
Introduction

Metal mining and smelting activities are major sources
of introduction of metals into the environment to cause con-
siderable soil and water pollution [1-3]. Since metals are
non-biodegradable, their pollution usually poses a long-
term risk to the environment and human health. The envi-
ronmental impacts of metals depend strongly on metal tox-
icity, mobility, and bioavailability in substrates, which are
also of importance for risk assessment and pollution reme-
diation [4-6]. For evaluation of environmental impact at
mining and smelting sites, identification of metal properties

and dispersion patterns in the surrounding environment is
fundamental.

The total concentration of soil metals is a useful indica-
tor of contamination assessment. However, the mobility of
metals, as well as their bioavailability and toxicity, greatly
depends on their existing forms, the metal properties, envi-
ronmental factors, and soil properties [7-9]. Metals exist in
various fractions, such as water-soluble, exchangeable, car-
bonate-associated, Fe-Mn oxide-associated, organic-asso-
ciated, and residual fractions. Water-soluble and exchange-
able fractions are considered to be bioavailable; carbonate-
associated, Fe-Mn oxides-associated and organic associat-
ed fractions may be potentially bioavailable; while the
residual fraction is mainly not bioavailable [7, 9, 10].
Sequential extraction procedures are widely applied for
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assessing metal speciation in soils [11-13]. In the current
study, a modified version of BCR extraction procedure was
proposed by Rauret et al. [14]. This method was selected
because of good reproducibility and recoveries [15-17].

Historical zinc smelting in southwest China goes back
to the 17th century. Local indigenous zinc smelting had low
recovery for zinc and no recovery for other metals. In addi-
tion, fumes were emitted without any purification during
smelting processes, which contained elevated concentra-
tions of Pb, Zn, and Cd [18, 19]. Although indigenous zinc
smelting was halted in southwest China in 2004, there
remain large quantities of waste slag heaps piled up around
the abandoned smelting furnaces, and huge tracts of for-
merly cultivated land remain barren. Slag heaps and pollut-
ed soils, as a reservoir of metals, pose a potential risk to the
surrounding environment. Previous studies have shown that
the local surface water, air, soil, and crops are contaminat-
ed with metals, especially Pb, Zn, and Cd [18, 20-22].
However, source identification of such metals and path-
ways to the surrounding environment has not been fully
discussed.

Metals in mine areas can migrate to the surrounding
environment through both horizontal and vertical directions
and eventually reach to the local aquatic environment. The
dispersion of metals is usually influenced by physico-
chemical factors of soil [23, 24]. Metals could exhibit vari-
ous behaviors during migration and leaching, which is
closely related to fraction transfer [25]. Elemental ratio is
an effective index applied to distinguish metal origin and
migration [26, 27]. Therefore, elemental ratio combined
with metal fraction is useful for revealing migration of met-
als.

In this study, the concentrations of Pb, Zn, and Cd and
their geochemical fraction compositions were measured in
various substrates of smelting slag, soil, water, and sedi-
ment at a historical zinc smelting site in southwest China
for purpose of assessing the distribution and fraction of Pb,
Zn, and Cd, and depicting the origin and migration of Pb,
Zn, and Cd in the local environment. The obtained knowl-
edge will be beneficial to better evaluate the environmental
impact of Pb, Zn, and Cd, and for proposing an appropriate
approach for remediation at historical metal smelting sites.

Materials and Methods

Study Area

The study area is located at Magu, Hezhang County,
Guizhou Province, southwest China (Fig. 1). The sub-trop-
ical continental monsoon climate is warm and humid with
an annual precipitation of 1000-1500 mm and an annual
average temperature of 10-13ºC. The study area is part of a
karst terrain attaining an elevation of 2000-2200 m above
sea level. The outcropped rocks are composed of limestone
and clay stone the Permian period. The regional soil is char-
acterized by acidic yellow soil with pH values of 5-6 [28].

The local zinc smelting activity started back in the 17th

century. The main ore minerals for Zn smelting are spha-

lerite (ZnS) and calamine (ZnCO3) [28]. The local coals,
applied to burn zinc ores in column furnaces, contain sulfur
at 3.5% [19]. Devoid of purification, fumes emitted during
smelting contained elevated concentrations of Pb, Zn, and
Cd, and contaminated the ambient soil and water through
wet and dry deposition [20, 29]. The smelting fume deposi-
tion has seriously damaged the local vegetation, and the
consequent soil and water erosion has resulted in a large
amount of alluvial deposits into the local streams [19]. 

Sampling Procedure

The sampling sites for zinc smelting slag, soil, water,
and stream sediment are shown in Fig. 1. Five zinc ore (ZO)
samples were collected from the mining sites, 5 km north-
west of the study area. Ten slag (SL) samples were collect-
ed from the top 15 cm of the slag piles. Fourteen contami-
nated soil (CS) samples were collected from the top 15 cm
soils surrounding the slag piles. Five background soil (BS)
samples were also collected from the area with similar
stratigraphy to the study area, 10 km northeast of the smelt-
ing area, for estimation of natural geochemical baselines.
Each sample consisted of 5-10 sub-samples from a 1 m2

area. Six soil profiles were chosen at the location of BS1,
BS2, CS2, CS12, SL2, and SL8, respectively. Each soil
profile was sampled at 0.5 m intervals to a depth of 2.1 m.
The 0.9 m and 1.5 m layers of slag above the two soil pro-
files were also sampled at the location of SL2 and SL8. Six
stream water (SW) samples were collected from the local
streams in rainy season and dry reason, respectively, where
six stream sediment (SE) samples were also collected.
Three groundwater (GW) samples were collected from the
local wells surrounding the smelting sites in rainy and dry
seasons.

Sample Preparation and Analytical Methods

The CS, BS, and SL samples were air-dried at ambient
temperature, ground (<2 mm), and sieved to an adequate
size (<63 μm) for further analysis. Due to the strong asso-
ciation and affinity of metals with fine-grained soil compo-
nents [30] and that the <63 μm size fraction of soil or sedi-
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Samples SL (n = 10)A CS (n = 14) BS (n = 5)

pH 8.62±1.06aB 4.19±0.30b 5.22±0.35b

EC (dS·m-1) 1.42±0.14a 0.15±0.02b 0.07±0.01c

OM (%) 11.8±1.98a 1.48±0.08b 1.18±0.20b

Clay (%) 13.2 ±1.6a 34.6±4.3b 32.5±5.4b

Silt (%) 29.4 ±2.5a 31.4 ±5.3a 33.7±5.8a

Sand (%) 56.3±8.7b 34.2 ±6.4a 33.8±4.3a

Table 1. Physicochemical properties of slag and soil samples.

An – Number of samples.
Ba, b, and c refer to significant differences at p<0.05 according
to the LSD test in the same row.



ment likely reflects the hydromorphical dispersion of met-
als in mining or smelting sites, we used the <63 μm fraction
for the sequential extraction and total acid digestion meth-
ods. The <2 mm soil fraction was used for physicochemical
properties.

Water samples (stream water and groundwater) were
collected in an acid pre-cleaned bottle. Water samples were
filtered through a dry pre-weighed 0.45 µm cellulose
acetate membrane using a vacuum filter. Filtrates were col-
lected in an acid-washed bottle and stored in the dark at 4ºC
for the dissolved metals analysis. The membranes with sus-
pended particulate matter (SPM) were then dried to con-
stant weight at 105ºC and re-weighed. SPM content was
calculated using membrane weight change before and after
filtering. SE samples were air-dried at ambient temperature,
and then ground and sieved (< 63 µm) for metals analysis.

Measurement of physicochemical properties of the slag
and soil samples was based in the methods of Lu [31]. 

The texture was determined using the hydrometer method.
The pH value was measured by a pH meter (solid:deionized
water = 1:2.5). For electrical conductivity (EC) we used an
EC meter (DDS-307, Shanghai, China) (solid:deionized
water = 1:5). Organic matter (OM) was measured by
dichromate oxidation.

All the sample powders of ZO, BS, SL, SE, and SPM
from waters were digested by wet-ashing in HNO3-HClO4-
HF (5:1:1 by volume) mixtures to determine the total metal
concentrations. Sequential extraction was performed using
the BCR three-step procedure recommended by the
Community Bureau of Reference, in which metals are
divided into weak acid extracted fraction (F1), reducible
fraction (F2), oxidizable fraction (F3), and residual fraction
(F4). The specific procedures were based on the method of
Wang et al. [32].

The concentrations of Pb, Zn, and Cd were measured
using inductively coupled plasma mass spectrometry (ICP-
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Samples
Pb (mg·kg-1) Zn (mg·kg-1) Cd (mg·kg-1)

M±SD Range M±SD Range M±SD Range

CS (n =14) 227±113 109-586 400±160 182-887 10.6±5.4 4.02-20.2

BS (n = 5) 63±17 43-85 88±19 67-116 0.45±0.14 0.32-0.65

SL (n = 10) 4232±1473 1626-6502 8770±2819 5563-14012 56.9±19.4 32.2-87.2

SE (n = 6) 1252±240 935-1537 1881±299 1490-2278 21.8±4.1 15.9-27.6

ZO (n = 5) 7689±1523 5815-13732 225003±66496 155124-334432 425±95 330-565

Table 2. Concentrations of heavy metals in ore, slag, sediment, and soil.

n – number of analyzed samples. M±SD indicate mean±standard deviation

Fig. 1. Map showing the study area and the sampling sites.
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MS, ELAN DRC-e, Perkin Elmer, USA) at the Institute of
Geochemistry, Chinese Academy of Sciences. The analyti-
cal precision, determined based on the standard quality con-
trol procedures of the laboratory using the standard refer-
ence materials of rock (OU-6, AMH-1, GBPG-1), soil
(TILL-1), internal standards (Rh at 500 µg/L), duplicates,
and reagent blanks to ensure the reliability of the data. The
analytical precision of trace metals is better than ±10%.

Statistical Analysis

Statistical analyses were performed using SPSS
(Version 17.0). Data with replicates are expressed as the
means±standard deviation. Fisher’s least significant differ-
ence (LSD) was used at p< 0.05 for mean separations [28].

Results and Discussion

General Properties of Solid Substrates

The general properties of CS, BS, and SL are presented
in Table 1. Mean pH values were 4.19, 5.22, and 8.62 for
CS, BS, and SL, respectively. The SO2-derived acid depo-
sition from the smelting fumes could be responsible for the
relatively high acidity in CS. The local zinc ore of spha-

lerite as well as the sulfur-bearing coal applied for smelting
produced SO2 during the smelting process and consequent-
ly resulted in dry/wet acid deposition into the ambient soil.
On the contrary, SL was alkaline (pH =8.62), which was
attributed to large amounts of carbonate (host rock) in ZO
decomposed into soda lime during smelting [28]. The EC
values in SL averaged at 1.42 dS/m, presenting high salini-
ty levels [33]. Compared to BS (0.07 dS/m), EC values in
CS significantly increased, which could be due to the ele-
vated solubility of metals resulting from low pH values.
Average values of OM were 11.8% for SL, 1.48% for CS,
and 1.18% for BS. OM in SL was significantly higher than
those in CS and BS, which could be due to insufficient
combustion of coal during the smelting process. According
to the international system of soil texture classification stan-
dard, the soil texture of CS is the same as that of BS, and
classified as loamy clay; however, SL is classified as sand
loam.

Pb, Zn, and Cd in Solid Substrates

The concentrations of Pb, Zn, and Cd in the solid sub-
strates are listed in Table 2. ZO for processing Zn averaged
at 225,003 mg·kg-1 Zn, 8,690 mg·kg-1 Pb and 425 mg·kg-1 Cd,
respectively. Due to the poor technology for historical zinc
smelting, elevated Pb, Zn, and Cd in SL were 4,232 mg·kg-1

Pb, 8,770 mg·kg-1 Zn, and 56.9 mg·kg-1 Cd. The concentra-

Water 
samples

Dissolved metals Total metals SPM

(μg·L-1) (μg·L-1) (mg·kg-1)

Pb Zn Cd Pb Zn Cd Pb Zn Cd

Rainy season     Stream water (n=6)a)

Mean 3.66 69.7 2.23 210 490 6.54 896 1892 18.4

Min 2.85 56.2 1.23 115 314 3.30 811 1598 12.8

Max 4.42 102 3.23 339 726 9.00 1005 2209 21.9

Groundwater (n=3)

Mean 0.70 5.48 1.56 3.11 9.22 1.58 30.4 80.8 0.60

Min 0.62 4.96 1.42 2.84 8.50 1.45 27.5 70.6 0.50

Max 0.83 5.25 1.82 3.46 10.6 1.84 35.4 101 0.70

Dry season     Stream water (n=6)

Mean 2.72 57.3 1.27 156 284 5.04 965 1549 22.3

Min 0.72 12.1 0.34 27.6 65.7 1.12 763 1126 18.3

Max 4.56 118 0.06 357 643 10.7 1316 1782 25.7

Groundwater (n=3)

Mean 0.43 5.65 0.12 0.43 5.65 0.12 ndb) nd nd

Min 0.32 4.52 0.08 0.32 4.52 0.08 nd nd nd

Max 0.52 6.84 0.16 0.45 6.84 0.16 nd nd nd

Table 3. Concentrations of heavy metals in aqueous environments.

a) n – Number of samples. b) nd – Non-detectable.



tions of Pb, Zn, and Cd in CS averaged at 208 mg·kg-1, 400
mg·kg-1, and 10.6 mg·kg-1, respectively - significantly high-
er than those in BS. The concentrations of Pb, Zn, and Cd
in SE at the smelting sites averaged 1,252, 1,881 and, 21.8
mg·kg-1, respectively. Pb, Zn, and Cd concentrations
appeared to be in the order ZO > SL > SE > CS > BS. The
results suggest that large amounts of Pb, Zn, and Cd had
accumulated in SL, CS, and SE surrounding the smelting
sites.

The smelting fume depositions and the smelting slag
were the two main metal pollution sources to the local
environment. The smelting sites were located along the
local stream banks, downhill from the sampling sites of CS
(Fig. 1). Therefore, Pb, Zn, and Cd in CS were only from
the smelting fume deposition [20], whereas their occur-
rences in SL were not only from the slag themselves but
also from the fume deposition. Pb, Zn, and Cd concentra-
tions in SL were significantly higher than those in CS, sug-
gesting that smelting residues were a major source contri-
bution to Pb, Zn, and Cd in SL.

Elemental ratio is an effective index applied to distin-
guish metal origin [26, 27]. The ratios of Pb/Cd and Zn/Cd
in ZO, SL, SE, CS, and BS are plotted in Fig. 2. The mean
Pb/Cd ratio in SL (75) was substantially higher than that in
ZO (24). This suggested that Cd was predominantly
volatilized during smelting due to the low boiling point of
Cd at 767oC, but Pb in ZO was predominantly retained in
SL due to the high boiling point of Pb at 1,740oC. On the
contrary, compared to ZO the mean Zn/Cd ratio in SL com-
parably decreased, suggesting that most of the Zn (boiling
point at 907oC) in ZO was recuperated in liquid form dur-

ing smelting. The mean Pb/Cd and Zn/Cd ratios in CS were
significantly lower than those in SL and BS, and suggested
that large amounts of Cd were transported from the smelt-
ing fume deposition onto CS during smelting than Zn and
Pb. The mean Pb/Cd and Zn/Cd ratios in SE were 58 and
88, respectively, and both were between the counterparts of
CS and SL. It is also observed that Pb, Zn, and Cd in SE
were between those in SL and CS (Fig. 2). It is suggested
that SE in the stream could be derived from SL and CS.

BCR extraction procedures are commonly used because
they could provide information about origin, bioavailabili-
ty, and mobilization of metals in solid materials, though the
used reagents are not very selective toward one particular
species and cannot completely solubilize species [34]. BCR
extraction fractions include weak acid fraction (weakly
absorbed metals retained on the soil surface), reducible
fraction (associated with Fe and Mn hydrous oxides), oxi-
dizable fraction (associated with organic and sulfide mat-
ter), and residual fraction (hold within the crystal structure
of primary and secondary minerals) in sequence [30]. The
mobility and bioavailability of metals decrease approxi-
mately in the order of the extraction sequence [34]. The dis-
tribution of Pb, Zn, and Cd in various geochemical fractions
in SL, SE, CS, and BS are shown in Fig. 3. Pb in SL was
predominantly located in the oxidizable fraction (49%) and
the residual fraction (27%), with smaller portions in the
reducible fraction (17.8%) and the weak acid extracted
fraction (6.2%). Compared to SL, elevated Pb existed in the
weak acid extracted fraction in CS and BS, while Pb in the
weak acid extracted fraction in SE was between CS and SL.
Zn in SL was associated predominantly with the reducible
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fraction (44.9%), followed by the oxidizable fraction
(23.7%), the residual fraction (21.8%), and the weak acid
extracted fractions (9.7%). Cd in SL exhibited a similar
fraction to Zn, with the highest portion in the reducible frac-
tion. However, Cd in the weak acid extracted fraction
(15.6%) increased substantially. The weak acid extracted
Cd in CS, BS and SE also increased substantially, up to
47.0%, 46.9%, and 26.7% of the total Cd, respectively.

Although all fractions except for residuals are generally
bio-available [35], metals bounded to the weak acid extract-
ed fraction are most readily available to plants and living
organisms, and can be applied to the prediction of qualita-
tive mobility of metals in different soil systems [36-38].
Therefore, metals present in the weak acid extracted frac-
tion in the present study were interpreted to be relatively
more mobile. The results indicated that the proportion of
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metals associated with the weak acid extracted fraction in
CS, SE, and SL followed the sequence of Cd > Zn > Pb
(Fig. 3), suggesting for similar metal mobility and bioavail-
ability in the solid substrates at the smelting site. Soil phys-
ical and chemical properties were closely related to mobil-
ity of metals. Higher pH values may restrain mobility of Pb,
Zn, and Cd in SL by precipitation and adsorption, therefore
the percentage of the weak acid extracted fraction of these
metals was observed in SL higher than in CS and BS [39].
Fe/Mn oxides and soil OM were reported to be efficient
scavengers for trace metals and reduce their mobility and
risk of leaching [9, 40, 41]. There was a higher percentage
of oxidizable fraction for Pb than for Zn and Cd, while there
was higher percentage of reducible fraction for Zn and Cd
than for Pb. Pb was liable to be bond to soil OM, while Zn
and Cd was liable to be bond to Fe and Mn oxides.
However, SL has higher concentrations of weak acid-
extracted metals than BS, due to higher total concentrations
of metals accumulated in SL. As such, SL may pose a long-
term environmental risk to the environment, particularly
when impacted by acid rain erosion [39, 42, 43].

Pb, Zn, and Cd Distribution in Soil Profiles

Concentrations of Pb, Zn, and Cd in the six selected soil
profiles are plotted in Fig. 4. Metals in the soil profiles at
BS1 and BS2 present soil background levels. Pb, Zn, and
Cd concentrations were similarly distributed in the two pro-
files at BS1 and BS2. A similar trend of vertical metal dis-
tribution was observed in the two soil profiles at CS2 and
CS12. Pb, Zn, and Cd concentrations showed an obvious
vertical downtrend. Pb, Zn, and Cd decreased to the region-
al background levels at a depth of about 0.6 m, 1.1 m, and
1.6 m, respectively. This distribution pattern suggested an
origin by atmospheric deposition [44].

There are a top 0.9 m slag layer and a top 1.5 m slag
layer at the location of SL2 and SL8, respectively, under
which is an initial soil layer (Fig. 4). Elevated Pb, Zn, and
Cd concentrations in slag layer were observed at SL2 and
SL8. Pb, Zn, and Cd concentrations abruptly decreased
from slag layer to initial soil layer. The total concentrations
of Pb, Zn, and Cd in top initial soil were higher in SL pro-
files than in CS profiles, indicating more metals into soil
profiles from SL release than from fume deposition.
Similarly, the total concentrations of Pb, Zn, and Cd in ini-
tial soil profiles under SL also showed an obvious vertical
downtrend, and reached the regional background levels at a
depth of 0.6 m, 1.1 m, and 2.1 m, respectively. Unlike CS
profiles, Cd in SL profiles migrated to a deeper layer.

Based on distribution of metals in the soil profiles, the
mobility of these three metals were in the following order:
Cd > Zn > Pb. This was consistent with the order of mobil-
ity of metals obtained metal fraction.

Pb, Zn, and Cd Concentrations in Aqueous
Environments

Pb, Zn, and Cd concentrations in stream water and
groundwater in different seasons are plotted in Table 3.

Total concentrations of Pb, Zn, and Cd in stream water were
significantly higher than those in groundwater in rainy or
dry seasons. It was also observed that total concentrations
of Pb, Zn, and Cd in rainy season were higher than those in
dry season. The permissible values of Pb, Zn, and Cd in the
Surface Water Source Standards for Centralized Drinking
Water (GB3838-2002, China) were 50 μg·L-1, 1000 μg·L-1,
and 5 μg·L-1, respectively. As shown in Table 3, mean total
concentrations of Pb, Zn, and Cd in stream water exceeded
the standardized limits in both dry and rainy seasons, while
total concentrations of Pb, Zn, and Cd in groundwater all
were below the limits.

Dissolved metals in stream water were predominantly
higher than those in groundwater. It was also observed that
the dissolved metal concentrations in stream water were
higher in the rainy season than in the dry season, whereas
groundwater showed similar distributions of dissolved met-
als in different seasons. 

The concentrations of Pb, Zn, and Cd in SPM of stream
water averaged 896 mg·kg-1, 1,892 mg·kg-1,and 18.4 mg·kg-1,
respectively, in the rainy season, similar to those in the dry
season, but the loads of SPM in stream water were higher
in the rainy season than in the dry season. The total metal
contents in stream water were higher in the rainy season
than in the dry season, and this was likely attributed to more
severe soil erosion from CS or SL in the rainy season than
in the dry season.

SPM and SE of stream water exhibited similar distribu-
tion of metals, and their concentrations of Pb, Zn, and Cd
were between counterparts in CS and SL (Tables 2 and 3).
It is suggested that SPM and SE had the same origins from
SL and CS.

The loads of SPM of groundwater were quite low, even
undetectable in the dry seasons. The mean concentrations
of Pb, Zn, and Cd in SPM were 30.4, 80.8 and 0.6 mg·kg-1,
respectively, much lower than those in stream water (Table
3), but similar to those in BS (Table 2). The results sug-
gested that SPM of groundwater were derived from BS. It
is also indicated that groundwater was hardly polluted with
Pb, Zn, and Cd. The downward migration of Pb, Zn, and Cd
in the profiles reach a depth of 0-2.1 m (Fig. 4), further sup-
porting this statement.

There existed two pathways through which metals may
transfer to the stream water. One was through runoff in dis-
solved form, and the other was through soil erosion in the
form of SPM. Dissolved Pb, Zn, and Cd in stream waters
were only 1.6%, 14.7%, and 26.5% of the total metals,
respectively, suggesting that the adsorption capacity of met-
als was Pb > Zn > Cd, which was similar to the results
reported by some researchers [45, 46]. In addition, the data
showed that Pb, Zn, and Cd in stream water were derived
predominantly from soil erosion and transferred to lower
reaches predominantly through SPM (Table 3). The results
suggested that the reduction of SPM into stream water may
help metal reduction in the streams. Therefore, the eco-sta-
bilization for soil erosion by means of revegetation and/or
terraced dam-blocking is a vital approach to retard metal
dispersion to the aqueous environment at historical zinc
smelting sites [47].
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Conclusions

The investigated historical zinc smelting sites were
severely polluted with Pb, Zn, and Cd through past smelting
fume deposition and smelting slag erosion. During smelting,
more Cd was volatilized and transported onto the surround-
ing environment than Pb and Zn, Zn was predominantly
recuperated, and Pb was predominantly retained in smelting
slag. There existed higher percentages of weak acid extract-
ed Pb, Zn, and Cd in contaminated soil than in smelting slag,
but the concentrations of the weak acid extracted Pb, Zn,
and Cd in smelting slag were higher than those in contami-
nated soil, posing long-term risk to the surrounding envi-
ronment. The relative amounts of vertical transport of met-
als appeared to follow the order of Cd > Zn > Pb, similar to
the mobility order by BCR sequential extractions. Metals in
the soil profiles predominantly distributed at a depth of 0-
0.6 m, and only transferred to the maximum depth of 1.5 m,
such that the groundwater was less impacted. Compared to
groundwater, the stream water was heavily polluted with
Pb, Zn, and Cd mainly through SPM. SE and SPM collect-
ed from the stream exhibited similar Pb/Cd and Zn/Cd
ratios, concentrations of Pb, Zn, and Cd (between contami-
nated soil and smelting slag) probably indicating their ori-
gins from erosion of contaminated soil and smelting slag.
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