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Abstract: During mining, some of the essential metal(loid)s for plants or humans are discharged
into the environment with non-essential metal(loid)s. Thus, comprehensive investigations of their
distribution and the health risk of consuming food crops near mines are significant. A total of
26 soils and 25 food crops (soybean grains and wheat grains) were sampled to investigate arsenic
(As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb), zinc (Zn), selenium (Se),
molybdenum (Mo), and manganese (Mn) in soils and crops in a typical non-ferrous metal mine area
in Northeast China. The distribution patterns of soil heavy metal(loid)s and principal component
analysis (PCA) results indicated that Cd, Cu, Zn, Mo, and Mn in soils were significantly affected
by mining activities and were mainly or partly derived from the mines. Moreover, these soil heavy
metal(loid)s (except Se) in the Tongshan copper mine area were attenuated with distance in the
downstream direction. The BCF (bioconcentration factor) values of non-essential elements (Se, Hg,
Cr, As, Cd, Pb) were relatively lower and positively related to soil nutrients. On the contrary, higher
BCF values of essential elements (Cu, Zn, and Mo) and a weak relationship between the BCF of
essential elements and soil nutrients were found. The mean Igeo values of soil heavy metal(loid)s
indicated that As and Cu were at an unpolluted-to-moderately-polluted level (Igeo > 1), while other
heavy metal(loid)s all presented an unpolluted level (Igeo < 1). Nevertheless, some soil samples were
obviously polluted (Igeo > 1), such as KQ, D1, D3, D5, D6, and T1. The HQ (hazard quotient) and HI
(hazard index) values of As and Mn both exceeded 1, indicating the higher potential health risks of
consuming soybean grains and wheat grains for all people groups.

Keywords: mine; food crops; soil; heavy metal(loid)s; health risk

1. Introduction

Soil is a major component of the Earth’s ecosystem, supplying essential nutrients
for plant growth. With the rapid development of the economy, substantial amounts of
heavy metal(loid)s have been discharged into soils through sewage irrigation, fertilization,
and mining activities, etc. [1–4], finally inducing an accumulation of these elements in
food crops. Food crops are the main sources of the essential nutrients, minerals, and
vitamins required by human beings for maintaining good health [5]. Meanwhile, food
consumption is the major pathway of human exposure to heavy metal(loid)s, accounting
for >90% compared with other ways of exposure, such as inhalation and dermal contact [6].
Heavy metal(loid)s in food crops can finally be accumulated in the human body through
the food chain, posing a potential health risk [7–9]. Accordingly, heavy metal(loid)s in food
crops create significant health risks to the possible consumers of these crops [3,5,6,10].
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Mining development is the most important source of heavy metal(loid)s near the mine
area. Sulfides on exposure to oxygen and water may generate significant amounts of acid
mine drainage, which in turn results in the leaching of metals towards aquatic bodies.
When these heavy metal(loid)s in the acid mine drainage are discharged into the surface
water, they can be transported for a distance of a few kilometers by the hydrodynamic
forces [11]. In addition, fine-grained mine tailings can be carried away by strong winds
and contaminate the surroundings [12]. Heavy metal(loid) pollution near mines has been
reported extensively [3,11,13]. However, the ore in mines, especially metal mines, generally
contains many associated elements, some of which are the essential elements for the human
body or plants, such as Cu, Zn, Mo, and Mn. Cu and Zn are the key elements of some
proteins and enzymes in plants and the human body, which play a role in biological electron
transport and oxygen transportation [14,15]. Mo and Mn also play an important role in the
enzymes production of the human body and plants [16,17]. Although heavy metal(loid)
pollution around mine areas has led to enormous concerns in the past few decades, only a
few previous studies have been particularly concerned with the essential elements in the
soil–plant system in mining areas.

The Duobaoshan ore-concentration area, including the Duobaoshan copper mine
and the Tongshan copper mine, is located in Heihe District, Northeast China. Long-term
mining activities could lead to the heavy metal(loid) pollution of agricultural soil and
threaten the health of residents near the mine area. In this paper, the objectives were:
(i) to obtain the distribution patterns of heavy metal(loid)s near the Duobaoshan and
Tongshan copper mines; (ii) to investigate the bioaccumulation of heavy metal(loid)s in
food crops (soybean and wheat); and (iii) to assess the environmental risk and health risks
of consuming crops grown near mines. The results can contribute to the formulation of
science-based remediation and protection strategies for the studied area.

2. Materials and Methods
2.1. Study Area and Sampling

Duobaoshan ore-concentration area, located in Heihe district, Northeast China, in-
cludes many mines, such as Duobaoshan copper mine (DM) and Tongshan copper mine
(TM). The proven reserves of copper, molybdenum, and gold amount to 335 Mt, 15 Mt, and
73 t in Duobaoshan copper mine and Tongshan copper mine, respectively [18]. The major
ore minerals are pyrite, chalcopyrite, bornite, molybdenite, sphalerite, and galena. Benefici-
ation of copper ore through flotation is the general rule for the mines. Tailings generated
from Duobaoshan copper mine and Tongshan copper mine are discharged into a tailings
pond located about 5 km south of Duobaoshan copper mine. There is a coal mine 10 km
southeast of Duobaoshan copper mine. Duobaoshan stream begins in Duobaoshan copper
mine and flows from north to south across the tailings pond and Heibaoshan coal mine,
finally into Niqiuhe River. The region has a cold temperate monsoon climate, with average
annual temperature and rainfall of −1.3–0.4 ◦C and 500–550 mm. Chernozem is dominant in
the studied area. In 2019, the population of the region was over 460,000, and the agricultural
production was 1,615,000 t (http://www.nenjiang.gov.cn/system/202006/177342.html,
accessed on 1 January 2022) (Figure 1).

The sampling of soils and crops was performed in September 2018, and all soils
and crops were collected at the same time. Twelve soil samples (D1–D12, 0–20 cm) were
collected from farmland along the downstream of Duobaoshan copper mine. The distances
between soil sampling sites of D7, D8, D9, D10, D11, D12, and tailings pond, are 50,
200, 1000, 1600, 2100, and 2600 m, respectively. Ten soil samples (T1–T10, 0–20 cm) were
collected 500 m apart from each other along a road of Tongshan copper mine. A soil sample
(KQ, 0–20 cm) located in the mining area of Tongshan copper mine was collected. Soil
samples of D13, D14, and D15 located downstream of Duobaoshan stream (DDS) were also
collected to investigate the impact of Heibaoshan coal mine. The soil samples were air-dried,
ground with an agate mortar, and sieved through a 2 mm polyethylene sieve for analysis
of physicochemical properties. The subsamples of soils were ground and sieved through a
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0.149 mm polyethylene sieve for analysis of metal(loid)s. For assessment of health risk of
consuming food crops, food crops (16 soybean-grain samples and 9 wheat-grain samples)
were collected at each soil sampling site (except soil of KQ). Soybean grains and wheat
grains were washed with deionized water to remove the surface dirt and dried at 105 ◦C to
constant weight. The dried grain samples were ground into a powder for analysis.
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2.2. Chemical Analysis

Soil pH was measured with a pH meter (FE20, Mettler-Toledo Inc., Shanghai, China) at
a soil-to-water ratio of 1:2.5. Soil organic matter (OM) was measured by K2Cr2O7 oxidation
method. Soil cation-exchange capacity (CEC) was determined by the 1 M ammonium
acetate methods at pH 7. Particle size distributions were analyzed using a laser particle
size analyzer (Microtrac S3500, Microtrac Inc., Montgomery Ville, PA, USA). Total N (TN)
was determined using a micro-Kjeldahl digestion method. Total P (TP) was determined
using the H2SO4–hydrogen peroxide–hydrofluoric acid method. The soil NH4+-N and
NO3-N contents were determined by KCl extraction method. Soil available K (AK) was
determined by first extracting with 1.0 mol/L of CH3COONH4 at pH 7.0 followed by
using an atomic flame photometer (PinAAcel900H, PerkinElmer, Norwalk, CT, USA).
Available phosphorus (Olsen-P) was determined by Olsen method. The methods of soil
physicochemical properties were referred to in reference [19].

Weighted soil samples (0.1000 g) were digested with 3 mL HNO3, 1 mL HClO4,
and 1 mL HF in closed Teflon vessels for 5 h at 165 ◦C. After cooling, the vessels were
transferred to an electric hot plate (160 ◦C) to eliminate silicon and any remaining
HF. After the white smoke disappeared, samples were removed from the heat, and
1 mL HNO3 was added. Samples were then adjusted to 10 mL with ultrapure water to
measure As, Cd, Cr, Cu, Hg, Pb, Zn, Se, Mo, and Mn by inductively coupled plasma
mass spectrometry (ICP-MS) (iCAP Qc, Thermo-Fisher Scientific, Bremen, Germany).
To ensure analytical quality, geochemical-standard soil samples (GSS-1 and GSS-2) and
wheat flour (GBW08503b) provided by National Institute of Standards and Technology,
Beijing, China were used to validate the analytical method. The recoveries from the
standard samples were acceptable.

2.3. Bioconcentration Factor (BCF)

The BCF of metal(loid)s in the soil to the soybean grains or wheat grains was defined
as the ratio of the heavy metal(loid)s concentration in the crops to that in the soil:

BCF =
Ccrop

Csoil
, (1)

2.4. Environmental Risk Assessment

The geo-accumulation index (Igeo), which compares the heavy metal(loid) contents of
soils with background values, was used to quantify heavy metal(loid) pollution using the
following equation [20,21]:

Igeo = log2

(
Cn

1.5 × Bn

)
, (2)

where Cn is the measured concentration of heavy metal(loid) n, Bn is the background value
of metal n, and 1.5 is the background matrix correlation factor due to lithogenic variation.
The background values of these elements in the soil in Heilongjiang Province used to
calculate Igeo were 7.3, 0.086, 58.6, 20.0, 0.037, 24.2, 70.7, 0.195, 1.8, and 1065 mg/kg for As,
Cd, Cr, Cu, Hg, Pb, Zn, Se, Mo, and Mn, respectively [22]. Igeo calculations were classified
into seven categories: unpolluted, Igeo < 0; unpolluted to moderately polluted, 0 ≤ Igeo < 1;
moderately polluted, 1 ≤ Igeo < 2; moderately to heavily polluted, 2 ≤ Igeo < 3; heavily
polluted, 3 ≤ Igeo < 4; heavily to extremely polluted, 4 ≤ Igeo < 5; and extremely polluted,
Igeo ≥ 5.

2.5. Hazard Quotient (HQ) and Hazard Index (HI)

The HQ was used to express the potential non-cancer risk for individual heavy
metal(loid)s [23].

HQ =
CDI

RfDo
(3)
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CDI =
CF × IR × EF × ED

BW × AT
(4)

Chronic daily intake (CDI): exposure expressed as the mass of a substance contacted
per unit body weight per unit time, averaged over a long period of time; RfDo: safe lev-
els of exposure by oral intake for a lifetime (mg/kg/day); CF: the median concentration
of heavy metal(loid)s in soybean grains and wheat grains (mg/kg); IR: the ingestion rate
of soybean grains and wheat grains (kg/(person·day)) equal to 470.86 g/(person·day) and
531.53 g/(person·day) for urban and rural adults, respectively, and equal to 46.7 g/(person·day)
and 85.4 g/(person·day) for urban and rural children, respectively [24]; EF: exposure frequency
(365 days/year); ED: exposure duration (assumed as 70 years for adults and 6 years for
children), equivalent to the average lifetime [25]; BW: average body weight (61.6 kg and
18.6 kg for adults and children, respectively [26]); AT: the average exposure time for non-
carcinogenic risk (ED × 365 days/year).

If the HQ is less than 1, then there is no obvious non-cancer risk. If HQ is equal to
or higher than 1, there may be potential non-cancer risk. The RfDo value represents safe
levels of exposure by oral intake for a lifetime. The RfDo values of As, Cd, Cr, Cu, Hg, Pb,
Zn, Se, Mo, and Mn were 0.0003, 0.001, 1.5, 0.04, 0.0003, 0.004, 0.3, 0.005, 0.005, and 0.24,
respectively [5,6,10,25,27,28].

To assess the overall potential health risk imposed by more than one heavy metal(loid),
EPA has proposed an HI based on EPA’s guidelines for health risk assessment of chemical
mixtures [29]. This HI is given as:

HI = ∑ HQ =
CDI1

RfDo1
+

CDI2

RfDo2
+ · · ·+ CDIi

RfDoi
(5)

2.6. Multivariate Statistical Analysis

Statistical analyses were performed with the statistical software package SPSS
version 20.0 for Windows and CANOCO 4.5. The Kolmogorov–Smirnov (K-S) test
was used to evaluate whether the datasets of heavy metal(loid)s in the soil and food
crops followed a normal distribution. Datasets of heavy metals in DM soils, TM
soils, soybean and wheat grains, and the BCF of soybean and wheat grains were
all normal distribution (except Zn of DM soils, Se of soybean BCF, and As of wheat
BCF) (Supplementary Materials: Table S1). A Student’s t-test was used to statistically
analyze the differences between datasets. PCA was also carried out to identify the
source of soil heavy metal(loid)s and find the relationship between BCF and soil
physicochemical properties.

3. Results and Discussion
3.1. Physicochemical Properties of Soils

All studied soils were acidic with mean pH values of 5.43 ± 0.16, 5.48 ± 0.21,
5.79 ± 0.41 for DM, TM and DDS, respectively (Table 1). The pH value of soil, collected
in Tongshan mining area (KQ), was higher than other soil samples with a value of
6.50. OM contents of soils near the mines (DM, TM and DDS) were higher than that
of KQ. Similarly, CEC values of DM, TM and DDS were higher than KQ soil. All soils
were silt loam (Supplementary Materials: Figure S1). Soil nutrients were presented in
Table S2 (Supplementary Materials). The mean contents of TN in DM, TM and DDS
were relatively high with values of 3679 ± 547, 3539 ± 1501 and 4430 ± 1690 mg/kg,
respectively. TN of KQ soil was 998 mg/kg and less than other soils. NH4+-N contents
in DM, TM, DDS were also slightly higher than that in KQ soil. However, NO3-N
contents in the soils of DM, TM, DDS and KQ were comparable. TP in soils of DM,
TM, DDS and KQ were 0.17% ± 0.02%, 0.14% ± 0.02%, 0.15% ± 0.03% and 0.14%,
respectively. Higher Olsen-P and AK can be found in soils of DM, TM and DDS than
that of KQ. Long-term agricultural activities in farmland should be the leading cause
of higher OM, TN, NH4+-N, Olsen-P and AK in soils.
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Table 1. Physicochemical properties of soils.

Studied Area Statistical Values pH OM
(%)

CEC
(cmol/kg)

Clay
(%)

Silt
(%)

Sand
(%)

Duobaoshan mine (DM,
n = 12)

Min. 5.21 4.64 22.92 0.88 69.78 19.93

Max. 5.80 8.10 32.00 2.94 77.14 28.65

Mean. 5.43 6.93 28.27 1.67 73.85 24.48

S.D. 0.16 0.96 2.82 0.62 1.90 2.36

CV 1 (%) 2.9 13.9 10.0 37.4 2.6 9.6

Tongshan mine (TM,
n = 10)

Min. 5.20 4.84 19.11 0.24 62.38 10.19

Max. 5.80 14.78 36.90 16.63 79.05 37.39

Mean. 5.48 7.57 27.23 4.57 73.71 21.72

S.D. 0.21 3.43 5.65 4.88 5.74 8.81

CV 1 (%) 3.8 45.4 20.8 106.8 7.8 40.6

Downstream of
Duobaoshan stream

(DDS, n = 3)

Min. 5.50 6.02 25.66 0.01 57.99 24.09

Max. 6.26 11.12 34.90 1.81 74.10 42.00

Mean. 5.79 7.76 28.79 0.80 66.60 32.61

S.D. 0.41 2.91 5.29 0.92 8.11 8.99

CV 1 (%) 7.1 37.5 18.4 116.0 12.2 27.6

Tongshan mining area
(KQ, n = 1) 6.50 2.88 18.37 12.38 75.86 11.76

Notes: 1 Coefficient variation.

3.2. Heavy Metal(loid)s in Soils

The concentrations of heavy metal(loid)s in soils were presented in Table 2. The mean
concentrations of As, Cd, Cr, Hg, Pb, and Zn in the soils of DM were comparable to the
background values in the studied area [22] and were all below the risk-screening values
of China [30], indicating low environmental risk, with values of 12.08 ± 5.85, 0.11 ± 0.02,
73.70 ± 10.55, 0.045 ± 0.0008, 22.19 ± 3.07, and 74.58 ± 7.34 mg/kg, respectively. How-
ever, the coefficient variation (CV) of As was 48.5% and higher than that of other heavy
metal(loid)s. The mean concentration of Cu was 53.3 ± 22.1 mg/kg for DM soils. It was
worth noting that Cu concentrations in five soil samples were higher than the risk-screening
values of China and the CV of Cu was 41.5%. The results indicated that some of the soil
samples were polluted. The mean concentrations of Se, Mo, and Mn were 0.190 ± 0.028,
1.59 ± 0.72, and 961.9 ± 101.3 mg/kg, respectively.

Except for Cd and Zn in the TM soils, As, Cr, Cu, Hg, and Pb in all soils of the TM
were lower than risk-screening values. Se and Mo concentrations in soils of the TM were
comparable with those in soils of the DM (p > 0.05) with mean values of 0.169 ± 0.044 and
1.27 ± 0.28 mg/kg, respectively. However, Mn (1244.4 ± 288.3 mg/kg) in the TM soils was
higher than that in the DM soils (p < 0.05). The concentrations of heavy metal(loid)s of
three soil samples from DDS were all lower than the risk-screening values, except the As
concentration in D14 was 77.42 and higher than the risk-screening value. Se, Mo, and Mn
concentrations of soils from DDS were comparable with those of soils from DM (p > 0.05).
The result indicated that the agricultural soil downstream of the Heibaoshan coal mine
was not subjected to heavy metal pollution by the coal mine. It was noticeable that the soil
sample from KQ showed higher Cd, Cu, Hg, Pb, Zn, Se, and Mo. The Cu concentration of
KQ soil reached up to 3060.9 mg/kg, indicating that this site soil was extensively affected
by mining activities.
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Table 2. Concentrations of heavy metal(loid)s in soils (mg/kg).

Studied Area Statistical Values As Cd Cr Cu Hg Pb Zn Se Mo Mn

DM (n = 12)

Min. 7.93 0.09 56.2 26.9 0.034 19.0 64.4 0.159 0.77 859

Max. 29.84 0.15 90.7 83.0 0.063 28.0 87.3 0.254 2.84 1221.6

Mean. 12.08 0.11 73.7 53.3 0.045 22.2 74.6 0.190 1.59 961.9

S.D. 5.85 0.02 10.6 22.1 0.008 3.1 7.3 0.028 0.72 101.3

CV 1 (%) 48.5 16.5 14.3 41.5 18.2 13.8 9.8 14.5 45.1 10.5

TM (n = 10)

Min. 10.63 0.08 55.8 15.5 0.033 20.4 57.4 0.098 1.00 732.6

Max. 19.81 0.37 68.9 47.6 0.062 58.6 287.8 0.245 1.92 1789.9

Mean. 12.78 0.13 62.5 29.1 0.047 26.9 90.4 0.169 1.27 1244.4

S.D. 2.82 0.09 4.3 9.9 0.01 11.3 69.7 0.044 0.28 288.3

CV 1 (%) 22.1 65.4 6.9 34.0 21.4 41.8 77.1 26.3 22.0 23.2

DDS (n = 3)

Min. 13.81 0.10 49.5 22.7 0.038 20.0 56.7 0.176 0.92 786.5

Max. 77.42 0.14 82.3 37.5 0.045 25.3 80.3 0.211 1.80 1085.5

Mean. 41.12 0.12 65.4 30.7 0.041 22.5 68.8 0.197 1.32 965.8

S.D. 32.75 0.02 16.4 7.5 0.004 2.7 11.8 0.019 0.44 158.1

CV 1 (%) 79.6 16.9 25.1 24.3 8.8 11.8 17.2 9.5 33.6 16.4

KQ (n = 1) / 21.98 0.90 71.7 3060.9 0.321 50.4 215.4 1.363 71.75 1147.9

Shanxi province, China 2 / 11.7 0.21 62.5 24.8 0.213 29.7 89.6 / / /

Hunan province, China 3 / 31.12 0.93 75.09 / 0.22 97.0 / / / /

Central Greece 4 / 2.1 3.3 39.2 34.8 0.9 9.8 29.8 / / /

Background values 5 / 7.3 0.086 58.6 20.0 0.037 24.2 70.7 0.195 1.8 1065

Risk screening values 6 pH < 5.5 40 0.3 150 50 1.3 70 200 / / /

5.5 < pH ≤ 6.5 40 0.3 150 50 1.8 90 200 / / /

Notes: 1 Coefficient variation, 2 Date from reference [1], 3 Date from reference [31], 4 Date from reference [32],
5 Background values of soil heavy metal(loid)s in Heilongjiang province [22], 6 Date from reference [30].

As mentioned above, most soil heavy metal(loid)s in the present study were lower
than the risk-screening values of China. Nevertheless, a considerable proportion of the
soil samples contained higher soil heavy metal(loid)s than the local background values of
heavy metals, such as DM soils for Cu, and T1 for As, Cd, Cu, Pb, Zn, and Mn. The results
suggested that some soils had been affected by mining activities. Lower soil Cd in the
present study than that in Shanxi Province, China and Central Greece can be observed [1],
which might result from long-term agricultural activities, such as the application of agro-
chemicals and fertilizer in Shanxi Province and Central Greece [33]. Cu was more obviously
accumulated in some sites (DM soils, T1 soil, and KQ soil) than in other studies [1,32], but
concentrations of Pb in DM, TM, and DDS soils were lower than that in Hunan Province
(97 mg/kg) [31]. Se, Mo, and Mn are not listed in the soil quality standard of China, but
their concentrations were comparable to the background values of soil (except Se in KQ
soil), indicating a lower environmental risk.

PCA was performed to identify the sources of soil heavy metal(loid)s (Table 3).
Three principal components were obtained, accounting for 74.06% of the total variation.
The first principal component PC1 included Cd, Pb, Zn, and Mn, explaining the
greatest variance (37.78%). The second principal component PC2 included Cr, Cu, Se,
and Mo, accounting for 24.07% of the total variance. The third principal component
PC3, explaining 12.20% of the total variance, was significantly related to As and Hg.
It was found that soil in the mining area (KQ) contained higher Cd, Cu, Zn, and Mn.
Hence, it can be concluded that PC1, i.e., Cd, Pb, Zn, and Mn, were mainly affected



Sustainability 2022, 14, 2953 8 of 15

by mining activities. Concentrations of As and Hg in the soils were relatively low,
indicating that As and Hg were geogenic elements in the studied area. Cu, Se, and
Mo concentrations in KQ soil were also extremely high with values of 3060.9, 1.363,
and 71.75 mg/kg, respectively. Nevertheless, higher Cr levels were not observed
(71.7 mg/kg). The results indicated that mining activities and natural origins both
contributed to the accumulation of soil heavy metal(loid)s in PC2.

Table 3. Total variance explained and rotated component matrix for total concentrations of heavy
metal(loid)s in soils.

Component
Initial Eigenvalues Rotation Sums of Squared Loadings

Elements
Principal Component

Total % of Variance Cumulative % Total % of Variance Cumulative % 1 2 3

1 3.78 37.78 37.78 3.54 35.44 35.44 As 0.025 0.142 −0.795

2 2.41 24.07 61.85 2.55 25.51 60.95 Cd 0.955 0.168 0.052

3 1.22 12.20 74.06 1.31 13.11 74.06 Cr −0.347 0.603 −0.161

4 0.83 8.30 82.36 Cu 0.010 0.913 0.195

5 0.68 6.75 89.11 Hg 0.154 0.323 0.634

6 0.59 5.95 95.06 Pb 0.964 0.099 −0.026

7 0.29 2.86 97.92 Zn 0.952 0.069 0.020

8 0.10 1.03 98.95 Se 0.342 0.623 −0.126

9 0.08 0.82 99.77 Mo 0.154 0.879 0.090

10 0.02 0.23 100.00 Mn 0.714 −0.164 0.430

Extraction method: principal component analysis; rotation method: VARIMAX with Kaiser normalization.
Rotation converged in six iterations.

It has been demonstrated that heavy metal(loid)s from mining activities can be
transported with river water or dust, leading to the pollution of soils and sediments by
heavy metal(loid)s [11,34,35]. Generally, the concentrations of these heavy metal(loid)s
from mines can attenuate with distance. The concentrations of Cd, Cu, Zn, Se, Mo,
and Mn, which were affected by mining activities, fluctuated with distance from the
tailing pond or mine (Figure 2). However, obviously attenuated patterns of these heavy
metal(loid)s were not found. Most soils from DM were mainly collected from the
riverbank of the Duobaoshan stream, about 50 m from the stream. More importantly,
artificial irrigation is uncommon in the studied area. Thus, some heavy metal(loid)s
leaching from the tailings pond in the wet season are difficult to transport to the
farmland. The decrease patterns of Cd, Cu, Zn, Mo, and Mn in TM soils with distance
can be observed. The attenuated patterns of heavy metal(loid)s were fitted well by
the ExpDec2 model and R2 values were 0.990, 0.380, 0.973, 0.746, 0.990, and 0.724 for
Cd, Se, Mo, Cu, Zn, and Mn, respectively. In the TM soil, Cd, Cu, Zn, Mo, and Mn
ranged from 0.374 to 0.084 mg/kg, 47.6 to 21.8 mg/kg, 287.8 to 69.1 mg/kg, 1.924
to 1.001 mg/kg, and 1789.9 to 1136.0 mg/kg, respectively. Although there is not a
river in the TM area, soils from TM were sampled along a road, which is one of the
main roads for ore transport. Ore dust generated from ore transport can diffuse to
the farmland on both sides of the road [35,36]. It is suggested that the decrease of
heavy metal(loid)s in TM soil with distance might result from ore dust diffusion during
transport. Mining activities have led to soil pollution by heavy metal(loid)s around the
mine area, therefore some works for preventing the diffusion of heavy metal(loid)s, as
well as remediation programs, have to be performed.
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3.3. Heavy Metal(loid)s in Food Crops

Heavy metal(loid)s in food crops w shown in Figure 3. It can be observed that the
mean concentrations of heavy metal(loid)s in soybean grains, except As, Cd, and Hg, were
higher than in wheat grains (p < 0.05). Cu, Zn, and Mo concentrations in soybean grains
were 12.829 ± 5.334, 39.713 ± 15.356, and 0.782 ± 0.768 mg/kg, respectively. Moreover, Cu,
Zn, and Mo concentrations in wheat grains were significantly lower than those in soybean
grains, with values of 3.952 ± 2.818, 23.906 ± 7.631, and 0.312 ± 0.211 mg/kg, respectively
(p < 0.05).
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Different heavy metal(loid)s are accumulated in food crops at variable rates depend-
ing on various factors, such as the species of plants, the physicochemical features of the
soil, and the contents and species of heavy metal(loid)s in the soil, etc., [5]. Most of
the BCF values of the crops were lower than 1 except for two BCF values of Cd and
one BCF value of Mo (Figure 4). The high standard deviation of BCF values for some
heavy metal(loid)s may be caused by the considerable difference of heavy metal(loid)s
among soil samples. Although there was no significant difference between soybean
grains and wheat grains for most BCF values of heavy metal(loid)s (p > 0.05), the BCF
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orders of heavy metal(loid)s of soybean grains and wheat grains were different. For
soybean, the order of the heavy metal(loid)s on the basis of their BCF mean values was:
Mo ≈ Zn > Cu ≈ Cd > Se > Mn > Hg > As > Pb ≈ Cr. All of the BCF mean values of wheat
grains were lower than 1 in the order: Cd > Zn > Mo > Se > Cu > Hg ≈ Mn > As > Pb > Cr.
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(p < 0.05).

Relatively higher BCF values of external heavy metal(loid)s, i.e., Mo, Zn, Cd, and Cu,
can be found, indicating a higher accumulation potential of heavy metal(loid)s in food
crops [37]. Mo, Zn, Cu, Cd, Se, and Mn in soils are mainly or partly derived from mining
activities. It was reported that higher concentrations of heavy metal(loid)s in soils can lead
to more accumulations of them in plants [38,39]. Although some of these external heavy
metal(loid)s are essential elements, the excess uptake of them by humans can cause a host
of health conditions. Thus, the health risk of Mo, Zn, Cu, Cd, Se, and Mn from consuming
food crops should be paid more attention to in the area near Duobaoshan and Tongshan
copper mines.

The relationship between BCF and soil nutrients and soil physicochemical properties
was shown in Figure 5. The BCF values of non-essential elements, i.e., Se, Hg, Cr, As, Cd,
and Pb, were generally grouped together and relatively lower than essential elements (Zn,
Cu, Mo, and Mn). More importantly, the same directions of the BCFs of these non-essential
elements with some soil nutrients, such as NH4+-N, AK, OM, TN, and TP, can be observed,
indicating a stronger positive relationship between the uptake of these heavy metal(loid)s
and soil nutrients. Dissolved organic matter in soil, such as humic acid, is an important
part of soil, with OM having phenolic and carboxylic functional groups that increase the
mobility and availability of heavy metal(loid)s to plants [40]. Chen et al. [41] reported
that NH4+-N in the soil can enhance soil acidity, inducing a positive correlation of heavy
metals with NH4+-N. The results indicated that soil nutrients are an important factor for
the uptake of non-elements by crops.
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On the contrary, the BCF values of essential elements (Zn, Cu, Mo, and Mn) were
grouped together and showed different directions with soil nutrients and soil physicochem-
ical properties, indicating a weak relationship with them (Figure 5). What is more, the BCF
values of these essential elements, except Mn, were relatively higher. Mo, Zn, and Cu are
the essential elements for the soybean and wheat [42,43], and their BCF values were there-
fore relatively higher. Mn is necessary for plant growth as well, and it intervenes in several
metabolic processes, mainly in photosynthesis and as an enzyme antioxidant cofactor [44].
However, the BCF values of Mn were not very high, ranging from 0.009 to 0.095 for soybean
grains and 0.018 to 0.085 for wheat grains, respectively, which might ascribe to high Mn
concentrations in soils (DM: 961.9 ± 101.3 mg/kg; TM: 1244.4 ± 288.3 mg/kg; and DDS:
965.8 ± 158.2 mg/kg). Higher BCF values of the essential elements (Mo, Zn, and Cu) and
a weak relationship between their BCF values and soil nutrients may be attributed to the
selective uptake of these essential elements by soybean and wheat. The results indicate that
the BCF of essential elements was affected less by soil nutrients and soil physicochemical
properties than non-essential elements.

3.4. Environmental Risk Assessment and Health Risk of Consuming Soybean Grains and
Wheat Grains

The Igeo of soils was shown in Figure 6. Based on the mean values of Igeo, the order
of heavy metal pollution from highest to lowest was: Cu (0.54 ± 1.41) > As (0.32 ± 0.71)
> Cd (−0.004 ± 0.71) > Hg (−0.22 ± 0.62) > Cr (−0.38 ± 0.21) > Zn (−0.44 ± 0.52) > Pb
(−0.59 ± 0.38) ≈ Se (−0.59 ± 0.64) > Mn (−0.60 ± 0.29) > Mo (−0.79 ± 1.23). The mean Igeo
values of As and Cu were higher than 1, indicating an unpolluted-to-moderately-polluted
level, while other heavy metal(loid)s all presented an unpolluted level. It is worth noting
that almost all heavy metal(loid)s in some sites had higher Igeo values. The results indicated
that soils in these sampling sites, such as KQ, D1, D3, D5, D6, and T1, were obviously
polluted (Igeo > 1). Notably, the Igeo value of Cu in the KQ soil was very high, with a value
of 6.67, indicating an extremely polluted level.
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The HQs and HIs of individual heavy metal(loid)s for different exposure popula-
tions were shown in Table 4. For the soybean grains, except As, the HQ values of heavy
metal(loid)s were all lower than 1. The HQ values of As and Mn for consuming wheat
grains were both higher than 1. The excess uptake of As in the human body can cause
various chronic diseases, such as papillary and cortical necrosis, sink lesions, cirrhosis,
melanosis, and black-foot disease [45]. Although Mn as an essential element plays an im-
portant role in the enzymes production of the human body, hepatic cirrhosis, polycythemia,
hypermagnesemia, dystonia, and parkinsonism-like symptoms have been reported in
patients with Mn poisoning [46]. The results suggested that consuming soybean grains and
wheat grains can cause an adverse health risk for the residents due to the higher HQs of
As and Mn. For different groups of people, the HQs of adults were all lower than that of
children. In addition, the HQs of urban people were higher than that of rural people for
consuming soybeans, whereas the HQs of urban people were lower for consuming wheat
grains. It was due to the difference in dietary structure between urban and rural people.

Table 4. HQs and HIs of individual heavy metal(loid)s for different exposure populations.

HQ for Soybean Grains HQ for Wheat Grains

Urban Rural Urban Rural

Adults Children Adults Children Adults Children Adults Children

As 0.99 1.10 0.95 1.05 2.04 2.25 2.30 2.54
Cd 0.05 0.05 0.04 0.05 0.22 0.24 0.25 0.28
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cu 0.52 0.58 0.50 0.55 0.58 0.65 0.66 0.73
Hg 0.00 0.01 0.00 0.00 0.03 0.03 0.03 0.03
Pb 0.18 0.20 0.17 0.19 0.36 0.40 0.41 0.45
Zn 0.22 0.25 0.21 0.24 0.54 0.60 0.61 0.68
Se 0.01 0.01 0.01 0.01 0.04 0.04 0.04 0.05
Mo 0.17 0.19 0.16 0.18 0.38 0.42 0.43 0.47
Mn 0.33 0.36 0.31 0.34 0.97 1.07 1.10 1.21

HIs 2.48 2.74 2.36 2.61 5.17 5.71 5.84 6.45
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The HIs for consuming soybean grains were 2.48, 2.74, 2.36, and 2.61 for urban adults,
urban children, rural adults, and rural children, respectively. The order of HIs for con-
suming wheat grains followed: rural children (6.45) > rural adults (5.84) > urban children
(5.71) > urban adults (5.17). The HIs were all higher than 1, indicating a high potential
health risk from consuming soybean grains and wheat grains from the studied area.

4. Conclusions

Mining activities can generate a significant amount of heavy metal(loid)s, finally
leading to severe soil pollution near the mine area and threatening human health. Cd, Cu,
Zn, Mo, and Mn in agricultural soil near Duobaoshan and Tongshan copper mines were
affected by mining activities, and some sites were polluted heavily. Moreover, these heavy
metal(loid)s (except Se) near the Tongshan copper mine were attenuated with distance
in the downstream direction. The BCF values of soybean and wheat grains of essential
elements, such as Mo, Zn, and Cu, were relatively higher than most non-essential elements.
More importantly, the BCF values of non-essential elements were affected more by soil
nutrients than those of essential elements. Health risk assessments of consuming food
crops suggested that As and Mn can cause a potential adverse health risk for the residents.
The HIs values were higher than 1, indicating a high potential health risk from consuming
soybean grains and wheat grains for all people groups.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su14052953/s1, Table S1: Kolmogorov–Smirnov (K-S) test
of normality for the data sets, Table S2: soil nutrients of soils, Figure S1: ternary diagram for
sand–silt–clay distribution of soils.
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