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The soil moisture regime can affect the release of heavy metals in soil. In the previous
studies, slightly polluted soils or artificially contaminated soil samples were considered to
investigate the effect of soil moisture. We used highly smelter-contaminated and aged soils
to study the release of typical heavy metals (Cu, Zn, Cd and Pb) induced by water incubation
in batch experiments with characterization via speciation and X-ray diffraction analyses
(XRD). The results show that the leachable concentrations of the heavy metals increased
slightly in the first 30 days, decreased drastically between 30 and 90 days, and immobilized
relatively constant thereafter. The fluctuation was ascribed to the changes of soil Eh
and pH, the reductive dissolution of crystalline iron oxides, the formation of new
amorphous iron oxides, the absorption of dissolved organic matter and the precipitation
of metal sulfide. Speciation analysis indicated that a proportion of the soil heavy metals
was transformed from an exchangeable fraction to a less labile fraction after water
incubation. And the presence of a lead iron oxide phase and the peak increasing of zinc
sulfide were observed via XRD analyses. Finally, water incubation restrained the release of
heavy metals after 180 days of incubation, and reduced the leachability of Cu, Zn, Cd and Pb
by as much as 1.61%–7.21% for soil A and 0.43%–3.36% for soil B, respectively. The study
findings have implications for the formulation of risk control and management strategies
for heavy metals in smelter-contaminated soils.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Smelting activities worldwide have resulted in the release of
large amounts of heavy metals that pose a threat to human
health owing to their toxicological effects (Vespa et al., 2010;
Girault et al., 2016). Most of heavy metals, such as Cu, Zn, Cd
and Pb, are known to be highly toxic or carcinogenic (Qu et al.,
.cn. (Fasheng Li).

o-Environmental Science
2018; Mohamed et al., 2017). For example, Cu causes liver and
kidney disease (Gaetke and Chow, 2003); Zn promotes oxygen
absorption's decreasing and increasing of heart rate (Plum et
al., 2010); while chronic exposure to Cd and Pb can induce
various cancers (Williams et al., 2009; Li et al., 2014). Although
large-scale smelting activities in the past several decades
have significantly contributed to modernization in China, the
s, Chinese Academy of Sciences. Published by Elsevier B.V.



Table 1 – Selected physicochemical characteristics of soil
samples.

Parameter Soil A Soil B Permissible limits

Claya (%) 2.98 3.54 / i

pHb 6.36 8.60 /
OMc (%) 5.74 4.19 /
CECd (cmol/kg) 23.88 36.35 /
FeDCBe (g/kg) 21.36 33.76 /
FeAOXf (g/kg) 8.26 9.83 /
FeCg (g/kg) 13.10 23.93 /
Cuh (mg/kg) 1608.25 656.25 400.00
Znh (mg/kg) 15325.24 19846.67 500.00
Cdh (mg/kg) 321.81 512.13 1.00
Pbh (mg/kg) 9528.75 3781.67 500.00

a Percentage clay with a particle size less than 2 μm.
b Aqueous soil pH measured at a ratio of 1:2.5 (W/V) H2O.
c Soil organic matter determined via loss on ignition (550°C,
Kennou et al., 2015).
d Cation exchange capacity determined via extraction with
CH3COONH4 (pH 7, Kennou et al., 2015).
e Free iron oxides, dithionite-citrate-bicarbonate–extractable iron
oxides.
f Amorphous iron oxides, ammonium oxalate–extractable iron
oxides.
g Crystalline iron oxides, FeC = FeDCB − FeAOX.
h Chinese environmental quality standard for soils (Grade III:
pH > 6.5; GB15618-1995).
i No standards.
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resulted heavy metal contamination of soils has become a
serious problem (Zhao et al., 2015).

Toxicity of heavy metals mainly depends on their release,
which is a function of physicochemical properties and
environmental conditions (Wu et al., 2006). The soil moisture
regime, one of soil properties which was most likely to
change in field conditions, plays a key role in controlling
the release of heavy metals and therefore influences their
potential risk in contaminated soils. It can impact pH, redox
potential (Eh), organic matter and iron oxide species of soil,
and consequently, may influence the redistribution of heavy
metals and further affect their release (Zheng and Zhang,
2011). Han and Banin (1997, 1999) and Han et al. (2002)
reported on the transformations and redistributions of
heavy metals in arid-zone soils under different moisture
regimes. Kashem and Singh (2001) observed greater reduc-
tions in Cd, Ni and Zn solubility in flooded soil. Mukwaturi
and Lin (2015) found that Zn was initially released, accom-
panied by the reductive dissolution of iron compounds, and
then re-immobilized under water inundation conditions.
Widely adopted water management practices in paddy soils,
such as flooding and drainage, have been used to restrain
the release of Cd and As (Arao et al., 2009; Dittmar et al.,
2010; Hu et al., 2015; Khaokaew et al., 2011; Wan et al., 2018).
These studies have shown that the release of soil heavy
metals can be influenced by changing the soil moisture
regime and therefore the leaching risk of heavy metals can
be controlled.

Most of the previous studies have mainly focused on
slightly contaminated soils and soils artificially contaminated
by spiking with fresh heavy metals (Zheng and Zhang, 2011;
Han and Banin, 1997, 1999; Han et al., 2002; Kashem and
Singh, 2001; Mukwaturi and Lin, 2015; Arao et al., 2009). In fact,
there is a significant difference between these soils and the
real industrially contaminated soils. And very few studies
have concerned the effect of moisture regimes on the release
of heavy metals in highly contaminated and aged soils. To
achieve this goal, batch experiments of water incubation were
carried out by incubating the soils with different moisture
regimes in a curing chamber. The aim of the present study
was to investigate the release of Cu, Zn, Cd and Pb induced by
water incubation in two highly contaminated and aged soils.
Speciation and X-ray diffraction analyses were carried out to
identify the mechanism. The information obtained from this
study will contribute to the development of appropriate
strategies to assess and manage the risk of heavy metals in
contaminated soils.
1. Materials and methods

1.1. Soil collection and soil properties

Two typical smelter-contaminated soil samples (denoted
soils A and B) were collected from a depth of 0–15 cm. Soil A
was collected from an abandoned lead and zinc smelting
site with nearly 20 years of production history in Baiyin,
Gansu province, northwest China (36°33′17″N and 104°12′
45″E). Soil B was collected from an iron and steel smelting site
with nearly 58 years of production history located in Guang-
zhou, Guangdong province, southeast China (23°04′51″N and
113°15′17″E).

The soil samples were air dried, ground, passed through a
2-mm nylon sieve, and mixed thoroughly to yield homoge-
nized samples for further analyses and incubation experi-
ments. The two smelter-contaminated soils differed in their
physicochemical characteristics (Table 1). Soil A had lower
pH, clay content, and cation exchange capacity (CEC), but
higher organic matter (OM). Soil B had much higher concen-
trations of different iron oxide species. Total concentrations
of heavy metals varied greatly between soil A and B, but both
were highly contaminated with multi-heavy metals according
to the Chinese Environmental Quality Standard for Soils
(GB 15618-1995).

1.2. Experiment of water incubation

Batch experiments were carried out in triplicates to inves-
tigate the release of heavy metals induced by water
incubation. A 500-g soil sample (dry weight equivalent)
was placed in a polypropylene box and pre-weighed
deionized water was added to achieve water/soil ratios
(W/W) of 0 (CK), 0.2, 0.3, 0.4, 0.5 and >1 (flooding treatment).
The polypropylene box was then sealed and placed in a
curing chamber at room temperature (25°C) (Appendix A
Fig. S1). Prior to the experiment, a preliminary experiment
was conducted and to ensure the wet soil in the polypro-
pylene box was well mixed and the box was well sealed. For
the flooding treatment, a 3-cm layer of standing water over
the samples was always maintained.
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1.3. Soil sampling and analysis

During the water incubation period, in situ measurements of
the redox potential (Eh) were carried out at 5, 10, 20, 30, 60, 90,
120, 150, and 180 days according to the procedure described by
Han and Banin (1997). The 20-g wet sample was withdrawn
from each box using an EasyDraw syringe and the sample was
only mixed in a local area to guarantee homogeneity of the
samples (AppendixA Fig. S2). A portion of the samplewas used
to determine the moisture regime by oven drying at 105°C, the
rest of thewet samplewasused for chemical analysiswithdata
presentedonadryweightbasis. Soil pHwasmeasured ina1:2.5
(W/V) soil/water suspension using a digital pH meter (pHs-3C,
Shanghai Weiye Instrument Company, China) (NY/T 1121.6-
2006). Dissolved organic carbon (DOC) was measured in a
settling 1:10 suspension of soil in 0.01 mol/L CaCl2 after
filtration through a 0.45-μm filter (Pan et al., 2014). Free iron
oxides were estimated using the dithionite–citrate–bicarbon-
ate (DCB)method,while amorphous ironoxideswereextracted
from bulk soil samples with 0.2 mol/L ammonium oxalate (pH
3) according to Mehra and Jackson (1960). Crystalline iron
oxides were calculated by subtracting the concentration of
amorphous iron oxides from the concentration of free iron
oxides. Concentrations of Fe2+ in soilswere determined using a
UV-Visible spectrophotometer (λ: 510 nm), and Fe3+ was
calculated by subtracting the concentration of Fe2+ from the
total Fe concentration (Kim and Hyun, 2015).

Total concentrations of Cu, Zn, Cd and Pb in soil samples
were determined via inductively coupled plasma–mass spec-
trometry (ICP-MS 7500, Agilent, USA), following digestion with
HNO3–HF–HClO4 (3:3:1, V/V/V) in a polyvinyl-fluoride crucible
(Bi et al., 2018). Leaching tests were applied to assess the
release of heavy metals, which were performed according
to method HJ/T300-2007 of the Ministry of Environmental
Protection of China; and the procedure is summarized in the
Appendix A Supplementary Data. Speciation analysis of
heavy metals was performed according to the sequential
extraction scheme proposed by the European Community
Bureau of Reference (BCR scheme), which releases metals in
four operationally defined geochemical fractions: an acid-
soluble fraction (AS), a reducible fraction (RD), an oxidizable
fraction (OD), and a residual fraction (RS) (Shaheen et al., 2017;
Ure et al., 1993). The BCR procedure is outlined in Appendix A
Table S1.

The mineralogical composition of the original and water-
treated soils was performed at Tsinghua University, with a D8
ADVANCE instrument (Bruker AXS, Germany), using CuK
alpha as the radiation source. Data were collected between
10° and 90° in 2θ with a step size of 0.02° and a count time of
3 sec/step. The X-ray diffraction patterns were evaluated
using Jade 6.0 software (Materials Data, Inc., Livermore,
California, USA) with ICDD and ICSD databases. Water-treated
soil samples for XRD analysis were vacuum freeze-dried,
ground, passed through a 200-mesh sieve, and thoroughly
homogenized.

1.4. Quality control

Polypropylene boxes used in the experiments were washed
with 5% (V/V) nitric acid for 24 hr, and then rinsed three times
with deionized water before use. In situ Eh measurements
were performed by carefully inserting the probe to a depth of
2 cm below the soil surface in each pot; the distance between
the Pt electrode and the Ag/AgCl reference electrode was
always kept at 2 cm. All subsamples were used for analysis on
a dry weight equivalent basis. All reagents used for analyses
in this study were of analytical grade or better, which
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), and all solutions were prepared with
doubly deionized water (Millipore Milli-Q 18.2 MΩ cm; Merck,
Germany). For heavy metal analyses, duplicate samples,
blanks and internal standards were measured for quality
control. The reliability of the BCR procedure was determined
by comparing the sum of fractions with the total metal
concentration for each soil sample. The sum of fractions
and the total concentration ranged from 92.2% to 109.3%
(Appendix A Table S2).
2. Results and discussion

2.1. Fluctuated leachate concentrations of heavy metals
induced by water incubation

According to method HJ/T300-2007, the leachate concentra-
tions of Cu, Zn, Cd and Pb in soils A and B under different soil
moisture regimes are shown in Fig. 1. The leachate concen-
trations of heavy metals increased slightly in the first 30
days, which was consistent with the results reported by
Mukwaturi and Lin (2015). Pan et al. (2016) also found that
the total dissolved trace metal concentrations increased first
in the flooding treatment. The increase in heavy metal
leachate concentrations could be attributed to the reductive
dissolution of oxides (Davranche and Bollinger, 2000a,
2000b). Under reductive conditions, soil oxides were dis-
solved and heavy metals that trapped in oxide structures or
absorbed at the oxide surfaces were desorpted, which can
release heavy metals from the soil matrix to the aqueous
phase. Hence the reductive dissolution of oxides induced by
increasing soil moisture regimes led to the increases of
heavy metal leachate levels, implying a higher potential risk
at the initial stage.

Then leachate levels of heavy metals decreased drastically
between 30 and 90 days, and remained relatively constant
thereafter. As shown in Fig. 1, the decreases in leachate
concentrations of Cu, Zn, Cd and Pb were much greater after
flooding treatment than after the other treatments. For soil A,
the leachate levels of Cu, Zn, Cd and Pb with water/soil ratio of
0.2 (W/V) decreased slightly from 8.04, 319.50, 12.69 and
55.83 mg/L to 7.83, 309.92, 12.56 and 52.04 mg/L, respectively,
while the corresponding levels of Cu, Zn, Cd and Pb with
flooding treatment decreased significantly to 6.53, 282.66,
11.53 and 48.16 mg/L, respectively. Similar variation pattern of
Cu, Zn, Cd and Pb which decreased with the increasing
content of soil moisture were observed in soil B. Additionally,
it seems that the reduction of heavy metal concentrations in
the leachates were much higher in slightly polluted soil.
Kashem and Singh (2001) found that the leaching contents of
Cd and Zn decreased by 90% and 91%, respectively, which
might be due to the stronger changes in soil pH and Eh.
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Fig. 1 – Leachate concentrations of heavy metals in soil A (left) and soil B (right) under different soil moisture regimes as a
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The decreases of heavy metal leachate levels during water
incubation were the consequence of the absorption and
chemical precipitation (Pan et al., 2016). There are three
possible explanations for the decreases of heavy metal
leachate levels caused by water incubation. First, transfor-
mation of iron oxides species from crystalline phase to
amorphous phase under lower Eh resulted in much more
absorption of heavy metals and reduced the heavy metal
leaching concentrations (Davranche and Bollinger, 2000a).
Specifically, nearly formed amorphous iron oxides would
gradually evolve to more crystalline and stable structures
that could also immobilize heavy metals (Lee and Baik, 2009).
Second, the decreases could be attributed to reabsorption of
dissolved organic matter produced via degradation of organic
matter, which acted as a complexing agent between soil
matrix and heavy metals and blinded heavy metals in
insoluble species (Kashem and Singh, 2001; Li et al., 2013).
Third, SO4

2− that present in oxidized phase was reduced to S2–

accompanied by a decrease of Eh. Then, the S2– combined
with heavy metals to form metal sulfides, which was
considered as a stable phase (Wan et al., 2018). Therefore,
the subsequent adsorption and precipitation processes re-
sulted in the decreases of leachable heavy metals. In our
study, there is a remarkable fact that the potential risks of
heavy metals in the initial mobilization stage cannot be
ignored and some control strategies should be formulated to
prevent the risk. Moreover, decreased leachate concentra-
tions of soil heavy metals were observed after 180-day water
incubation, indicating that the immobilization of heavy
metals occurred.
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As the total and leachate concentrations of heavy metals
varied widely in the tested soils, the leachability of heavy
metals was used to assess the difference in immobilization
between soils A and B. After water incubation, the leachability
of Cu, Zn, Cd and Pb decreased by 1.88%, 4.81%, 7.21% and
1.61% in acid soil A, and by 0.43%, 1.12%, 3.36% and 0.67% in
alkaline soil B, respectively. These results indicate that the
immobilization of heavy metals induced by water incubation
was greater in acid soil A than in alkaline soil B. Meanwhile, it
appears that Cd and Zn were prone to immobilization via
water incubation, which was attributable to the higher
mobility of Cd and Zn.

2.2. Changes in soil Eh and pH during water incubation

Numerous studies have shown that the soil moisture regime
plays an important role in controlling Eh and pH, with
consequent effects on displacement of soil gas, microbial
respiration, and reduction processes (Schroll et al., 2006;
Kögel-Knabner et al., 2010; Mcbride, 1994). The variations in
soil Eh and pH during 180-day incubation are shown in Fig. 2.
The soil Eh decreased drastically during the first few days and
increased slightly thereafter, which might be because of
depletion of O2 and accumulation of reducing substances. In
our study, the minimum Eh values observed were −116 mV
after 30 days for soil A and −55 mV after 90 days for soil B.
However, the variations of Eh were much stronger in slightly
contaminated soil and a maximum negative value of 439 mV
was observed by Kashem and Singh (2001), which could be
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incubation time. Error bars represent the standard deviation (n =
due to the vigorous microbial activity. Additionally, the
decrease in soil Eh initiated reduction processes, leading to
the release of heavy metals, as confirmed by increases in
the leachate concentrations of heavy metals in the initial
stage of water incubation (Mukwaturi and Lin, 2015; Pan et al.,
2016). Further reduction of SO4

2− can lead to the formation of
poorly soluble metal sulfides (Khaokaew et al., 2011; Fang et
al., 2016), which would be effectively immobilized. Redox
reactions can mobilize or immobilize metals deponding on
the particular metal species and microenvironments. And the
changes in leachate concentrations of heavy metals during
water incubation were partly caused by these reduction
processes.

The soil pH tended to be neutral on addition of water,
especially for the flooding treatment (Fig. 3). The pH of soil A
increased from 6.36 to 6.97 on flooding treatment because of
H+ consumption during reduction processes (Pan et al., 2016).
Conversely, the pH of soil B decreased because of accumula-
tion of CO2 produced via respiration by aerobic bacteria, a
finding supported by Mcbride (1994). The maximum change in
pH in our study was an increase of 0.61 units, which is smaller
than the increase of 2.4 units reported by Kashem and Singh
(2001). The reason for this difference could be ascribed to the
higher concentrations of heavy metals, which would have a
toxic effect on soil microflora, slowing down the rate of
reduction processes (Han and Banin, 1997). A slight change in
pH was observed for leached solutions, demonstrating that
the pH of soil varied for different moisture regimes (Appendix
A Fig. S3).
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For soil A, the pH increased on addition of water, resulting
in an increase in the negative charge on soil constituents,
especially hydroxyl ions, and a corresponding decrease in the
leachability of heavy metals because of adsorption and
precipitation. Conversely, the decrease in pH for soil B might
result in the increased release of heavy metals. However, no
increase in heavy metal leachability was observed, possibly
because of the decreased Eh and the formation of amorphous
iron oxides.

2.3. Transformation of iron oxides after water incubation

Another mechanism underlying the fluctuation of heavy
metal leachate levels could be the transformation of iron
oxide species. It is well recognized that amorphous iron
oxides, which have a large surface area/volume ratio, have
greater adsorption capacity than more crystalline forms
(Zhang et al., 2016). As shown in Fig. 3, the concentration of
crystalline iron oxides significantly decreased and that of
amorphous iron oxides increased during water incubation.
For soil A subjected to flooding treatment, the crystalline iron
oxide content decreased from 13.11 to 4.08 g/kg, while
the amorphous iron oxide content increased from 8.25 to
13.31 g/kg after 180 days. For soil B, the crystalline iron oxide
content decreased by 17.58 g/kg and the amorphous iron
oxide content increased by 5.26 g/kg. The higher the amor-
phous iron oxide content, the greater is the adsorption
capacity for heavy metals. Consequently, heavy metals in
the smelter-contaminated soils were absorbed as a less liable
phase the heavy metal leachability decreased, especially after
flooding treatment.

Davranche and Bollinger (2000a) investigated the effect of
reductive dissolution on the solubilization of heavy metals for
spiked iron hydroxides and found that the risk of solubiliza-
tion is greater for Pb than for Cd under reductive conditions.
Such releases of heavy metals were observed in the first few
30 days of incubation in our study, especially for Zn and Pb,
which was due to the reductive dissolution of iron oxides. As
the incubation time progressed, leaching of heavy metals
significantly decreased with increasing soil moisture, which
could be attributable to reimmobilization of heavy metals via
the formation of new amorphous iron oxides. Zheng and
Zhang (2011) found that more stable soil heavy metals might
be related to higher concentrations of amorphous iron oxides.
Kashem and Singh (2001) reported that adsorption of Cd and
Zn on iron oxyhydroxides was one of the major mechanism
responsible for the decrease in solubility under submerged
conditions.

Greater reductive dissolution of crystalline iron oxides in
soil B have led to greater release of heavy metals. As a result,
the decrease in heavy metal leachability was smaller for soil
B than for soil A. The decrease in crystalline iron oxides was
1.82 and 3.28 times greater than the increase in amor-
phous iron oxides for soil A and soil B, respectively. This
indicates that the adsorption of heavy metals was much
greater on newly formed amorphous iron oxides than on
pre-existing crystalline iron oxides. Furthermore, newly
formed amorphous iron oxides would gradually evolve to
more crystalline and stable structures that could also
immobilize heavy metals (Lee and Baik, 2009). In addition,
not all of the reduced crystalline iron oxides were converted
to amorphous iron oxides. Elevated concentrations of Fe3+

and Fe2+ in both soil A and soil B were observed (Appendix A
Fig. S4).

2.4. Redistribution of heavy metal fractions

Results for heavy metal fractions in soils with different soil
moisture regimes before and after incubation are shown in
Fig. 4. The relatively high proportion of heavymetals in the AS
fraction suggests that they are readily mobile in smelter-
contaminated soils, especially Cd in soil A. On addition of
water, the concentrations of all four heavy metals decreased
in the AS fraction and increased in the RD and OD fractions.
This indicates that heavy metals in both soil A and soil B were
redistributed from the exchangeable fraction into more stable
fractions.

For soil A, the Cd concentration in the AS fraction
decreased by up to 13.26%, in agreement with the decrease
in heavy metal leachability. Smaller decreases were observed
for soil B. However, there was a distinct difference in
artificially contaminated soil samples as described by Zheng
and Zhang (2011). The proportions of exchangeable Cu, Pb and
Cd after flooding decreased by more than 32%, 46% and 26%,
respectively, which were particularly noticeable for spiked
heavy metals. Han and Banin (1997) also observed that metals
were transferred from AS fraction into the more stable
fractions (82% for Cd, 40%–85% for Zn and 30% for Cu), which
were more stronger than our results. The difference between
soil A and B could be attributed to the lower solubility of heavy
metals at higher pH, leading to their adsorption or precipita-
tion (Davranche and Bollinger, 2000b). According to the BCR
scheme, the AS fraction is readily mobile and is very prone to
leaching. The decrease in heavymetal concentration in the AS
fraction induced by water incubation was themajor reason for
reduction of heavy metals in our study.
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Reducing conditions induced by water incubation can
lead to reductive dissolution of iron oxides and the forma-
tion of new amorphous iron oxides (Zheng and Zhang, 2011).
Two opposing processes could be involved: the release of
heavy metals bound to or adsorbed on the initial iron oxides,
and reimmobilization of heavy metals on newly formed
amorphous iron oxides. After water incubation, the propor-
tion of heavy metals in the RD fraction increased to varying
degrees, suggesting that heavy metals were re-adsorbed
onto newly formed iron oxides. Transformed amorphous
iron oxides would provide more sites for adsorption and
immobilization of heavy metals. The increases in the
proportion of heavy metals in the RD fraction were greater
in soil A, which is related to the smaller decreases in
crystalline iron oxides.
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The proportion of heavy metals in the OD fraction
increased after water incubation. Pan et al. (2014) found
that DOC concentrations increased gradually as organic
matter degraded during flooding. However, the DOC concen-
trations in our soil samples decreased after water incubation
(Appendix A Fig. S5), possibly because of readsorption of
DOC. Readsorbed DOC would act as a chelating agent and
provide a greater reactive surface area for binding and
immobilizing heavy metals, and a consequent increase in
the proportion of heavy metals in the OD fraction. The
increases in heavy metal content in the OD fraction might
also be partly due to the presence of S2− on reduction of SO4

2−,
which might have led to precipitation of trace metals in the
form of poorly soluble minerals (Khaokaew et al., 2012; Fulda
et al., 2013).
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By definition, the RS fraction contains residual metals and
those bound to silicate minerals, which is thus much more
stable than the other fractions. Zheng and Zhang (2011)
reported that the concentration of freshly spiked metals in
the RS fraction remained unchanged after 120-day incubation.
By contrast, the heavy metal content of the RS fraction
decreased slightly in this study, especially for alkaline soil B,
which was related to reduction of minerals due to reductive
dissolution. Heavy metals fixed within the mineral matrix
induced by aging effect in the long-term field-contaminated
soils (Liang et al., 2016), which would release under the
reducing environment, thereby caused the reduction of heavy
metal in RS fraction.

2.5. Mineralogical evidence of immobilization induced by
water incubation

To better understand the mechanisms underlying the immo-
bilization of soil heavy metals induced by water incubation,
mineralogical changes in the treated soils were investigated
using XRD analysis (Fig. 5). To determine the mineral
composition of the soils, the residue after each step of the
BCR procedure was characterized via XRD analysis (Appendix
A Fig. S6). Quartz, gypsum, calcite, zinc sulfide, lead iron
oxide, pyrite, pirssonite and magnetite were identified. XRD
analysis revealed that quartz, gypsum, pyrite and zinc sulfide
were the main phases in soil A, and quartz, calcite and
magnetite were the main phases in soil B.

Different XRD patterns were observed for different soil
moisture regimes, with the most obvious changes in peak
intensity observed for samples incubated under flooding
conditions. For soil A, peak broadening at 32.40° related to
lead iron oxide was due to the presence of amorphous
phase and recrystallization of newly formed amorphous
iron oxides, consistent with the iron oxide species and
heavy metals fraction development (Figs. 3 and 4). It was
also observed that the peak intensities at 28.53° and 47.50°
related to zinc sulfide gradually increased with increasing
soil moisture regime, which was corresponding with the
development of anaerobic conditions (Fig. 2). Some studies
demonstrated that SO42− was reduced to S2− under the
reducing environment caused by water incubation (Pan et
al., 2014, 2016; Wan et al., 2018). The formation of zinc
sulfide precipitation can significantly reduce Zn mobility,
thereby the leachate concentrations of Zn decreased after
180-day water incubation (Fig. 1), accompanied with a
consequent increase in the proportion of the OD-Zn
fraction (Fig. 4). Besides Zn, other heavy metals such as
Cu, Cd and Pb might be precipitated in the form of sulfides.
Only zinc sulfide was observed in our study owing to the
higher total concentration of Zn among the four heavy
metals. Meanwhile, an increase in peak intensity for zinc
sulfide was also observed for soil B. Noted that there was
little mineralogical evidence of heavy metal immobiliza-
tion induced by water incubation in slightly polluted soil as
their lower concentrations. The experimental results for
XRD analysis, leachate concentrations and speciation
analysis were highly consistent, indicating immobilization
of heavy metals induced by water incubation, especially for
the flooding treatment.
3. Conclusions

Two highly smelter-contaminated and aged soils were used to
investigate the release of heavy metals induced by water
incubation. The results indicate that addition of water
increased the leaching concentrations of soil heavy metals
in the initial stage and reimmobilized them after 180 days of
incubation. Water incubation resulted in the leachability of
Cu, Zn, Cd, and Pb in acid soil A decreasing by as much as
1.88%, 4.81%, 7.21% and 1.61%, respectively, and correspond-
ing values in alkaline soil B decreased by 0.43%, 1.12%, 3.36%
and 0.67%, respectively, illustrating the stronger immobiliza-
tion of heavy metals in acid soil. The fluctuations in leachate
concentrations of soil heavy metals were a consequence of
several factors, including soil Eh and pH, transformation of
amorphous iron oxides, and redistribution of heavy metal
fractions. XRD analysis evidenced the presence of a lead iron
oxide phase and the peak increasing of zinc sulfide which was
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considered as a less liable fraction of heavy metals. Although,
the addition of water released the heavymetals and increased
the leaching risks in the initial stage, the increased risks were
limited. What's more, the released heavy metals were
reimmobilized and finally the leaching risk of heavy metals
decreased after 180-day water incubation. This study provides
new insights into assessing and managing the risk of heavy
metals in highly contaminated and aged soils, especially in a
closed system.
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