, 27, 1279–1285.

38. Adewumi, A.J.; Laniyan, T.A.; Xiao, T.; Liu, Y.; Ning, Z. Exposure of children to heavy metals from artisanal gold mining in
Nigeria: Evidences from bio-monitoring of hairs and nails. Acta Geochim. 2020, 39, 451–470. [CrossRef]

39. Ministry of Ecology and Environment of the People’s Republic of China. Technical Specification for Soil Environmental Monitoring
(HJ/T 166-2004); China Environmental Science Press: Beijing, China, 2004.

40. Nemerow, N.L. Stream, Lake, Estuary, and Ocean Pollution; Van Nostrand Reinhold Publishing Co.: New York, NY, USA, 1991.
41. Yari, A.A.; Varvani, J.; Zare, R. Assessment and zoning of environmental hazard of heavy metals using the Nemerow integrated

pollution index in the vineyards of Malayer city. Acta Geophys. 2020. [CrossRef]
42. Tabatadze, T.; Zhorzholiani, L.; Kherkheulidze, M.; Kandelaki, E.; Ivanashvili, T. Hair heavy metal and essential trace element

concentration in children with autism spectrum disorder. Georgian Med. News 2015, 248, 77–82.
43. Liang, G.; Pan, L.; Liu, X. Assessment of Typical Heavy Metals in Human Hair of Different Age Groups and Foodstuffs in Beijing,

China. Int. J. Environ. Res. Public Health 2017, 14, 914. [CrossRef]
44. Li, J.; Yu, T.; Zhou, J.; Xie, Z. Assessment of health risk for mined soils based on critical thresholds for lead, zinc, cadmium and

copper. Environ. Sci. 2008, 29, 2327–2330.
45. Wang, T.; Fu, J.; Wang, Y.; Liao, C.; Tao, Y.; Jiang, G. Use of scalp hair as indicator of human exposure to heavy metals in an

electronic waste recycling area. Environ. Pollut. 2009, 157, 2445–2451. [CrossRef] [PubMed]
46. Chen, M.; Feng, L.; Zhou, G.; Xie, W.; Jacques, Y.; Cao, X.; Chen, H. Delayed geochemical hazards: Characteristics, modeling and

application. Geol. Bull. China 2005, 24, 916–921.
47. Zhu, H.; Wang, J.; Chen, R.; Chang, P.; Tian, W.; Gao, J.; Liu, H.; Yin, X.; Zhang, Y.; Lu, M.; et al. Food concentration and dietary

intakes of elements for Chinese man. Chan. J. Radiol. Med. Prot. 2000, 20, 378–384.
48. WHO. Mercury in Drinking-water, Guidelines for Drinking-water Quality; World Health Organization: Geneva, Switzerland, 1996;

pp. 1–11.
49. Hickey, M.B.C.; Fenton, M.B.; MacDonald, K.C.; Souilliere, C. Trace elements in the fur of bats (Chiroptera: Vespertilionidae) from

Ontario and Quebec, Canada. Bull. Environ. Contam. Toxicol. 2011, 66, 699–706. [CrossRef]
50. Frisch, M.; Schwartz, B.S. The pitfalls of hair analysis for toxicants in clinical practice: Three case reports. Environ. Health Perspect.

2002, 110, 433–436. [CrossRef]
51. Beernaert, J.; Schiers, J.; Leirs, H.; Blust, R.; Van-Hagen, R. Nondestructive pollution exposure assessment by means of wood mice

hair. Environ. Pollut. 2007, 145, 443–451. [CrossRef] [PubMed]
52. Filistowicz, A.; Przysiecki, P.; Nowicki, S.; Durkalec, M. Concentration of heavy metals in hair and skin of silver and red foxes

(Vulpes vulpes). Environ. Monit. Asses. 2012, 182, 477–484. [CrossRef] [PubMed]
53. Chatt, A.; Katz, S.A. Hair analysis: Applications in the biomedical and environmental sciences. Anal. Chim. Acta 1988, 222, 392.

[CrossRef]
54. D’Havé, H.; Scheirs, J.; Mubiana, V.K.; Verhagen, R.; Blust, R.; DeCoen, W. Non-destructive pollution exposure assessment in

the European hedgehog (Erinaceuse uropaeus): II. Hair and spines as indicators of endogenous metal and As concentrations.
Environ. Pollut. 2006, 142, 438–448. [CrossRef] [PubMed]

55. Khazaee, M.; Hamidian, A.H.; Alizadeh-Shabani, A.; Ashrafi, S.; Mirjalili, A.A.; Esmaeelzadeh, E.; Zareh, M. Investigation of
heavy metals concentrations in different tissues of Persian jird as bioindicator species in Darreh Zereshk, Yazd. Iran J. Appl. Ecol.
2015, 3, 41–52.

56. Hariono, B.; Ng, J.; Sutton, R.H. Lead concentrations in tissues of fruit bats (Pteropus sp.) in urban and non-urban locations. Wildl.
Res. 1993, 20, 315–320. [CrossRef]

57. Halbrook, R.S.; Jenkins, J.H.; Bush, P.B.; Seabolt, N.D. Sublethal concentrations of mercury in river otters: Monitoring environ-
mental contamination. Arch. Environ. Contam. Toxicol. 1994, 27, 306–310. [CrossRef] [PubMed]

58. Liu, Z.P. Lead poisoning with cadmium in sheep and horses in the vicinity of non-ferrous metal smelters. Sci. Total Environ. 2003,
39, 117–126. [CrossRef]

59. Ikemoto, T.; Kunito, T.; Watanabe, I.; Yasunaga, G.; Baba, N.; Miyazaki, N.; Petrov, E.A.; Tanabe, S. Comparison of trace element
accumulation in Baikal seals (Pusasibirica), Caspian seals (Pusa caspica) and northern fur seals (Callorhin usursinus). Environ. Pollut.
2004, 127, 83–97. [CrossRef]

60. Smith, G.J.; Rongstad, O.J. Small mammal heavy metal concentrations from mined and control sites. Environ. Pollut. 1982, A28,
121–134. [CrossRef]

http://doi.org/10.4028/www.scientific.net/AMR.773.862
http://doi.org/10.1007/s11631-019-00371-9
http://doi.org/10.1007/s11600-020-00514-0
http://doi.org/10.3390/ijerph14080914
http://doi.org/10.1016/j.envpol.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19346038
http://doi.org/10.1007/s001280065
http://doi.org/10.1289/ehp.02110433
http://doi.org/10.1016/j.envpol.2006.04.025
http://www.ncbi.nlm.nih.gov/pubmed/16828531
http://doi.org/10.1007/s10661-011-1891-3
http://www.ncbi.nlm.nih.gov/pubmed/21327483
http://doi.org/10.1016/S0003-2670(00)81917-0
http://doi.org/10.1016/j.envpol.2005.10.021
http://www.ncbi.nlm.nih.gov/pubmed/16324771
http://doi.org/10.1071/WR9930315
http://doi.org/10.1007/BF00213164
http://www.ncbi.nlm.nih.gov/pubmed/7944553
http://doi.org/10.1016/S0048-9697(03)00011-1
http://doi.org/10.1016/S0269-7491(03)00251-3
http://doi.org/10.1016/0143-1471(82)90098-8


Int. J. Environ. Res. Public Health 2021, 18, 2074 15 of 15

61. Clark, J.; Foerster, K.S.; Marn, C.M.; Hothem, R.L. Uptake and environmental contaminants by small mammals in pickle weed
habitats at San Francisco Bay, California. Arch. Environ. Contam. Toxicol. 1992, 22, 389–396. [CrossRef]

62. Pankakoski, E.; Hyvärinen, H.; Jalkanen, M.; Koivisto, I. Accumulation of heavy metals in the mole in Finland. Environ. Pollut.
1993, 80, 9–16. [CrossRef]

63. Komarnicki, G.J.K. Tissue, sex and age specific accumulation of heavy metals (Zn, Cu, Pb, Cd) by populations of the mole (Talpa
europaea L.) in a central urban area. Chemosphere 2000, 41, 1593–1602. [CrossRef]

64. Vahter, M.; Åkesson, A.; Lidén, C.; Ceccatelli, S.; Berglund, M. Gender differences in the disposition and toxicity of metals.
Environ. Res. 2007, 104, 85–95. [CrossRef]

65. Gochfeld, M. Framework for gender differences in human and animal toxicology. Environ. Res. 2007, 104, 4–21. [CrossRef]
66. Pra, D.; Rech-Frenke, S.I.; Giulian, R.; Yoneama, M.L.; Ferraz-Diaz, J.; Erdtmann, B.; Pegas-Henriques, J.A. Genotoxicity and

mutagenicity of iron and copper in mice. Biometals 2008, 21, 289–297. [PubMed]
67. Lopes, P.A.; Viegas-Crespo, A.M.; Nunes, A.C.; Pinheiro, T.; Marques, C.; Santos, M.C.; Mathias, M.L. Influence of age, sex, and

sexualactivity on trace element levels and antioxidant enzyme activities in field mice (Apodemus sylvaticus) and (Mus spretus). Biol.
Trace Elem. Res. 2002, 85, 227–239. [CrossRef]

68. Sánchez-Chardi, A.; Oliveira-Ribeiro, C.; Nadal, J. Metals in liver and kidneys and the effects of chronic exposure to pyrite mine
pollution in the shrew Crocidura russula inhabiting the protected wetland of Doñana. Chemosphere 2009, 76, 387–394. [CrossRef]
[PubMed]

69. Mugford, C.A.; Kedderis, G.L. Sex dependent metabolism of xenobiotics. Drug Metab. Rev. 1998, 30, 441–498. [CrossRef]
[PubMed]

70. Ziaie, H. A Field Guide to the Mammals of Iran, 1st ed.; Iran wildlife Center: Tehran, Iran, 2008.
71. Topolska, K.; Sawicka-Kapusta, K.; Cieslik, E. The effect of contamination of the Krakow Region on heavy metals content in the

organs of bank voles (Clethrionomys glareolus, Schreber, 1780). Pol. J. Environ. Stud. 2004, 13, 103–109.
72. Zhang, J.; Xu, Y.; Wu, Y.; Hu, S.; Sun, R. Exploring and index to reveal influences of gold mining activities on wheat grains over

Xiaoqinling farmland region, Shaanxi, China. Fresenius Eviron. Bull. 2020, 29, 2144–2153.
73. Pokarzhevskij, A.D. Geochemical Ecology of Terrestrial Animals; Nauka Publ House: Moscow, Russia, 1985.
74. Venugopal, B.; Luckey, T.D. Metal Toxicity in Mammals; Plenum: New York, NY, USA, 1978.
75. Sawicka-Kapusta, K. Uptake and concentrations of lead and cadmium and their effects on birds and mammals. Arch. Och. Środ.
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