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Abstract The soil pollution by heavy metals was char-
acterized in the mine tailings and surrounding soils of an
old Pb—Zn mine in Huize County. Three hundred and
ninety-six samples of agricultural and non-agricultural soil
were analyzed for the total metal concentration by acid
digestion and sixty-eight selected soil samples were used to
determine the chemical fractionation of heavy metals with
the modified BCR sequential extraction method. The pol-
lution index of the heavy metals indices for As, Cd, Cr, Cu,
Hg, Pb and Zn of non-agricultural soil and agricultural soils
in the study area indicated the spreading of heavy metal
pollution. Sequential extraction showed that most of Cd
existed in an exchangeable form (31.2 %). The available
content of Pb, Cu and Zn was mainly distributed in acid
extractable fractions and Fe/Mn oxide fractions (27.9, 30
and 27.2 %), and Hg, As and Cr were mainly associated
with residual fractions (90.4, 72.9 and 76.8 %). The risks
of heavy metals were also evaluated by the risk assessment
code (RAC) and potential ecological risk index, respec-
tively. The results of RAC showed a medium and high risk
of Cd (45.6 and 54.4 %), medium risk of Zn (100 %), low
and medium risk of Cu (41.2 and 58.8 %), largely no risk
of Hg (97.1 %), and mainly low risk of As and Pb (92.6
and 91.8 %). The range of the potential ecological risk of
soil was 58.2-1839.3, revealing a considerably high eco-
logical risk in the study area, most likely related to acid
mine drainage and the mining complexes located in the
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area. The results can be used during the ecological risk
screening stage, in conjunction with the total concentra-
tions and metal fractionation values, to better estimate
ecological risk.

Keywords Heavy metal - Fractionation - BCR-sequential
extraction - Potential ecological risk

1 Introduction

Heavy metals polluting soil constitutes a major environ-
mental problem, which has been the subject of detailed risk
assessment and management studies (Peters et al. 1986;
Schuhmacher et al. 1997; Prasad and Nazareth 2000; Zayed
2001; Granero and Domingo 2002). Metal-polluted soils
are a major environmental problem. Consequently, much
focus has been placed on the risk assessment and man-
agement studies of heavy metals in soil.

The risk assessment of heavy metals would provide the-
ory support for risk management. The potential ecological
risk index (RI) was a methodology developed by Hakanson
(1980) to evaluate the ecological risks of heavy metals in
sediments. Although RI considers both the toxicities and
total contents of heavy metals, the chemical speciation is
neglected. Significant differences of noxious properties
between different chemical speciation of heavy metals
existed (Li et al. 2007). Most of the recently reported studies
dealing with the evaluation of heavy metal contamination in
sediments only use the total content of heavy metal as a
criterion for determining their potential effect on the envi-
ronments. However, the total concentration of heavy metals
provided inadequate information to assess their bioavail-
ability or toxicity (Sundaray et al. 2006). The biological
toxicity of heavy metals was generally related more closely
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to the concentrations of particular physicochemical forms.
Sequential extractions could be useful by giving an opera-
tional classification of heavy metals in different geochemical
fractions. Heavy metals in soil can be bound to various
compartments; adsorbed on clay surfaces or iron and man-
ganese oxyhydroxides; present in lattice of secondary min-
erals like carbonates, sulphates or oxides; occluded in
amorphous materials such as iron and manganese oxyhy-
droxide; complexed with organic matter or present in lattice
of primary minerals such as silicates (Chao 1972; Madrid
et al. 2002; Hursthouse et al. 2004; Nagajyoti et al. 2010).
Furthermore, studies on toxic metal fractionation in soils
discriminated natural and anthropogenic sources (Tessier
et al. 1979; Schramel et al. 2000; Gismera et al. 2004). The
distribution of metals in the different phases of the modified
BCR procedure offers an indication of their availability,
which in turn enables a risk assessment study for the metals
present in the soil (Chen et al. 2010). The risk assessment
code (RAC) was a method used for the risk assessment of
heavy metals. It classified the risk levels based on the
chemical speciation of heavy metals (Singh et al. 2005).

With the rapid industrialization and economic develop-
ment in the watershed region, the pollution of soil had
become very widespread in China (Niu et al. 2009; Wang
et al. 2010), which jeopardizes the ecology, food safety,
people’s health and the sustainable development of agri-
culture. The Yunnan Province in the west of China is
famous for its mining and smelting activities. A number of
researchers have worked on the role of different urban and
industrial effluents upon the soil quality (Wei et al. 1991;
Teng et al. 2004; Xuan 2007; Teng et al. 2009, 2010). The
sequential extraction methods have also become the most
effective tools for assessing the risks generated by metal
contamination in soils and sediments. For these reasons, the
objectives of this study were to assess the degree of the most
harmful heavy metals (As, Cd, Cr, Cu, Hg, Pb, and Zn) in
soils at Huize Country, Yunnan Province, determine the
mobility of heavy metals by a modified sequential extraction
method, and investigate their potential ecological risk based
on the examined data. The assessment’s conclusions would
be beneficial for the management and control of heavy metal
pollution in sediments of Huize country, which could allow
us to establish monitoring strategies to support future action/
remediation plans in the study area.

2 Materials and methods
2.1 Study area
The study area (Huize Country) is located between 25°48'—

27°04' north latitude and 103°03'-103°55" east longitude,
in the northeast corner of the Yunan Province. The

elevation is about 695-4017 m at Huize Country. The
climate of the study area is in general described as middle
subtropics. The mean annual temperature is 12.6 °C, and
the mean annual rainfall is 1500 mm.

Yunnan Province is the famous foundation of nonferrous
mineral resources in China. The main Pb—Zn mineral
resources are deposited in Huize Country, in the study area.
In Huize Country, there are some vast Pb—Zn mineral
deposits with proven reserves of 153 million tons. In Huize
Country, the ChiHongXinzhu is one of the greatest local
Pb—Zn.

Paddy soil, yellow soil and red soil are the main soil
types in the study area. Paddy soil is found in the plains,
whereas yellow soil and red soil are distributed in the hilly
areas.

2.2 Sample collection and pre-treatment

A total of 396 topsoil samples (including 195 agricultural
topsoil samples) were collected in April 2011. In the same
specific sample site, agricultural topsoil (0-20 cm) in the
farmland and non-agricultural topsoil (0-20 cm) in the
neighboring abandoned farmland were collected, and each
sample was controlled at 1-1.5 kg. Sampling sites were
carried out with a nominal density of one sample per
16 km? and one sample per 4 km?, especially around some
of the Pb—Zn mine areas.

The collected samples were air-dried at 35-40 °C for a
few days. The soil was pretreated: it was sifted through a
plastic net (the mesh was 6 mm) and mixed thoroughly;
materials >6 mm were discarded. The soil was milled with
a carnelian mortar pass to 0.015 mm sieve for chemical
analysis (Guevara-Riba et al. 2004; Morillo et al. 2004;
Yuan et al. 2004; Guillén et al. 2011). The samples were
also selected to evaluate the mobility and availability of
heavy metals in the soil by a BCR-sequential extraction
combined with statistical analyses.

2.3 Reagents and apparatus

All chemicals in this study were of analytical grade and had
to contain very low concentrations of trace metals. Normal
precautions for trace metals analysis were observed
throughout. Deionized water from a MILLI-Q system was
used for preparing the solutions and dilutions. All the
glassware and the Teflon vessels used in this study were
previously soaked overnight with 20 % HNO; and then
rinsed thoroughly with deionized water.

Before the determination total contents of As, Cd, Cr,
Cu, Hg, Pb and Zn, the samples were digested with 60 %
perchloric acid, 40 % hydrofluoric acid, concentrated nitric
acid and concentrated hydrochloric acid (Page et al. 1982).
The total concentrations of Cu, Pb, Zn and Cr were
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analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Perkin-Elmer 3300 DV). Cd was
analyzed by atomic absorption spectroscopy (AAS, Hitachi
508), As was analyzed by atomic fluorescence spec-
troscopy (AFS, AFS-1201 produced by KCHAIGUANG,
China) and Hg was analyzed by atomic fluorescence
spectroscopy (AFS, XGY-1011A produced by Langfang,
China).

2.4 Sequential extraction procedure (SEP)

The SEP, based on an improved version of the initial
three-step BCR scheme (Quevauviller et al. 1989), was
applied to evaluate the metal fractionation in the soil. The
procedure is summarized below and full details were
reported elsewhere (Rauret et al. 1999; Sahuquillo, et al.
1999).

Step I (acid-soluble fraction—exchangeable and bound
to carbonates) For each sample, 0.5 g of dry sediment was
placed into a 50 mL polypropylene centrifuge tube.
Twenty milliliters of 0.11 mol L™" acetic acid was added
to the tube, which was then shaken for 16 h at 22 £ 5 °C
(overnight). The extract was separated from the solid phase
via centrifugation at 4000 rpm for 10 min. The supernatant
liquid was then decanted into a 250 mL flask. The residue
was washed twice with de-ionized water and the super-
natant liquid was decanted into the same flask, then diluted
with 3 % HNOj; and stored at 4 °C prior to analysis. The
supernatant was decanted and removed carefully to avoid
loss of the solid residue.

Step 2 (reducible fraction-bound to Fe/Mn oxides)
Twenty milliliters of 0.5 mol L™' hydroxylamine
hydrochloride (adjusted to a pH of around 1.5 by adding
2 mol L™! HNO;) was added to the residue in the cen-
trifuge tube from step 1. The extraction was performed as
described in step 1. The solid residue was washed, as in
step 1, before we continued to step 3.

Step 3 (oxidizable fraction-bound to organic matter and
sulfides) Five milliliters of 8.8 mol L™! H,0, (pH of 2-3)
was added carefully to the residue in the centrifuge tube
from step 2. The tube was covered loosely and digested at
room temperature for about 1 h, occasionally being shaken.
The tube was then continuously digested at 85 £ 2 °C for
about 1 hin a water bath, being occasionally shaken for the
first 30 min, and the volume was then reduced to around
2-3 mL with further heating of the uncovered tube.
Another 5 mL of 8.8 mol L™} H,O, (pH of 2-3) was
added. Again, the covered tube was heated to 85 + 2 °C
and digested for 1 h before the volume in the uncovered
tube was almost dry. After cooling, 25 mL of 1.0 mol L'
ammonium acetate (adjusted to a pH of 2 with the addition
of concentrated HNO3) was added to the residue, which
was separated and rinsed as described in step 1. The extract
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was separated from the solid phase via centrifugation and
decantation, as described above, and stored at 4 °C.

Step 4 (Residual fraction): The residue from step 3 was
treated, using the procedure described above, to determine
the pseudo-total heavy metals content by aqua regia
digestion (10 mL of a mixture of 12 M HCL and 15.8 M
HNO;3 in a 3:1 ratio) in Teflon reactors. Reactors were
maintained for 20 h in a fume hood and then simmered on
a hot plate for 1 h at 100 °C.

2.5 Accuracy control

According to Regional Geochemical Exploration Regula-
tion (1:200,000) (China Ministry of Geology and Mineral
Resources 1995), accuracy, precision, eligibility and spot-
check were used for quality control in laboratory analysis.
The standard reference materials (GSS-1, GSS-2, GSS-3,
GSS-4 soil purchased from the National Research Center
for Geoanalysis of China) were incorporated to control the
analysis accuracy. The results showed no sign of contam-
ination, which revealed that the precision and bias of the
analysis were generally below 5 %. The recovery rates for
the elements in the standard reference material ranged from
93 to 115 %. The geochemical sample percent of mass for
heavy metals was: Hg was 93 %; Zn was 98 %; Cd and Pb
were 95 %; and Cu was 96 %. The spot-check analysis
results showed that the eligibility was: As was 85 %; Hg
was 90 %; Cd and Cr were 93 %:; the others were 100 %.
An internal check on the results of the sequential
extraction procedure was also performed by comparing the
sum of the four steps from the sequential extraction pro-
cedure  (acid-soluble + reducible + oxidizable + resid-
ual) with the total metal content from the microwave-
assisted acid digestion procedure. The recovery of the
sequential extraction procedure was calculated as: Recov-
ery (%) = (Fraction 1 + Fraction 2 + Fraction
3 4 Residual fraction)/total digestion x 100. Comparing
the sum of the metal contents in the sequential extraction
steps with the total digestion metal contents showed a good
agreement for all elements; the recoveries for all metals
ranged from 81 to 108 %, indicating satisfactory accuracy
and the validation of the sequential extraction procedure.

2.6 Risk assessment code

Sequential extraction investigations can be also used to
estimate the potential risk of waste-soil sediment based on
a relative comparison between extracted fractions. The
distribution of metals in the different phases of the modi-
fied BCR procedure offered an indication of their avail-
ability, which in turn enabled a risk assessment study on
the pollutants present in an aquatic environment (Chen
et al. 2010). Different extents of risk corresponding to
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different fractions of heavy metal could be expressed and
regulated by RAC (Sundaray et al. 2011).

The RAC measures risk by using the percentage of
metal associated with the soil/sediment in the exchangeable
and carbonate fractions: there is no risk when the F1 BCR
fraction is lower than 1 %; low risk for a range of 1-10 %;
medium risk for a range of 11-30 %; high risk from 31 to
50 %; and very high risk for F1 percentages over 50 %.

2.7 Potential ecological risk index
RI was introduced to assess the contamination degree of
heavy metals. The equations for calculating the RI were

proposed by Hakanson (1980), depending on the toxicity of
heavy metals and response of the environment:

Zcf

n
E. =T x C},RI = ZE

i~:_ Cd

where C;c is the single-element pollution factor, C' is the
concentration of the element in samples, and C,, is areference
value for the element. In this study, C' is taken to be the sum
of the metal contents from the sequential extraction, and C ; is
taken to be the background values of pristine coastal soils in
the Yunnan Province (Wei et al. 1991). The sum of C} for all
metals examined represents the contamination degree (C,) of
the environment. E! is the potential ecological RI of an
individual element. T? is the toxic factor of an individual
element. Because the toxic factors of heavy metals devel-
oped by Hakanson are restricted to limnic ecosystems but
unsuitable for soil ecosystems, we use the standardized toxic
factors of heavy metals, Zn = 1<Cr = 2<Cu = Ni =
Pb = 5<As = 10 < Cd = 30 < Hg = 40, proposed by Xu
et al. (2008) in this study. RI is the comprehensive potential
ecological RI, which is the sum of E'. RI represents the
sensitivity of the biological community to the toxic sub-
stance and illustrates the potential ecological risk caused by
the overall contamination. The Grade standards for C}, Cy,

E’, and RI are listed at Table 1.
2.8 Statistical analysis

Univariate and bivariate statistical analysis, principal
components (PCA) and cluster analysis (CA) were per-
formed by the SPSS 13.0 for Windows. The cluster was
performed with the method of weighted average linkage
between the groups. The 1-pearson correlation coefficient
for the cluster intervals and the elements, which showed a
close correlation, were identified and grouped for further
analysis.

3 Results and discussion
3.1 Heavy metal concentration in soil

The results of statistical analysis (range, median, mean,
standard deviation and coefficient of variation) for Cd, Hg,
As, Pb, Cr, Cu and Zn in the 396 soil samples from the
research area after acid digestion has been summarized in
Table 2. The highest average values correspond to Cd, Hg,
As, Pb, Cr, Cu and Zn (83 mgkg ', 9.5 mgkg '
33 mgkg ', 132 mg kg~ ', 2186 mg kg~', 279 mg kg~ ',
52 mg kg~ and 697 mg kg™, respectively). 88.9 % of
Cd, 27.3 % of Hg, 13.2 % of As, 63.5 % of Pb, 5.1 % of
Cr, 1.5 % of Cu and 77.5 % of Zn exceeded the local
background value. The distribution of mean values and the
extreme ranges of variation suggest an abnormal distribu-
tion of the chemical data. This was confirmed by the
standard deviation and also corroborated by the values of
kurtosis and asymmetry.

The pollution degree of agricultural topsoil was higher
than that of non-agricultural topsoil. In non-agricultural
topsoil, there were about 57 % sites with its pollution index
(PI) below 1.0; about 16 % from 1.0 to 2.0; about 15 %
from 2.0 to 3.0; about 10 % from 3.0 to 5.0; and about 2 %
above 5.0. However, in agricultural topsoil, there were
about 10 % sites with its PI below 1.0; about 16 % from
1.0 to 2.0; about 19 % from 2.0 to 3.0; about 20 % from 3.0
to 5.0; and about 35 % above 5.0.

The higher PI was distributed around the Pb—Zn mining
area, either in non-agricultural topsoil or in agricultural
topsoil. In the Au, Cu, Mo, Pb, and Zn mining area, acid
mine drainage (AMD), which had high concentration of
trace elements, was the most important pollution source
(Rodriguez et al. 2009). In some areas located in and
around the Cu, Pb, and Zn extraction plant and smelting
mill, alkaline effluent, which had a high concentration of
trace elements, was another important pollution source.
Therefore, the AMD and wind transport of dust were
proposed to be the main causes of the dispersion of
pollution.

In order to assess the impact of cultivation on agricul-
tural topsoil pollution, we compiled the PI to cultivation
pollution index (CPI). The CPI was calculated with the
following formula:

Cultivation pollution index

element concentration in agricultural topsoil

" n Z element concentration in nonagricultural topsoil

where n is a number of the measured elements.

There were a total of 163 samples with CPIs higher than
1, which indicated that the pollution was more serious in
non-agricultural topsoil than in agricultural topsoil. The
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Tablg 1 The» Grade standards C} Cy Pollution degree E’r RI Grade of potential
for G, Cg, E},and RI ecological risk
<1 <5 Clean <30 <60 Low
1-3 5-10 Low 30-50 60-90 Moderate
3-6 10-20 Moderate 50-100 90-120 Considerable
6-9 <20 Considerable 100-150 120-180 High
>9 High >150 >180 Very high
Table 2 The total metal concentrations (milligrams per kilogram DW) in soil samples
Parameter N Min 10 % 25 % Median 75 % 90 % Max Mean SD Coefficient
of variation
pH 396 4.4 5.3 6.0 6.6 7.3 7.7 8.3 6.5 0.9 0.2
Cd 396 0.1 0.4 0.8 1.2 2.9 6.3 9.5 23 2.5 1.0
Hg 396 0 0.06 0.08 0.2 0.5 1.2 33 0.4 0.7 1.6
As 396 1.0 3.6 6.3 13.0 38.5 60.9 132 25.2 26.4 1.0
Pb 396 4.8 22.3 46.9 72.0 146.5 608.3 2186 218.6 391.9 1.8
Cr 396 1.3 18.7 51.3 94.1 131.5 156.5 279 95.6 55.1 0.6
Cu 396 14 17 18 20.5 26 28 52 23.5 9.1 0.4
Zn 396 183 216 246 316 336 600 697 337.8 42.8 0.4

CPI patterns also revealed that the topsoil pollution dis-
tribution was located in the neighboring mining area. The
quality of agricultural topsoil might be pejorative due to
irragation with polluted water.

3.2 Bivariate analysis, correlation coefficients

The element association of heavy metals in the soil was
mainly restricted to the local environmental features, geo-
logical processes and characteristics of heavy metals. This
study area was important to mineralized regions of base
metals (Cd, Pb and Zn), so the geochemical association of
trace elements was controlled firstly by the geogenic pro-
cess. In addition, trace element assemblage was influenced
by mining and processing activities. Here, the principal
component factor analytical method was applied, and the
correlation matrix of tracer elements was obtained. The
analysis results revealed that factor 1 included As, Cd, Pb
and Zn; factor 2 included Cu, Hg and Zn; and factor 3
included As, Cr and Mn, therefore these trace elements
could be from the same sources (Xuan 2007; Teng et al.
2010).

The principal component analysis (PCA) and cluster
analysis (CA) were also applied to understand the rela-
tionships between the heavy metals responsible for pollu-
tion in the research area.

In the agricultural topsoil, As, Hg, Cu, Cd, Zn, Pb and
Cr were classified by three groups. Group one included Cu,
Cd and Zn; group two included As and Hg; and group three
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included Cr and Pb. For non-agricultural topsoil, the clas-
sification was gently different from that for agricultural
topsoil. The first group included As, Cd, Pb, and Zn; the
second group included Cr and Hg; the third group included
Cu. According to Goldschmidt’s geochemical classification
(Goldschmidt 1954), Cr, Mg and Fe were the siderophile
group; As, Mo, Cu, Hg, Cd, Pb, and Zn were cthe hal-
cophile group; and, K, Na, and Al were the lithophile
group. In the investigation of the Yunan Province soil
background (He et al. 2001), the 7 elements were divided
into the chalcophile group (Cu, Pb, Cd, Hg and As) and
siderophile group (Cr and Zn).

The possible reason for the phenomenon was inferred
that, in the processing of metal mining and extracting,
some sulfides (i.e. sphalerite, galenite, sphalerite, pyrite,
chalcopyrite, molybdenite, bornite, chalcocite, tennatite)
would be oxidized to release As, Cd, Cu, Pb, Zn, Hg into
the environment.

3.3 Metal speciation

In order to determine the reactivity of the mineral phases
susceptible to incorporating metals and metalloids, 68 of
sampling soils were selected and the leachates of each step
from the SEP of the soils were analyzed.

The potential mobile fraction is considered to be the sum
of the first three steps of the SEP-BCR (F1 + F2 + F3) of
the soils, i.e. the fraction soluble in water or weakly acidic
conditions and carbonates (F1), the reducible fraction linked
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to the Fe-Mn oxyhydroxides and the oxidisable fraction
related to sulphur and organic matter. The extractable con-
tents of Cd, Hg, As, Pb, Cr, Cu and Zn were shown in
Table 3. The metal contents in the fractions were evaluated
in percentages compared to the sum of the metal contents in
the sequential extraction steps, which represents 100 %.

The fractionation profile for Cd was totally different from
the other metals, which indicates that it is mostly bound to
first three fractions i.e. exchangeable (20.3-49.8 %), redu-
cible (5.9-19.6 %) and oxidisable (11.5-21.8 %) fractions
in the non-residual phase, indicating that its source was
mostly anthropogenic and hazardous to the environment in
specfic areas. These results were similar to those of other
works carried out previously. The major fraction of Cd in its
carbonate form indicated that at a slightly lower pH, an
appreciable percentage of cadmium would have been
remobilized and become readily available (Jain 2004; Huang
et al. 2004). Further, the similarity of the ionic radius of Ca
and Cd should favor the co-precipitation of Cd carbonates
and its incorporation into the calcite lattice, giving solid
solutions of Cd,Ca;_,COj3. The high percentage of Cd in the
non-residual phase indicated the bioavailability of this ele-
ment to the organisms in the studied area. There were several
sources of Cd, which included runoff containing phosphate
fertilizer from agricultural areas near the river, except Pb—Zn
and non-ferrous metal smelting. This phosphate fertilizer,
which was most likely applied to the agricultural farms,
contains Cd (Huang et al. 2004). Presence of Cd could also be
as a result of the transport of dust, which has been described
as an important source of Cd emission (Ianni, et al. 2000).
Cadmium could easily enter the food chain and pose a serious
threat to the ecosystem due to its higher toxicity and
availability.

On the contrary, Hg, As and Cr were found the most
(86.2-98.1 %, 58.4-90.5 % and 58.9-86.1 %, respectively)

in the residual fraction bound in mineral lattice, from which
the release of heavy metals was unlikely under the envi-
ronmental conditions (Carral et al. 1995), indicating rela-
tively less mobility and bioavailability and therefore less
harm to the environment.

Large amounts of Pb, Cu, Zn and Ni were mainly asso-
ciated with the reducible fraction (11.4-29.0 %, 7.8-23.2 %,
10.3-38.8 % and 8.2-23.9 %, respectively), indicating their
strong association with Fe/Mn oxides, from which the
release of heavy metals into the water column can be
expected to occur more readily under prevailing environ-
mental conditions (e.g., lower pH, redox potential, etc.). The
order of the other fractions of Pb and Cu decreased as fol-
lows: the residual (18.3-35.6 %, 23.2-34.5 %, respectively)
> the acid-soluble (8.7-12.6 %, 15.2-29.7 %, respectively)
> the oxidizable (3.7-9.8 %, 7.2-13.8 %, respectively).

The mobility and bioavailability of the metals, based on the
mean values of the relative abundance of the sums of the first
three fractions, were in the following order: Cd (57.0 %) > Zn
(43.1 %) > Cu(42.2 %) > Ni(35.7 %) > Pb(33.3 %) > As
(25.6 %) > Cr (232 %) > Hg (6.2 %). When each of the
three mobile phases was examined separately, the results
showed that the distributions of metals were somewhat dif-
ferent for each fraction, i.e., Cd (31.2 %) > Zn (13.8 %) > Ni
(13.0 %) > Cu (12.0 %) > Pb (5.4 %) > Cr (4.1 %) > As
(2.8 %) > Hg (0.6 %) for acid-soluble fraction, while Zn
(22.2 %) > Pb (19.1 %) > Cu (15.0 %) > Cr(13.8 %) > Ni
(13.7 %) > Cd (10.9 %) > As (6.1 %) > Hg (0.9 %) for the
reducible fraction, and As (16.7 %) > Cu (15.1 %) > Cd
(149 %) > Ni (9.0 %) >Pb (8.8 %) >Zn (7.0 %) > Cr
(5.4 %) > Hg (4.7 %) for the oxidizable fraction. And the
order of the residual fraction for the studied elements was as
follows: Hg (90.4 %) > Cr (76.8 %) > As (73.0 %) > Pb
(66.5 %) > Ni (63.2 %) > Cu (59.1 %) >7Zn (56.2 %) >
Cd (419 %).

Table 3 Percentages of metals

' Fraction Cd Hg As Pb Cr Cu Zn
extracted in each step of the
sequential extraction procedure  F] Range  20.3-49.8 02-1.1  0.8-173 19-141 1.1-97 58221 11.7-196
ig(i":r‘;‘;‘f(“;d) on the soils of Average 31.2 0.6 2.8 54 4.1 12.0 13.8
SD 5.3 1.1 4.1 1.4 2.3 1.7 3.1
F2 Range  5.9-19.6 0.5-2.1  1.5-253 11.4-290 7.6-24.1 7.8-232 10.3-38.8
Average 10.9 0.9 6.1 19.1 13.7 14.9 222
SD 3.7 0.8 3.8 4.8 4.3 4.4 6.7
F3 Range  11.5-21.8 15-10.7 2.1-52.7 49237 18-162 7.5-348 2.2-18.6
Average 149 4.7 16.7 8.8 54 15.1 7.0
SD 2.9 1.3 9.6 4.6 3.7 6.9 5.0
F4 Range  22.7-64.8 86.2-98.1 58.4-90.5 41.9-80.2 58.9-86.1 25.6-76.1 28.2-72.8
Average 41.9 90.4 729 66.5 76.8 59.1 56.2
SD 11.3 10.2 153 11.2 7.7 13.9 11.2

@ Springer



546

Chin. J. Geochem. (2015) 34(4):540-549

3.4 Results of RAC

The soil samples were classified according to the RAC
used by several authors for the heavy metal pollution of
sediments (Perin et al. 1985; Jain 2004; Singh et al. 2005).
This classification is based on the strength of the bond
between metals and the different geochemical fractions in
sediments or soils and the ability of metals to be released
and enter the food chain. The RAC is assigned by taking
into account the percentage of metal in the exchangeable
and carbonate fractions (F1), although the RAC does not
take into account the total concentration (Keller and
Hammer 2004). RAC may be useful to assess the envi-
ronmental risk using sequential extraction as a characteri-
zation method (Rodriguez et al. 2009). The distributions of
heavy metals in various geochemical fractions are depicted
in Table 3.

The results revealed that Cd at 45.6 % of the sites posed
a medium risk and at 54.4 % of the sites posed a high risk
to the environment, due to its higher ratios of F1. For Cu,
58.8 % of sites of posed a medium risk and 41.2 % of sites
posed a low risk. For Zn, all sites may be classified as
medium risk, due to its ratios of F1. 97.1 % of the RAC

mCd
ECu
BE7Zn
M Pb
mCr
EAs

M Hg

Fig. 1 Risk assessment code (RAC) of heavy metals in soil
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values of Hg were below 10 %, suggesting a relatively low
risk. The RAC values of Cr were all below 10 %, sug-
gesting a relatively low risk. For As and Pb, 92.6 and
91.8 % of sites were classified as low risk, and 7.4 and
8.2 % posed a medium risk, respectively.

Moreover, the obtained RAC values (Fig. 1) had allowed
for the classification of elements as a function of their
potential hazard as Cd > Zn > Cu > As > Pb > Hg > Cr.

The first fraction contained those metals that were
weakly bound, which were readily soluble in water or a
slightly acidic medium. The ease with which metals were
freed from this fraction provides an idea of the high
potential risk associated to it. According to the RAC, the
risks of Cd and Zn were very high. That is, the priority
pollutants in the soil of research area were Cd and Zn. As
we know, the second and third fraction, associated with
oxides and hydroxides of Fe and Mn and sulfides and
organic matter, respectively, were susceptible to releasing
those metals present in the structure, depending on varia-
tions that occured with changes potential or pH. It should
also be noted that the potential ecological risk of Cu, As, Cr
and Pb cannot be ignored due to their high ratios of oxy-
hydroxides or oxidisable fraction.
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3.5 Assessment of ecological risk of heavy metals
in soil

Based on the interpolated map of the C, values calculated
for the seven elements (Cd, Hg, As, Pb, Cr, Cu and Zn)
(Table 4), non-agricultural topsoil generally presented con-
tamination varying from a moderate to a very high degree
with values between 8.1 and 94.5; agricultural topsoil gen-
erally presented contamination varying from a low to a very
high degree with values between 1.6 and 24.1.

The elements of Cd, Hg, As, Pb, Cr, Cu and Zn in
agricultural topsoil showed low and moderate potential
ecological risk in all sites, combining the potential eco-
logical RI of individual metals (E’) (Data not shown) with
its grade classifications (Table 1). The consequence of the
average E! for heavy metals was Cd > Hg>Zn >
As > Pb > Cu > Ni > Cr. On the contrary, the elements
of Cd, Hg, As, Pb, Cr, Cu and Zn in non-agricultural
topsoil showed very high, high or medium potential eco-
logical risk in all samples. The consequence also was
Cd > Hg > Zn > As > Pb > Cu > Ni > Cr.

The range for the potential ecological risk of agricultural
and none-agricultural soil was 29.3-262.5 and 113.3-959.7,
respectively, which indicates that some sites presented high
degree potential ecological risk. The extremely high poten-
tial ecological RI values (959.7, 932.5 and 930.8) were seen
in sites 3, 9 and 10 in non-agricultural soil, respectively.
These sites coincided with the area where mining activities
were historically concentrated.

The comparison results of risk values of heavy metals
based on different methods showed that there were several
disagreements. The main reason may be that RAC deter-
mined the risk level of heavy metals by only focusing on
chemical speciation and the toxic-response factors for
different heavy metals were ignored. RI considered both
the total concentration and toxic-response factors of heavy
metals. But the toxic indexes corresponding to the chemi-
cal speciation of heavy metals were neglected. The
chemical speciation and toxicities of heavy metals were
significant factors in the risk assessment process. The
improvement of ecological risk assessment need further
research in the future.

4 Conclusions

The RAC and RI method applied to the analysis of the
ecological risk of heavy metals in soil in study areas was
successful and the results yielded the information below:

The high content of Cd, Hg, As, Pb, Cr, Cu and Zn in the
study area revealed that the highest level of pollution was
distributed in the research area where mining activities
were historically concentrated. The agricultural soil was
also affected by the mining activities. PCA and CA had
been also applied. In the agricultural topsoil, As, Hg, Cu,
Cd, Zn, Pb and Cr were classified by three groups. Group
one included Cu, Cd and Zn; group two included As and
Hg; and group three included Cr and Pb. For the non-
agricultural topsoil, the classification was slightly different
from that for the agricultural topsoil. The first group
included As, Cd, Pb and Zn; the second group included Cr
and Hg; the third group included Cu. Furthermore, this
study suggested that major portion of Cr, Pb, Zn, Ni and Cd
were due to anthropogenic factors.

The chemical speciation of the heavy metals (Cd, Hg,
As, Pb, Cr, Cu and Zn) was determined using a BCR
sequential extraction procedure in order to evaluate the
mobility potential. The metals like Cd, Cu, Zn, Ni and Pb
represented an appreciable portion in the carbonate phase,
as these metals have a special affinity toward carbonate and
may co-precipitate with its minerals. The present study
suggested that colloids of Fe—-Mn oxides act as efficient
scavengers for metals like Zn, Pb, Cu, Cr and Ni, while
organic matter and CaCO5; was found to be more a effec-
tive scavenger for As, Cu and Cd, respectively. Cadmium
was mostly bound to the first three fractions in the non-
residual phase, which indicated the bioavailability of this
metal to the aquatic organisms in the studied area. This
suggested that Cd was highly mobile and under high
environmental concern.

According to RAC, Cd posed a very high risk to the
ecosystem due to its higher toxicity and percentage in the
exchangeable and carbonate fractions. Hg and Zn also
posed a high risk. The overall risks levels of heavy metals
were, in declining order, Cd > Hg > Zn > As > Pb >
Cu > Ni > Cr. The results of the RI showed that Cd was

Table 4 The C, values
calculated for of heavy metals in
soils of study area

i C,

Cd Hg As Pb Cr Cu Zn

Agricultural topsoil Min
Max
Non-agricultural topsoil Min
Max

3.5 32 1.6 3.8 1.7 1.6 43 72

24.1 6.1 5.6 22.5 4.5 2.8 18.9 24.1
7.2 8.2 8.1 5.7 8.3 9.3 12.9 10.8
94.5 15.8 9.2 62.5 9.1 15.7 75.6 82.2
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the only metal posing a very high risk to the environment.
The risks of heavy metals under RI were, in declining
order, Cd > Hg > Zn > As > Pb > Cu > Ni > Cr. The
overall RIs in agricultural and non-agricultural soils caused
by the toxic heavy metals ranged from 29.3-262.5 to
113.3-959.7, respectively, indicating some of the sites
where mining activities were concentrated presented a high
degree of potential ecological risk.

Overall, the chemical speciation and toxicities of heavy
metals were two significant factors in the risk assessment
process. The comparison results of risk values of heavy
metals based on different methods showed that there were
several disagreements, because the total concentration,
chemical speciation and toxic response factor of individual
heavy metals were not considered with one method.
Therefore, improving the ecological risk assessment of
heavy metals is of great importance.
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