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Abstract

Total concentrations and different forms of antimony (Sb) in soils of Laokuang District (LKQ-1,
LKQ-2, LKQ-3), Beikuang District (BKQ-4, BKQ-5, BKQ-6) and Nankuang District (NKQ-7, NKQ-8,
NKQ-9, NKQ-10) of Xikuangshan, Hunan province, China were analyzed. The soil Sb concentrations
in the whole-ore heap of LKQ-1 and the mining land of NKQ-7 were up to 4258 and 3174 mg/kg
respectively, which were both 2000 times above the background soil Sb level in China. In terms of

vertical distribution, the Sb concentrations gradually declined with the rise of soil depth. Tessier’s

S-step sequential extraction method showed Sb mainly existed in stable forms (organic-matter-bound

form, residual form), and the available form accounted for 18%. The proportions of different forms

ranked as residual form >iron/manganese oxides >organic-matter-bound form >carbonate-bound

form > water-soluble form. Vegetation affected the form distribution of Sb in a complex way and may

increase the bioavailability of Sb, so ecological restoration of Sb can be realized through the absorption

by vegetation. Analysis of the geoaccumulation index and the potential ecological risk index showed

that Xikuangshan was under extremely severe Sb pollution and very serious potential ecological risk.

The Sb mining and smelting activities of humans aggravated local Sb pollution.
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Introduction

Antimony (Sb) is a widely-used heavy metal in the
industry and has been listed as a priority pollutant
by many international organizations because of its
potential toxicity and carcinogenicity [1]. Xikuangshan
in Lengshuijiang City, Hunan is a major antimony ore
mining zone of China. This zone is spread all over with
frequent ore mountain activities and mining activities.

*e-mail: liufei888@163.com

The resulting tailings and residues have been naturally
heaped for a long time, which occupy farmlands and
pollute soils. [2] Xikuangshan is named “capital of
antimony in the world” and its antimony reserves
rank the first in the world, accounting for 60% of
global Sb yields. The south-west extending anticlinal
strata contain 2.5 to 8-m-thick three-layer deposits,
and about 14 km? of the mining area is exposed [3].
Xikuangshan is separated into two mining areas in the
north and the south respectively. Beikuang District (or
the north mining area) is rich in stibnite and cervantite
and especially, the cervantite is the sulfide oxidation
product intercalated in the stibnite. Nankuang District
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(or the south mining area) mainly produces stibnite.
During the long history of mining, a mining-melting
pattern has been formed for over a century [4]. The
Sb ore exploration there has driven local economic
development, but Sb and other accompanying elements
have also migrated to the surface environment in
the mining areas. In addition to soil pollution and
lower crop yields, Sb has also seriously threatened
local ecoenvironment and the physical health of
residents [5].

Since the chemical behaviors and ecological effects
of heavy metal pollutants in soils are very complex,
the existing environmental analyses usually focus on
measuring the total concentration or total quantity of
heavy metals in the environmental medium and on
judging the status of soil pollution. However, studies
(biological analysis, toxicology experiments) suggest
the bioactivity and toxicity of a specific heavy metal
are closely related with its activity, migration path,
bioavailability and toxicity in the environment or
organisms [6, 7]. The environmental pollution of a heavy
metal assessed only from the aspect of total quantity is
limited to some extent, since its concrete forms should
also be analyzed. Sb commonly exists in the forms of
Sb(V) and Sb(I1I) in the environment, and antimonates
exist as Sb(OH)®* in solutions [8, 9]. The forms
of Sb in soils can be divided by the chemical bonding
way into the exchangeable form, the carbonate-bound
form, the Fe/Mn oxide-bound form, the organic-
matter-bound form, and the residual form [10]. To
study the migrating and transforming rules of heavy
metals among different forms, we first extracted the
heavy metals in different forms and then measured the
concentrations in soils.

The soil heavy metal pollution is commonly
assessed by using the geoaccumulation index (.., and
the potential ecological risk index (PER). /  uncovers
heavy metal pollution in the environment by using the
relationship between total heavy metal concentration
and the background level, and it also considers the
influence of artificial activities in addition to the
heavy metal natural distributive characteristics. PER
comprehensively reflects environmental chemistry,
physiological toxicity and ecology, and considers the
toxicity and potential hazard to the environment of
heavy metals. PER quantitatively divides the extent of
damage and thus is one of the globally-used soil heavy
metal assessment methods [4, 11, 12].

In this study, the soils from various vegetation in
Nankuang District, Beikuang District, and Laokuang
District (old mining area) of Xikuangshan were
studied, and soil Sb total concentrations were measured
for characterization of Sb space-time distributions.
The soil Sb concentrations at different forms were
measured using a Tessier 5-step sequential extraction
method, and the bioavailability of Sb was analyzed.
The effects of vegetation types on the form variation
were studied. Then the environmental risks of Sb were
assessed using I, and PER. This study is expected

to contribute to reasonable assessment of local Sb
pollution and to scientifically underlie Sb pollution
treatment.

Materials and Methods
Sample Collection

According to the analytical methods in Technical
Specification for Soil Environmental Monitoring
(HJ/T164-2004), we selected 11 sampling points from
8 soil types (e.g. whole-ore heap, wild land, grassland,
farmland) from a control far away from the mining
areas (CK), Nankuang District (NKQ), Beikuang
District (BKQ), and Laokuang District (LKQ)
(Table 1, Fig. 1). Totally 66 samples were collected
for measurement of total Sb concentrations. Three
sampling points, including LKQ-2, BKQ-4 and NKQ-
8, were selected, from which soils were collected using
soil augers at the interval of 5 cm within the depth of
0-35 cm. Totally 126 soil samples were obtained.
Then total Sb concentrations in the 126 samples were
measured, and Sb concentrations at different forms
were detected at the top soils (0-5 cm) in LKQ-2, BKQ-
4 and NKQ-8 (totally 18 samples).

Measurement of Total Sb Concentration

The soil samples were wind-dried naturally, purified
by removing small stones and plant residues, and
ground through a 200-mesh mortar. Then each sample
was either abandoned or adopted as per the quartering
method. The soil samples were put into polyethylene
bags. Briefly, 0.1000 g of a soil sample was put into a
250 mL polytetrafluorethylene beaker. A blank control
was set up by using a clean beaker. Then the soil was
wetted by adding 1 mL of pure water via a dropper,
and after addition of 5 mL of HCI solution, the breaker
was put into a digestion stove. When the stove was
heated to 80°C, only 1 mL of the solution was left.
After cooling, 2 mL of HCI and 3 mL of HNO, were
added. Then after the system was heated to 100°C, only
1 mL of the solution was left. After cooling, 5 mL of
HF was added and the system was heated to 120°C,
but only 1 mL of the solution was left. After cooling, 5
mL of HCIO, was added and the system was heated to
150°C for 3 h until turning transparent. After cooling,
first minor pure water and then 2 mL of HNO, were
added, and the HNO, was dissolved after heating at
80°C. After cooling, the system was transferred to
a 100 mL volumetric flask, which was diluted for
further use.

Then 1 mL of the above solution was collected,
added with 1 mL of a pre-reducer (10% KI+2% vitamin
C solution) and diluted with 10% HCI to 10 mL
for 1 h of prereduction. Then total Sb concentrations
were measured using a hydride atomic fluorescence
spectrometer (HG-AFS). The quality during digestion
and ultimate analysis was controlled by using
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Table 1. Details of sampling points.

Name Latitude and longitude Land type Description
LKQ-1 27°47°38.71”N;111°29°47.69”E Whole-ore heap Near abandoned ore heap
LKQ-2 27°47°19.41°N;111°29°53.41”E Wild land Wild land near smelting plant
LKQ-3 27°47°28.97°N;111°30°4.55”E Grassland 2.5 km from smelting plant
BKQ-4 27°46°6.09"N;111°29°24.20”E Mining land 0.01 km from mining plant
BKQ-5 27°46°24.28”N;111°29°36.15”E Smelting land Smelting land near mining plant
BKQ-6 27°46°40.73”N;111°29°58.23”E Living area 4 km from smelting zone
NKQ-7 27°44°26.92”N;111°27°54.58”E Mining land Inside mining plant
NKQ-8 27°44°2.23"N;111°27°47.63”E Shrubs 0.5 km from mining plant
NKQ-9 27°44°17.43”N;111°27°42.51”E Farmland 1km from smelting plant
NKQ-10 27°44°18.13”N;111°27°56.00"E Grassland 3 km from mining land
CK Far away from Sb ore areas Wild land Far from Sb ore areas
national standard substances (GBWO07406). The 1 mL of 1:1 HCI solution, followed by detection of Sb

analytic results of soil samples were expressed as dry
weights.

Extraction of Sb in Different Forms

The Sb concentrations at soil depth of 0-5 cm
in different forms were measured using a Tessier
consecutive extraction method.

(I) Water-soluble form: About 2.000 g of soil
was weighed in a 50 mL centrifuge tube, added with
20 mL of pure water, and shaken at room temperature
for 2 h. Then after centrifugation, the supernatant was
collected into a 25 mL volumetric flask, and added with

concentration via AFS.

(2) Exchangeable form: The residue in step (1)
was added with a 16 mL/L [I1] MgCl, solution
(pH = 7), shaken at room temperature for 2 h, and
then centrifuged. The supernatant was collected into a
25 mL volumetric flask, and added with 1 mL of the 1:1
HCI solution, followed by detection of Sb concentration
via AFS.

(3) Carbonate-bound form: The residue in step (2)
was added with 16 mL of a 1 mol/L NaAc solution
(pH = 5), oscillated at room temperature for 5 h, and
then centrifuged. The supernatant was collected, put
into a 25 mL volumetric flask, and added with 1 ml
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Fig. 1. Map of sampling points.
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of the 1:1 HCI solution, followed by detection of Sb
concentration via AFS .

(4) Fe/Mn-bound form: The residue in step (3) was
added with 20 mL of a 0.04 mol/L NH,OH - HCL25%
(V/V) acetic acid solution, heated in water bath at
96°C for 6 h, and stirred discontinuously. Then the
supernatant was taken to a 25 mL volumetric flask, and
added with 1 mL of the 1:1 HCI solution, followed by
detection of Sb concentration via AFS.

(5) The residue in step (4) was added with 6 ml
of 0.02 mol/L HNO, and 10 ml 30% H,O, solution
(adjusted to pH = 2 with nitric acid), heated in a 85°C
water bath for 2 h, and intermittently stirred. Then after
addition of 6 ML of 30% H,O, solution (pH = 2), the
mixed system was further heated in the 85°C water
bath and stirred for 3 h. After that, the system was cool
downed, added with 20% (w/V) nitric acid solution of
3.2 mol/L ammonium acetate, vibrate for 30 min, and
centrifuged. Finally, the supernatant was collected into
a 25 ml volumetric flask, and added with 1 content of
antimony in ML 1:1 HCI solution, followed by detection
of Sb concentration via AFS.

(6) Residual form: The residual Sb concentration
was calculated as total Sb concentration - total
concentrations of the above forms.

Evaluation Methods

M1, According to the topsoil background levels in
Hunan, the local ecological risk of Sb was assessed by

using /,

Igeo = logz [Cl /(K X C‘Ill)] (1)

..where C, is the measured Sb concentration in the
environment; K is the modification index (usually 1.5),
and C is the background level of the heavy metal in
the environment (2.98 mg/kg in Hunan). Muller divided
Igeo into seven grades [13, 14 (2) PER The PER index

LKQ-3 —

LKQ-2 —

proposed by Hanson [15, 16] integrates heavy metal
concentrations, ecological effects, environmental effects
and toxicology, and quantitatively divides the degree of
potential risks. The PER index of concrete heavy metal
pollution can be expressed as:

Ef =T}« C =T ! o

.where £ is the PER factor of a given element; 7' is
its toxicity index (which is 7 [17]); C is the pollution
factor; D, is the average content of the target element;
B, is the standard reference level in the industry
(B= 1.5 for Sb [18, 19]). £ <40, 40<E '<80, 80<E <160,
160<E' <320, and £ >320 mean low, modest, high,
severe and very severe PER respectively [20, 21].

Data Processing

All data were expressed as meantstandard deviation.
Data were preprocessed on Excel 2003. Statistical
analysis was conducted on SPSS20, and plotting was
finished on Origin7.0.

Results and Discussion
Distribution of Heavy Metals in Soil

The total Sb concentrations in the topsoils
(0-5 cm) of LKQ-1, NKQ-7 and BKQ-6 were listed
in Fig. 2. Clearly, the average Sb concentrations
in all three sampling sites were about 2000 times
the background soil Sb concentration of China
(0.38-2.98 mg/kg). Specifically, the average soil Sb
concentrations in LKQ-1 and NKQ-7 were up to
4258 and 3174 mg/kg respectively. The result in
BKQ-6 was the lowest among the three, but was yet
10 times significantly higher than that of the control
(p<0.05). Generally, the Sb concentrations in BKQ
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Fig. 2. Total Sb concentrations in topsoils (0-5 cm) at different sampling sites.



Speciation Analysis and Ecological Risk...

1293

2500
2000
1500
1000

500

0-5 5-10 10-15 15-20 20-25 25-30 30-35

B KQ-2 = NKQ-8 ™ BKQ-4

Fig. 3 Vertical distributions of soil Sb concentrations.

were significantly higher than those in NKQ and LKQ
(P<0.05) (Fig. 2, Table 1). The Sb concentrations in
BKQ-4 and NKQ-7 were higher as these two sites
were closer to whole-ore heaps, mining lands and
smelting lands, and the Sb concentrations in whole-ore
heaps and mining lands were significantly higher than
those in grasslands and living areas (P<0.05). The Sb
concentrations in whole-ore heaps were 17 times higher
than those in grasslands of the same district and mainly
originated from mining, smelting and slag heaping. On
the contrary, the soil Sb concentrations in the farmland
around the smelting plant were significantly different
(P<0.05), as the Sb concentrations in areas closer to the
ore heaps were higher.

As the distance from the Sb smelting plant was
farther, the total soil Sb concentration declined, since
the Sb in vivo of plants was largely absorbed from
atmospheric precipitation rather than from soils. In
the Dahlsson copper/tungsten mine of South Korea,
the soil Sb concentrations dropped with the increasing
distance from mining areas [22], which is similar to
our findings. Thus, mining activities indeed affect the
Sb distribution in the nature. In terms of land types,
the soil Sb concentrations in vegetation-covered areas,

0.00 500.00 1000.00

1500.00

such as shrubs (NKQ-8) and grasslands (LKQ-3, NKQ-
10), were significantly lower than in vegetation-less
areas, such as wild lands (LKQ-2) and mining areas
(BKQ-4, NKQ-7) (P<0.05). As reported, the Sb
concentrations gradually declined from the edges of
grasslands to the center of shrubs, and the Sb diffusion
was affected by the natural resistance [23] .

The vertical distributions of soil Sb concentrations
in LKQ-2, BKQ-4 and NKQ-8 were shown in Fig. 3.
Clearly, the Sb concentrations in BKQ-4 and NKQ-
8 gradually dropped with the increment of soil depth.
The Sb concentration in LKQ-2 peaked at the depth of
15 cm and then gradually dropped. It was indicated Sb
was usually enriched and unmovable in topsoils, and
human exploitation activities largely affected the soil
Sb distribution in Xikuangshan. A study in Forge Bay
of New Zealand showed that heavy metals can enter
underground through the channels formed from the
interaction between surface water or groundwater and
rocks, which thereby changed the vertical distributions
of heavy metals in soils [24] .

The antimony reserves in China rank the first in the
world, and Xikuangshan in Hunan of China is well-
known as the capital of antimony. However, the Sb
mining and smelting activities as well as the extensive
use of Sb in various industries have led to the entrance
of abundant antimony into the environment, causing
antimony pollution. The Sb pollution in the environment
mainly originates from two sources: natural pollution
and man-made pollution. The natural pollution of Sb
originates from Sb-enriched areas (e.g. Sb mining
areas), which after volcanic eruption or rock weathering
will result in severe elevation of Sb concentration in
the environment. The man-made pollution mainly
results from three aspects: Sb-containing domestic
waste, Sb mining (dust, waste water, waste residues),
and combustion of Sb-containing fuels [10, 12]. In
the process of mining and smelting, the process is
simple, the technology is backward, and the energy

[ bound to organic matter

[ bound to carbonates

[ exchangeable

[ bound to Iron and Manganese
71. 38% [ water soluble
I residual

2000.00

Fig. 4. Distribution of different forms of Sb in LKQ-2, NKQ-6 and BKQ-4.
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Table 2. Igm and PER index at different sampling points.

Sa”;‘i’:“g LKQ-1 | LKQ-2 | LKQ-3 | BKQ-4 | BKQ-5 | BKQ-6 | NKQ-7 | NKQ-8 | NKQ-9 |NKQ-10| CK
9.9 6.91 5.79 8.91 7.01 3.04 9.74 7.41 7.32 498 |-0.38
1 geo Very Very Very Very Very Severe Very Very Very Very No
severe severe severe severe severe severe severe severe severe
i 19877.20 | 2513.67 | 1157.52 | 10010.05 | 2697.15 | 171.08 | 14749.42 | 3535.84 | 3333.63 | 658.51 | 16.05
£ High High High High High | Extreme | High High High High | Low

consumption is large, which will lead to a low recovery
rate of heavy metals. During the smelting process, some
heavy metals also rose with the steam, and the smoke
and dust entered the atmospheric environment. The
sedimentation effect expanded the pollution range and
caused severe damage and impact on the surrounding

bad environment [25, 26].

Reportedly, the water-soluble, carbonate-bound,
and exchangeable forms of heavy metals can also
be directly absorbed and utilized by plants [27]. The
organic-matter-bound form cannot be easily used and
the residual form is almost unusable by organisms. The
Tessier sequential extraction showed (Fig. 4) Sb in the
mining areas mainly existed in the residual form. The
proportions of residual Sb in LKQ-2, NKQ-8 and BKQ-
4 were 68.3%, 71.38% and 62.38% respectively. The
other dominant forms were successively the Fe/Mn-
bound form (reducible form, 11.71%, 13.42%, 12.42%),
organic-matter-bound form (oxidizable form, 13.01%,
8.99%, 19.05%), and carbonate-bound form (3.45%,
2.72%, 1.96%), while the exchangeable form (1.77%,
2.33%, 2.28%) and water-soluble form (1.75%, 1.61%,
1.91%) occupied minor proportions. These results are
consistent with the rank from other studies: residual
form >Fe/Mn-bound form, organic-matter-bound
form >carbonate-bound form >water-soluble form.
As reported, the soil Sb in Denari National Park and
Conservation Zone mainly existed as oxides [28].

In Xikuangshan, Sb mainly existed in steady
forms (organic-matter-bound form, residual form), and
the available form, which can be easily utilized by
organisms, only accounted for 18%. The vegetation
in NKQ-8 was shrubs, and the proportion of the
exchangeable form increased significantly by 32%
compared with LKQ-2 (P<0.05), which may be largely
attributed to the presence of shrubs. As reported, plant
growth can alter some physicochemical properties and
biological characteristics of soils [29, 30]. Growing
roots can produce large amounts of secretions, such
as sugars, proteins, small molecular acids, phenols,
ketones, auxins, steroids, etc [31, 32]. The production
of root exudates is an adaptive mechanism formed
by plants during long-term evolution and growth.
This mechanism is a micro-ecological process at
the root interface of plants, which can promote the
establishment of resistance mechanisms and release
secretions by plants under external stress such as

heavy metals. Substances can induce directional
changes in the microbial community structure of plant
roots, and thus affect the precipitation-dissolution,
oxidation-reduction, complexation reaction and fixation-
activation of heavy metals at the root interface, thereby
increasing or decreasing the bioavailability of heavy
metal elements. Root exudates can significantly change
the physical, chemical, and biological properties of
the root-soil interface [33]. According to current
research reports, planting large numbers of plants in
contaminated areas can alleviate the toxicity of heavy
metal elements [34]. The Sb in the polluted soils
near the smelting plant mainly existed in Sb(V) and
Sb(III) [23]. However, soil pH increased along with the
application of soil modifiers. When soils changed from
weak acidity to weak alkalinity, the forms of Sb in soils
changed accordingly and the proportion of bioavailable
Sb rose, leading to higher ecological risks. In response,
the soil Sb concentrations can be lowered through the
absorption by plants, which can activate Sb in soils
[27]. Sb form analysis in the three sampling points
showed that the environmental behaviors, migration/
converting ability and bioavailability of heavy metals
in soils largely depended on the forms of heavy metals.
Form analysis is the basis of bioavailability, while
bioavailability is the extension of form analysis in a
specific field.

Ecological Risk Assessment of Sb

Results of L, and ecological risks at different
sampling points were listed in Table 2. High PER was
found in all sampling points, except for the control.
The PER index E' is highly correlated with L,
(R? = 0.7473). The Hakanson toxicity factor, proposed
in 1980, has been used to evaluate the ecological risks
of Cr, Zn, Cu, Pb, As, Cd and Hg. However, since
the PER index of Sb has always been queried, there
is no definite value about the toxicity risk of Sb. The
investigation into Sb in freshwater wetland samples
showed the toxicity coefficient of Sb was 10, which was
used to assess the PERs of mid- and down-stream plains
of Changjiang River [35]. Study on the ecological risks
of Xikuangshan in Hunan showed the environmental
information of Er" was similar to EF and Igea, but such
similarity was unrelated to soil types [17].
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Conclusion

(1) The use of geological accumulation index and
potential ecological risk index to analyze and evaluate
the ecological risk of Tin mine is consistent, and there
are serious ecological risks here.

(2) From the aspect of horizontal distribution, the
antimony contents in ore heap and mining area are
significantly higher than that in living area. Vertical
distribution, soil Sb concentration LKQ first increased,
then decreased, but NKQ soil Sb concentration
decreased with the increase of soil depth, indicating
that soil Sb concentration mining and smelting activities
seriously affect humans.

(3) Tessier five-step extraction method shows that
Sb mainly exists in stable forms (organic binding form
and residual form). The proportions of different forms
rank as residual form >iron and manganese oxidation
binding form >organic binding form >carbonate
binding form >water-soluble form. Vegetation affects
the morphological distribution of Sb in complex ways,
which may increase the bioavailability of Sb and
thus achieve the ecological restoration of Sb through
vegetation absorption.
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