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Abstract Heavy metal contamination was the main
environmental problem around the Jinchang Ni—Cu mine
area of Gansu, Northwest China. The concentration of
heavy metals (Cr, Cu, Ni, Pb, and Zn) in various envi-
ronmental mediums around the Jinchang Ni—Cu mine area
were analyzed using atomic absorption spectrometry
(AAS). The different chemical speciation of heavy metals
was extracted using BCR (European Community Bureau of
Reference) sequential extraction procedure, and the con-
centration of chemical speciation of each heavy metal was
measured by inductively coupled plasma-atomic emission
spectrometry. The results showed that Cu and Ni were the
most important heavy metal pollutants in various mediums
including cultivated soils, dust on slagheap surfaces, tail-
ings, and sediments in waste water drains. In the tailings
and sediments, the concentrations of Ni were obviously
higher than those of Cu, whereas, in the soil and dust, the
concentrations of Cu were higher than those of Ni. Anal-
ysis of chemical speciation indicated that Cr and Zn were
mainly in residual fraction; Cu was mainly in oxidizable
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fraction; Ni was mainly in reducible fraction and acid
soluble fraction; and Pb was mainly in reducible fraction
and residual fraction. The extent of contamination of var-
ious environmental mediums was different because the
heavy metals were derived from different sources. Fur-
thermore, the mobility of various heavy metals was dif-
ferent because of the different distribution of chemical
speciation.
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Introduction

The environment contamination caused by the mining and
smelting activities has become a global environmental
problem (Natarajan et al. 2006; Li et al. 2008; Rodriguez
et al. 2009). Much research has been done in different
metal mines and surroundings on the release and accu-
mulation (Yang et al. 2006; Shuhaimi-Othman et al. 2006),
transportation and transformation (Zhu et al. 2005), spatial
distribution and bioavailability of the heavy metals (Zhang
et al. 2004; Sun et al. 2008), as well as the potential
environmental risks of heavy metals (Hu et al. 2006; Fan
et al. 2007). Total heavy metal concentration is an
important indicator of pollution risks. However, heavy
metals associated with different fractions have different
impacts on the environment (Tam and Wong 1996).

The toxicity and the mobility of heavy metals in soils
depend not only on the total concentration, but also on their
specific chemical speciation, their binding state, the metal
properties, environmental factors and soil properties like
pH, organic matter content and type, redox conditions and
root exudates acting as chelates (Nyamangara 1998). The
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distribution of heavy metals in the various phases deter-
mines their behavior in the environment: their mobility,
bioavailability and toxicity (Fuentes et al. 2008; Long et al.
2009). Therefore, fractionation is also necessary to evalu-
ate the leaching behavior and environmental risks of heavy
metal in soil and sediment around mine areas.

Jinchang, Gansu Province, northwestern China, known
as the Nickel City, is the largest manufacture base of nickel
(Ni) and cobalt (Co). The Jinchuan deposit, located in
southwestern Jinchang City, is one of the super-large
Ni—Cu-PGE (nickel-copper—platinum group elements)
magmatic sulfide deposits containing the third largest
amount of Ni in the world, and plentiful Cu, Co, and Pt
elements (Tang and Li 1995; Tang and Barnes 1998). At
present, the mining industry has already become a mainstay
in Jinchang and it is a typical mining city. However, the
heavy metal pollution is also one of the most prominent
environmental problems in Jinchang. In the past half cen-
tury, the mine exploitation has had huge impacts on the
environment around Jinchang city (Liao et al. 2006). The
present study is to understand the spatial distribution and
chemical speciation of the heavy metals, especially, Ni and
Cu in various environmental mediums around the Jinchang
Ni—Cu mine area and discuss the behavior of heavy metals
and their potential environmental risks.

Materials and methods
Materials

The studied area has the temperate continent-drought cli-
mate with an average annual precipitation of 200 mm and
an annual evaporation of 2,100 mm. The local dominant
wind direction is northwestern with a frequency of 30%
and second strongest is southeastern with a frequency of
21% (Wu 2003). A large number of solid wastes are pro-
duced with the mineral processing and smelting, including
mine tailings of mineral processing, water quenching slag,
and electric furnace slag, which are over ground and
stockpiled under outdoor conditions.

Forty-nine samples were taken in the surroundings of
the Jinchang Ni—Cu mine area in the Gansu province,
northwest China (Fig. 1). Samples collected in July and
November of 2005, and July of 2006 were mainly from the
different mediums including the cultivated soils, dust on
slagheap surfaces, tailings, and sediments in waste water
drains. The sampling sites in each medium were randomly
selected. To ensure the quality of sampling, a mixed
sample composed of 3-5 samples from the four vertices
and center point of square cells (1 m length x 1 m height)
are used making each mixed sample a good representation.
One sample was made from the mixture using a quartation
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Fig. 1 Location of studied area and sampling sites of Jinchang City
in Gansu Province, Northwest China

method, sealed in a plastic bag and then labeled. The
method is suitable for the small area and inhomogeneous
region of pollution, especially for tailing piles and slag
heaps. All samples were air-dried in room temperature and
passed through a 2-mm aperture plastic sieve to remove
large stones and organic matter. Then a 100 g sample was
taken using quartation, milled in a mortar, passed through
0.149-mm aperture plastic sieve, dried for 24 h at 105°C
and finally placed in a dry clean container for the analysis.

Analysis
pH

The pH of each prepared sample was determined in the
aqueous suspension in a soil-to-water ratio of 1:2.5 using
pHs-3C pH meter.

Sample digestion for total metal determination

The prepared soil samples were analyzed for their heavy
metal concentrations using the mixed acid (HNOj,
HC1O,4 and HF) digestion method. Chromium (Cr), Cu,
Ni, Plumbum (Pb), and Zinc (Zn) of the solutions were
measured using an atomic absorption spectroscopy
(AA240).

Sequential extraction of chemical speciation
The prepared samples were analyzed for the chemical

speciation of Cr, Cu, Ni, Pb and Zn using a BCR (European
Community Bureau of Reference) modified sequential
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extraction procedure (Ure et al. 1993; Rauret et al. 1999;
Davidson et al. 2004; Wang et al. 2005). Selection of the
most appropriate sequential extraction protocol for use in a
particular study must always be carried out on the basis of
“fitness for purpose” criterion. However, the revised BCR
protocol, involving use of 0.5 mol/l NH,OH-HCI in the
reducible step, appears to be more generally applicable
than procedures involving acid ammonium oxalate
(Davidson et al. 2004). A 1 g sample, taken from the
prepared samples, was moved to a centrifuging tube, and
each extraction reagent was added, respectively, in the
following process:

1. Acid-soluble fraction: 40 ml 0.1 mol/l HOAc was
added into the 1 g sample, shaken for 16 h under
22 £ 5°C, and centrifuged for 20 min under 3,000g
force;

2. Oxidizable fraction: 40 ml 0.5 mol/l NH,OH-HCI was
added into the remains of the above step, shaken for
16 h under 22 + 5°C, and centrifuged for 20 min
under a 3,000g force;

3. Reducible fraction: 10 ml H,O, (pH = 2~3) was
added into the remains of step 2, kept under room
temperature for 1 h, heated up to 85 & 2°C for 1 h;
and another 10 ml H,O, was added and heated up to
85 4+ 2°C for another hour; and 50 ml 1 mol/l
NH4OAc (pH = 2) was added, shaken for 16 h under
22 + 5°C, and centrifuged for 20 min under 3,000g
force;

4. Residual fraction: HCI,HNO3, HCIO,4, HF were added
to the leftovers from all of the above steps. The
concentration of each chemical speciation of heavy
metals (Cr, Cu, Ni, Pb and Zn) was determined by
inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) (type IRIS).

All glass- and plastic-wares were soaked in 10% nitric
acid overnight and rinsed thoroughly with deionized water
before use. For quality control, the national standard soil
sample (GSS-1), reagent blanks and duplicate representing
10 and 20% of the total sample population, respectively,
were incorporated in the analysis to detect contamination
and assess precision and bias.

Results

Total heavy metal content in various environmental
mediums

The concentration of heavy metals in the cultivated soils,
dust on slagheap surface, tailings, and sediments in waste
water drains around the Ni—Cu mine area is shown in
Table 1.

The concentrations of Cu and Ni in the cultivated soils
were 135.27 and 132.05 mg/kg, respectively. The Cu and
Ni concentrations were 4-6 times of the soil background
values in Gansu, and all the other elements were only

Table 1 Descriptive statistical

Sample Item Cr Cu Ni Pb Zn
results of heavy metals
concentration (mg/kg) in Cultivated soils (n = 28) Min 60.43 34.22 29.96 6.33 39.94
various environmental mediums
around Jinchang Ni—Cu mine Max 506.21 547.27 511.92 96.21 101.19
area Mean 93.25 135.27 132.05 19.33 69.65
SD 82.62 131.75 131.12 16.46 15.45
Tailings (n = 10) Min 264.75 364.10 443.10 9.64 60.44
Max 1,632.00 3,069.50 3,516.00 437.10 576.80
Mean 904.26 1,767.64  2,035.40 69.39 201.87
SD 435.85 947.21 1,024.23 132.87 168.92
Sediment in waste Min 19.21 539.32 5,068.33 752.15 774.30
water drain (n = 4) Max 64848 8377.73 13,112.42 7,781.03  2.475.32
Mean 409.29 5,583.86 7,652.12  3,801.75 1,351.78
SD 278.27 3,635.95 3,778.86  3,415.02 777.64
Dust on slagheap Min 35.97 309.50 66.01 24.43 48.94
surface (n = 7) Max 145170 4,698.70 231086 83137 16,712.90
Mean 520.06 1,744.87 1,172.14 193.62  2,564.95
. ) ) SD 460.84 1,377.79 849.07 288.56  6,242.90
After Station Environmental g, 100nd values Mean 7000 24.10 3520 18.80 69.30
Monitoring in China (1990) in Gansu®
® After State Environmental . . . .
National Soil Quality Third class 300 400 200 500 500

Protection Administration of

b
China (1995) Standard values

mean pH > 6.5
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Fig. 2 The distribution pattern of heavy metals in various environ-
mental mediums around Jinchang Ni—Cu mine area. (Soil cultivated
soils, Tail. tailings, Sedi. sediment in waste water drain, Dust dust on
slagheap surface, B. values background values in Gansu)

slightly higher than the background values. In the dust on
slagheap surfaces, which contained high contents of heavy
metals, the maximum concentrations of Cu and Ni were
4,698.70 and 2,310.86 mg/kg, with averages of 1,744.87
and 1,172.14 mg/kg, which was 4-5 times of the third class
values of the National Soil Quality Standard (State Envi-
ronmental Protection Administration of China 1995). In the
tailings, the concentrations of heavy metals were much
higher than the background values in Gansu Province, and
the maximum concentrations of Cu and Ni were 3,069.50
and 3,516.00 mg/kg. Their averages were 1,767.64 and
2,035.40 mg/kg, which was 4 and 10 times of the third
class values of the National Soil Quality Standard (State
Environmental Protection Administration of China 1995),
respectively. Similarly, the heavy metals were highly
concentrated in sediments in the waste water drains. The
maximum concentrations of Cu and Ni were 8,377.73 and
13,112.42 mg/kg, and the averages were 5,583.86 and
7,652.12 mg/kg, which was much higher than the con-
centrations in other mediums (Fig. 2). The distribution
pattern of Cu, Ni and Pb were very similar to the maximum
concentration in sediments in the waste water drains nearby
the old tailings pile. The highly concentrated heavy metals
in sediments suggested that the heavy metals in the waste
water were transported into the sediments. Moreover, since
the drain is close to the tailings, it is expected that a great
amount of heavy metals would be leached into the sedi-
ments in the waste water drains. The results showed that
the concentrations of heavy metals were in descending
order in sediments, tailings, dust, and soil.

Chemical speciation of heavy metals

As indicated by the analyzed results of chemical specia-
tion of heavy metals (shown in Table 2), except for Cu,
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Ni and Pb, Cr and Zn have a similar distribution, mainly
existing in residual fraction. The fractions of heavy metals
in different mediums showed that the chemical speciation
of Cu, Ni and Pb in different mediums were different (as
Fig. 3).

In general, mine soils are mechanically, physically,
chemically and biologically deficient (Vega et al. 2006)
and characterized by instability and limited cohesion,
with low contents of nutrients and organic matter and
high levels of heavy metals (He et al. 2005). The results
(Table 2; Fig. 3) indicate that Cr mainly existed in
residual fraction, because through a series of reactions in
soils Cr could be easily transformed into insoluble
hydroxide precipitates, which stayed in the residue (Chen
et al. 1993; Wang et al. 2000). The proportion of
chemical speciation of Cu was relatively complex, and
Cu mainly existed in oxidizable fraction (Zhang and Ma
1997; Lu et al. 2003). Oxidizable fraction is important
because the lack of Cu in plants and accumulation of Cu
on soil surface are all related to oxidizable fraction Cu
(Yuan 1983). The largest portion of Cu was associated
with sulfides/organic matter, because Cu has a high
geochemical affinity for sulfides or organic matter (Kim
et al. 2001). In DP samples Ni existed mainly in oxi-
dizable fraction, and then in residual and reducible
fraction, while in all other samples, most of the Ni was
in reducible fraction. Overall, in most of the samples Ni
was in active speciation (Xu and Yang 1995), including
acid-soluble fraction, reducible fraction, and oxidizable
fraction, which suggests that Ni in these mediums has
strong activity and bioavailability. Pb was mainly in
reducible fraction and then in residual fraction, and Zn
was mainly in residual fraction, which is consistent with
other research that showed reducible fraction of Pb was
the most important compound form in soil, accounting
for 40-50% (Rieuwerts et al. 2000) and Zn existed
mainly as stable silicate minerals (Wang et al. 2000).
Rodriguez et al.(2009) found that most Pb was associated
with non-residual fractions, mainly in reducible form, in
all the collected samples around a Pb—Zn mines in Spain.
Zn appeared mainly associated with the acid-extractable
form in mine tailing samples, while the residual form
was the predominant one in samples belonging to
surrounding areas. The studied area has the temperate
continent-drought climate with an average annual pre-
cipitation of 200 mm and mean annual evaporation of
2,100 mm. It should be pointed out that oxide association
does not guarantee the immobilization of contaminant
elements in the subsurface, so metals associated with iron
and manganese oxides are still labile and may be
released upon decomposition of the oxides under reduced
conditions, consequently having a significant impact on
soil quality and biota (Chlopecka 1996).
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Table 2 Chemical speciation of heavy metals in topsoils and tailings around Jinchang Ni—-Cu mine area (mg/kg)

Sample Item pH Chemical fraction Cr Cu Ni Pb Zn
FZ1-1 Topsoil of wasteland 7.6 Acid-soluble fraction N/A 14.84 38.79 N/A 5.55
Reducible fraction 0.58 39.52 54.37 6.75 19.78
Oxidizable fraction 498 171.90 39.28 N/A 13.60
Residual fraction 105.00 95.75 N/A 24.50 97.79
DP-1 Topsoil of abandoned 6.4 Acid-soluble fraction 0.41 1,763.00 575.75 27.72 75.46
greenhouse soil Reducible fraction 6.85 419.80 661.70 168.60 55.31
Oxidizable fraction 5.07 5,784.50 1,104.50 9.37 102.60
Residual fraction 142.70 1,708.00 857.60 62.95 142.05
WK5-1 Tailings 7.8 Acid-soluble fraction 3.74 702.15 481.60 1.61 28.74
Reducible fraction 13.06 40.61 644.80 21.58 24.37
Ocxidizable fraction 19.58 388.50 6.83 N/A 10.44
Residual fraction 802.05 1,348.00 137.60 16.69 60.13
MTO08-1 Topsoil of cultivated soils 8.1 Acid-soluble fraction N/A 34.67 34.01 N/A 4.64
Reducible fraction 1.09 117.90 151.30 15.83 13.81
Oxidizable fraction 3.95 137.25 N/A N/A 11.62
Residual fraction 68.87 63.62 N/A 6.71 48.81
N/A not available
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Fig. 3 Fractionation of elements from topsoil of wasteland (a),
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Discussion
Origins of the heavy metal pollutants

As shown by the results of the spatial distribution of heavy
metals (Table 1), the heavy metals, primarily Cu and Ni,
the spatial area could be divided into two groups. The first
region included the cultivated soils and dust on slagheap
surface, where Cu concentrations were higher than Ni. The
second region included the tailings and sediment in waste
water drain, where Ni concentrations were obviously
higher than Cu. The difference of distribution of Cu and Ni
in the two regions were primarily related to the origins of
Cu and Ni. The first group is in the urban areas of Jinchang,
and the Cu and Ni concentrations in the atmospheric dust
were 186.15 and 42.44 mg/kg, while in rural areas of Jin-
chang, 29.64 and 12.91 mg/kg (Zhao 2005a, b). This
showed that Cu concentration was obviously higher than Ni
in the atmospheric dust of the both areas, which con-
tradicted the result that Ni concentration being higher than
Cu of the soil background values in Gansu. The Cu content
in the background soil is 24.10 and Ni is 35.50 mg/kg.
Therefore, it is concluded that Cu and Ni in the urban and
rural soils in Jinchang mainly came from the atmospheric
dust, and the airborne particles emitted by smelting were
the major cause of Cu and Ni in the atmosphere dust. As
for the second group, the origin of Cu and Ni were related
to ores from the Jinchang mine. Cu and Ni average con-
centrations of different types of ores normalized to 100%
sulfide in Jinchuan deposits, were 9.38 and 13.17%,
respectively (Tang and Li 1995), and Ni concentration was
obviously higher than Cu in the ores. Of the tailings, which
were the products of the floating filtration of the ores, Cu
and Ni mainly came from the ores, so the content of Cu and
Ni in the tailings was in agreement with those in the ores.
The Cu and Ni concentrations in the sediments in waste
water drains were influenced by the leaching of tailings, so
they had the same distribution as those in tailings.

Interaction and proportions of chemical speciation
of heavy metals

The proportions of chemical speciation were dramatically
different in various mediums (shown in Table 2; Fig. 3).
The proportions of chemical speciation of Cu and Ni in
tailings were different from those in other mediums. Cu
was mainly in residual fraction (50%) and acid-soluble
fraction (30%) in the tailings, but mainly in oxidizable
fraction in all the other mediums. Cu—organic matter
complexes were generally considered relatively stable
(Walter and Cuevas 1999). However, the percentage of Cu
associated with organic matter fraction primarily depends
on the quantity of Fe oxides in soil (Sliveira et al. 2006).
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The amounts of all the chemical speciation of Cu and Ni in
abandoned greenhouse soils were higher than those in other
mediums (Table 2), which may be due to the low pH in the
greenhouse soils. Zn and Pb are often associated with
sulphur, as sulfides. Under superficial environmental con-
ditions, sulfides are quickly oxidized and these metals are
released and separated from sulphur at an early stage of
mineral weathering. During soil development, Zn associ-
ated with the step 2 BCR fraction tends to concentrate in
Mn oxides, whereas Pb is more likely to be found enriched
in Fe oxides and hydroxides (He et al. 2005). The various
chemical speciation of heavy metals may transform among
each other under suitable physical and chemical conditions.
Reducible fraction and oxidizable fraction were potential
sources of the acid-soluble fraction of heavy metals.
Reducible fraction of heavy metals would transform to the
acid-soluble fraction under the reductive condition or when
pH decreases. Similarly, oxidizable fraction of heavy
metals would transform to the acid-soluble fraction under
the oxidative condition or when pH increases. Acid-soluble
fraction is considered to be the most bioavailable among
the different metal speciation, and it is also the most labile
(Chlopecka 1996). Therefore, it is necessary to adjust the
pH and Eh of the soils to avoid the transformation of
reducible and oxidizable speciation to acid-soluble speci-
ation which would increase environmental risks.

Conclusion

The perennial mining and smelting of ores have caused the
obvious accumulation of Cu and Ni in various environ-
mental mediums around the Jinchang Ni—Cu mine area.
High levels of metal pollution were detected in the entire
mine area. The concentration of Cu and Ni are in
descending order in sediments in waste water drains, tail-
ings, dust on slagheap surfaces, and cultivated soils.
Moderately high concentrations of Cu and Ni were detec-
ted in many of the samples collected in the surrounding
cropping and farming lands, showing a certain extent of
dispersion of pollution from the smelter, mine spoil and
tailings areas. The high correlation obtained between the
different samples strongly suggests their common origin in
mining activities during the operation of the Jinchang mine
and, later, in the mine tailings dumped. The highly con-
centrated heavy metals in waste water drains and dust on
slagheap surfaces, as well as similar distribution patterns
with tailings, suggest that a lot of heavy metals have been
released into the surrounding environment. Therefore, the
tailings pile and slagheap are obviously the important
pollution sources of the heavy metal pollution owing to
their long-term existence and stockpiled over ground in
outdoor conditions.
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Sequential extraction showed that Pb was mainly asso-
ciated with the reducible fraction in all the collected
samples. Ni was mainly associated with the acid-soluble
and reducible fractions in mine tailings, thus being more
mobile and potentially more dangerous for the environment
of the studied area. Cu was mainly associated with the
oxidizable fraction, but residual fraction in tailings because
of poor organic matters. Cr and Zn were mainly associated
with the residual fraction, which indicates that the limited
mobility of Cr and Zn in the soils from surrounding mining
areas decreases the environmental risks. Therefore, it
would be necessary to remove or stabilize the mine spoils
and slagheap from the Jinchang mine, since still it is a
source of soil pollution as the tailings continue to release
heavy metals into the environment.
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