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Abstract
Purpose Smelting activity produced tons of slags with
large quantities of highly toxic metals, resulting in
contamination in adjacent soils and sediments as well. This
study investigated the fractionation and sources of metals
Pb, Zn, and Cd in polluted soils and sediments in a region
with once prosperous Zn smelting activities in southwestern
China. Soils with varying land uses were of a special
concern due to their connection to the food chain. Obtained
data would offer a valuable reference to the development of
land-use management strategy in this region.
Materials and methods In total, 130 soils and 22 stream
sediments were sampled in the studied region. After air-
dried and passed through a 2 mm sieve, soils and sediments
were subjected to a three-step sequential extraction for the
fractionation of Pb, Zn, and Cd. Besides, 66 slags were
sampled, and acid-digested for the determination of total
Pb, Zn, and Cd. Soils/sediments with extremely high Pb,
Zn, and Cd concentrations were selected for observation
and analysis using a scanning electron microscopy
equipped with energy dispersive X-ray spectroscopy. Stable
lead and sulphur isotope techniques were applied for source
tracing of metals in soils and sediments. Data were pooled
for analysis of variance together with a post-hoc multiple
comparison procedure.
Results and discussion High concentrations of Pb
(∼46,219 mg kg−1 with medians of 846 mg kg−1 in soil,
7,415 mg kg−1 in sediment, and 8,543 mg kg−1 in slag), Zn

(∼57, 178 mg kg−1 with medians of 1,085 mg kg−1 in soil,
15,678 mg kg−1 in sediment, and 14,548 mg kg−1 in slag),
and Cd (∼312 mg kg−1 with medians of 29.6 mg kg−1 in soil,
47.1 mg kg−1 in sediment, and 47.9 mg kg−1 in slag) were
measured. Soils with no cultivation had greater concentra-
tions of Pb (16,686 mg kg−1 in median), Zn (13,587 mg kg−1

in median), and Cd (44.1 mg kg−1 in median) than those with
cultivation. Al-normalized enrichment factors for Pb, Zn, and
Cd were in 40.6–1,066, 11.6–382, and 128–647 in sedi-
ments, and in 58.0–1,771, 10.1–450, and 88.6–1,035 in soils.
Greater Pb/Cd and Zn/Cd ratios in slags (241 and 386 in
median) than in soils (uncultivated (187 and 267 in median)
> cultivated) or sediments (106 and 260 in median) were
observed, indicating extra atmospheric borne Cd in soils and
sediments from smelting dust emission. Pb, Zn, and Cd were
mainly associated with Fe/Mn oxides/hydroxides in soils and
sediments, with their mobile fractions varying with land use
in soils that had a close relation to pH (r=−0.569, p<0.01).
In 206Pb/207Pb∼ 208Pb/206Pb diagram, plots of soils and
sediments constructed a satisfactory linear model (p<0.01)
with wall rock, coal, and ore samples. Four different domains
can be identified in the δ34S–206Pb/207Pb diagram, in which
soils and sediments formed a domain with middle δ34S
(−2.79∼+10.3‰) and 206Pb/207Pb ratios (1.1823∼1.1853).
Conclusions Smelting activities result in great enrich-
ments of Pb, Zn, and Cd in surveyed soils and
sediment. Mobile fraction of these metals was controlled
by land use type as well as soil pH, which is
informative for land use management to prevent toxic
substance from potentially menacing human health.
Bean cultivation and low pH can result in more Cd of
mobile fraction in soils, therefore, alternative cultivation
and pH elevation are recommended for the studied
region. This would help reduce the remobilization and
uptake of Cd from the polluted soils.
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1 Introduction

Besides atmospheric diffusion, smelting slags contained a
large amount of residues from smelting activities. Nowa-
days, some may be processed as construction materials
(Ettler et al. 2003), however, large amounts of slags were
still piled and scattered in smelting regions, such as in
southwestern China (Yang et al. 2006). These slags may re-
enter soils or water/sediments through surface runoff
flushing, weathering, or by human activities, resulting in
an accumulation of toxic substances in soils and sediments.
The releases of toxic substances from slags are chemically
and mineralogically dependent on smelting techniques and
ore components (Ettler et al. 2009). Therefore, there existed
apparent differences in releases of heavy metals Pb, Cu, Zn,
Cd, and As from slags resulting from processing of
carbonate/oxide ores and sulphide ores (Ettler et al. 2009).
Morrison and Gulson (2007) discovered particle size was
reversely related to bioavailability of Pb with especially
available part in slags at size <20 µm.

Previous studies reported high accumulations of heavy
metals in soils around metal smelters (Little and Martin
1972; Farago and O'Connell 1983; Verner et al. 1996;
Ullrich et al. 1999; Basta and Gradwohl 2000; Li and
Thornton 2001; Kaasalainen and Yli-Halla 2003; Förstner
et al. 2004), possibly causing further accumulation in crops
through plant uptake (Douay et al. 2008; Zhuang et al.
2009). River/lake sediment was another victim of heavy
metal accumulations by such activities in recent studies
(Förstner et al. 2004; Telmer et al. 2006; Boughriet et al.
2007; Aleksander-Kwaterczak and Helios-Rybicka 2009).
Atmospheric deposition of chimney dust from smelting and
release from slags under weathering were considered as two
main contributions (Rolfe and Jennett 1975; Rieuwerts and
Farago 1996).

However, toxicity of heavy metals is highly dependent
on their bioavailability. Even though it is difficult to
directly evaluate the bioavailability of heavy metals in the
environment, sequential extraction techniques or single
extraction methods were commonly served for such
purposes (Tessier et al. 1979; Ure et al. 1993; Li et al.
1995; Houba et al. 1996; Fangueiro et al. 2002; Prokop et
al. 2003). Maiz's three-step sequential extraction (Maiz et
al. 1997) is one among these extractions, which is simple to
follow and time saving compared with other sequential
extractions and has the advantage of reasonably estimating
the amounts of available metals (Bi et al. 2006a).

Lead and zinc smelting activities in Guizhou province
can be traced back to the Tang and Song dynasties, ca.

300 years ago. Such practices were described in ancient
books such as “Pretty Brook, Laughing Cluster” and “Book
of Guizhou-Lead in Kaili”. Zinc smelting in Hezhang
County was one among the most productive activities in
Guizhou province in the past century. It produced 4,540
tons of coarse zinc and no refined zinc in 1985 surging up
to 61,800 tons of coarse zinc and 46,400 tons of refined
zinc by 2000, resulting in huge amounts of slags (more than
20 million tons) piling along the steep hill or scattering in
the surrounding soils. Previous studies reported severe
heavy metal pollution in soils in the vicinity of the zinc
smelters in Hezhang County (Yang et al. 2006), even
mosses accumulated great amounts of Pb, Zn, and Cd near
these zinc smelters (Bi et al. 2006b), resulting in high
concentrations of these metals in crops growing nearby
(Bi et al. 2009).

This study was one attempt to thoroughly survey the
region that once had the most smelting activities in China.
The objectives were (1) to survey levels of Pb, Zn, and Cd
in slags, soils, and stream sediments, and their enrichments
in soils and sediments with respect to local soil and
sediment backgrounds; (2) to estimate their bioavailabilities
in soils and sediments; (3) to investigate their relations to
Zn smelting activity using lead and sulphur isotope tracers.
Based on these, the obtained results were designed to offer
a reasonable strategy for land use management in this
region.

2 Sampling and analytical methods

2.1 Field sampling

Soils, stream sediments, and smelting slags were sampled
in a Zn smelting region in Guizhou province, southwest
China (Latitude: 26°56′–27°01′N; Longitude: 104°31′–104°
34′E). The region of this study has an elevation of 2,000–
2,400 m above sea level, with a mean annual temperature of
12°C and annual rainfall of 900–1,200 mm year−1. Smelt-
ing furnaces were normally installed on the top of flat hills
or the open platform of hillside. Even though smelting
activities ceased, a large amount of slags piled along
hillside, and were readily subjected to surface runoff,
flushing into downhill agricultural fields and stream sedi-
ments. In total, 130 surface yellow brown soil samples
(each sample is a composite of five points in each 1 m2

area) were randomly collected in eight sampling locations
at a depth of ∼30 cm using a stainless spade. Black slag
particles were occasionally visible in soils, especially in the
uncultivated soils on slope hillsides. Under the USDA
Taxonomy, the yellow brown soils of this area are classified
as Alfisols (USDA 1992). A total of 23 stream sediments
(each sample is a composite of three points in each 1 m2
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area) were collected in three sampling locations at a depth
of ∼15 cm in three streams in the smelting region. Sixty-six
slags in eight different slag piles (each sample is a
composite of two points in each depth layer) were also
vertically sampled in seven sampling locations for this
study after the surface layer was exploited until the non-
weathered slags were revealed. Most slag piles were 1–2 m
in height and 2–3 m in diameter, consisting of particles
from ∼5 cm blocks to <1 mm powdery substance. Sampling
locations are presented in Fig. 1.

After air-dried, samples were allowed to pass through a
2-mm stainless steel sieve to remove visible plant debris
(for soil samples) and large stones. After mixing well,
subsamples of soils and sediments were subjected to
sequential extraction, while slags were ground to less than
0.125 mm for determination of total Pb, Zn, and Cd.

2.2 Fractionation of Pb, Zn, and Cd in soil and sediment
and total Pb, Zn, and Cd in slag

A three-step sequential extraction method (Maiz et al.
1997) was applied for fractionation of Pb, Zn, and Cd in
soils and sediments. Simply, 3 g of samples were first
extracted in 30 ml 0.01 mol L−1 CaCl2 solution for 2 h
(named as F1 in this study). After decanting the supernatant

and washing twice using deionized H2O, the residue was
then extracted in a complex of 6 ml 0.005 mol L−1 DTPA,
0.1 mol L−1 TEA, and 0.01 mol L−1 CaCl2 solution
(pH≈7.3) for 4 h (named as F2). The final residue was
then digested in mixed acids HNO3 and HF for Pb, Zn, and
Cd analysis (named as F3). Total Pb, Zn, and Cd in slags
were determined following the mixed acid (HNO3, HClO4,
and HF) digestion method of Tessier et al. (1979). The
concentrations of Pb, Zn and Cd in the extracts/digestions
were determined using an atomic absorption spectrometry
with a graphite furnace (model PE5100PC). A standard soil
sample SRM 2710 from the National Institute of Standards
and Technology (NIST, USA) was used as a reference of
quality control in this study. Duplicate analyses were
performed every ten samples, and the recoveries of Pb,
Zn, and Cd for SRM2710 were 90–110%, 95–105%, and
105–115%, respectively (Bi et al. 2006b).

2.3 SEM-EDS analysis

Samples of soil and sediment with extremely high Zn
concentration (>20,000 mg kg–1) were selected for scan-
ning electron microscopy-energy dispersive X-ray spectros-
copy (SEM-EDS) analysis. For this purpose, these samples
were first dispersed on a sheet of paper and amounts were
reduced till about 20 g using a quartation method. The
obtained samples were allowed to pass a 1 mm sieve and
detained on a 0.125 mm sieve. Such portion of the samples
(sand particles) were fixed onto a supporting plate using a
double face tape, and then subjected to surface imaging and
EDS determination after the surface was coated with carbon
using an Amray KYKY-1000B SEM-EDS instrument at
25KV accelerating voltage with magnifications ranging
from 20 to 12,000 (Lei 2000).

2.4 Pb and S isotopes

Pb isotopic composition analysis was performed using an
ICP-MS (Perkin-Elmer ELAN 6000). For this, samples
(soil and stream sediment) were first digested with a
mixture of ultra pure acids (HCl, HNO3, and HF) until a
bright yellow color developed. Then the digestion was
extracted with a mixture containing1 M HBr and 2 N HCl
with a ratio of 1:2, and Pb was then eluted into a Teflon
flask using 6 N HCl after being rinsed onto an AG-1X8
resin column. After evaporation, the Teflon flask containing
purified Pb was preserved for Pb isotopic composition
determination. A common Pb isotopic standard (NIST SRM
981) was used as Pb isotope quality control. Results of
1.0938±0.0011 and 2.3710±0.0030 for 206Pb/207Pb and
208Pb/207Pb in SRM 981 were comparable with their
recommend values of 1.0933, and 2.3704, respectively,
with an analytical error <0.046% (Bi et al. 2006b). RelativeFig. 1 A map showing sampling locations in this study
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standard deviations of analytical samples were in 0.031–
0.093%.

A method, suggested by Yanagisawa and Sakai
(1983), was applied for sulphur isotope determination in
this study. Briefly, sulphur in samples was first converted
to BaSO4, which was then reduced to SO2 by V2O5-SiO2-
Cu at 900°C. Produced SO2 was then quantified using a
mass spectrometry (MAT-252) to obtain a 34S/32S ratio,
δ34S value of samples was then calculated. Sulphur
isotope result was expressed as CDT (Canyon Diablo
Troilite, 34S=32S ¼ 0:0450045� 93) standard value. Lab-
oratory prepared BaSO4 standard and two international S
isotope reference samples (No. 220 seawater sulfate,
NBS127; No. 253 silver sulfide, IAEA-S-1) were used
for calibration with an analysis error <±0.1‰ (Zhang et
al. 2004).

2.5 Data process

Analysis of variance together with a post-hoc multiple
comparison procedure was used to compare results among
soils, sediments, and slag (SPSS 10.0; SPSS Inc.,
Richmond, CA). Figures were computed using Sigma Plot
10.0 software (SPSS Inc., Richmond, CA, USA) and Corel
Draw 9.0 software (Corel Corporation, Mountain View,
CA, USA).

3 Results and discussion

3.1 Accumulation of Pb, Zn, and Cd in slag, soil,
and stream sediment

Great variances of Pb (20.0–46,219 mg kg−1), Zn
(37.2–57,178 mg kg−1), and Cd (<DL-312 mg kg−1) in
slags, soils, and stream sediments were observed in the Zn
smelting region (Table 1). Large amounts of Pb (averaging
10,679 mg kg−1), Zn (averaging 16,004 mg kg−1), and Cd
(averaging 62.8 mg kg−1) remained in slag samples, and
similar amounts of Pb (averaging 8,340 mg kg−1), Zn
(averaging 15,463 mg kg−1), and Cd (averaging
57.6 mg kg−1) were also detected in sediment samples,
however, smaller amounts of Pb (averaging 6,578 mg kg−1),
Zn (averaging 6,141 mg kg−1), and Cd (averaging
34.9 mg kg−1) were in the soil samples (Table 1). These
results are comparable to the extremely high concentrations
of Pb (9,700–184,000 mg kg−1), Zn (28,200–
120,900 mg kg−1), and Cd (12–6,940 mg kg−1) in smelting
slags previously reported in Namibia (Ettler et al. 2009), and
up to 25,000 mg kg−1 of Pb in slags from a Pb–Zn smelter in
Australia (Morrison and Gulson 2007). Even though there
were no apparent differences in Pb, Zn, and Cd concen-
trations between the slag and sediment samples, the ratios of
Pb/Cd and Zn/Cd were apparently higher (655 and 690,

Table 1 Concentrations of Pb, Zn, and Cd (mg kg–1) and ratios of Pb/Cd and Zn/Cd in soils, sediments, and slags in the Zn smelting region

Item Sample
type

No of samples Mean Standard
deviation

Median 95% confidence
interval for mean

Minimum Maximum

Lower
bound

Upper
bound

Pb Soil 130 6,578b 9658 846 4902 8,254 27.9 37,770

Sediment 22 8,340a,b 7,057 7,415 5,211 11,469 20.0 21,850

Slag 66 10,679a 9,075 8,543 8,448 12,909 621 46,219

Zn Soil 130 6,141b 8,430 1,085 4,678 7,604 37.2 31,625

Sediment 22 15,463a 11,691 15,678 10,280 20,647 120 30,425

Slag 66 16,004a 9,269 14,548 13,725 18,283 1,780 57,178

Cd Soil 130 34.9b 30.5 23.7 29.6 40.2 <DL 131

Sediment 22 57.6a 23.5 53.6 47.1 68.0 25.0 97.0

Slag 66 62.8a 60.5 43.8 47.9 77.6 1.00 312

Pb/Cd Soil 127 244b 482 54.9 160 329 0.299 3,637

Sediment 22 123b 86.7 106 84.2 161 0.714 266

Slag 66 655a 1,403 241 310 1,000 7.69 8,373

Zn/Cd Soil 127 234b 469 86.6 151 316 3.47 3,848

Sediment 22 225b 131 260 167 284 4.28 390

Slag 66 690a 1,167 386 403 977 32.6 7,994

Means/ratios with different lowercase letters are statistically different at a significance level of p<0.05

DL detection limit
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respectively) in slag samples than in sediments (123 and 225,
respectively, p<0.05) and soils (244 and 234, respectively,
p<0.05) (Table 1). Much smaller Pb/Cd and Zn/Cd ratios
can be an indicator of extra atmospheric borne Cd in
sediments and in soils from dust emission during Zn
smelting (Bi et al. 2006b), indicating dust emission during
Zn smelting can be an important metal source for soils and
sediments. However, soils receiving dust emission from a Zn
smelter near the sampling region had concentrations up to
300, 1,000, and 15 mg kg−1 for Pb, Zn, and Cd, respectively
(Yang et al. 2009). Considering the geographical locations of
Zn smelting furnaces in the sampling region, slags can be
another important source for the receiving stream sediments
and agricultural soils down the mountains due to flushing of
surface runoff.

Enrichment factors normalized by crustal Al (EF) (Ketterer
et al. 2001) in the studied sediments were in 40.6–1066,
11.6–382, and 128–647 for Pb, Zn, and Cd with their
averages of 507±389 (mean±SD), 198±122, and 404±170,
respectively; whereas, EFs were in 58.0–1771(871±720),
10.1–450 (231±194), and 88.6–1035 (543±374) for Pb, Zn,
and Cd in soils, respectively (Fig. 2). Apparently, Pb and Cd
had greater EFs than Zn both in sediments and soils. This
could be attributed to the more mobile property of Cd and Pb
than Zn in the environment (Podlesakova et al. 2001),
especially those affected by Zn smelting. Leaching experi-
ments of air-pollution-control residues from smelting also
indicated a more mobile feature of Cd than Pb and Zn (Ettler
et al. 2008). Even though enrichment factors of Pb and Zn
varied, a very close correlation between Pb and Zn in
samples can be computed (R2=0.805, p<0.01). However,

such relationship between Pb and Cd was poor (Fig. 3). This
suggested that even though Pb, Zn, and Cd are classified as
the same group of chalcophile elements, they behaved
differently in the smelting process at around 1,000°C (the
boiling point for Pb, Zn, and Cd is 1,525°C, 906°C, and
767°C, respectively).

Significantly higher concentrations of Pb, Zn, and Cd
(p<0.05) were observed in uncultivated soils than any
cultivated soils, and soils cultivated with potato had higher
Pb than soils with bean (Fig. 4). However, the differences in
Zn and Cd were not apparent among soils cultivated with
potato, maize, and bean (Fig. 4). Types of land use may not
be decisive for Pb, Zn, and Cd accumulation in soils in the
Zn smelting region; however, uptake of Pb, Zn, and Cd by
different vegetations might affect the metal levels in soils in
the long term. Another possible explanation could lie in
more slag originated metals in uncultivated soils than those
cropped with beans, since Pb/Cd and Zn/Cd ratios were
much smaller in bean-cultivated soils (35.9 and 53.6 in
average, respectively) than in other soils (>190 for Pb/Cd,
with the highest of 439 in uncultivated soils and >110 for
Zn/Cd, with the greatest of 461 in uncultivated soils).

No apparent evidence can prove a crop type influencing
soil metal levels, even though cropping can influence soil
aggregation and organic matter under no tillage (Martins et al.
2009). Soil pH varied with crop types, lower pH (p<0.05)
was measured in the bean cultivated soils (5.6±0.71) than in
noncultivated soils (6.5±0.79). Metal migration in soils is
highly pH dependent (Elzahabi and Yong, 2001), therefore,
crop type may indirectly affect metal mobilization in soils
through affecting soil pH. Such mechanism may suggest
cropping management to be an important strategy in
reducing soil metal availability in this region.

3.2 Fractionation of Pb, Zn, and Cd

A three-step sequential extraction was applied for the
fractionation of Pb, Zn, and Cd in sediments and soils.
Fraction one (F1, extracted by 0.01 mol L−1 CaCl2) is
readily mobile part in environment; F2 (extracted by
DTPA) is regarded as mobilisable part, while F3 represents
a relatively stable portion of metals (Maiz et al. 1997).

In this study, F3 was the dominant fraction, averagely
made up to 7,606, 14,710, and 39.6 mg kg−1 for Pb, Zn,
and Cd in sediment and 8,436, 6,779, and 35.2 mg kg−1 for
Pb, Zn, and Cd in soils, respectively (Fig. 5). This suggests
a large amount of Pb and Zn might remain relatively stable
in the sediments and soils, which is similar to previous
studies (Du et al. 2008; Udovic and Lestan 2009). F2 of Pb,
Zn, and Cd were 673, 679, and 11.4 mg kg–1 in average in
sediments, and 352, 252, and 4.12 mg kg–1 in soils,
respectively (Fig. 5). Even though, F1 was the lowest of
all three fractions, it made up to 62.0, 74.1, and
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6.60 mg kg−1 for Pb, Zn, and Cd in sediments, and 3.10,
29.0, and 1.81 mg kg−1 in soils, respectively (Fig. 5). F2 of
Pb, Zn, and Cd in the studied sediments were ∼23, ∼8, and
∼128 times over their respective backgrounds (29.4, 89.9,
and 0.31 mg kg−1 for Pb, Zn, and Cd, respectively) in the
sediment in Guizhou province (He 1998); whereas F1 of Pb,
Zn, and Cd were ∼2, ∼1, and ∼21 times over. This indicated
highly mobile portions of metals (especially Cd) in the
sediments that exceeded local background, which might be
potentially toxic to water-sediment system. In soils, F2 of Pb,
Zn, and Cd were ∼10, ∼2.5, and ∼20 times exceeding their
respective soil backgrounds in Guizhou (35, 100, and
0.20 mg kg−1 for Pb, Zn, and Cd, respectively, EMS,
1990). F1 of Pb and Zn were below their respective
backgrounds; however, F1 of Cd was ∼9 times over its
background. This result suggested Cd is greatly mobile in the
studied soils, and could be potentially toxic to the cropping
system. Such concern was also given by Du et al. (2008) and
Udovic and Lestan (2009).

Fractions of Pb, Zn, and Cd in the studied soils varied
with land uses. Potato cultivated soils had the highest Pb in
F2 (1,022 mg kg−1) and F3 (23,786 mg kg−1), whereas,
soils with bean cropping had the lowest (71.3 mg kg−1 for
F2 and 408 mg kg−1 for F3) (Fig. 6). However, land uses

did not result in any differences in Pb in F1 (1.87–
3.39 mg kg−1), which suggest mobile fraction of Pb might
not be altered under varying land uses. Fractions of Zn
demonstrated a comparable tendency among varying land
uses with those of Pb, in which bean cultivated soils had
extremely lower Zn fractions of F2 (40.6 mg kg−1 in
average) and F3 (542 mg kg−1 in average) compared with
soils under other land uses (Fig. 6).
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For Cd, the fraction of F3 did not vary among land
uses, whereas, the greatest fraction of F2 was measured
in potato (6.32 mg kg−1) and maize (4.89 mg kg−1)
cultivated soils, and the lowest (1.12 mg kg−1) in soils
with bean cultivation. However, the great fraction of F1
(2.40 mg kg−1) was observed in bean-cultivated soils
(Fig. 6). Exudates of organic acids from plant roots, such
as acetic acid, malic acid, and citric acid (Hinsinger 1999),
can produce a low pH environment in rhizosphere, which
could enhance the release of Cd. In the studied soils, bean
cultivation resulted in a much lower pH (5.64±0.706,
p<0.05) than those cultivated with Maize (6.17±0.958)
and potato (6.62±0.319), and uncultivated soil (6.52±

0.787). In addition, soil pH demonstrated a strong
correlation with Cd in F1 (r=–0.569, N=71, p<0.01),
which could explain that a large part of Cd in F1was
measured in bean-cultivated soils that had a lower pH.
Such information could drive the development of soil
management, as well as cropping selection as an important
strategy to immobilize metals, especially Cd so as to
reduce its potential toxic to the food chain.

3.3 SEM observation

Slags usually had very complicated phase compositions
(Ettler et al. 2005). In the studied slags, quartz minerals
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(such as quartz, α-cristobalite), aluminum silicates, iron
phases, and some amorphous phases (such as silicate glass)
were the commonly observed phases. Smelting techniques
and ore compositions are the two responsible factors for

such complicated phases in slags (Ettler et al. 2009), but
supergene weathering action is also important for the
occurrence of secondary phases (such as gibbsite, goethite,
clay minerals), further influencing the phases of metals Pb,

Fig. 7 Images showing that Pb
and Zn were observed as
carbonate minerals or strongly
correlated to silicate minerals
and Fe/Mn oxides in soil and
sediment samples as revealed by
SEM-EDS. Right are the EDS
spectra for the center part of the
relevant left images. a Pb and
Zn were probably adsorbed onto
silicate minerals or Fe and Mn
oxides in sediments. Spectra at
its right showing energy peaks
of Si, Al, Fe, and K/Ca. b Zn
minerals likely adhered to quartz
grain and Fe oxides in sedi-
ments. Apparent spectra of Si
(Fe) were detected (right side of
image B). c Pb and Zn were
observed to coexist with Fe
oxides or silicate minerals in
soils (right side showing spectra
of Fe and Si). d Smithsonite
grain was observed in soils
(diamond-shaped grain in the
center of image D) associated
with silicate mineral or Fe
oxides (spectra of Fe, Si, and Al
observed in the right side of
image D). e Round-shaped par-
ticle in soil showing etch pits
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Zn, and Cd in slag piles. Pb mainly existed as Pb metal in
the studied slags or adsorbed on the surface of Fe minerals.
Zn can form as varying aluminum silicates, such as
Zn2SiO4, (Zn,Mn)2SiO4, and fibrous fraiponite
(Zn8Al4(OH)8(SiO4)5·7H2O), or even Zn melting bead
(Wu et al. 2002).

In soil and sediment, Pb and Zn were observed as
carbonate minerals or strongly correlated to silicate miner-
als or Fe/Mn oxides (Homlstrom et al. 1999; Madrid 1999;
Wolfgang 2000; Dinelli and Tateo 2001; Gutierrez et al.
2004). In this study, most of them were adsorbed by or
adhered onto Fe/Mn oxides/hydroxides or Al silicates
(Fig. 7). Exposed to surface flushing, round shapes and
erosion pits were observed for most Pb and Zn contained
particles (Fig. 7a). However, particles in the upstream
sediment were angularly shaped, mainly as silicates with
high Zn concentration (Fig. 7b). High concentrations of Pb
and Zn in soils were mainly associated with Fe oxides and
Al silicates in irregular shapes (Fig. 7c). These results agreed
with the observations that Pb normally existed as Pb2+ and
strongly adsorbed onto the surface of Al, Fe, and Mn oxides
(Gesser et al. 1996), and Zn also showed strong binding
ability to oxides under the surface environment (Kuo et al.
1983). Singh et al. (1999) noticed as well that large grains
were difficult to move and easy to form oxide coatings on the
surface to detain heavy metals. Rhombohedron-shaped
smithsonite grains were occasionally found in soils
(Fig. 7d), probably due to the carbonate rock background in
the smelting region. This could be supported by positive
correlations of soil pH with concentrations of metals Pb
(r=0.427, N=71, p<0.01), Zn (r=0.749, N=71, p<0.01), and
Cd (r=0.264, N=71, p<0.05) in the studied soils. Subjected
to reactions with soil solution, Pb/Zn-contained minerals were
observed with etching pits on their surface (Fig. 7e). With the
elevation of pH, Fe and Al oxides/hydroxides can increase
the binding ability to metals Pb, Zn, and Cd (Gasser et al.
1996). Consequently, increment of soil pH could be one
effective management measure in reducing mobilization of
metals in the studied region. Due to the relatively low
concentration of Cd compared with Pb or Zn in samples, no
response spectra of Cd were detected by SEM-EDS (Fig. 7).

3.4 Lead and sulphur isotope features

Lead stable isotope tracer has been widely applied in
environmental pollution research, serving as a source tracer
for contaminants and their migrating routes, or as an
indicator for discrimination of anthropogenic contamination
in atmosphere, sediments and soils (Sturges and Barrie
1989; Munksgaard 1998; Polissar et al. 1999; Cloquet et al.
2006). For examples, Ketterer et al. (2001) proved zinc
smelting as a source for Pb and Zn pollution in Pennsylva-
nia soils, USA with the adoption of stable lead isotopes,

Sonke et al. (2002) reported as well a heavy metal
contamination in a sediment core that was associated with
mining activities by application of this stable lead isotope
technique.

In this study, the 206Pb/207Pb ratios of soils and sediments
varied in 1.1823–1.1853 with an average of 1.1839, which is
within the range of ore samples (1.1736–1.1870) and wall
rocks (1.1763–1.2663) (Fig. 8). The 208Pb/206Pb ratios of
soils and sediments were in 2.0961–2.1166 with an average
of 2.1022, which is also within the scope of ore samples
(2.1008–2.1274) (Liao 1984), but is partially overlapped by
wall rocks (1.9603–2.1049) (Wang et al. 1996) (Fig. 8).
These results are comparable with the lead isotopic compo-
sitions from Pb smelter slags and heavy metal polluted
sediments in the study of Aberg et al. (2001). In the
206Pb/207Pb∼ 208Pb/206Pb diagram, plots of soils and sedi-
ments were clustered together, and had an excellent linear
fitting model with plots of ore, wall rock, and coal samples
(R2=0.808, p<0.01), however, they were more closely
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related to ores (Fig. 8). This suggested that there existed a
two-end member mixing model for Pb in soils and sediments:
ore made one end member, whereas coal and wall rock the
another, however, zinc-smelting source was more apparently
affecting the Pb isotope features in soils and sediments.

Low δ34S values were noticed in sediment samples
(<0.00‰), however, most soils and sediments had a very
narrow range of δ34S, from +7.13 to +10.30‰, which was
smaller than ore and wall rock samples. The latter normally
had δ34S values larger than 10.0‰ to up to 18.6 ‰ (Fig. 9).
The sulphur isotope value of mine pit water in this region
was +7.80‰, very similar to those of the soils and
sediments, suggesting a close relationship of sulphur in
soils and sediments with that in ores. Four different
domains can be discriminated in the δ34S -206Pb/207Pb
diagram (Fig. 9). Ores were clustered at the top left with
the lowest 206Pb/207Pb ratios and highest δ34S values, and
wall rock samples were clustered at the top right with the
highest 206Pb/207Pb ratio, however, soils and sediments
had the low δ34S values and median 206Pb/207Pb ratio,
whereas coals made a domain with the lowest δ34S and
high 206Pb/207Pb ratio (Fig. 9). This may suggest a sulphur
isotope fractionation in sulfide ores during zinc smelting
activities (Thode 1991), when light sulphur (32S) mainly
released with evaporation and probably precipitated into
soils and sediments. Another possibility is that part of the
sulphur was from coal combustion, since coals in this
region had much lower δ34S values (∼ –6.39‰, Hong et
al. 1993) and were used as both combustion and a catalyst
during zinc smelting.

Both lead and sulphur stable isotopes proved that Zn
smelting had severely polluted soils and sediments in the

studied region, therefore, since smelting activity ceased,
afterwards measures to immobilize metals is an essential to
prevent them from entering the food-chain.

4 Conclusions

Extremely high concentrations of Pb, Zn and Cd were
measured in soils and sediments in the studied region.
Peak concentration of Pb in soils overwhelmed the
highest report value (8,714 mg kg–1 from Lastenia,
Argentina, Friesl-Hanl et al. 2009) in the soils worldwide
affected by Pb/Zn smelters (Table 2). Zinc was compara-
ble to 31,175 mg kg–1 from Auby, France (Sterckeman et
al. 2000), and Cd had one comparable partner from
Pribram, Czech Republic (129 mg kg–1, Boruvka and
Vacha 2006), but was less than from Oklahoma, USA
(Basta et al. 2001) and Auby, France (Sterckeman et al.
2000, Table 2). Therefore, severe enrichments of these
metals in soils and sediments were observed comparing
with their respective regional background levels.
However, the enrichments in soils varied with land uses.
Sequential extraction and SEM-EDS observation revealed
that Pb, Zn, and Cd in soils and sediments were either
adsorbed onto the surface of Fe, Mn oxides/hydroxides, or
involved in Al silicates or formed as carbonate minerals.
In sediments, mobile fractions of Pb and Cd exceeded
their respective local background, whereas in soils, mobile
fraction of Cd was nine times over its local soil
background. Lead and S isotope combination proved that
Zn smelting was responsible for metal enrichments in the
adjacent soils and sediments.

Table 2 Comparison of peak Pb, Zn, and Cd concentrations in soils and sediments affected by Pb/Zn smelter with referenced studies

Region Pb (mg kg−1) Zn (mg kg−1) Cd (mg kg−1) Source

Soil

Lastenia, Argentina 8,714 1,637 30.7 Friesl-Hanl et al. (2009)

Pribram, Czech Republic 8,445 11,739 129 Boruvka and Vacha (2006)

Avonmouth, UK 4,210 3,970 79.0 Gary et al. (2006)

Kremikovtzi Plovdiv, Bulgaria 4,196 5,231 87.0 Bacon and Dinev (2005)

Oklahoma, USA 2,450 19,510 296 Basta et al. (2001)

Noyelles-Godault Auby, France 5,410 31,175 305 Sterckeman et al. (2000)

Landskrona, Sweden 2,100 1,160 7.80 Farago et al. (1999)

Bukowno, Poland 3,570 12,400 73.2 Verner et al. (1996)

Guizhou, China 37,770 31,625 131 This study

Sediment

Fendrod Lake, South Wales, UK 1, 289 34,855 Blake et al. (2007)

Deule, France 10,079 12,895 1,399 Boughriet et al. (2007)

Kempen region, Belgium 47,000 11,000 1,000 Sonke et al. (2002)

Guizhou, China 21,850 30,425 97.0 This study
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5 Recommendations and perspectives

Source, release mechanism, and migration route are
important for heavy metal contaminated soil manage-
ment and pollution prevention. Obtained results
suggested mobile fraction of Cd in soils should be of
most concern, and relevant measures to prevent the
pollutants from entering the food chain are of an urgent
necessity. Since smelting activities have ceased, best
land use management practices to prohibit remobiliza-
tion and translocation of Cd are recommended. Alter-
native cultivation (for example, replacement of bean
cropping) and pH elevation of soils could be suitable
strategies in the studied region.
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