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• Total concentrations of As and Sb
strongly exceed the intervention values
in abandoned wastes.

• Selective extractions showed As and Sb
with relatively high potential mobility.

• Zn and Pb mobility was controlled by
cation exchange capacity of clay parti-
cles.

• Precipitation of Ca–Fe(III)–AsO4 phases
was first observed in Chadak mine
wastes.

• Long-term pollution will be mainly con-
trolled by tailing oxidations processes.
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The assessment of potential trace metal(loid) contamination in tailing dumps and soils was characterized in the
Chadakmining area (Uzbekistan). Concentrations of trace elements (V, Cr, Co, Ni, Cu, Zn, As, Cd, Sb, Pb) were de-
termined by X-ray fluorescence analysis and compared with background and intervention values (IV). The
concentrations of As, Zn, Sb, and Pb were higher in the abandoned than in the active tailing dump, ranging
from 42–1689mg/kg for As, 73–332mg/kg for Zn, 14–1507mg/kg for Sb, and 27–386mg/kg for Pb. Selective ex-
tractions were applied in order to assess themobility and availability of tracemetal(loid)s in samples. Oxyanion-
forming elements such as As and Sb were immobilized by Fe oxides, although to some extent also extractable
with acetic acid and soluble-in-water forms were detected, indicating potential bioavailability that can impose
a potential toxicity risk for the environment. Selective extractions data also showed that Zn and Pbwere relative-
ly immobile, although in higher contamination sites significant amounts of these elements were also extractable
with acetic acid. In tailingmaterials Zn and Pbmobilitywere negatively correlated by the cation-exchange capac-
ity (CEC) and clay content, indicating the importance of these factors in the reduction of the potential toxicity for
these elements. Total concentration of As, Sb, and Pbwere also negatively correlatedwith soil pH, indicating that
the oxidation process of sulphide tailings and thus the generation of acidic conditionsmay lead to release of con-
taminants over time. However, due to the calcium carbonate content, the acid neutralization capacity of the tail-
ings is not yet exhausted and contaminant concentrations in soil-porewater are still relatively low. The results of
our investigation suggest that environmental risk associated with these wastes in semi-arid climate is therefore
not a short-term problem but rather requires constant monitoring and additional ecotoxicological studies.
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1. Introduction
The increase in mining activities in recent decades inevitably exerts
a negative influence on the environment. The exploitation ofmineral re-
sources results in the production of large volumes ofminingwastes con-
taining metals or metalloids at elevated concentrations (Lottermoser,
2010). In particular, opencast mining activities may therefore have a
negative environmental impact on soils and watersheds. Sulphide-rich
minerals represent a major ore deposit for extracting metal(loid)s
worldwide, generating millions of tonnes of tailings and acid mine
drainage (Dudka and Adriano, 1997). The major concern of contamina-
tion of soil, sediments, and waters by trace metals is their toxicity and
threat to human life and the environment (Nriagu et al., 2007).

Acidmine drainage (AMD) is one of themost serious environmental
problems in sulphide mineralized areas, causing the solubilization and
dispersion through the environment of tracemetals and related toxic el-
ements (Astrom, 1998). Most of the environmental-impact assessment
and remediation efforts related to AMD generation have been focused
on temperate climates, and few on mine sites exposed to semi-arid cli-
mates where AMD is not an immediate problem (Razo et al., 2004;
Hayes et al., 2012). In these areas, the presence of soils with high buffer-
ing capacity is common, andwhen the AMD infiltrates the soil, the acid-
ity is neutralized and most of the pollutants precipitate (Simón et al.,
2005). In any case, although AMD generation in a semi-arid climate is
not a short-term problem, the pollution can persist for thousands of
years due to the slow time course of the processes related to oxidation,
hydrolysis and acidification (Kempton and Atkins, 2000), which poses a
long-term risk and even a chemical time-bomb for environment and
human health.

Metal(loid)s are transferred to the environment viafly ash, dust, and
leachates coming from point-source pollution such as mine quarries,
dumps, and tailings (Shukurov et al., 2014; Martín et al., 2007), and
may become a problem of diffuse pollution due to the widespread
partitioning of these elements through the ecosystem (Martín et al.,
2010). It is now widely recognized that the mobility and bioavailability
of trace metals in soils depend not only on the total concentration, but
also on their specific chemical form or binding state in relation to soil
properties and constituents (Dang et al., 2002; Sauve et al., 2000;
Nyamangara, 1998; Romero-Freire et al., 2014). However, changes in
environmental conditions such as acidification, changes in the redox-
potential conditions or increases in organic-ligand concentrations can
result in trace-element mobilization from the solid to the liquid phase
and cause contamination of surrounding waters (Gleyzes et al., 2002).

To assess the mobility and bioavailability of potentially polluting el-
ements, several extraction schemes have been developed and described
in the literature (Rauret et al., 1989; Kersten, 2001; Gleyzes et al., 2002;
Quevauviller, 2002). These extraction schemes are based on operation-
ally defined fractions that allow the assessment of distinct reagent-ex-
tractable forms (distilled water, single salts, acetic acid, complexing
agents, etc.), which are usually defined as pool-extractable forms
(soluble, exchangeable, carbonate associated, Fe/Mn oxide-associated,
organics associated, residual, etc.). The most insoluble forms (extracted
only by strong acids) are usually defined as residual forms (Beckett,
1989). In this way, a set of selective extraction techniques are used to
determine the most leachable and thus potentially the most bioavail-
able compounds, while the total abundance of potentially harmful ele-
ments was determined by strong acid digestion (Anju and Banerjee,
2010). Despite the uncertainties associated with non-selectivity of the
extractants, readsorption, and redistribution problems, extraction
schemes remain widely used as an essential tool in element fraction-
ation in soil and sediments (Kersten, 2001; Gleyzes et al., 2002).

The present study is focused on the Chadak mining area, one of the
main gold-producing sites in Uzbekistan. The Chadak ore area has
been known since antiquity and was in use up to the 12th century,
with mining traces (abandoned open-pit mines and placer fields)
preserved in the lower Chadak village and other surrounding
areas. However, in the 12th and 13th centuries the mining activity de-
clined and was revived only in the 20th century (Kuldashev and
Abdurahmanov, 2009). In this study, the total concentration and distri-
bution ofmetal(loid)s are determined in soils andwaste deposits in and
around the tailing dumps of Chadak mining area, and the mobility and
potential bioavailability of themain contaminants by selective chemical
extractions are assessed, with the aim of evaluating the potential risk of
pollution as the first step in an environmental risk assessment of the
area.

2. Materials and methods

2.1. Study area

Samples were collected from the vicinity of the Chadak ore field lo-
cated in the Pap district of Namangan region at the southern slopes of
the Kurama ridge in Chadak basin (eastern Uzbekistan, Fig. 1). Chadak
ore field includes gold silver deposits (Pirmirab and Guzaksay) and a
number of other exploitable minerals. The gold silver veins of the
Chadak deposits are of low sulphidation type hosted by Carboniferous
andesite volcanites and are associated with quartz-sericite-pyrite type
alteration. The main gangue minerals are quartz (SiO2), calcite
(CaCO3), adularia (KAlSi3O8), sericite (KAl2(AlSi3O10)(OH)2), wollas-
tonite (CaSiO3), and tremolite (Ca2(Mg,Fe)5Si8O22(OH)2). The main
ore minerals are pyrite (FeS2) and hematite (Fe2O3), but galena (PbS),
chalcopyrite (CuFeS2), and sphalerite (ZnS) are also common
(Smirnova et al., 2009).

The area is characterized by a relatively well-developed mining in-
dustry, operated since 1970 by the Chadak gold-extracting plant
(GEP) with the capacity of 180,000 t/y. The plant treats gold-bearing
ore from the Pirmirab and Guzaksai deposits. Mining is conducted by
both an underground and open-pit method, and two tailing dumps
were established to store the waste from the mineral-extraction proce-
dures. The first tailing dump, which operated from 1970 to 1979, is now
abandoned (AbT), while a new tailing dump has been operating since
1979 and is still active (AcT). According to Filimonov (2009), the wastes
stored in tailing dumps amount to as much as 3 Mt. The technological
ore-extracting scheme includes: three-stage crushing, one-stagemilling
in a closed cycle with a two-stage ore classification and hydrocyclone
overflow thickening; cyanidation of thickened product; filtration of
gold-bearing solutions; precipitation of precious metals (Au and Ag)
onto zinc dust; and drying of the zinc precipitates. The tailing waste
products, after sterilization with liquid chlorine, are delivered to a
dump for storage (Smirnova and Shamaev, 2012).

Production facilities of the mining group includes: mines, beneficia-
tion plant, tailing dumps, and administrative-domestic premises. Two
villages, Oltinkon and Chadak, are located on the banks of the Chadak-
Sai river (Fig. 2A). Oltinkon is located close to the Chadak GEP and up-
stream from the abandoned tailing dump, while Chadak is located be-
tween the two tailing dumps. The river Chadak-Sai is the only source
of water for mining processes, but also for residents of the villages on
its banks.

2.2. Soil sampling and sample preparation

Sampleswere taken in a systematic pattern (100 × 100m grid) from
the upper soil layer (0–10 cm) around the two tailing dumps, and from
the surface layer of both the abandoned (AbT, Fig. 2B) and active (AcT,
Fig. 2C) tailing dumps. A vertical profile of 1.5 m deep was also sampled
in the abandoned tailing dump (A: 0–30, B: 30–80, C: 80–150 cm). A
total of 40 sampleswere collected fromboth areas. Sampleswere placed
in polyethylene bags and transported to the laboratory for physico-
chemical analyses. Samples were air-dried at room temperature, sieved
through 2-mm mesh, ground, and homogenized in an agate mortar.
Powder pellets for X-ray fluorescence analysis were prepared under a



Fig. 1. Location map of the study area.
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pressure of 7 t with an epoxy-resin admixture in 30-mm dies by a hy-
draulic press (Herzog, Germany).

2.3. Chemical and mineralogical analysis

The main physico-chemical properties of the samples were mea-
sured by standard soil-analysis techniques (MAPA, 1994): the pH was
measured by a pH-meter (CRISON digit 501) in a 1:2.5 (w/v) soil-
water suspension; electrical conductivity (EC) was measured using a
EUTECH XS Con 700 m in extracts prepared by filtering 1:10 soil-
water suspensions through 0.45-μm cellulose acetate membrane filter;
organic carbon (OC) was determined by wet oxidation method; cat-
ion-exchange capacity (CEC)was determined by 1 N sodium acetate so-
lution at pH 8.2 measured by atomic absorption spectroscopy using a
VARIAN SpectrAA 220FS instrument; particle-size distribution was de-
termined by the pipette method; and calcium carbonate content was
determined manometrically upon HCl digestion. The neutralization po-
tential (NP) of tailing samples were evaluated with the modified Sobek
acid-base accounting (ABA)method (Lawrence and Scheske, 1997). The
acid potential (AP) and net neutralization potential (NNP) was calculat-
ed according to SRK (1989).

The total concentration of trace elements (V, Cr, Co, Ni, Cu, Zn, As, Cd,
Pb, Sb) was measured using X-ray fluorescence (XRF) analysis of the
powder pellets (MagiX Pro XRF with rhodium anode X-ray tube). The
total concentration of major elements was determined by XRF using
glass pellets of subsamples melted with lithium tetraborate fluxer
(0.6:5.5). QA/QC criteria were fulfilled by the use of geochemical stan-
dard reference materials GSS-2 and GSS-4 (Table S1, Supporting Infor-
mation); the experimental average values ranged within the certified
reference values in both cases.

Selective extractionswere applied to assess tracemetal(loid)mobil-
ity in sieved samples (b2mm) at the abandoned tailing dumpsite (AbT)
with the following reagents: 1) distilled water (Sposito et al., 1982), 2)
ammoniumnitrate 1M (DIN 19730, 1995), 3) acetic acid 0.43M (Ure et
al., 1993), and 4) oxalate buffer pH 3 (Schwertmann and Taylor, 1977).
The total concentration of trace metal(loid)s was determined addition-
ally by strong acid digestion (HNO3/HF/HCl). All extracted fractions
were analysed by inductively coupled plasma–mass spectrometry
(ICP–MS) in a Perkin-Elmer Sciex-Elan 5000 instrument equipped
with quartz torch, nickel sampler, and skimmer cones. Standard solu-
tions were prepared from ICP single-element standard (Merck, Darm-
stadt, Germany) after appropriate dilution with 10% HNO3. The
accuracy of the method was evaluated by six replicate analyses of the
certified reference material SRM 2711, average recoveries of the certi-
fied reference values ranged between 91% and 105% for themain pollut-
ant elements (Martín Peinado et al., 2015).

Selected subsamples were prepared for scanning electronmicrosco-
py (SEM SUPRA40VP, ZEISS, Germany). The imaging was performed at
an acceleration voltage of 30 kV in both conventional secondary elec-
tron and backscattered electron mode. For the elemental microanalysis
of mineral particles, an energy-dispersive X-ray (EDX) spectrometer
(model AZTEC 2.4, Oxford instruments, UK) was used in pinpoint

Image of Fig. 1


Fig. 2. Location of the samples collected. A: General view; B: abandoned tailing dump (AbT); C: active tailing dump (AcT).
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mode (diameter 1 μm), resolution of 10 eV/channel, and a full-spectrum
collection time of 100 s.

2.4. Statistical analyses

Geochemical background values of trace metal(loid)s for the study
area were calculated from surrounding soil samples collected near the
tailing dumps using mean (Mf) ± twice the standard deviation (σ) of
the calculated distribution functions (Matschullat et al., 2000).

Statistical analyses of the data were carried out after evaluating the
data set for normal distribution by a Kolmogorov-Smirnov test. Mean
comparison study was made by one-way analysis of variance
(ANOVA) and Tukey's test, where significant differences were consid-
eredwhen p b 0.05. The relationship between normally distributed var-
iables was investigated using Varimax-rotation principal-component
analysis (PCA). All statistical treatments were made using SPSS v.20.0
software.

3. Results and discussion

3.1. Soil properties

The general physico-chemical properties of soils and tailing samples
are summarized in Table 1, and the properties of the vertical profile col-
lected on AbT in Table 2. The pH values of soil samples collected in the
vicinity of AcT and soils covering AbT showed mean values of 8.2 and
8.4, respectively. Themoderately alkaline conditions are presumably re-
lated to the presence of carbonate minerals calcite, ankerite, and
dolomite (Iavazzo et al., 2012), and can be also related to the arid cli-
mate in the study area. In any case, calcium carbonate content in soil
and tailings was moderately low (mean values b15%), with minimum
concentrations in tailings ranging from 2.9 to 4.2%. The presence of S
was also detected in tailing samples, with values ranging from 1.70 to
0.45%. Therefore, the tailings possess a neutralization potential (NP)
which can balanced with the acid potential (AP) assessed for a worst
case from the total S content (neglecting the minor sulphate mineral
content as a product of previous oxidation). The acid-base accounting
(ABA) of tailings and concentrates are shown, respectively, in Tables 1
and 2. The acid potential (AP) of tailings for AbT is equal to 20.3 ±
4.6 kg CaCO3/t, while for AcT it is 53.1 ± 7.8 kg CaCO3/t; meanwhile the
mean neutralization potential (NP) of the tailings amount to 15.5 ± 2.9
and 11.1 ± 2.7 kg CaCO3/t, respectively. Thus, the net neutralization po-
tential (NNP = NP - AP) indicates that the active tailing dump is poten-
tially acid generating (NNP = −42.0 ± 6.5 kg/t), while the abandoned
tailing dump is not (NNP = −4.8 ± 1.2 kg/t), according to the criteria
defined by SRK (1989: NNP b −20 kg CaCO3/t). In this sense, the acidifi-
cation by sulphide oxidation in carbonate soilswas previously reported in
other semi-arid areas (García et al., 2009; Sánchez-Marañon et al., 2015),
where soils with similar range in CaCO3 (3.2–7.6%) and S (0.2–0.8%)
showed a sharp decrease in pH from 7.4 to 3.1 after 10 years of continu-
ous oxidation under natural conditions.

Soil samples from both areas showed very low EC values (SSDS,
1993), very low CEC (Marañes et al., 1998), sparse OC content, and a
sandy-loam texture, with no significant differences between active
and abandoned tailing dumps. Tailings at AcT, registered similar values
to soil samples for pH, EC, and OC, but significant lower values for CEC

Image of Fig. 2


Table 1
Mean and standard deviations (n= 3) of general physicochemical properties of surface samples (0–10 cm) in the active (AcT) and abandoned (AbT) tailing dumps. Letters (a, b) indicate
significant differences between samples (p b 0.05). EC: electrical conductivity; CEC: cation-exchange capacity; OC: organic carbon; AP: acid potential; NP: neutralization potential; NNP:
net neutralization potential.

Area Subarea pH EC CEC CaCO3 OC Clay Silt Sand AP NP NNP

(dS/m) (cmol/kg) (%) (%) (%) (%) (%) kg/t

AcT Soil 8.2 ± 0.2 (a) 0.17 ± 0.04 (a) 10.4 ± 2.7 (a) 4.8 ± 2.6 (a) 1.07 ± 0.90 (a) 12.0 ± 1.6 (ab) 33.4 ± 0.3 (a) 53.1 ± 0.8 (a)
Tailing 8.3 ± 0.1 (a) 0.53 ± 0.05 (a) 2.6 ± 1.0 (b) 5.4 ± 1.7 (a) 0.83 ± 0.24 (a) 5.8 ± 0.6 (b) 22.9 ± 5.8 (a) 71.3 ± 6.4 (a) 53.1

(±7.8)
11.1
(±2.7)

−42.0
(±6.5)

AbT Soil
(cover)

8.4 ± 0.2 (a) 0.30 ± 0.44 (a) 7.9 ± 2.3 (ab) 10 ± 1.4 (ab) 0.66 ± 0.30 (a) 13.8 ± 2.9 (a) 35.9 ± 30.2 (a) 50.3 ± 28.6 (a)
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and clay content (Table 1), indicating a selection in the particle size to-
wards the sand fraction and concomitant reduction in clay content that
is directly related to the reduction in the CEC (Jung, 2008).

The comparison between tailings from vertical profile in AbT and ac-
tive tailing dump (AcT) showed similar properties, with no significant
differences in any of the main variables studied except CaCO3, which
showed significantly lower values from the A to C layers (Table 2).

3.2. Total trace metal(loid) concentrations

The mean total concentration of trace metal(loid)s in soils and tail-
ings determined by XRF is shown in Table 3. The results were compared
with the calculated background concentration (BC) of the soils in the
area, and the intervention values (IV) reported by the Ministry of Envi-
ronment of the Regional Government in Andalusia (Spain), based on a
review of the intervention values in many countries worldwide
(Aguilar et al., 1999) and the Dutch Target and Intervention Values
(RIVM, 2000).

The mean concentrations of V, Cr, Co, Ni, Cu, and Cd in all surface
samples (soils and tailings) were in the range of the background con-
centrations (BC) in the area. On the other hand, Zn, As, Sb, and Pb
showed significantly higher mean concentrations (Table 3) both in tail-
ings of AcT (exceeding 1.7-, 1.8-, 0.8-, and 2.8-fold the BC values, respec-
tively), and in the covering soils of AbT (exceeding 1.5-, 8.8-, 1.8-, and
2.6- fold the BC values, respectively).

In the vertical profile of AbT, tracemetals V, Cr, Co, and Ni presented
significant differences although these values were in the range of BC
(Table 3). Layer A had the highest concentrations of these elements,
which decreased in the next two layers. On the other hand, concentra-
tions of Cu, Zn, and Cd were slightly above the BC but below the inter-
vention values (IV) and presented no significant differences along the
vertical profile. The Pb concentrations in the vertical profile were higher
than the BC (between 3.9- and 6.1-fold), but also below the IV. Howev-
er, the mean values of Zn and Pb revealed an inverse trend in vertical
distribution, showing the highest mean concentrations in the deepest
C layer. High values of these elements in tailings could be attributed
not only to the presence of sulphide and suphosalt minerals (pyrite,
sphalerite, arsenopyrite, galena, and tetrahedrite) in ores of the Chadak
deposits but also to the concentration related to the metal-extraction
procedure in the mining activity of the Chadak ore field. The two ele-
ments with the highest concentrations in all three layers were As and
Sb, with mean values strongly exceeding the IV (up to 20-fold for As,
and 62-fold for Sb), with the highest concentrations in the surface A
Table 2
Mean and standard deviations (n = 3) of general physicochemical properties of samples colle
nificant differences between layers (p b 0.05). EC: electrical conductivity; CEC: cation-exchang
neutralization potential.

Area Profile pH EC CEC CaCO3 OC

(dS/m) (cmol/kg) (%) (%)

AbT A (0–30 cm) 8.1 ± 0.3 (a) 0.52 ± 0.57 (a) 6.1 ± 1.6 (a) 6.0 ± 2.5 (a) 0.37
B (30–80 cm) 8.2 ± 0.1 (a) 0.68 ± 0.39 (a) 4.9 ± 0.1 (a) 8.2 ± 3.2 (ab) 0.15
C (80–150 cm) 8.6 ± 0.1 (a) 0.29 ± 0.17 (a) 3.7 ± 0.3 (a) 14.4 ± 0.6 (b) 0.12
layer (1030 and 920 mg/kg, respectively). A comparison of these con-
centrations with the ecotoxicological threshold levels reported of
55 mg/kg for As (Van den Berg et al., 1993) and 60 mg/kg for Sb
(Sheppard et al., 2005) indicate a high risk of pollution in the area.
The problem is exacerbated by the fact that thesewastes are located up-
streamof themain population area (Chadak city), which poses a serious
potential pollution risk over time.

3.3. Chemical metal(loid) fractionation

Due to the elevated concentrations of As and Sb, and the relatively
high concentrations of Zn and Pb in the samples analysed from the ver-
tical profile in the abandoned tailing dump (AbT), mobility and avail-
ability were assessed by selective extractions (water, ammonium
nitrate salt solution, acetic acid, and oxalic-oxalate bugger). The results
of the selective extraction procedure are shown in Fig. 3. Generally, the
water-extractable forms (Xxw) constitute the readily soluble fraction
(Sposito et al., 1982), forms extractedwith ammonium nitrate salt solu-
tion (Xxam) are associated with the easily exchangeable and potentially
bioavailable fraction (DIN 19730, 1995), the acetic acid extracts (Xxac)
represent the forms associated with carbonates and also cations specif-
ically adsorbed by oxides as well as organic matter (Beckett, 1989), and
the reducing oxalic-oxalate buffer form (Xxox) represents the metal(-
loid) fraction adsorbed to amorphous or poorly crystallized iron orman-
ganese oxides (Schwertmann and Taylor, 1977).

Statistically significant differences (p b 0.05) were found between
the different selective extractions in the case of As, following the se-
quence Asox ≥ AsT N Asac N Asam= Asw. Accordingly, most of the As (be-
tween 49.9–78.8% in relation to the total) was extracted by oxalic-
oxalate buffer (Asox) with the highest proportion in the C layer of the
AbT profile. Oxalic-oxalate buffer is the reagent that extracts specifically
the elements adsorbed and retained by the thus dissolved Fe-Mnoxides.
The results are consistent with previous observations (Aguilar et al.,
2006; Martín et al., 2011) which found that As in polluted soils is asso-
ciatedmainlywith iron oxides. Iron oxide phases are therefore generally
accepted as the primary sorption sites for arsenic inmany soils and sed-
iments (Sadiq, 1997). Fe-Mn oxides are also important scavengers of
heavy metals in soils, particularly in the high pH range (Li and
Thornton, 2001). The residual fraction (extracted only with strong
acids) is not as high (below 24% of the total) except in the B layer
(mean 36% of the total), presumably associated with the presence of ar-
senopyrite in the tailings. Extractions determined that 6.5–13.3% of the
total arsenic (AsT) was extractable with acetic acid (Asac) without
cted from vertical profile in the abandoned tailing dump (AbT). Letters (a, b) indicate sig-
e capacity; OC: organic carbon; AP: acid potential; NP: neutralization potential; NNP: net

Clay Silt Sand AP NP NNP

(%) (%) (%) kg/t

± 0.13 (a) 10.2 ± 2.5 (a) 25.7 ± 3.3 (a) 64.0 ± 0.8 (a) 20.3
(±4.6)

15.5
(±2.9)

−4.8
(±1.2)± 0.06 (a) 9.2 ± 1.2 (a) 31.6 ± 4.1 (a) 59.3 ± 5.3 (a)

± 0.05 (a) 8.3 ± 1.1 (a) 38.8 ± 4.7 (a) 52.8 ± 5.8 (a)



Table 3
Total element concentrations in mg/kg−1 (mean ± SD; n = 3) in the surface sampling (0–10 cm) at active (AcT) and abandoned (AbT) tailing dumps and in the vertical profile (AbT).
Letters (a, b) indicate significant differences (p b 0.05); nd: not determined.

Area Subarea V Cr Co Ni Cu Zn As Cd Sb Pb

AcT Soil 85.0 ± 12.7
(a)

46.5 ± 2.1
(a)

10.5 ± 2.1
(ab)

25.0 ± 2.8
(ab)

24.5 ± 0.7
(a)

84.0 ± 1.4
(a)

10.5 ± 2.1
(a)

1.3 ± 0.7
(a)

0.0 ± 0.0
(a)

36.0 ± 0.0
(a)

Tailing 62.7 ± 2.5
(abc)

13.6 ± 1.5
(b)

9.0 ± 3.0
(ab)

5.7 ± 1.5
(a)

37.0 ± 9.8
(a)

233.7 ± 98.6
(a)

27.5 ± 5.0
(a)

1.0 ± 1.8
(a)

3.3 ± 0.6
(a)

137.3 ± 68.6
(a)

AbT Soil (cover) 81.7 ± 4.9
(ab)

30.8 ± 13.5
(ab)

12.2 ± 1.5
(a)

15.0 ± 6.4
(ab)

29.5 ± 9.4
(a)

215.7 ± 109.4
(a)

132.2 ± 71.1
(a)

1.1 ± 1.0
(a)

7.5 ± 5.8
(a)

126.5 ± 123.3
(a)

Profile (AbT) A 89.7 ± 14.5
(a)

35.9 ± 13.9
(ab)

11.1 ± 0.3
(a)

26.3 ± 12.1
(b)

23.97 ± 0.1
(a)

207.8 ± 91.6
(a)

1032.6 ± 928.8
(a)

2.4 ± 1.9
(a)

924.0 ± 824.7
(a)

246.3 ± 198.2
(a)

B 47.5 ± 26.2
(bc)

29.3 ± 1.4
(ab)

7.0 ± 1.0
(ab)

16.2 ± 5.4
(ab)

42.4 ± 27.6
(a)

201.9 ± 29.4
(a)

385.3 ± 405.7
(a)

1.5 ± 0.7
(a)

362.1 ± 257.2
(a)

191.5 ± 5.5
(a)

C 27.6 ± 1.0
(c)

15.3 ± 0.4
(b)

4.7 ± 0.6
(b)

11.8 ± 1.0
(ab)

38.4 ± 3.4
(a)

229.7 ± 38.9
(a)

347.2 ± 144.8
(a)

1.5 ± 0.3
(a)

68.1 ± 18.2
(a)

293.1 ± 103.3
(a)

Background 131 51 19 31 37 135 15 1 4 48
Interv. value (S)a – 450 300 300 500 1000 50 10 – 500
Interv. value (D)b 250 380 240 210 190 720 55 12 15 530

a Intervention value according to Ministry of Environment of the Board of Andalusia (Spain).
b Dutch Target and Intervention Values (The New Dutch List, 2000).
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readsorption to other phases, whereas a negligible proportion (b2% of
the total) was extracted by water (Asw) and ammonium nitrate
(Asam). Low solubility and exchangeable potential of As measured by
these extractants agree with the soil pH and the presence of carbonates
(Rodrigues et al., 2010), and can be related by the incorporation of As
into the lattice structure of calcite as arsenite under alkaline pH (Di
Benedetto et al., 2006; Alexandratos et al., 2007). In our case, the precip-
itation of Ca–Fe(III)–AsO4 phases was detected by SEM imaging (Fig. 4),
indicating the possible presence of yukonite-like phases previously re-
ported in oxidized As-bearing ores (Gomez et al., 2010) and in tailings
of a gold-mining operation in Nova Scotia, Canada (Walker et al.,
Fig. 3. Percentage of extracted metal(loid)s (mean values; n = 3) in relation to t
2009). Despite the low water-soluble ratios, concentrations of Asw
(mean 4.34 mg soluble As per kg dry soil) far surpassed the critical
level of 0.04 mg of soluble As per kg dry soil (Bohn et al., 1985), indicat-
ing a need for detailed ecotoxicological studies to prevent the risk of
pollution to the environment and the nearby population.

As with As, statistically significant differences (p b 0.05) were found
between the different selective extractions in the case of Zn, following
the sequence Znox = ZnT N Znac N Znam = Znw. The highest extraction
of Zn was in C layer and associated with the Fe-Mn oxides (mean
45.4–57.7% in relation to the total Zn), while the residual fraction had
a mean range between 13.2–35.8% with the highest amount in the A
he total concentration in the different layers at the abandoned tailing dump.

Image of Fig. 3


Fig. 4. Secondary precipitation of Ca–Fe(III)–AsO4 phases (point 1) and amorphous Fe phases (point 2) on the surface of a grain of K-Fe alumino-silicate (point 3).
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layer. These results agree with previous observations of Ashraf et al.
(2012) and Li and Thornton (2001), who found that Zn was associated
primarily with Fe/Mn oxides and the residual fraction. García et al.
(2009) also stated that Zn may co-precipitate with oxides and hydrox-
ides at high pH values. The nextmost abundant Zn fractionwas that ex-
tracted with acetic acid (Znac), which accounted for a mean range of
between 18.2–29.7% in relation to the total Zn; this fraction, also called
the exchangeable fraction, registered the same percentage, according to
Marguí et al. (2004), but in other studies even far higher percentages
have been reported (Iavazzo et al., 2012), depending on the soil proper-
ties such as the Fe/Mn content. The percentage of the water-soluble
(Znw) and ammonium-nitrate-extracted (Znam) fractions were negligi-
ble (mean b 0.5% for Znw and below detection limit for Znam). However,
the mean value of water concentration of 0.6 mg soluble Zn per kg dry
soil was within the toxic range (0.5 mg soluble Zn per kg dry soil) in
soil solution reported by Ewers (1991), indicating a potential risk of en-
vironmental pollution for this element.

In the case of Sb, statistically significant differences (p b 0.05) were
found between the different selective extractions, following the se-
quence SbT ≥ Sbox N Sbac N Sbam = Sbw. The highest concentration of
Sb was in the residual fraction (mean 64.3–78.2% in relation to the
total Sb), indicating that Sb is contained chiefly in the crystalline lattice
of the secondary minerals. Wilson et al. (2010) reported that the resid-
ual Sb was up to 98% in mine-contaminated soils, but the relative pro-
portion of Sb in this phase depends on the source (Tighe and
Lockwood, 2007). The proportion of antimony extractedwith oxalic-ox-
alate buffer (Sbox) was below 30% of the total Sb, slightly below the
values of the same extraction phase reported by Tighe and Lockwood
(2007), where 30–47% of the total Sb was associated with non-crystal-
line Fe and Al hydroxides. The acetic-acid-soluble fraction (Sbac) was
low in relation to the total concentration (mean 0.7–5.9%), which coin-
cides with the studies of He (2007) and Tighe and Lockwood (2007).
The percentage of water-soluble (Sbw) and ammonium-nitrate-
extracted (Sbam) in relation to the total Sb concentrations were very
low (mean b 1%). Although Sb is generally described as a geochemically
immobile element, its solubility depends on soil properties (Evangelou
et al., 2012) and the rise of soil pH can inhibit Sb sorption to soil Fe
and Al oxy-hydroxides, increasing the Sb in soil-solution phase
(Nakamaru et al., 2006).

Pb also presented statistically significant differences (p b 0.05) be-
tween the different selective extractions, following the sequence PbT
N Pbac = Pbox N Asam= Asw, indicating that this element was also asso-
ciatedmainly with the residual fraction (mean 70.9–88.2% in relation to
the total Pb), containing the highest amount in the A layer. This agrees
with the observations of Ashraf et al. (2012) and Ramirez et al.
(2005), who reported that Pb is associated mostly with the residual
phase. Pb associated with acetic acid-soluble fraction (Pbac) accounted
for mean 2.5–30.9% followed by a minor amount of oxalic-oxalate buff-
er-extractable fraction (mean 1.9–8.8% of the total). In this case, Pb is
considered to be bound to carbonates and related to weathered (oxi-
dized) precipitates from old tailing waste materials (Anju and
Banerjee, 2010). The least abundant proportion of Pb was found in
water-soluble (Pbw mean b 0.5%) and ammonium-nitrate-extracted
(Pbam below the detection limit) fractions in relation to the total con-
centrations, with similar results as those observed by other authors
(Ramos et al., 1994; Maiz et al., 2000). In any case, the Pbw concentra-
tions did not exceed the toxic level in the soil solution (1mg/kg) report-
ed by Ewers (1991).

3.4. Correlation between tailing properties and metal(loid)s

Table 4 presents the correlation between the tailing properties and
the total forms of metal(loid)s and forms that are water soluble and ex-
tractable by ammonium nitrate, acetic acid, and oxalic oxalate buffer.
The results for arsenic indicate that AsT together with Asac and Asox
showed a significant (p b 0.05) negative correlation with pH, indicating
that for this type of pollution involving the release of sulphide tailings,
their oxidation and hence acidification processes are related to the in-
crease in total pollution by the generation of acidic conditions that
lead to a release of contaminants (Romero-Freire et al., 2015; Simón et
al., 2001). Significant correlation of Asac and Asox was found with OC
in our samples. The effect of organic carbon to arsenic mobility is con-
troversial. In some studies the application of organic matter reduced
the As mobility (Gadepalle et al., 2007), whereas in others As is

Image of Fig. 4


Table 4
Pearson correlation between total (T), water soluble (w), ammonium nitrate (am), acetic acid (ac) and oxalic oxalate (ox) extracted forms of As, Sb, Zn, Pb and tailing properties in the
vertical profile of the abandoned tailing dump.

AsT As w As am As ac As ox SbT Sb w Sb am Sb ac Sb ox ZnT Zn w Zn am Zn ac Zn ox PbT Pb w Pb am Pb ac Pb ox

pH −0.567a −0.893a −0.903a −0.650a −0.900a −0.595a −0.952b

EC 0.575a

CEC −0.818b −0.583a 0.724a

CaCO3 0.814a

OC −0.550a 0.880a 0.899a −0.688b 0.894a 0.881a

Clay −0.602a −0.601a

Silt 0.870a

Sand −0.903a

a Correlation is significant at the 0.05 level (2-tailed).
b Correlation is significant at the 0.01 level (2-tailed).

Table 5
Principal-component analysis between total (XxT) and soluble in water (XxW) pollutant
concentrations and main properties of the tailings.

Rotated component

1 2 3

ZnT 0.504 −0.785
AsT 0.950
SbT 0.953
PbT 0.515 −0.738
Znw 0.960
Asw 0.940
SbW −0.858
PbW 0.948
pH −0.862
EC 0.751
CEC 0.902
CaCO3 −0.849
OC 0.951
Clay 0.879
Silt −0.685 0.632
Sand −0.754
% cum. var. 35.4 70.7 91.6

Rotation method: Varimax with Kaiser Normalization. % cum. var.: Percentage of cumula-
tive variance.

1665O. Kodirov et al. / Science of the Total Environment 622–623 (2018) 1658–1667
mobilized after compost application and by phytoremediation due to
the competing effect of organic matter with arsenate for adsorbing sur-
face sites (Clemente et al., 2008; Martín et al., 2011). No correlation in
relation to tailing properties was found for the Asw, whereas a signifi-
cant positive correlation was found for Asam with silt fraction and a sig-
nificant negative correlationwith sand. Simón et al. (2001) showed that
there was a strong positive correlation between arsenic levels and the
fine-silt fraction of the sludge due to the enhanced specific surface avail-
able for As exchange.

In relation to the tailing properties, total (SbT) and oxalic-oxalate
buffer (Sbox) showed similar behavior with As, presenting significant
negative correlation with pH and OC. The oxyanion-forming metalloids
As and Sb have comparable geochemical activity (Fu et al., 2016;Wilson
et al., 2010). However, the understanding of Sb toxicity and environ-
mental activity is limited (Filella et al., 2002). The other extracted
forms of the Sb did not present any correlation with tailing properties,
suggesting that these parameters do not control the partitioning of
this metalloid.

By contrast, the correlation of tailing properties and ZnT showed sig-
nificant positive correlation with electrical conductivity, indicating that
Zn is strongly related to the soluble salts produced after the oxidation
reactions (Romero-Freire et al., 2015). On the other hand, ZnT negatively
correlatedwith CEC and clay fraction, suggesting that these tailing prop-
erties also affect Zn activity. This is consistent with the data in the liter-
ature indicating also that clay and soil hydroxides can strongly adsorb
Zn especially under alkaline conditions (Vandana et al., 2011). No signif-
icant correlation was found for other Zn extractions.

Total concentrations of Pbwere significantly andnegatively correlat-
ed with pH, as well as with CEC and the clay fraction, indicating that al-
kaline pH, CEC, and the clay fraction were the main factors controlling
the mobility of lead. As pH rises, Pb becomes less soluble under oxidiz-
ing conditions (Vandana et al., 2011) due to the formation of insoluble
salts mainly under the presence of carbonates (Razo et al., 2004). The
water-soluble form (Pbw) was not related to any of the soil properties
except for the CEC,with a significant and positive correlation, indicating
the favourable effect of the adsorption processes for the retention of Pb.
Acetic acid extractable Pb (Pbac) presented a significant correlationwith
CaCO3 concentrations, while the proportion extracted by oxalic-oxalate
buffer (Pbox) significantly correlated with OC, indicating also a major
contribution of OC in retaining Pb.

The mobility and potential toxicity were assessed in relation to
physico-chemical properties of the tailings, using a principal-compo-
nent analysis between total and soluble concentrations of themain pol-
lutants and the tailing properties (Table 5). Three components
explained 91.6% of the variance, with Component 1 being the one that
included the total concentrations of metal(loid)s directly related to EC
and inversely related to pH and CaCO3, indicating that the pollution is
controlled fundamentally by tailing oxidation processes involving acid-
ification,weathering of CaCO3, and increase in soluble salts (Simónet al.,
2001). Component 2 includes the total concentrations of Zn and Pb in-
versely related to Znw and Pbw forms, indicating that the soluble
forms of these elements are not controlled by their total concentrations,
but rather that the CEC and texture (clay fraction) were the main prop-
erties affecting the water concentration of these elements in the soil so-
lution (Kumpiene et al., 2008). Component 3, explaining the 20.9% of
the variance, includes Asw and Sbw forms inversely related to each
other, indicating a contrasting relation between the two elements
(Mitsunobu et al., 2006) and a strong influence of carbonates usually
found in the silt fraction on the activity of the soluble forms of these el-
ements, as reported by Martínez-Lladó et al. (2011).

The mobilization of pollutants in soils and tailings is strongly con-
trolled by the presence of calcium carbonate and sulphide minerals.
Our results indicate that the net neutralization potential (NNP) for the
active tailing dump (AcT) potentially generates acid, so that long-term
oxidation processes pose a potential hazard to the environment. In
this sense, soils contaminated by heavy metals after sulfur oxidation
are usually amended with calcium carbonate, but in some cases the
amount of CaCO3 required to neutralize acidity is underestimated.
Long-term acidification over time was described after the liming of a
soil polluted with heavy metals and small amounts of S (≈0.5%)
(McTee et al., 2017), the formation of coatings around calcium carbon-
ate grains being one of themain processes responsible for this underes-
timation and for the progress of acidification over time (Simón et al.,
2005). Moreover, the transfer of heavy metals to plants in carbonate
soils contaminated by mine tailings with high concentrations in heavy
metals were reported in relation to local acidification and/or oxidation
processes occurring in the rhizosphere (Boussen et al., 2013). Our data
indicate that there is a potential risk of acidification and, therefore, of
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pollutant dispersion over time in the Chadakmining area that should be
monitored and assessed with additional studies.
4. Conclusion

Chadak ore field is one of the main gold-producing sites in
Uzbekistan. Abandoned and active tailing dumps with wastes enriched
with metal(loid)s poses a potential pollution risk for this mining area
and for populations living in the vicinity. Our data indicate that the
total concentrations of As, Sb, Zn, and Pb exceeded the background
concentrations in wastes at the active tailing (AcT) dump and in
soils at abandoned tailings dump (AbT). Waste deposits at AbT
have very high concentrations of As (mean N 1030 mg/kg) and Sb
(mean N 920 mg/kg), exceeding intervention threshold values by 20-
and 62-fold, respectively. Selective extractions were made to assess
the potential mobility and bioavailability of the pollutants both in
wastes and in soils. Selective extraction results showed that As and Sb
were strongly retained by iron oxides, but still with increased potential
bioavailability (extractable with acetic acid); higher water-soluble and
ammonium nitrate concentrations were also measured for both ele-
ments, indicating a potential toxicity risk for the environment. On the
other hand, the selective extraction data showed that Zn and Pb were
relatively immobile in the tailings, although in some cases large
amounts of these elements were extracted with acetic acid, indicating
a potential bioavailability once the neutralization potential is exceeded.
However, a balance between the acid potential of the tailings and the
neutralization potential indicate that the active tailing dump (AcT) is
potentially acid generating, constituting a long-termhazard to the envi-
ronment. Thus, more studies are required in the area for toxicity assess-
ments using bioassays and for evaluations of the potential long-term
risk of pollution in this area.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.10.049.
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