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This paper focuses on the heavy metal enrichment and heavy metal pollution degree associated with
mining activities in some crops and the soils of different parent materials in the Xiaoqinling Gold Belt.
According to the geochemical analysis results of the soils observed in the gold belt, the soils are most
highly enriched in Pb, followed by Cr, Cu, and Zn. Furthermore, they are relatively poor in Hg, Cd, and
As. It is also shown that the heavy metals in all kinds of soils have the same geochemical characteristics in
the gold belt. As for the crops (such as corn and wheat) in the gold belt, Zn and Cu are the most abundant
elements, followed by Pb and Cr. Meanwhile, Hg, Cd, and As were found to have relatively low
concentrations in the crops. The heavy metals in wheat and corn have the same geochemical characteristics
in the gold belt in general. Compared to the aeolian loess soils and the crops therein, heavy metals are
more enriched in diluvial and alluvial soils and the crops therein. As shown by relevant studies, the Hg,
Pb, Cd, Cu, and Zn pollution are mainly caused by mining activities. Corn and wheat in the gold belt have
a high tendency of risk exposure to heavy metal pollution since they are mostly affected by mining
activities and feature high background values of heavy metal concentrations. Furthermore, wheat is more
liable to be enriched in heavy metals than corn is grown in all types of soils. The Hg pollution in soils
leads to Hg accumulation, increasing the risk of Hg uptake in crops, and further affecting human health.
This study will provide a scientific basis for the control and management of heavy metals in farmland soils
of mining areas.

©2020 China Geology Editorial Office.

1. Introduction

HZ et al., 2018; Ding HJ et al., 2019; Alexander KA and
Akoto R, 2018; Cai K et al., 2016). It also presents a big

Once soils are contaminated by heavy metals, the heavy
metals in the soils cannot be decomposed by physical or
biological processes and may be accumulated by biota (He Y,
2008). Heavy metals not only affect the physicochemical
properties of the soils but may also affect the ecosystem and
human health (Xu YN et al., 2007). The development of metal
resources, especially heavy metals, in farmland soils is one of
the most important studies presently (Dai JR et al., 2018; Yan
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challenge to China where agriculture serves as the main
industry while land resources are short and even other
countries and regions in the whole world (Chu BB, 2009;
Yong SO et al. 2011; Chen JD et al. 2012; Sun XP, 2013).
Previous studies have shown that the increase in heavy metal
content in wheat and corn plants near the mines that are under
exploitation or abandoned is higher than in uncontaminated
areas (Zeid AA et al. 2012; Sun QB et al. 2013). High-dose
daily ingestion of heavy metals from crops may be the main
cause of dropsy, skin ailments, cancers, and hepatopathy in
mining areas (Singh N et al., 2008; Alothman ZA et al.,
2012). Carcinogenic and non-carcinogenic health risk
assessment of heavy metals exposure in gold mines has been
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conducted (Belloa S et al., 2019). Scientists are increasingly
aware of the concentrations, occurrence, bioavailability, and
soil-to-crop transfer of heavy metals in farmland soils (Rai PK
et al., 2019; Zhang JR et al., 2018; Doabi SA et al., 2018).
Furthermore, according to relevant investigations, untreated
industrial sewage and domestic wastewater irrigation have led
to heavy metal contamination of agricultural soil-crop system
(Li YP et al., 2019; Chaoua S et al., 2019). However, the
concentrations of heavy metals in crops and soils consisting of
different parent materials and the heavy metal pollution
degree associated with mining activities are yet to be studied
in mining areas. In this study, the heavy metal pollution of
soils and farm crops in the Xiaoqinling Gold Belt was
analyzed. This will provide a scientific basis for the
environmental management of farmland (including farmland
soil remediation) and the analysis of the effects of heavy
metals in mining areas, aiming to ensure the safety of
agricultural products.

The Xiaoqinling Gold Belt is the second largest gold
mining area in China. It is located in the central part of China,
adjacent to the Shaanxi-Henan boundary and along the west
slope of the Xiaoqinling Mountains. The area is characterized
by gold deposits of quartz vein type. According to large-scale
mining of the gold deposits starting in the early 1970s, there
are more than 1200 gold-bearing quartz veins, with an
estimated Au reserve of 800 t and a proven Au reserve of 390 t
(Yan HZ et al, 2018). Smelting activities are mainly
conducted in the loess gully plateau, a region composed of
fluvial terraces and alluvial fans (Fig. 1). The Xiaoqinling
Gold Belt covers an area of about 1170 km?, where wheat,
corn, and other crops are grown. Gold mining and gold
amalgamation may lead to heavy metal pollution of the soil
environment as the soils are contaminated through wastewater
irrigation, atmospheric dust deposition, and the leaching and
runoff of tailings and slag. As suggested by previous research,
heavy metal pollution of soils in mining areas has become one
of the main environmental problems associated with mining
activities (Fig. 2).

2. Research Methods
2.1. Sampling and analytical procedures

The Xiaoqinling Gold Belt is characterized by spatially
varying soil environment and grows many important crops,
which may lead to different geochemical processing degrees
of minerals. Therefore, this paper mainly focuses on the
accumulation of heavy metals in farm crops grown in
different types of soils in the Xiaoqinling Gold Belt. The
crops and the corresponding soils at a depth of 0-20 cm were
collected following the investigation requirements of mining
geo-environment, with sampling frequency set to 1 sample/1
km. Crops and soils were sampled on a one-on-one basis, and
84 sets of crop/soil samples were collected. The crops
included wheat and corn, which are the primary crops grown
in the area. The quincunx sampling method including soil
sample collection, preparation, and storage (DB21T 1289 —

2004) was adopted. According to this method, 23 sets of
corn/soil samples were collected in every area with a length of
50 m, and then they were combined into one compound
sample. After that, a quartering method was used to retain the
weight of a sample to 1 kg. Soil samples were collected after
scraping off the regolith on the surface and removing weeds,
grass, roots, gravel, fertilizer, and other debris using bamboo
as a sample shovel. Dry soil samples were successively sieved
using a 60-mesh (250 pum) screen, placed into a plastic film
bag, and sent to the lab for analysis. In the laboratory, the
sieved samples were shattered and blended evenly using a
high aluminum (Al) pot to reduce particle size (diameter) of
the samples to 0.149 mm. Then the soils were analyzed to
determine the concentrations of arsenic (As), cadmium (Cd),
copper (Cu), chromium (Cr), mercury (Hg), lead (Pb), and
zinc (Zn). The wheat and corn samples collected were
processed indoors to obtain the “full” grains, which were then
sent to the lab. As and Hg analyses of the soil and crop
samples were conducted using AFS-230E dual-channel
atomic fluorescence photometer in Beijing Kechuang
Haiguang Instrument Co., Ltd. The Cd, Cr, Cu, Pb, and Zn
analyses of soil samples were conducted using an Xseries2
inductively coupled plasma mass spectrometer (ICP-MS)
produced by Thermo Fisher Scientific. The detection limits
for As, Cd, Cr, Cu, Hg, Pb, and Zn in the soils are 2 pg/kg,
0.1 pg/kg, 0.05 pg/kg, 0.04 pg/ke, 2 ng/kg, 0.06 pg/kg, and
0.05 pg/kg, respectively. In contrast, the Cd, Cr, Cu, Pb, and
Zn analysis of crop samples were conducted using the flame
and graphite furnace atomic absorption spectrometer (F-AAS
and GFAAS) manufactured by Analytik Jena AG from
Germany. The detection limits for As, Cd, Cr, Cu, Hg, Pb, and
Zn in the crops are 2 pg/kg, 0.1 pg/kg, 0.05 pg/kg, 0.04 pg/kg,
2 ng/kg, 0.06 ng/kg, and 0.05 pg/kg, respectively. Pulp was
made from the crop samples of about 0.5—1 g and then was
digested by nitric acid and hydrogen peroxide. The detailed
steps are as follows: Place 0.5—1 g of dry crop samples into a
polytetrafluoroethylene sample cup after being accurately
weighed, then add 5 ml of HNOjs; soak the crops overnight
(optional), and finally, add 1 ml of H,O,; after being
immersed for 10 mins, the samples were loaded into digestion
tanks, which were then placed in self-control closed
microwave digestion unit; upon digestion, the aliquot was
transferred to 25 ml colorimetric tubes and shaken; the As,
Cd, Cu, Cr, Pb, and Zn analysis was conducted. Several
national standard materials (GSB-2 or GSB-3) were also
analyzed to assess analytical accuracy. Meanwhile, the results
of multiple parallel sample tests were compared to determine
the analytical precision. As a result, the precision was
generally less than 5%.

2.2. Calculation of translocation factor

The translocation capability of heavy metals from the soil
to the edible part of crops can be described using a transfer
factor (TF). The soil-to-crop transfer factor (TF) was defined
as follows:
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__concentrat ion o f heavy matals in crop (mg/kg) 3. Results
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3.1. The heavy metal pollution of the different types of soils

Agrochemical analysis of soils was carried out by

) ] ) Soil samples were collected from three kinds of soils,
standard techniques (Arinushkina EV, 1970).

namely diluvial soils, alluvial soils, and eolian loess soils. As
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Fig. 1. Distribution of crop and soil sampling locations in the Xiaoqinling Gold Belt, China.
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Fig. 2. Remote sensing interpretation map of mining pollution sources in the study area.
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used herein, the diluvial soils refer to the soils developed in
sediments deposited by a river during flooding, and they are
characterized by a mixture of sand, gravel, and loess; the
alluvial soils are those developed in other types of sediments
deposited by a river. The term eolian loess was defined by
Richthofen FV in 1877 (Sun J, 2005). It refers to windblown
particles with nearly uniform sizes, which may be transported
and deposited outside of their original region (such as a
desert). Loess is typically characterized by uniform particle
sizes, large pores, and a loose structure. The eolian loess soils
in the Xiaoqinling Gold Belt are mainly the Late Pleistocene
Malan Loess, which consists of fine sandy powder after long-
term cultivation, maturation, and fertilization.

According to the geochemical characteristics of the soils
given in Table 1, Pb features the highest average metal
content in the three kinds of soils, followed by Cr, Cu, and
Zn, and the soils are relatively poor in Hg, Cd, and As. That
is, the heavy metals in all types of soils have the same
geochemical characteristics in the study area. The heavy metal
concentrations in the diluvial and alluvial soils are higher than
those in the eolian loess soils. Spatially, Pb, Zn, and Cu vary
greatly compared to the other five elements in the soils. As
compared with the second-level standard of soil
environmental quality, the soils in the Xiaoqinling Gold Belt
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are mainly polluted by Hg, Pb, Cd, and Cu (the soils of
second-level standard refer to those mainly suitable to use as
general farmland for vegetables, tea, and orchards, with the
soil quality not causing damage to plants or the environment).

The content of heavy metals in food grains grown on
different soil parent materials is shown in Tables 2, 3. Zn and
Cu are the most abundant heavy metal elements in the food
grains, followed by Pb and Cr. Besides, Hg, Cd, and As were
found to have relatively low concentrations in crops. In
general, the heavy metals in wheat and corn in the study area
have the same geochemical characteristics. The diluvial and
alluvial soils are more liable to be enriched in heavy metals
than the eolian loess soils. According to spatial statistics, Zn,
Cu, and Pb elements in crops also vary spatially. Compared to
food/crop standards (GB 2762-2005; GB13106-91) in terms
of Pb concentrations, the grains may pose a risk to human
health. Meanwhile, the maximum content and average content
of heavy metals in wheat are far higher than those in corn
(except for Pb).

3.2. Heavy metal content in unpolluted and polluted soils

To clearly show the statistical difference in the heavy
metal content measured in wheat and corn grown on the

Table 1. Content of heavy metals in the different types of soils.

Soil parent material Statistical characteristic Hg Pb Cd Cr As Cu Zn
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Alluvial soil Average 1.96 408.23 1.26 53.18 8.93 116.64 89.64
Maximum 17.43 4244 8.11 66.73 12 1278.0 265.41
Minimum 0.09 28.66 0.19 40.24 6.9 17.49 57.24
Standard deviation 3.7 845.9 1.8 4.8 1.1 248.7 49.6
Eolian loess soil Average 1.244 126.16 0.56 55.42 9.24 10.97 32.74
Maximum 7.374 560.6 1.222 61.36 11.79 16.58 50.30
Minimum 0.066 25.95 0.191 51.15 7.77 4.84 19.40
Standard deviation 1.8 114.3 0.3 2.3 0.9 24.6 26.6
Diluvial soil Average 2.83 368.21 1.93 54.07 9.27 90.97 93.31
Maximum 29.57 2940 11.31 60.86 12.4 594.90 206.01
Minimum 0.12 21.1 0.15 46 7.53 15.39 53.18
Standard deviation 59 613.6 2.7 3.7 1.2 125.6 41.2
The second-level standard of soil environmental quality <1.0 <350 <0.6 <250 <25 <100 <300
Table 2. Content of heavy metals in wheat on the different types of soils.
Soil parent material Statistical characteristic Hg Pb Cd Cr As Cu Zn
mgkg mgkg mgkg mgkg mgkg mgkg mgkg
Alluvial soil Average 0.01 0.66 0.08 0.37 0.05 4.21 23.11
Maximum 0.08 1.69 0.33 1.06 0.15 5.50 29.00
Minimum 0 0.06 0.01 0.13 0.02 3.19 15.00
Standard deviation 0.0 0.4 0.1 0.2 0.0 0.6 3.6
Eolian loess soil Average 0.01 0.56 0.05 0.47 0.05 4.08 20.61
Maximum 0.05 1.56 0.14 0.88 0.14 7.88 30
Minimum 0 0.06 0.02 0.19 0.025 2.94 13.00
Standard deviation 0.0 0.4 0.0 0.2 0.0 0.8 4.2
Diluvial soil Average 0.01 0.68 0.08 0.46 0.06 4.27 23.32
Maximum 0.12 1.44 0.15 1 0.16 5.81 29.0
Minimum 0 0.22 0.02 0.13 0.03 3.06 16.0
Standard deviation 0.0 0.3 0.0 0.3 0.0 0.6 3.5
Standards of contaminants in foods (GB 2762-2005; GB 13106-91) 0.02 0.2 0.1 1 0.5 10 50
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Table 3. Content of heavy metals in corn on the different types of soils.

Soil parent material Statistical characteristic

Hg Pb Cd Cr As Cu Zn
mgkg mgkg mgkg mgkg mgkg mgkg mgkg

Alluvial soil Average
Maximum
Minimum
Standard deviation
Eolian loess soil Average
Maximum
Minimum
Standard deviation
Diluvial soil Average

Maximum

Minimum

Standard deviation
Standards of contaminants in foods (GB 2762-2005; GB13106-91)

0.002 0.87 0.07 0.15 0.02 1.38 10.97
0.006 1.95 0.21 0.31 0.05 2.18 16.58
0.00 0.18 0.01 0.08 0.01 0.81 4.84
0.0 0.5 0.1 0.1 0.0 0.3 2.7
0.002 0.47 0.05 0.14 0.02 1.25 10.81
0.005 1.51 0.16 0.26 0.08 2.08 15.61
0.00 0.08 0.00 0.05 0.00 0.84 6.95
0.0 0.4 0.1 0.1 0.0 0.3 2.4
0.002 1.16 0.09 0.17 0.02 1.41 12.15
0.006 2.01 0.23 0.47 0.10 2.40 21.69
0.000 0.23 0.02 0.08 0.01 0.85 7.92
0.0 0.5 0.1 0.1 0.0 0.4 34
0.02 0.2 0.1 1.0 0.5 10 50

different types of soils, the concentrations were converted into
log values and plotted as box and whisker diagrams, as shown
in Fig. 3. In this paper, the boxplots were prepared using the
software ORIGIN7.5. T-test and f-test were carried out in the
statistical process.

As shown content of heavy metal in soils, wheat, and corn
in unpolluted and polluted soils consisting of different parent
materials in Fig. 3, compared to unpolluted alluvial soils, the
alluvial soils in the mining areas have much higher median
and maximum concentrations of Hg, Pb, Cd, and Cu, a
slightly higher concentration of Zn, and non-obviously
different As and Cr content. Compared to the wheat grown in
unpolluted alluvial soils, the wheat grown in the alluvial soils
in the study area has far higher median concentrations of Cd,
Hg, and Pb and similar concentrations of As, Cu, Cr, and Zn.
As for the corn planted on alluvial soils, the content of the
heavy metals in the study area is non-obviously different from
that in polluted areas.

As shown in Fig. 3, compared to unpolluted eolian loess
soils, the eolian loess soils in mining areas have much higher
median and maximum content of Hg and Pb, slightly higher
Cu and Zn content, and non-obviously different content of
Cd, Cr, and As. Compared to the crops planted in unpolluted
eolian loess soils, the crops planted in eolian loess soils in
mining areas have lower average Pb content, and non-
obviously different content of As, Cd, Cu, Cr, and Zn.
Furthermore, the wheat grown on the eolian soils in the
mining areas has a higher maximum and median
concentrations of Hg than those grown in unpolluted eolian
soils, while there is no significant difference in the Hg
concentration in corn.

As also shown in Fig. 3, compared to unpolluted diluvial
soils, the diluvial soils in the mining areas have a much higher
median and maximum content of Cu, Cd, Hg, and Pb, slightly
higher Zn content, and non-obviously different As and Cr
content. Compared to the wheat grown in unpolluted diluvial
soils, the wheat grown in the diluvial soils in mining areas has
far higher median and maximum content of Hg, Pb, and Cd,
and non-obviously different average concentrations of As, Cu,

Cr, and Zn. Meanwhile, compared to the corn grown in
unpolluted diluvial soils, the corn grown in the diluvial soils
in mining areas has non-obviously different concentrations of
heavy metals.

3.3. Migration of heavy metals from soils to crops

The ability of heavy metal to move from soils to edible
parts of crops can be described using the transfer factor (TF).
The TFs of heavy metals from the alluvial soils to wheat are
as follows. It can be seen from Fig. 4 [Transfer factors (TFs)
of heavy metals calculated for the soils consisting of different
parent materials] that the average TFs of Cu, Cd, and Zn in
mining areas are lower than those in unpolluted areas, while
average TFs of other heavy metal elements are non-obviously
different in the two kinds of areas. However, the maximum
TFs of Hg in mining areas are far higher than those in
unpolluted areas, suggesting that mining activities promote
the migration of Hg. As for the TFs of heavy metals from the
alluvial soils to corn, the average TFs of Cu, Cd, and Zn in
mining areas are lower than those in unpolluted areas, while
the average TFs of other elements shows a non-obvious
difference.

The TFs of heavy metals from eolian loess soils to wheat
are as follows. It can be seen from Fig. 4 that the average TFs
of Cd, Cu, Pb, and Zn calculated in mining areas are lower
than those in unpolluted areas, while the average TFs of other
heavy metal elements exhibit a non-obvious difference in the
two kinds of areas. However, the maximum Hg TFs in mining
areas are far higher than those in the non-polluted areas,
implying that mining activities promote the migration of Hg
from eolian loess to wheat grains. As for the TFs of heavy
metals from eolian loess soils to corn, the average TFs of Cd
in mining areas are lower than those in the unpolluted areas,
while the TFs of other heavy metal elements exhibit a non-
obvious difference in the two kinds of areas.

As for the TFs of heavy metals from diluvial soils to
crops, the average and maximum TF values of Cu, Cd, and Zn
in mining areas are lower than those in unpolluted areas (Fig. 4),
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while the TFs of other heavy metal elements exhibit a non-
obvious difference in the two kinds of areas.

4. Discussion

Tables 1— 3 illustrate the difference in heavy metal
concentrations in different kinds of soil parent materials in the
study area. It can be seen that the diluvial and alluvial soils
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loess soils. According to the comparison of the average
content of heavy metals in wheat and corn, the content of the
heavy metals in the crops grown in the three kinds of soils
shows a similar rule, i.e., the crops in diluvial and alluvial
soils are more liable to be enriched in heavy metals than the
eolian loess soils. The difference may be mainly due to the
different gradations of soil particles (Fig. 5). The increase in
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Fig. 3. Content of heavy metal in soils (top row), wheat (middle row), and corn (bottom row) in unpolluted (left column) and polluted soils
(right column) consisting of different parent materials. a—concentrations of heavy metals in unpolluted soils (log values); b—concentrations of
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polluted corn (log values).
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clay content in soils may slightly increase the total content of
heavy metals in the soils through the ionic exchange. Other
factors affecting bioavailability include soil organic matter,
pH, and Eh (Zhang JH et al., 2014).

Based on the above results presented in Fig. 5, it can be
concluded that the pollution of Hg, Pb, Cd, Cu, and Zn is
mainly caused by mining activities. Different types of soils
have some different pollution performance. For example, the
Cd content in eolian loess soils is different from that in the
soils consisting of other two kinds of parent materials (i.e.,
diluvial soils and alluvial soils). However, elements with
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higher risks associated with mining activities are limited to
Hg, Pb, and Cd in general, which are much more extensive
than other heavy metal elements in soil pollution.

Mining activities appear to affect the heavy metal content
in popular crops grown in the three kinds of soil parent
materials. For example, mining activities affected the
concentrations of Hg, Pb, Cd in wheat and corn grown in
alluvial soils, eolian loess, and diluvial soils (Tables 1, 2).

As shown in Fig. 4, soil substrate with high-concentration
heavy metals could inhibit some heavy metals (e.g., Cd, Cu,
and Zn) from migrating into crops while promoting the
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Fig. 4. Transfer factors (TFs) of heavy metals calculated for the soils consisting of different parent materials. a—TFs of heavy metals in unpol-
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migration of other elements such as Hg. However, Cr and As
content are basically not affected by mining activities. Then a
concern is raised according to the data, i.e., why is Hg liable
to migrate? Hg in soils is accumulated in roots through
suction and moisture migration. In addition, Hg in the water
containing organic and inorganic substances tends to have a
certain affinity for a variety of chelating ligands. There exist
two chemical forms of Hg in the soils with normal Eh and pH
values, namely organic and inorganic forms. Inorganic
mercury compounds include HgS, HgO, HgCO;, HgHPO,,
HgSO,, HgCl,, and Hg(NOs),, while organic mercury
compounds include alkyl mercury, complex mercury, and
organic mercury, and pesticides (Chen HM, 1996) such as
HgCl,, Hg(NOs),, and methyl mercury. The latter is soluble,
although more than 95% of the mercury is fixed quickly in
sorption processes that take place through a series of
transformation (Zhu X et al., 1996). Studies revealed that
mercury transformation is closely related to soil quality and
soil environment (Li LJ, 2015; Liu JH et al., 2001). In the
case of irrigation-induced reduction, at least part of mercury
in various substrates can be converted into soluble methyl
mercury or methyl mercury complexes; both of them can
increase the biological migration of mercury from soils into
the plants, thus producing negative effects on plant growth
(Wang YW and Wei FS, 1995).

The primary forms of inorganic mercury in the soils
include HgSO,4, Hg (OH),, HgCl, and HgO, with relatively
low concentrations, and the ability of Hg itself to migrate in
soils is very weak. However, Hg>" can be methylated as
follows subject to the action of soil microorganisms:

Enzyme or anaerobe
-

Hg* (CH;),Hg & CH;Hg" )

In the case of sufficient oxygen, HgS can become soluble
HgSO,—a chemical substance that can be formed by
biological methylation process:

Hg$ +20, — HgSO, — CH,Hg" 3)

Biologically, methyl mercury is a thousand times more
toxic than Hg’ because methyl mercury is strongly fat-soluble
and thus is easy to cross the cell membrane and penetrate
cells. As a result, it accumulates in organisms in a thousand
times higher content than others in the accumulation sequence
(from lowest to highest uptake): Hg?*, CH,Hg *, and
CH;HgCHs.

5. Conclusions

(i) Heavy metals are more liable to be enriched in the
diluvial and alluvial soils than in eolian loess soils. This
finding provides insights into polluted soil restoration and the
reclamation of tailings and slag in the study area. It may be
more favorable to choose uncontaminated eolian loess soils
than diluvial soil and alluvial soils.

(i1) The Cu, Cd, Hg, Pb, and Zn elements mainly originate
from mining activities. Different types of soils have different
pollution performance. Mining activities combined with high

background values of heavy metal concentrations will make
the area unsuitable to grow mass crops of wheat and corn.

(iii) Polluted fine-grained substrates can inhibit some
heavy metals (Pb, Cd, Cu, and Zn) from migrating from soils
to crops but may promote the migration of Hg. This will
increase the risks posed by Hg to crops and human health.
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