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Metal contaminations from smelting have been widely reported, however, the study on metal mobility or trans-
fer characteristics in soil profiles after a sudden wastewater overflow is far limited. This study was undertaken to
investigate distribution and potential mobility of heavy metals in soils flooded by smelting wastewater in Hechi,
China. Total heavy metal/metalloid levels were measured in topsoil, profile and profile pore-water taken in-situ.
Enrichment factor (EF) and nemero synthesis index (Py) were used to detect the contribution of anthropogenic
emissions to trace element fluxes and pollution levels, respectively. Soil-water partition coefficient (Ky) was used

xggng&er overflow to reflect the fate and the mobility of elements. Results showed topsoil were seriously contaminated with Sb
Heavy metal (289-3100 mg kg~ 1), Pb (444-6388 mg kg~ 1), Zn (294-923 mg kg~ 1), Cu (59-192 mg kg~ 1), Cd (12-
Contamination 34 mg kg~ '), and As (32-405 kg~ !), and Py values indicated this area was in severe or strongly pollution
Enrichment level. Higher EF values of Sb, Zn, Cd and As were found in the flooded soils, and Py in flooded area was 5 times
Mobility of that in the unflooded sites, indicating wastewater flooding aggregated pollution in the low-lying area. The
Sb, Pb, and Cd concentrations declined drastically with profile but dropped to constant levels below a depth of
about 20 cm. In contrast, Zn and Cu in flooding soils declined first and then increased to another extreme
value even at depth of 50 cm. Pore-water profiles exhibited the similar declining trends of vertical metal/metal-
loid distribution pattern. The K4 values ranged from 10>-10° Lkg ™, and the mobility and bioavailability of the six
elements in the profiles declined in the following order: Sb>Zn > Cu > Cd > As > Pb. The relatively low K4 values
for some depth intervals may reflect adsorption decrease or migration increase of metal/metalloid. However, it is

worth to further study and assess their potential risk to environment in longer period.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction reached 4000, 9.9, 1191 and 1564 mg kg~ !, respectively (Popescu

Soil heavy metal contamination is a relevant environmental problem
worldwide that increases human health risks, and ecotoxicity, due to
their high persistence and large capacity of bioaccumulation (Popescu
et al., 2013; Galal and Shehata, 2015). Metalliferous smelting processes
are one of the most anthropogenic pollution sources and many studies
about soil metallic pollution arising from smelter dry fallout/fly ash,
solid waste have been carried out in the proximity of metallurgical
sites (Pelfrene et al., 2011; Douay et al., 2013; Popescu et al., 2013;
Guo et al,, 2014; Li et al., 2015). Generally, combined contaminations
of toxic heavy metals co-occurred in these sites. A research showed
that significantly Sb (235.8 mg kg !), Cd (51.8 mg kg~ ') and Hg
(13.8 mg kg~ ') were accumulated in soil in Xikuangshan mining area
(Wang et al., 2010). Metals of Pb, Cd, Cu and Zn in soils near a smelter
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et al., 2013). Multiple soil contamination of Cd (63.5 mg kg™ '), Cu
(198 mg kg~ '), Pb (3330 mg kg~ !) and Zn (16,300 mg kg~ ) was re-
ported from a former illegal dump site in Italy (Petriccione et al.,
2013). Li et al. (2015) also reported As, Cd, Cu, Pb, Sb and Zn contents
in soils were as high as 29.9 12.8, 239, 712, 6.4, and 1688 mg kg ™!
around a smelter in Huize, China. However, the mobility or transfer
characteristic of heavy metals in soil influenced by sudden pollution ac-
cidence, such as wastewater overflow from a smelter, has rarely been
reported.

Additionally, in polluted soil systems, water-soluble contaminants
were more critical than the total contents due to their ecological and en-
vironmental impact (Beesley and Marmiroli, 2011; Pelfrene et al., 2011;
Ettler, 2016). Since the dissolved heavy metals and metalloids can be
transported through pore-water advection, convection and solute diffu-
sion/dispersion, and contaminate both soil and groundwater (Zhao
et al.,, 2007; Khalil et al., 2013). However, most of the studies had eval-
uated water-soluble metal fractions through selective extractions and
leaching test in conjunction with laboratory based methods (Ettler
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et al,, 2010; Pelfrene et al,, 2011; Boussen et al., 2013; Guo et al,, 2014),
which may disturb soil structure or destroy the soil matrix, and cannot
reflect the nature of element migration in soils in-situ conditions
(Beesley et al., 2010; Moreno-Jimenez et al., 2011). Recently, interstitial
pore-water sampling techniques have proved to be effective, which will
be better indicating element transportation in-situ (Clemente et al.,
2008; Beesley et al., 2010; Shaheen et al., 2014).

Jinhai Metallurgy Chemical Industry, a lead and antimony smelter
near Hechi City, Southwest China, produced wastewater with a high
content of heavy metals. The smelter was started in 1992 and shut in
2008, because of a sudden overflow event of the smelting wastewater
during storms. Studies have been carried out to investigate multiple
metal contaminations in surrounding soils (Tserenpil and Liu, 2011;
Yuan and Liu, 2011). Nevertheless, mobility and potential ecological
risk of trace elements in profile affected by the accidents of emergency
pollution were unknown.

The aim of this study was to investigate distribution and potential
mobility of heavy metals in soils flooded by smelting wastewater after
a sudden overflow accident. For this purpose, we first assess metal con-
tamination levels in soils from both flooded and unflooded sites near
the smelter. In addition, to determine the mobility or potential move-
ment of metals and metalloids downwards, we measured the metal
concentrations from profiles and pore-water taken in-situ from the
soil profile.

2. Materials and methods
2.1. Study area

The study area was located near an abandoned smelter (108°03'E,
24°43'N), in the suburb of Hechi City, in northwest Guangxi, China.
This area has a humid subtropical climate with mean annual tempera-
ture of 20.4 °C and a rainfall of 1470 mm. The soil is generally classified
as terra fusca. The year leading wind direction is prevailing southwest-
erly winds. The smelter lies in a valley, 180-210 m above sea level, with
two villages nearby. The main minerals in the former smelter were stib-
nite (Sb,Ss3), antimonite (FeSb,S,) and plaglonite (PbsSbgS;7). It was
closed down in 2008, following a sudden overflow event of the smelting
wastewater during storms. The sampling sites were divided into two
parts by the outflow smelting wastewater, the flooding site (site A) in
front of the wastewater tank and the unflooded site (site B) near the
foot of the hills. The area approximately 8.4 km southwest from the
smelter was chosen as control site (site C). Sketch of sampling points
are seen in Fig. 1.

2.2. Sampling and sample pre-treatment

Topsoil (approximately 0-10 cm depth) samples were taken at A, B
and C sites, and soil profiles (0-10 cm, 10-20 cm, 20-40 cm, 40-60 cm,
60-80 cm, 80-100 cm depths) were collected at the flooding Site A and
unflooded Site B. The soil samples were transferred to acid-washed
dark-colored wild-mouth bottles and transported to the laboratory.
After homogenization, the soils were air-dried, slightly crushed, passed
through a 2-mm sieve, and stored in glass bottles. Pore-water of the pro-
files at site A was collected by Rhizon soil moisture sampler
(Eijkelkamp, Netherlands), filtered (0.45 pm), and acidified to pH < 2
with HNOs and transferred to 4 °C refrigerator before analysis. Smelting
wastewater from the outfall was also treated as pore-water sample be-
fore analysis. Flue dusts along the chimney were collected by portable
dust sampler (ZC-F).

2.3. Sample analysis, quality assurance
The pH of each soil sample was analyzed in a 1:10 soil/water suspen-

sion using a combination pH electrode (Hanna pH meter). Soil organic
matter (SOM) concentrations were measured by elemental analyzer

(PE2400), after fumigated by dilute HCI (6 M). Portions of the soil sam-
ples were further ground (<0.149 mm) and digested with HNOs-HF,
and the Sb, Cd, Pb, Cu, Zn and As in the extracts were determined by in-
ductively coupled plasma mass spectrophotometry (ICP-MS, Element
Germany). Dust samples were digested and tested as soils. Trace ele-
ments in water samples were also measured by ICP-MS. Heavy metal
oxides Al,03 (%), CaO (%), Fe;03 (%) and SiO, (%) were directly deter-
mined by wavelength dispersive X-ray fluorescence spectrometry
(XRF, Axios PW4400). The mineralogical composition of soils was mea-
sured by X-ray Diffractometer (XRD, D/max-2200/PC). The accuracy of
each method was assessed by replicate analyses of the elements in the
certified reference materials (GBW-07,404 for national standard soils).
Blank reagent was examined to exclude laboratory contamination. The
precision and bias of chemical analysis were <10%, respectively. In par-
ticular, the recoveries of the elements were in the range of 98.1-105%
for Sb, 92.9-104% for As, 94.7-103% for Zn, and 93.0-102% for Cu,
93.3-102% for Cd.

2.4. Quantification of soil pollution

Smelting activities generally have important effect on the elemental
contents in soils. The enrichment factor (EF) was usually used to detect
the contribution of anthropogenic emissions to trace element fluxes.
The formula (Eq. (1)) used to calculate EF was:

EF = (TM/Al)sample/(TM/Al)reference (1)

where TM and Al represent trace metal and aluminum contents, respec-
tively. Al is used as reference element, due to relatively inert with re-
spect to chemical weathering, and it has no significant anthropogenic
source (Bourennane et al., 2010). To improve the sensitivity of the EF
to the smelting influence, the soil at a control site (site C) was used as
a reference material.

The nemero synthesis index was quantified to evaluate the pollution
risk. The indexes can be computed as follows:

Py = \/<(maxPi)2 + (1/“2?:11’1)2)/2 2)

where, the Py is the integrated evaluation score corresponding to each
site, and P; = C;/S; is the single factor index. C; is the measured content
of an element at each sample point, and i denote some element, and S; is
the evaluation criterion of the ith kind of element. In this study, the eval-
uation criterion value refers from environmental quality standards for
Chinese soils (GB15618-2008) (MEPPRC, 2008). The pollution distribu-
tion was classified into the following classification: practically unpollut-
ed (Py < 0.7), unpolluted to moderately polluted (0.7 < Py < 1.0),
moderately polluted (1.0 < Py < 2.0), moderately to strongly polluted
(2.0 <Py £3.0), severe or strongly polluted (Py > 3).

The partitioning of trace metals between solid and aqueous phases is
often quantified by a distribution coefficient (Ky) (Sauve et al.,, 2000). An
estimate of the Ky value can be made by:

Kq= Ci/Cpy (3)

where C; and G, denote the total and pore-water metals respectively
and Ky is an observed distribution coefficient.

2.5. Statistical analysis

To quantify element spatial variability of regionalized variables and
provide basis of spatial interpolation, the geostatistical interpolation
method like kriging was used (Saby et al., 2009). For kriging estimation,
the semivariogram r(h) was used to quantify the spatial dependence of
soil heavy metal concentrations (Goovaerts, 1997). Kriging interpola-
tion and mapping were conducted using ArcGis 10.0 (ESRI Inc., USA).
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Fig. 1. Location of the study area and distribution of soil sampling points in the vicinity of a smelter in Hechi, Guangxi, China.

To quantify factors (e.g. pH, SOM and soil clay) influence the vertical
distributions of trace metal/metalloid in soil profiles (Saby et al., 2009;
Sen Gupta and Bhattacharyya, 2012; Rashad et al., 2014), correlation anal-
yses and a principal component analysis (PCA) were carried. To reduce
distortions and low significance of the results, a log-transformation was
performed for all measured values in soil profiles (Li and Feng, 2010).
All statistical data processing was carried out using the SPSS.16.0 (SPSS
Inc,, Chicago, IL, USA).

3. Results and discussion
3.1. Soil properties

A descriptive summary of soil properties was listed in Table 1. The
soil pH in polluted sites and control site varied around 5.94 and 7.05, re-

spectively. Soils collected from the flooding site were in lower pH values
(4.88-6.54) due to the acid smelting effluent, while pH values in the

unflooding soils were a little higher (5.24-6.92), but soil pH increased
with depth. The SOM content ranged from 1.05% to 2.96%, and the top
layer had a little higher SOM levels. Silicon dioxide (SiO;), Al,O3 and
Fe,03 are the three most abundant compositions of soils, ranging from
76% to 81%, 10.5% to 11.0% and 4.90% to 5.18%, respectively. The concen-
trations of Mn and Ti varied a little larger between the smelter adjacent
area (A and B sites) and the control site, ranging from 0.09% to 0.18%
and 0.40% to 0.72%, respectively, whereas other soil compositions changed
slightly, MgO ranged from 0.43% to 0.51%, CaO from 0.88% to 1.04%, Com-
pared with upper crust, the studied area is rich in SiO, but lack of other
main elements (Condie, 1993). According to XRD analysis, the proportion
of mineralogical compositions of soils also changed slightly, sand (76-
80%), clay (17.9-21.2%) and silt (1.02-2.75%), and there were small
amounts of plagioclase (0.08-0.23%), chlorite (0.48-0.54%), and calcite
(0.56-0.85%). Howevers, a little anatase (0.07%) was detected in the pollut-
ed soils, probably due to wet-dry deposition from smelting. Similarly, the
clay levels also declined slightly with soil profiles (data not shown).

Table 1

Selected chemical properties of the topsoil (mean + standard deviation).
Site pH (H»0) SOM (%) Al O3 (%) Fe,03 (%) Ca0 (%) Mn (%) Ti (%) MgO (%) Clay?® (%) Sand (%)  Silt (%)
A (10) 5864058 296+030 1104230 490+094 1.04+066 0184002 072+020 0514016 213+407 764707 2754128
B (8) 6.034+050 1.05+042 1054276 504+125 089+060 0154004 069+009 0484019 198+338 78+433 2224234
c(3) 7.05+019 1.77+0.16 107 +205 518+ 069 088 +0.17 0.09+ 003 0404005 0434011 1794164 814322 1.024+0.68
Upper crust” - - 149 4.68 3.55 2.46 - 66.3 -

2 Average of clay minerals content: kaolinite (9.77%-11.7%), montmorillonite (4.02%-5.23%), illite (4.05%-4.88%).

b (Condie, 1993).
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3.2. Spatial variations of trace metal/metalloid in soils

The total metal/metalloid contents in the topsoil were present in
Table 2. Soils collected from the control site harbored 18-23 mg kg™
of Sb, 34-45 mg kg~ ! of As, 68-87 mg kg~ ! of Pb, 19-31 mg kg~ ! of
Zn, 8-14 mg kg~ ' of Cu, and 1.6-2.5 mg kg~ ' of Cd, respectively. The
contents of soil Sb, Pb, As and Cd were higher than their corresponding
levels in worldwide uncontaminated soils (Khalil et al., 2013; Li et al.,
2015). Meanwhile, soil Sb, As, Pb and Cd concentrations were also 2-
32 folds as high as that in the “background” soil of Guangxi (Guangxi
Institute of Environmental Protection, 1992). This finding is probably re-
lated to the geology of the study site. Hechi is located in the Nanling
metallogenic belt. It was reported Guangxi accounted for 34.4% of Sb de-
posits in China, most of which were distributed in northwest part of the
province (He et al,, 2012). Therefore metal concentrations in control site
were considered as reference or baseline values when EF was calculat-
ed. While, Zn and Cu contents in control site were lower than Guangxi,
largely due to mobility or leaching of the metals.

The content of each trace element in the topsoil was extremely
higher than that of the baseline values, Guangxi, China and other soils
of the world (Wei et al., 1990; Kabata-Pendias, 2010). The metal/metal-
loid contents in flooded site A were about 3-16 times of that in
unflooded site B. Therefore, there was obvious a positive correlation be-
tween the extent of heavy metal contamination to the soil compartment
and effluent flooding. The most seriously contaminated metals in soil
were Sb, Pb, Zn, Cd, and As, which exceeded the second grade of Envi-
ronmental Quality Standards for Soil of China by 157-310, 36-80, 2.1-
4.6, 50-340 and 8.5-13 times, respectively (Table 2) (GB15618-2008)
(MEPPRC, 2008). The data were compared to the available information
on Sb in other smelting sites. It was reported soil Sb levels were up to
5050 mg kg~ ! around smelter in Xikuangshan area (He, 2007). Forest
soils near a lead smelter were enriched in 2058 mg Sb kg~ ! (Ettler
et al., 2010), and very high levels up to 80,200 mg kg~ in another old
smelting site was also reported (Wilson et al., 2004).

Typically, high contents of other heavy metals co-occurred with Sh
in polluted sites. Telford et al. (2009) reported high contents of As
(777 mg kg~ ') and Sb (60 mg kg~ !) were present in creek rhizome
sediment, and EF values also showed that significantly Sb (235.8), Cd
(51.8),Hg (13.8), As (3.13),Zn (2.91), Pb (2.46), and Cr (1.67) were ac-
cumulated in soil in Xikuangshan mining area (Wang et al., 2010). Sim-
ilar studies showed enrichment of heavy metals in soils near Zn smelter
sites. For example, Popescu et al. (2013) reported concentrations in soils
near the smelter reaching 4000, 9.9, 1191 and 1564 mg kg™~ for Pb, Cd,
Cu and Zn respectively. Li et al. (2015) also reported As, Cd, Cu, Pb, Sb
and Zn contents in soils were as high as 29.9 12.8, 239, 712, 6.4, and
1688 mg kg~ ! around a smelter in Huize, China. In addition, multiple
metal contamination was also reported from a former illegal dump

site in Italy, where soil heavy metal concentrations ranged as high as
63.5, 198, 3330 and 16,300 mg kg~ ! for Cd, Cu, Pb and Zn, respectively,
after an unknown smelter spreading on soil (Petriccione et al., 2013).
Therefore, levels of soil metal contamination have close relations with
smelting activities.

Ordinary kriging here was used to quantify the metal spatial vari-
ability of the polluted areas (A and B sites). The spatial distribution
maps of heavy metals in soils based on spatial structural analysis and
their concentration were shown in Fig. 2. Spatial distributions of
metal/metalloid were similar to each other showing a declining trend
with distance to the smelter in unflooded sites, but obvious polluted
zones (expect Cd) were observed at sites II; and Il at the foot of the
hills (Fig. 2a, b, e and f), probably due to the surface soil received pollu-
tion input from hillside erosion (Atucha etal.,2013; Peng et al., 2014). In
the flooded area, generally, highly polluted sites of the six elements
were distributed near the wastewater tank (Fig. 2a to f), however, un-
like the flooded area, metal/metalloid concentrations did not follow
the decreasing routine with distance to the tank, but a radially decreas-
ing trend along the sewage ditch and some sites (e.g. A, and As) were
not in the significant polluted zone. Such results might be owing to
the higher topography and shorter flooding time in these sites, especial-
ly for As and Zn (Fig. 2b and e) (Acosta et al., 2011). In addition, spatial
distributions of the six elements (especially Pb and Cu) (Fig. 2c and
f) highlighted significant polluted zones corresponding to the wastewa-
ter flooding.

3.3. Environment risk assessment

Based on soil environmental quality standard values:
(Sb<100mgkg~', As<40mgkg~!,Pb<80mgkg~',Cd<03 mgkg™",
Zn<200mgkg !, Cu<50mgkg ') (MEPPRC, 2008), the elements risk
and their environmental impact according to the nemero synthesis
index evaluation were shown in Fig. 3. The results revealed the single
factor index of hazardous metals was higher than 1, indicating the haz-
ardous metals/metalloid had significantly polluted the adjacent area of
the smelter. For example, in flooded area, the P; value ranged from
111 to 470 for Sb among the samples, 3.4 to 16.7 for As, 39 to 115 for
Pb, 55 to 167 for Cd, 2.13 to 7.42 for Zn and 2.18 to 5.26 for Cu. Although
compared with the flooded area, the single factor indexes were much
lower in the unflooded sites, they also had significant higher P; values
of Sb, Pb and As than other study (Li and Feng, 2010). Meanwhile, the
nemero synthesis index further elucidated the contamination level of
whole hazardous elements between the flooded and unflooded sites.
According to the calculated data and classification of pollution levels,
both areas were strongly polluted (Py > 3), and Sb was the most severe
pollution factor, highlighting the smelting activities causing serious pol-
lution to the adjacent areas (Wang et al., 2010). Additionally, Py in the

Table 2
Basic statistical parameters of heavy metals/metalloid for the topsoil (mean =+ standard deviation).
Sb As Pb Zn Cu cd
Flooded (10) 3100 + 1568 405 + 256 6388 + 2891 923 + 422 192 + 58 34+ 15
Unflooded (8) 289 + 165 32+ 14 444 + 356 294 + 126 59 + 38 12+6
Effluent (8) 13,306 + 6514 5211 + 2218 935 4+ 319 4806 + 2004 584 4+ 238 47 4+ 59
Flue dust (9) 15,165 + 8962 3967 + 1564 2252 + 1653 1033 £ 587 794 + 356 42 + 31
Control (3) 21 39 76 26 10 2
Guangxi® 2.12 20 18.8 46 21 0.062
China® 1.2 11.2 26 74 23 0.1
World® 1.0 6.0 35 90 30 0.4
EQsSs? 10 30 80 200 50 0.3
EFfooded 147 10.4 84 36 19 17
EFunfiooded 14 0.82 5.84 11 59 6
Note:

2 Guangxi (Guangxi, 1992).

b China (Wei et al,, 1990).

¢ World (Kabata-Pendias, 2010).
4 EQSS (MEPPRC, 2008).
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Fig. 2. Kriging maps of spatial distribution of soil heavy metals in the polluted area around the smelter.

flooded area was over 8 times of that in the unflooded area, indicating
the pollution caused by the sudden pollution accident was more serious.

3.4. Vertical distributions of trace metals/metalloid in soil profiles and pore-
water

In soil profiles, all the 6 elements were enriched significantly in the
0-20 cm top layer, and then declined with profile and dropped to con-
stant levels below a depth of about 20 cm. In site A, metal contents in
top layer soils were 2 times higher than that in site B (Fig. 4). The results
were consistent with other studies (Bi et al., 2006; Boussen et al., 2013;
Lietal., 2015). But Zn and Cu in flooding area were exception, declining
first and then increasing again. Even in the depth of 50 cm in site A
flooded by wastewater, soils had higher Zn and Cu contents up to
4005 and 225 mg kg™, respectively (Fig. 4a), which illustrated the mo-
bility of Zn and Cu in our study area were stronger in acid soil. Similar

results were also found for Zn in other smelter site (Bi et al., 2006;
Boussen et al., 2013). The Sb, Pb, and Cd content exhibited a similarly
abrupt decreasing trend at top layer, whose contents decreased drasti-
cally from 2683, 2436, and 25 mg kg~ ! at 0-10 cm depth to 336, 289
and 14 at 10-15 cm depth, respectively. Largely due to these elements
were strongly accumulated in the top 10 cm of acidic soil with high or-
ganic content (Wilson et al.,, 2010; Ettler et al.,, 2012), whereas, the re-
ducing trend of Zn and As in site B profile were unclear, probably
because of the lower contents.

Wastewater flooding also affected the profile pore-water metals/
metalloid concentrations, which may reflect metal mobility or availabil-
ity (Beesley et al.,, 2010). Similarly, metal/metalloid peak concentrations
in pore-water were also present at 0-5 cm layers, where Sb, Pb, As, Zn,
Cu and Cd concentrations were 1554, 63,129,917, 128 and 142 ug L™ 1,
respectively. The observed Sb, As, and Cd concentrations in pore-water
exceeded the Class IV water quality standards of Groundwater Quality
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Standards for several depth intervals (Sb < 0.05, As < 0.05 and
Cd <0.01 mg L™ 1) (DZ/T 0290-2015, publicity draft) (MLRPRC, 2015),
thus suggesting that the flooding soil may represent a risk to benthic
ground water. Metals/metalloid distribution in pore-water exhibited
the similar declining trends as that in soil (Fig. 4c), dropping to constant
levels at about 20 cm below ground. It indicated metals/metalloid were
strongly attracted to the surface soils, probably due to soil interception,
organic matter fixation and soil colloid adsorption (Sen Gupta and
Bhattacharyya, 2012; Jalali and Moradi, 2013). Hence, elements

Y. Yuan et al. / Journal of Geochemical Exploration 176 (2017) 33-41

were stopped rapid migrating further. Generally, the mobility and bio-
availability of the six metals in the profiles declined in the following
order: Sb >Zn > Cu> Cd > As > Pb. However, different element showed
various characters. Pore-water Sb and Zn concentrations drastically de-
clined at the top 15 cm layer, whereas, pore-water Pb concentration
dropped to constant level at 10 cm depth. For Cu and Zn, they reached
another extreme value at a depth of 20 and 25 cm, respectively. Al-
though, the extreme values were present much shallower than soil pro-
file and the peer study in UK (Beesley et al., 2010), it illustrated the
migration trend of the elements downwards. For Sb, it exhibited two
steps of declining, at depth of 0-15 cm and 20-25 cm, separately. It in-
ferred that Sb probably was immobile by SOM/clay in the upper layer
(0-15 cm). For Cd, whose concentration declined with depth, showing
a different migration trend to that of a case study in UK (Beesley et al.,
2010).

In moist environments, eluviation is probably the dominant natural
mechanism for pollution spread from soil to underground water
(Koutsopoulou et al,, 2010; Carrasco and Girty, 2015). Metal concentra-
tions in pore-water profiles illustrated metal leaching occurred mainly
within the zone of residual weathering. Soil-water partition coefficient
or K4 may reflect the fate and the mobility of metals, and was used as
environmental risk assessment of metals for chronic exposure (Sauve
et al.,, 2000; Degryse et al., 2009). During transportation in soils,
metals/metalloid adsorption to the solid matrix (e.g. clay and OM)
may result in a reduction of dissolved concentration and finally affect
the overall rate of migration (Ettler et al., 2012). The K4 values for Cd,
Sb, Cu, Zn, As and Pb partitioning in the present study range from
102-10° L kg~ ! (Fig. 4d), of which Pb was the largest and Cd was the
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Fig. 4. Total, pore water and observed distribution co-efficient (Kd) values of Sb, As, Pb, Zn, Cu and Cd in profiles.
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smallest. The relatively low Ky values for some depth intervals may re-
flect reduced sorption or increased migration, probably due to complet-
ed pore-water metals (Burton et al., 2005). But metal migration in short
period is largely restricted by soil character such as pH, total metal bur-
den, and organic matter and clay, and it need further study to assess
their potential risk to environment.

3.5. Multivariate analysis

The mobility or leaching of element along the soil profile generally
depends on the soil physiochemical properties (e.g. pH, SOM and
clay), metal/metalloid properties and concentrations (Saby et al.,
2009; Sen Gupta and Bhattacharyya, 2012; Rashad et al., 2014). The
Pearson correlation coefficients revealed their interrelationships in soil
profiles based on a log-transformation (Table 3). Results showed soil
pH in the unflooded profiles exhibited high-negative significant
(p <0.01) correlations with the six elements, whereas SOM and clay
displayed a high-positive significant correlations. It implied that SOM
and clay might be the main factors influence the six elements migration
downwards in the unflooded areas. In contrast, pH expressed positive or
low negative correlation with Zn (0.472) or Cu (—0.238) in the flooded
areas, while Sb (—0.981), Pb (—0.955), As (—0.762) and Cd (—0.942)
showed strongly negative correlation scores with pH. The soil SOM indi-
cated fairly positive relationship with Sb (0.833), Pb (0.788), and Cd
(0.914), and low positive with As (0.448). In contrast, low positive or
negative relationship was observed between SOM and Cu (0.031) or
Zn (—0.568). The soil clay illustrated similar relationships with element
concentrations in profile as SOM, as which was usually adsorbed on
clays (Sen Gupta and Bhattacharyya, 2012). Therefore, that was proba-
bly the reason why Zn and Cu were easily to leach in the acidic flooded
areas, as the pH value is usually an important parameter controlling the
leaching of metals and metalloids (Schuwirth et al., 2007; Rashad et al.,
2014).

The PCA analysis extracted using varimax rotation scheme were
seen in Fig.5. The first regionalized factor, accounting for 69.9% of the
total variables observed, was strongly and positively correlated with
Sb, Cd, Pb, SOM and clay in the flooded areas (Fig. 5a). The variability
of Zn and pH, associated with the second factor (accounting for 22.5%
of the total variables), suggested high positive correlations. In addition,
Cu and As were in low positively correlated with Sb, Cd, Pb, SOM and
clay. In contrast, the first regionalized factor accounted for 90.7% of the

total variables, and the six elements and SOM and Clay (expect pH)
were strongly and positively correlated with each other in the
unflooded areas (Fig. 5b). The factor analysis showed good agreement
with Pearson's correlation analysis. It can be assumed that pH influence
in the Zn distribution, next Cu, in profile was apparent. In contrast,
metals/metalloid migrations were mainly influenced by SOM or clay
in the unflooed area (Sen Gupta and Bhattacharyya, 2012; Jalali and
Moradi, 2013).

4. Conclusions

Significant contamination of Sb, Pb, Cd, Zn, Cu and As was present in
soil around the abandoned smelter. Nemero synthesis index indicated
this area was in severe or strongly pollution level. Metals/metalloid
were mainly enriched in the top layers (0-20 cm depth), and EF values
were several times higher in site A than site B, indicating pollution ag-
gravated due to the sudden wastewater overflow. The Sb, Pb, and Cd
content exhibited drastically declining with profile but dropped to con-
stant levels below a depth of about 20 cm, whereas, Zn and Cu in
flooding area declined first and then increased again and reached anoth-
er extreme value even at depth of 50 cm. Pore-water profiles exhibited
the similar declining trends of vertical metal distribution pattern as soil,
and Sb, As, and Cd concentrations in pore-water exceeded the Class IV
water quality standards of Groundwater Quality Standards for several
depth intervals, suggesting that the flooding soil may represent a risk
to benthic ground water. Soil-water partition coefficient or Kq reflected
the fate and the mobility of metals. Generally, the mobility and bioavail-
ability of the six metals in the profiles declined in the following order:
Sb >Zn > Cu > Cd > As > Pb. But Cu and Zn were easier to migrate to
deeper layer in short period in acid soil, while, Sb and other metals
were strongly accumulated in the top 10 cm of acidic soil with high or-
ganic content and clay. However, the mobility or leaching of heavy
metals along the soil profile generally depends on the soil physiochem-
ical properties and the metal properties and concentrations, and their
potential risk to environment for long-term should be assessed in the
future.
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