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This study describes the impact of airborne pollution resulting frommining and smelting activities on the soils of
the Almalyk mining and industrial area (NE Uzbekistan). Samples were collected along a transect downwind of
the industrial area. Enriched contents of some metals were found in the upper soil layers near the metallurgical
complex (Zn ≤ 3010 mg kg−1, Pb ≤ 630 mg kg−1, Cd ≤ 30 mg kg−1) which suggests that these metals were
derived from local stack emissions. The morphology and internal microstructure of metal-bearing spherical
particles found in the heavy mineral fraction suggest that these particles were probably a result of inefficient
flue gas cleaning technique of the smelter. The highest metal concentrations were found also in soil solutions
and exchangeable solid fractions from the first three locations, and decreased with increasing distance from
the pollution source along transect. Thermodynamic equilibrium calculations suggest that the mobile metal
pool in the contaminated soil is mainly controlled by dissolution of metal carbonates formed as weathering
product of themetalliferous particles. The health of themicrobiological soil ecosystemwas assessed bymeasure-
ments of basal respiration, nematode abundance, biomass-related C and N content, and microbial metabolic
quotient qCO2. Significant correlations were found between the dissolvedmetal content and the microbiological
health parameters, a negative one for Cmic/Corg ratio, and a positive one for qCO2. A negative correlationwas found
between the amount of nematodes and the metal contents suggesting that the contaminated soil has significant
impact on the functioning of the microbiological community. A better understanding of the spatial variations in
the whole ecosystem functioning due to airborne impact could be very useful for establishing suitable land use
and best management practices for the polluted areas.
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1. Introduction

Soils aroundmining and smelting sites may act as an important sink
for mobile metal(loid)s introduced to the environment via fly ash, dust
and leachates from the mine quarries, dumps and tailings (Birkefeld
et al., 2007; Martín et al., 2007; Cecchi et al., 2008; Ettler et al., 2012).
Clearly, the bioavailability and ecotoxicity of metals depend on their
speciation. Therefore, to understand the impact of contamination from
fly ash and dust it is necessary to study not only the total concentrations
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of metals, but also their partition/distribution coefficients (Kd factors)
and bioavailability (EPA, 1999; Weber and Karczewska, 2004). The
bioavailability of metals is geochemically assessed by ion exchange
(Peijnenburg et al., 2007). Single or sequential extraction schemes
have primarily been developed to establish themobility and availability
ofmetal(loid)s and other toxic elements in soils and sediments contam-
inated by mine tailings (Fanfani et al., 1997; Cohen et al., 1998; Li and
Thornton, 2001; Van Herck and Vandecasteele, 2001; Dold, 2003;
Cappuyns et al., 2007; Pueyo et al., 2008; Favas et al., 2011). The extrac-
tionmethods were also useful in screeningwaste from combustion and
smelting (Kersten and Förstner, 1995; Vanek et al., 2008), and for eval-
uating potential remediation measures for smelter-ash contaminated
soil (Nowack et al., 2010). However, metal ecotoxicity is not necessarily
a simple function of the extractable metal present, but is controlled also
by various physicochemical and biological co-factors, such as the pH of
the soil, the organic matter and clay mineral content, the redox status,
or the activity of the living biomass (Anderson and Domsch, 1990;
Brookes, 1995; Neher, 2001; Van Gestel, 2008; Smolders et al., 2009).
The complexity of these co-factors, and their considerable spatial and
temporal variability in the field, make it difficult to predict metal
ecotoxicity, and hence render environmental risk assessment more dif-
ficult. For this reason, chemical analyses alone are inadequate for the ap-
propriate assessment of the health of soil and organisms (hereafter “soil
health”), and should be corroborated by biological methods involving
indicator organisms (Nahmani and Rossi, 2003; Jänsch et al., 2005;
Yang et al., 2006; Yan et al., 2012).

The detrimental effects of metal(loid)s and other soil contaminants
on soil health have been widely reported (Hattori, 1992; Bardgett
et al., 1994; Kandeler et al., 1996; Klumpp et al., 2003). Measurements
of the biomass of soil organisms, together with an understanding of
their population dynamics, have been found to be a useful indicator of
environmental pollution of various soil ecosystems (Ingham et al.,
1986a, 1986b; Yeates et al., 2003). It is well known that metal contam-
ination reduces soil respiration (Hattori, 1992), microbial biomass
(Klumpp et al., 2003), invertebrate density and the resulting impact
on trophic interactions (Vig et al., 2003; Caussy et al., 2003; Santorufo
et al., 2012). In natural ecosystems, nematode abundance and commu-
nity structure analyses were proved to be sensitive indicators of stress
caused by soil pollutants and ecological disturbance (Sochova et al.,
2006; Shao et al., 2008; Kapusta et al., 2011). The populations of omniv-
orous and predatory nematodes with a K-strategist type of life history
appear to be sufficiently sensitive to metal pollution (Bongers and
Bongers, 1998; Bakonyi et al., 2003), and the populations of several
nematode taxa are significantly affected by the concentration of Cu,
Ni, and Zn (Korthals et al., 1996a).

The present study focuses on the Almalykmining and smelting com-
plex, a major source of air and soil pollution in Uzbekistan (Kodirov and
Shukurov, 2009). In a previous study, significant metal contamination
and its impact on nematode population have already been reported
for soils collected in this area (Shukurov et al., 2005). To date, however,
there have been no studies of metal bioavailability in the polluted soils.
Here we report data of a more extended triad-like ecological risk
assessment applying in parallel different analysis methods. In our
triad procedure, we couple a geochemical approach, involving both
metal geochemical equilibrium modeling and kinetic extraction data,
with an evaluation of the soil microbiological ecosystem. The triad-
like ecotoxicity assessment approach has not yet been widely reported
in the literature. The aims of our study are to (i) usemicrospectroscopic
analysis and geochemical equilibrium modeling to assess the mecha-
nisms controlling the bioavailability of the metals in the soils along a
transect downwind the industrial complex, (ii) evaluate the impact of
the metals on soil health using microbiological indicators such as the
soil free-living nematode abundance, basal respiration, the C and N
content of the microbial biomass, as well as microbial health indices
such as the metabolic quotient, and (iii) examine the analytical data
for any correlations between the chemical and biological parameters
of the soil, with the ultimate aim of assessing the extent of the soil pol-
lution in the area of interest.

2. Materials and methods

2.1. Sampling sites

The study site is located 65 km from Tashkent, the capital city of
Uzbekistan, in the Akhangaran river valley between the Chatkal and
Qurama mountain ranges (Western Himalayan Tien-Shan orogen).
The industrial area lies in the floodplains of the Akhangaran river near
the city of Almalyk (40°50′N–69°34′E). The Qurama Mountain ridge is
rich in nonferrous metal resources, and in this area metal mines were
founded in the early 50's. The Almalyk mining and smelting complex
(AMSC) is the largest nonferrous mining company in Uzbekistan,
producing refined copper, gold, silver, lead, metallic zinc, and other
products. It has a mining capacity of about 25 Mio. metric tons of ore
per year, and an annual metal production of 130,000 t Cu, 40,000 t Zn,
and 80,000 t Pb (Levine and Wallace, 2010). However, AMSC started
with no efficient flue gas cleaning facility, and the complex has become
a major source of air pollution in the region. It is reported to emit about
100,000 t per year of harmful substances (including sulfur dioxide, black
carbons, nitrogen oxides, sulfuric acid, metal(oid)s, etc.), which repre-
sents approximately 13% of all airborne emissions of these pollutants
from point sources in Uzbekistan (UNECE, 2001).

The study area lies in amountain valleywith large variations in both
seasonal and daily air temperature due to a continental climatewith hot
and dry summers and short, cold winters. The prevailing winds are
westerly and south-westerly along the river valley. The average annual
rainfall is between 100 and 200mm, which is less than the rate of evap-
oration (UNECE, 2001). The study area is surrounded by a chain of
mountains, which limits air circulation and exchange, thereby increas-
ing the airborne pollution impact on soils and vegetation. Since 1994,
the State Committee for Geology and Mineral Resources is carrying
out routinely environmental monitoring in the Almalyk industrial
area. This has revealed severe contamination of surface and groundwa-
ter, soil and vegetation (UNECE, 2001). The vegetation in the study area
is mainly composed of annual and perennial plants, most notably As-
tragalus, Stipa,Medicago, and Artemisia genera, which prosper in the al-
kaline lithosols (FAO, 2003) with high levels of CaCO3.

2.2. Soil sampling

Soil samples were collected in June 2005, when rainy weather soft-
ened the soil, in duplicate from two topsoil layers: 0–10 and 10–
20 cm, at 11 equidistant (2 km apart) sampling plots (in total 44 soil
samples 200 g each). The plots were aligned on a 20 km E–W transect
along the Akhangaran river valley downwind of the AMSC pollution
source which starts at the copper refinery and smelting factory, and
ends in a rural grassland area near the town of Pskent (Fig. 1). The tran-
sect passes the Almalyk mineral fertilizer factory, industrial landfills
(phosphogypsum, metallurgical slags), and agricultural lands (Fig. 1).
The land use and characteristics of each sampling plot are as follows:
L1 (0 km, 40°51′40″N/69°33′18″E) grassland at the border of the Cu pro-
cessing factory, L2 (2 km, 40°51′41″N/69°32′4″E) grassland nearby the
Cu smelter slag wastes and chemical factory, L3 (4 km, 40°51′45″N/
69°30′41″E) grassland nearby the phosphogypsum landfills of chemical
factory, L4 (6 km, 40°51′47″N/69°29′21″E) grassland in rural area, L5
(8 km, 40°51′43″N/69°28′10″E) grassland in agricultural area, L6
(10 km, 40°51′42″N/69°26′39″E) grassland in agricultural area, L7
(12 km, 40°51′52″N/69°25′23″E) grassland in agricultural area, L8
(14 km, 40°51′58″N/69°24′0″E) grassland in agricultural area, L9
(16 km, 40°52′2″N/69°22′37″E) grassland in agricultural area, L10
(18 km, 40°52′10″N/69°21′18″E) grassland in rural area, and L11
(20 km, 40°52′12″N/69°19′52″E) grassland in rural area. Two samples
were collected at each plot from each of the two soil layers (44 samples



Fig. 1. Locations of the study sites along transect downwindof theAlmalyk industrial area (L1—0km, L2—2km, L3—4km, L4—6km, L5—8km, L6—10km, L7—12km, L8—14km, L9—16km,
L10 — 18 km, L11 — 20 km).
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in total). The samples were transported in plastic bags to the laboratory,
sieved (2 mmmesh) for plant detritus, and stored at 4 °C for two days
prior to microbiological analysis.

2.3. Laboratory analysis

2.3.1. Soil physicochemical and metal analysis
The soils were air dried and passed through a 2-mm sieve prior to

analysis. Residual soil moisture of the subsamples was measured gravi-
metrically as the percentage of drymass by drying the samples to a con-
stant weight at 105 °C. All chemical data presented in this study relies
on dry weight basis. Soil pH was determined in H2O (soil solution
ratio 1:2) with a calibrated potentiometric glass electrode. Soil salinity
was determined in soil extracts and expressed as specific conductivity
(SC in mS cm−1). Soluble cations (Ca2+, K+, Na+) in these extracts
were determined by flame photometer. Total organic carbon (Corg)
was determined using a modified method of Rowell (1994). The meth-
od is based on the organic matter oxidation by K-dichromate. Total
soluble nitrogen (TSN) was determined by adding 25 mL 0.01 M CaCl2
to 10 g subsamples and shaking for 2 h (Houba et al., 1987). The
amounts of TSN in the soil extracts were determined using an
autoanalyzer device (Skalar Inc., The Netherlands).

Total element inventories (Cd, Cr, Cu, Ni, Pb, Pb, and Zn) for the soil
samples were obtained in duplicate using wavelength dispersive X-ray
fluorescence spectrometry (PANalytical MagiX Pro XRF with rhodium
anode X-ray tube operated at 3.6 kV). The finely ground samples were
cast to powder pellets under a pressure of 7 t with some epoxy resin
admixture in a 30-mmdie of aHerzog hydraulic press. Analytical quality
assurance/quality control (QA/QC) was performed using certified refer-
ence materials (Montana soil CRM's 2710 and 2711). The common
sequential extraction procedure described by Tessier et al. (1979) was
used for fractionating of Cu, Pb, Zn, Cd, Ni, and Cr in soil. Five fractions
(F1–F5) were thus produced according to the scheme with extracting
agents as compiled in Table 1. The supernatant was decanted and cen-
trifuged at 4000 rpm for 30 min, and then the residues were washed
by deionized water and centrifuged for a further 30 min. All extracts



Table 1
Chemical reagents and analytical conditions for the sequential extraction procedure based on the original protocol by Tessier et al. (1979).

Steps and
Fractions

Operational definition Chemical reagents and conditions

F1 NaOAc-exchangeable Sample of 1 g digested with 8 mL of 1 M NaOAc at pH 8.2 for one hour with continuous agitation at room temperature;
F2 HOAc-exchangeable and

carbonates
Residue from step 1 leached with 8 mL of 1 M sodium acetate adjusted to pH 5.0 with acetic acid at room temperature for 5 h;

F3 Acid-reducible Digesting the residue from step 2 with 20 mL of 0.04 M hydroxylammonium hydrochloride in 25% (v/v) acetic acid at 90 °C, with
occasional agitation for 6 h;

F4 Oxidizable Digesting the residue from step 3 twice with a mixture of 3 mL 0.02 M HNO3 and 5 mL 30% hydrogen peroxide at 85 °C for 2 h, with
occasional agitation until almost dryness, followed by a 30min digestion of the cake by 50mL of ammonium acetate (1M adjusted to pH
2 with HNO3) at room temperature;

F5 Residual Microwave digestion by an aqua regia mixture of HNO3 and HCl.
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were stored in a fridge prior to the analysis of the metal concentrations
using ICP-OES (Spectro Ciros Vision). Analytical quality assessment was
performed on the basis of the certified reference materials NIST 2710/
2711 (Montana Soil, USA). Differences between total concentrations
measured by XRF and the recovery rates of the sequential extraction
procedure (sum of the five steps F1–F5 for each metal) are compiled
in Table 2.

Subsamples of both 0–10 and 10–20 cm layers from every second
plot sampled along transect were pooled and homogenized to measure
the dissolved metal concentrations. These subsamples were re-wetted
up to a 50% water holding capacity (WHC = 47 ± 6%) in preparation
for an incubation process mimicking a winter rain flush. Approximately
100 g of such a subsample was placed in a plastic beaker. Two micro-
suction cups (0.3 mL) made of a 0.45 μm nylon membrane, with poly-
ethylene substructure and cover shield (Ecotech, Germany), were
inserted a few millimeter into the wet soil. The suction cup material
was chosen to minimize adsorption artifacts (Rais et al., 2006). The
beaker was covered by a watch glass to prevent evaporation during
incubation. All incubation experiments were carried out in duplicate
at room temperature (23 ± 2 °C). To extract soil solution by sampling
followed by centrifugation is operationally strongly biased, and, because
sampling is destructive, does not allow for time lapse studies with a
limited amount of subsamples available. One pair of suction cups was
removed and jet washed after incubation for 4, 9.5, 24, 72, and 120 h,
respectively. The acidified micro-suction cup solutions were analyzed
using ICP-MS (Agilent 7700, Germany). Toprovide a blankquality control,
Table 2
Recovery rates of the sequential extraction procedure.

Sampling locations Depth cm Zn Cu

XRF − Σ(F1–F5)a Recoveryb XRF − Σ(F1–F5
mg kg−1 % mg kg−1

L1 — 0 km 0–10 309 89 57
10–20 208 77 63

L3 — 4 km 0–10 136 83 58
10–20 219 75 47

L5 — 8 km 0–10 10 94 17
10–20 7.8 93 21

L7 — 12 km 0–10 17 89 8.8
10–20 4.5 96 5.2

L9 — 16 km 0–10 6.4 93 3.7
10–20 9.6 94 1.5

L11 — 20 km 0–10 4.0 95 8.0
10–20 8.9 89 6.5

SRM 2710 555 93 499
SRM 2711 29 92 11

Data are means of four replicates.
a XRF − Σ(F1–F5) — difference between the total metal concentration measured by XRF an
b Recovery rate — Σ(F1–F5) / XRF × 100.
solutions were derived for analysis from suction cups deployed in pure
Milli-Q water.
2.3.2. Mineralogical analysis
Particle size fractionation was carried out by sieving b63 μm. The

fine-grained fraction was then subjected additionally to gravity separa-
tion of the heavymineral fraction using 1,1,2,2-tetrabromoethane (TBE,
2.95 g cm−3 at 20 °C). X-ray diffraction analysis was used to determine
phase associations in the fine-grained heavy mineral fractions using
a Siemens XRD D-500 instrument. The d-spacings obtained were
compared with the JCPDS (International Center for Powder Diffraction
Data, Swarthmore, USA) inorganic compound database using the
DIFRAC + software. The heavy mineral grains then were embedded
in epoxy resin. The cured specimens were cut, polished and carbon-
coated to produce the smooth surfaces essential to achieve high quality
backscattered electron (BE) images and X-ray fluorescence maps
using electron microprobe analysis. The Jeol JXA 8900 instrument
was equipped with both energy-dispersive (EDX) and wavelength-
dispersive (WDX) X-ray fluorescence detector channels. The BE im-
aging was used to locate metal-bearing particles by their brightness.
The chemical identity and heterogeneity of the metal-bearing particles
were then traced by X-ray mapping of selected elements. The EDX
channels were used for rapid screening and major element mapping,
and the WDX channel was used for the metals in cases where EDX
could not separate peak overlaps, e.g., of S and Pb.
Pb Cd

) Recovery XRF − Σ(F1–F5) Recovery XRF− Σ(F1–F5) Recovery
% mg kg−1 % mg kg−1 %

95 30 95 1.7 94
93 49 91 8.1 71
92 22 90 0.8 94
94 10 93 2.3 64
88 26 71 0.4 84
84 15 76 0.3 85
88 12 71 0.5 70
90 16 76 0.6 74
91 24 63 0.7 71
96 18 70 1.3 47
83 23 64 0.6 75
85 20 68 0.2 88
83 340 94 1.3 94
90 44 96 2.2 95

d the sum of the five steps in the sequential metal extraction.



Table 4
Univariate analysis of variance (ANOVA) for soil conditions along the 20 km transect
downwind of AMSC emission source.

Index Location Depth

F-test p-Valuea F-test p-Value

Total organic carbon (Corg) 4.4 0.0003 16.5 0.0002
Total soluble nitrogen (TSN) 3.0 0.006 2.9 NSb

Basal respiration (RB) 2.1 0.05 6.6 0.01
Microbial biomass carbon (Cmic) 4.9 0.0001 3.3 NS
Metabolic quotient (qCO2) 2.4 0.02 0.2 NS
Microbial coefficient — Cmic/Corg 3.4 0.003 1.0 NS
Total nematode abundance (TNem) 1.3 NS 0.8 NS
Ca2+ 3.5 0.002 0.1 NS
Na+ 1.5 NS 1.0 NS
K+ 3.2 0.004 5.4 0.03
Zntotalc 13.4 b0.0001 8.5 0.006
Cutotal 59.5 b0.0001 5.2 0.03
Pbtotal 10.5 b0.0001 9.7 0.003
Cdtotal 12.4 b0.0001 6.9 0.003
Crtotal 38.8 b0.0001 0.4 NS
Nitotal 17.2 b0.0001 0.1 NS

a p-Values calculated according to 44 samples sampled in duplicate from the 11
locations and two depths.

b NS — difference non-significant.
c Metotal — Total metal concentrations measured by XRF.
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2.3.3. Microbiological analysis
Soil microbial biomass carbon was determined using the classical

chloroform fumigation incubation method (Heinemayer et al., 1989;
Sparling and West, 1990; Kaiser et al., 1992). Soil sample pellets (10 g)
were adjusted to 40% WHC, and fumigated in a CHCl3-saturated
atmosphere in a desiccator for 24 h. Fumigated and (for control) non-
fumigated subsamples were then transferred to closed 0.5 L glass ves-
sels and incubated for 10 days at 25 °C in the dark. Gas chromatography
(GC-8A, Shimadzu) was used to measure the CO2 concentration in the
head space of the glass vessels. Themicrobial biomass carbonwas calcu-
lated as Cmic = [(CO2–C from fumigated soil) − (CO2–C from control
sample)] / kC, and given in units of μg C g−1 soil. A kC value of 0.41
was used as proposed by Anderson and Domsch (1990). The basal res-
piration RB (μg g−1 d−1) was calculated from the temporal evolution of
the CO2–C in the non-fumigated control sample. Themetabolic quotient
(qCO2) was calculated as the ratio of RB to Cmic andwas given in units of
(μg CO2–C) (μg Cmic)−1 day−1 as described in Anderson and Domsch
(1990). There is a direct correlation between Cmic and Corg values, and
the dimensionless ratio Cmic/Corg known as the microbial coefficient
was therefore additionally determined because it allows the determina-
tion of substrate bioavailability. The samples that were used tomeasure
Cmic values were also used to measure soil microbial biomass nitrogen
Nmic applying the classical method by Sparling and Zhu (1993). The
Nmic values were calculated as the difference between the TSN values
measured in the fumigated and non-fumigated (control) samples as
Nmic = ΔTSN / kEN, using a kEN value of 0.54 (Joergensen and Mueller,
1996).

Nematode population was measured by extracting the organisms
from 100 g soil subsamples using the classical Baermann funnel pro-
cedure (Cairns, 1960). The thus recovered organismswere preserved
in formaldehyde solution, and identified to genus level (where pos-
sible) using an inverted compound optical microscope (Steinberger
and Sarig, 1993). For the nematode community structure analyses,
the species are divided into groups according to their feeding habits.
The organisms were thus categorized into the following trophic
groups: (i) bacteriovores (BF), (ii) fungivores (FF), (iii) plant-parasites
(PP), and (iv) omnivore-predators (OP; Steinberger and Loboda, 1991;
Steinberger and Sarig, 1993; Liang et al., 2000).
Table 3
Sampling locations and main physicochemical properties of soils from the 11 sampling plots in

Sampling locations Depth cm pH Ca+2

mg L−1

L1 — 0 km 0–10 7.9 ± 0.1 51 ± 3.5
10–20 7.9 ± 0.2 51 ± 3.5

L2 — 2 km 0–10 7.7 ± 0.2 61 ± 2.8
10–20 7.7 ± 0.1 59 ± 2.5

L3 — 4 km 0–10 7.8 ± 0.2 53 ± 8.0
10–20 7.8 ± 0.1 48 ± 0.1

L4 — 6 km 0–10 7.8 ± 0.1 48 ± 4.5
10–20 8.1 ± 0.1 50 ± 2.9

L5 — 8 km 0–10 7.9 ± 0.1 37 ± 3.5
10–20 7.9 ± 0.2 42 ± 3.5

L6 — 10 km 0–10 7.9 ± 0.1 57 ± 4.8
10–20 8.1 ± 0.2 54 ± 2.5

L7 — 12 km 0–10 7.9 ± 0.1 46 ± 2.8
10–20 8.1 ± 0.1 42 ± 3.5

L8 — 14 km 0–10 8.1 ± 0.1 51 ± 2.9
10–20 8.0 ± 0.1 54 ± 4.8

L9 — 16 km 0–10 8.1 ± 0.1 56 ± 3.5
10–20 8.2 ± 0.1 51 ± 2.9

L10 — 18 km 0–10 8.2 ± 0.2 65 ± 2.3
10–20 8.1 ± 0.3 66 ± 2.2

L11 — 20 km 0–10 8.2 ± 0.1 46 ± 2.8
10–20 8.1 ± 0.1 46 ± 2.8

Data are means of two replicates, ±SD.
a Soil organic carbon.
b Total soluble nitrogen.
2.3.4. Statistical analysis
All data were subjected to a statistical analysis using the SAS model

(ANOVA, Duncan's multiple range test and Pearson correlation coeffi-
cient) and were used to evaluate differences between separate means.
The datasets were first log-transformed and then tested for normality
by the Shapiro–Wilk test using the statistical software package Statistica
4.3. ANOVA followed by Tukey's HSD test to establish the significance of
differences between sampling locations along transect. Linear regres-
sion between abiotic and biotic parameters for all soil samples was
then tested for correlation applying Pearson correlation coefficients
with significance levels of p b 0.05* and p b 0.01**, and inserted in the
text and tables but not in separate figures.
two soil depths along the 20 km transect in Almalyk mining and smelting area.

Na+ K+ Corga TSNb

mg L−1 mg L−1 % mg L−1

0.3 ± 0.1 5.5 ± 0.7 0.5 ± 0.1 10.2 ± 2.3
0.3 ± 0.1 3.0 ± 0.6 0.5 ± 0.1 2.3 ± 0.8
0.3 ± 0.1 10.0 ± 1.7 0.8 ± 0.1 7.1 ± 2.4
0.3 ± 0.1 7.0 ± 0.9 0.7 ± 0.1 4.9 ± 0.5
0.3 ± 0.1 3.7 ± 1.3 0.6 ± 0.1 6.4 ± 1.4
0.3 ± 0.1 2.3 ± 1.2 0.5 ± 0.1 3.8 ± 1.6
0.3 ± 0.1 17.0 ± 2.2 0.7 ± 0.1 8.6 ± 3.3
0.4 ± 0.1 2.7 ± 0.6 0.6 ± 0.1 6.0 ± 1.2
0.3 ± 0.1 3.0 ± 0.6 0.5 ± 0.1 2.4 ± 0.2
0.3 ± 0.1 4.5 ± 0.6 0.5 ± 0.1 2.7 ± 0.7
0.3 ± 0.1 20.0 ± 1.5 1.2 ± 0.2 12.3 ± 3.2
0.4 ± 0.1 9.0 ± 0.7 1.1 ± 0.3 11.3 ± 2.9
0.3 ± 0.1 17.0 ± 1.4 0.9 ± 0.1 6.8 ± 1.7
0.4 ± 0.1 16.0 ± 0.7 0.6 ± 0.1 3.9 ± 0.6
0.4 ± 0.1 4.8 ± 0.6 0.9 ± 0.2 6.7 ± 1.6
0.3 ± 0.1 4.5 ± 0.3 0.7 ± 0.2 8.1 ± 2.6
0.4 ± 0.1 8.5 ± 0.7 0.6 ± 0.1 6.8 ± 1.6
0.4 ± 0.1 5.0 ± 0.2 0.5 ± 0.1 5.8 ± 0.9
0.4 ± 0.1 19.0 ± 0.5 0.8 ± 0.2 13.7 ± 3.5
0.4 ± 0.1 16.0 ± 1.5 0.6 ± 0.1 11.2 ± 2.6
0.4 ± 0.1 13.0 ± 0.6 0.8 ± 0.1 6.1 ± 0.7
0.4 ± 0.1 11.0 ± 0.6 0.6 ± 0.1 5.1 ± 0.8



Table 5
Contaminant metal concentrations in soil samples along the 20 km transect downwind of the AMSC emission source.

Sampling locations Soil depth cm Zn Cu Pb Cd

Total
mg kg−1

Exchangeable
mg kg−1

Dissolved
μg L−1

Total
mg kg−1

Exchangeable
mg kg−1

Dissolved
μg L−1

Total
mg kg−1

Exchangeable
mg kg−1

Dissolved
μg L−1

Total
mg kg−1

Exchangeable
mg kg−1

Dissolved
μg L−1

L1 — 0 km 0–10 3012 ± 235 1.9 ± 0.1 2584 ± 258 1117 ± 79 5.7 ± 2.8 789 ± 85 628 ± 38 1.9 ± 0.1 4.5 ± 0.7 30.3 ± 2.0 0.8 ± 0.2 22 ± 1.9
10–20 2901 ± 333 1.6 ± 0.1 – 951 ± 56 3.9 ± 2.1 – 549 ± 57 1.2 ± 0.3 – 26.8 ± 2.2 0.6 ± 0.1 –

L2 — 2 km 0–10 912 ± 22 – – 773 ± 47 – – 143 ± 12 – – 5.7 ± 0.6 – –

10–20 889 ± 38 – – 698 ± 91 – – 127 ± 12 – – 5.7 ± 0.3 – –

L3 — 4 km 0–10 851 ± 40 0.5 ± 0.1 982 ± 550 781 ± 48 2.0 ± 0.3 101 ± 8 188 ± 53 0.9 ± 0.1 1.2 ± 0.5 9.6 ± 4.1 0.7 ± 0.2 27 ± 10
10–20 816 ± 62 0.4 ± 0.1 – 629 ± 129 1.7 ± 0.4 – 162 ± 57 1.1 ± 0.2 – 9.6 ± 4.0 0.6 ± 0.1 –

L4 — 6 km 0–10 198 ± 34 – – 199 ± 37 – – 100 ± 11 – – 1.1 ± 0.6 – –

10–20 159 ± 22 – – 155 ± 10 – – 84 ± 3 – – 1.2 ± 0.5 – –

L5 — 8 km 0–10 147 ± 32 0.3 ± 0.1 255 ± 185 133 ± 22 1.0 ± 0.1 55 ± 15 76 ± 7 0.6 ± 0.1 1.2 ± 0.3 0.8 ± 0.3 0.4 ± 0.1 1.7 ± 0.5
10–20 116 ± 11 0.2 ± 0.1 – 125 ± 18 0.9 ± 0.1 – 68 ± 7 0.7 ± 0.1 – 0.5 ± 0.3 0.3 ± 0.1 –

L6 — 10 km 0–10 227 ± 26 – – 152 ± 9 – – 105 ± 5 – – 1.8 ± 0.8 – –

10–20 179 ± 27 – – 118 ± 22 – – 85 ± 12 – – 2.0 ± 0.6 – –

L7 — 12 km 0–10 163 ± 24 0.2 ± 0.1 122 ± 43 80 ± 12 0.7 ± 0.2 36 ± 8 81 ± 9 1.5 ± 0.1 1.0 ± 0.3 2.3 ± 0.3 0.3 ± 0.0 5.2 ± 3.1
10–20 101 ± 14 0.1 ± 0.0 – 58 ± 7 0.4 ± 0.1 – 75 ± 7 1.1 ± 0.7 – 1.7 ± 0.3 0.3 ± 0.0 –

L8 — 14 km 0–10 141 ± 28 – – 80 ± 11 – – 91 ± 7 – – 2.1 ± 0.3 – –

10–20 112 ± 37 – – 63 ± 10 – – 85 ± 6 – – 2.1 ± 0.3 – –

L9 — 16 km 0–10 92 ± 1 0.1 0.0 143 ± 38 39 ± 0.7 0.2 ± 0.0 15 ± 2 62 ± 3 0.4 ± 0.1 1.3 ± 0.5 2.3 ± 0.3 0.3 ± 0.1 1.0 ± 0.6
10–20 87 ± 1 0.1 ± 0.0 – 38 ± 0.7 0.2 ± 0.0 – 60 ± 2 0.3 ± 0.1 – 2.4 ± 0.1 0.2 ± 0.0 –

L10 — 18 km 0–10 109 ± 13 – – 62 ± 10 – – 67 ± 7 – – 2.1 ± 0.6 – –

10–20 97 ± 10 – – 48 ± 13 – – 63 ± 6 – – 2.3 ± 0.3 – –

L11 — 20 km 0–10 85 ± 9 0.1 ± 0.0 19 ± 9 45 ± 6 0.4 ± 0.1 22 ± 3 64 ± 6 0.5 ± 0.1 1.1 ± 0.3 2.0 ± 0.3 0.4 ± 0.1 2.2 ± 1.2
10–20 81 ± 6 0.1 ± 0.0 – 40 ± 3 0.3 ± 0.1 – 60 ± 3 0.3 ± 0.0 – 1.7 ± 0.3 0.4 ± 0.1 –

Data aremeans±SDof duplicate sampling and analysis for the XRF-total andNaOAc-exchangeable (from step F1 of sequential extraction) concentrations, andmeans of duplicates at five different times±SD for the dissolvedmetals concentration, as
indicated in the methods section.
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3. Results

3.1. Soil characteristics

The soils were weakly alkaline, with a pH ranging from 7.7 to 8.2
(Table 3). The TSN content varied considerably among sampling sites,
with respective values ranging from 2.3 to 13.7 mg L−1 and significant
differences between sampling locations (p b 0.006). The Corg concentra-
tions were around 0.5–0.9%, with generally higher content in upper soil
layer, but also a sharp increase at sampling location L6, reaching a
mean value of 1.2% in the topsoil layer (Tables 3 and 4). The cation
status as given by the average value of the activity ratio aK+/√aCa2+ =
5.2 · 10−3 ± 2.4 · 10−3 mol1/2 L−1/2 indicates a relatively weak nutri-
tional status of the grassland soils, except at locations L6, L7, and L10,
where a higher average ratio of 15.7 · 10−3 ± 4.9 · 10−3 mol1/2 L−1/2 in-
dicates some fertilization activity. Thewater soluble Ca2+ concentrations
are, however, also relatively low, except at location L1 (Table 3). A spatial
Fig. 2. Results from the sequential extractions of the soil samples collected
comparison of the cation content revealed no significant differences in
the concentration of water soluble K+ and Na+ between both soil
layers. However, the trend lines showed moderate rising of both cations
in soil solution by distance from the smelter along transect (Table 3).

3.2. Metal concentrations and sequential extraction results

The amounts of Zn, Cu, Pb, and Cd found in the samples significantly
(p b 0.0001) decreased with distance along transect (Tables 4 and 5).
The highest enrichment of the metals Zn, Pb, and Cd was found in top-
soil near the Almalyk metal smelter (location L1), with mean values of
3012 mg kg−1, 628 mg kg−1, and 30 mg kg−1, respectively. These
metals are known to become easily volatilized in high temperature pro-
cesses. The proximity of L1 to the smelter suggests that local stack emis-
sions are the likely source of this contamination. The concentrations of
Zn, Cu, and Pb were lower at the 10–20 cm sampling depth, than at
0–10 cm (albeit not significantly, because variability for samples taken
along transect with operational fractions F1–F5 as compiled in Table 1.

image of Fig.�2
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at 10–20 cm is higher, Table 5). However, no such difference was found
in the Cd content at the two sampling depths, indicating that this toxic
metal has a higher availability. The concentrations found of Cr (62 ±
18 mg kg−1) and Ni (29 ± 7 mg kg−1) showed no significant spatial
trend and may represent the geogenic background values. The results
of the sequential extraction of Cu, Pb, Zn, and Cd along transect are
depicted in Fig. 2. In general, the quantities extracted depend again on
the distance from the AMSC emission source. The amount of Cd in the
first two exchangeable fractions was higher at the locations nearest to
the pollution source, and decreased exponentially with increasing dis-
tance. Although relatively high amounts of Zn, Pb and Cu were also
found in the exchangeable fractions at location L1, the highest amounts
were found in the acid-reducible fraction (Zn, Pb) and oxidizable frac-
tion (Cu) (Fig. 2). This suggests that metal due to anthropogenic impact
is retained in different soil host phases. Therewas almost no variation in
the amount of Cu, Pb, Zn and Cd in fractions obtained from samples
more than 12 km from the pollution source. The majority of the Ni
and Cr was found in the acid-reducible and residual fractions. The
amounts did not vary with distance along transect (Fig. 2), as was ob-
served in measurements of total concentration. This indicates that Ni
and Cr are less mobile than the other metals, and indicates that no sig-
nificant Ni and Cr amounts were emitted by the Almalyk industrial
complex.

Dissolved (i.e., b0.45 μm)metal concentrations sampled by themicro-
suction cups (Mediss) showed no systematic change within 5 days of
aerobic incubation. This incubation time was intended to mimic soil
watering events during the rainy season. The incubation result suggests
fast equilibration between solid and aqueous metal speciation, and it
was therefore appropriate to average the values of the 10micro-suction
cups of the duplicate soil incubations per plot. However, therewere sig-
nificant differences between the thus averaged values at the different
locations for the metals which fell sharply with distance along transect
(Table 5). The dissolved concentrations of Ni and Cr showed no system-
atic spatial or temporal variation, with a mean ± SD of all measure-
ments (n = 60) of 15.2 ± 6.9 μg L−1 and 1.51 ± 0.55 μg L−1,
respectively. Distribution coefficients Kd calculated as the ratio between
solid and dissolved metal concentrations for Cd and Zn were in the
order of less than 1000 L kg−1, but one order of magnitude higher for
both Cr and Ni.
3.3. Particle mineralogy of the heavy mineral fraction

Gravity separation revealed that the heavy mineral fraction is about
1% near the AMSC at first two sampling plots (L1 and L2). It decreased
with distance down to 0.25% at locations L10 and L11, with a distance
of 18–20 km from the emission sources, in parallel to the total metal
concentrations. Several primary ore minerals such as galena (PbS),
chalcopyrite (CuFeS2), and sphalerite (ZnS) were identified by XRD in
this fraction. At location L1 near the AMSC pollution source, typical sec-
ondary weathered phases of primary sulfide ore minerals were also
identified: cerussite (PbCO3), hydrocerussite (Pb(CO3)2OH), anglesite
(PbSO4), leadhillite (Pb4(CO3)2(OH)2SO4), pyromorphite (Pb5(PO4)3Cl),
malachite (CuCO3), and smithsonite (ZnCO3).

The microprobe BE images of the heavy mineral fraction revealed
many grains and spherical particles with brightly contrasting elements,
which indicates ametal-rich composition. Fine grains of sulfideoremin-
erals (Fig. 3a) embedded in silicate gangue material, some of them also
with secondary sulfate rims due to weathering (Fig. 3b), can be related
to contamination by mining activities. The absence of an oxygen peak
indicates that Cu, Zn, and Pb are mainly associated either with primary
Fig. 3.Microstructure (BE images) and elementmaps of metal-bearing heavymineral particles.
minerals in a silicate matrix, or (B) sulfides covered with rims of secondaryminerals due to we
(E,F) spherical particles with typical core-and-rim structures. The black bar scales to 10 μm (BE
along the color spectrum from blue to red.
sulfide or with secondary sulfate phases (oxygen not shown in the ele-
mentmaps). Spherical particles dominate themetal-bearing heavymin-
eral fraction in samples collected near themetal smelters (Fig. 3c–f). The
morphology and internal microstructure of the spherical particles
indicate that they were formed in a pre-existing molten phase, and
probably emitted in an inefficient flue gas cleaning process. The metal-
bearing microstructures within the spherical particles indicated by
bright contrast in the BE images can be categorized into (i) ferriferous
dendritic and euhedral or skeletal phases in a Zn- and Pb-bearing vitre-
ous silicate matrix (Fig. 3c,d), (ii) thick homogeneous ferriferous rims
with heterogeneous cores of small lumpy metal sulfide or silicate parti-
cles (Fig. 3c), and (iii) hollow spheres of metal-rich silicate matrix
(Fig. 3f). The element maps indicate that Fe was abundant in most
metal-bearing particles. Iron can interact with the surrounding melted
calcic silico-aluminous phase to form the highly ferriferous silicate
phases. Other elemental associations were also identified: Fe/S/Pb/Mn,
S/Pb/Zn/Mn/Fe, or pure Cu and Zn only. The gray vitreous matrix corre-
sponds to a phase structure mainly composed of lighter elements: Si, Al,
Ti, Si and Ca, with only traces of Fe and Mn, but sometimes enriched in
Zn and Pb. Dendritic phases known as harrisitics embedded in vitreous
matrices are typical for high temperature smelting and combustion pro-
cesses, and indicative of highmelting spinel phase crystallization during
quenchingof thefly ashes in the flue gas purification units (Speiser et al.,
2001). The harrisitic spinel phases are generally considered to be the
most weathering-resistant metal host phases (Ettler et al., 2009). On
the other hand, Pb- and Zn-bearing glassy silicate spheres are among
the least weathering-resistant metal host phases and are prone to
relatively fast weathering in soil. Occasionally, the fly ash particles
contained angular grains of tiny primary ore minerals, many of these
coveredwith secondary oreminerals such as Fe hydroxides and carbon-
ates. Weathering appears to be accelerated in such ash that has been
produced in partial reactions.
3.4. Microbiology

Fig. 4 summarizes the results obtained for the functioning parame-
ters of the microbial soil ecosystem on the transect. Although there is
a considerable variation in the results observed at each plot, it is still
possible to observe spatial trends along transect. Soil microbial biomass
carbon (Cmic) increased first slightly with distance from the AMSC pol-
lution source, and reached a steep maximum of 335 μg g−1 in samples
taken from the upper (0–10 cm), and 275 μg g−1 in lower (10–20 cm)
soil layers, respectively, at plot L6 10 km from the pollution sources.
Nmic values showed no trend and were around 1 ± 0.5 μg g−1, except
of a high value of 4.35 μg g−1 at location L6, and also at two other loca-
tions further away from the pollution source (L10 and L11, Fig. 4). The
value of the dimensionless microbial coefficient Cmic/Corg varied widely
between the sampling locations, and the difference between the values
obtained was shown to be statistically significant (p b 0.003) with a
trend to increase with distance from the AMSC pollution source. High
coefficients (of around 2.75) were observed at least 10 km from the
pollution source, while the lowest coefficient values (between 0.77
and 1.85) were observed in both soil layers at location L1 (Fig. 4). As a
result of significant spatial trends in Cmic, the metabolic quotient qCO2

decreased from a maximum value of 3.3 down to 0.61 mg CO2–C
(g Cmic h)−1 along transect (Fig. 4). The lowest qCO2 values were
found at locations L6 and L9.

Significant negative correlations were found between the total or
dissolved concentration of Zn, Cu, Pb, Cd and the microbial coefficient
Cmic/Corg (r = 0.62* − 0.80**). Significant positive correlations were
Samples frommost polluted transect locations L1 and L3, with (A) fine grains of sulfide ore
athering, (C,D) spherical particles showingmetalliferous dendrites in a silicate matrix, and
images) and 20 μm (element maps) length, respectively. Element abundance is increasing
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found between all metal concentrations and the qCO2 values, which
represent the soil ecophysiological status. The significance of the corre-
lations was higher for the dissolved than for the total metal concentra-
tions (Table 6). No significant correlation was found with Nmic and RB
(Table 6). Although the RB values indicated that there was a significant
microbial CO2 production at all sampling sites, it did not change much
between the locations, except at the plots L1, L5, and L9with amaximum
three-fold lower value of around 65–70 μg CO2–C (g soil h)−1 (Fig. 4).
No significant correlation was found between any biological parameter
and the amount of metal in the exchangeable F1 or any other fraction of
the sequential extractions (Table 6).

Therewas a relatively small population of soil free-living nematodes
at the first five plots (L1–L5) near the pollution source, compared to the
more distant locations. At the level of locations L1–L5, in the upper soil
layer there were 32, 30, 36, 46, and 39 individuals per 100 g dry soil,
and in the lower soil layer there were 29, 27, 33, 46, and 39 individuals
per 100 g dry soil, respectively. The highest numbers of nematodes
were observed at locations further away from the AMSC pollution
source, peaking at around 80 individuals (Fig. 4). Negative correlations
were found between the total nematode abundance (TNem) and both
the total and dissolved metal concentrations (r = 0.70* − 0.89**,
Table 6). Similar correlations were observed between the different
nematode trophic groups and themetal concentrations. The proportion
Fig. 4. Microbial ecosystem functioning parameters along transect at t
of nematodes in each trophic group varied at each sampling location,
appearing to be dependent on the distance from the pollution source.
The proportion of bacteriovores (BF) and plant-parasites (PP) in the
lower soil layer, and omnivore-predators (OP) in both soil layers,
increased with distance from the pollution source. However, the pro-
portion of BF, PP and fungivores (FF) in the upper soil layer increased
at the first three locations, and then decreased with distance from the
pollution source. The proportion of BF, FF, PP and OP trophic groups to
the total composition of the nematode population was 4%, 53%, 42%
and 1% in the upper, and 17%, 5%, 72% and 6% in the lower soil layers
near the pollution source. The proportion of the observed trophic
groups at the furthest location from the pollution source was 23%, 6%,
9% and 62% in the upper, and 32%, 3%, 40%, and 26% in the lower soil
layers. The proportions of the BF and OP less abundant at the contami-
nated sites, but not of the more abundant FF and PP species, were
found to correlate with both total and dissolved concentrations of
most metals in the soil along transect (r = 0.41* − 0.87**, Table 6).

4. Discussion

Soils in the vicinity of smelters, and other industrial plants that emit
large amounts ofmetal-rich particles, remain contaminatedwithmetals
for a long time, unless remediation measures are taken. In our case, the
wo soil depths (white bars 0–10 cm, black bars 10–20 cm depth).

image of Fig.�4
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metals (Zn, Pb, Cu, and Cd) enriched in soils were deposited in form of
tiny sulfide ore mineral grains because of contamination by mining
activities (Fig. 3a,b). The sulfide fines are readily oxidizable and prone
to weathering, occasionally already covered with weathering rims of
secondary minerals (sulfates or carbonates). The other major form of
spherical metalliferous particles was found in smelter-impacted areas,
which indicates that they originate from fast homogeneous condensa-
tion of pre-existing molten metal-bearing phases or even heteroge-
neous condensation from flue gas (Fig. 3c–f). In oxidizing melts, the
metals show a lithophile behavior that favors their combination with
less fusible oxides (Cr, Ni) or more fusible silicates (Zn, Pb, Cu). Occur-
rence of the latter thermodynamically unstable amorphous phases is
critical, because they also easily weather and release their metal inven-
tory slowly but steadily even in alkaline soils (Zevenbergen et al., 1999).

Near the AMSC industrial site, up to 30 times higher total, and up to
100 times higher dissolved concentrations of metals were recorded
than inmore distant locations. The presence of themetals inmetastable
ash particles exposed to weathering in the soils may lead to long-term
mobilization. The critical labile load of anthropogenic metals may be
evidenced and quantified from the changes in their binding forms
(Vanek et al., 2008; Ettler et al., 2012). In fact, a higher proportion of
the metals appeared in the first four fractions of our sequential extrac-
tions near the pollution source, except for Ni and Cr. This suggests that
neoformation of anthropogenic metal binding forms has taken place
for Cd, Cu, and Pb. The release and bioavailability of the latter metals
are obviously related to the weathering sensitivity of their metastable
host phases, observed by electron microscopy, and the solubility of the
secondary metal-bearing precipitates. To evaluate the nature of these
precipitates, we performed additional thermodynamic equilibrium cal-
culations using the software Visual MINTEQ Ver. 3.0 (www2.lwr.kth.se/
English/OurSoftware/vminteq/). The saturation indices (SI) calculated
for the dissolved metal concentrations in the equilibrated soil incuba-
tions for pH 8 and ambient CO2 partial pressure indicated that the soil
solutions from location L1 are nearly at equilibrium (−0.5 b SI b 0.5)
with respect to ZnCO3, CdCO3, and CuCO3. This result is corroborated
by the increase of the concentrations of thesemetals in step F2 of the se-
quential extractions (Fig. 2) and also by the secondary carbonate phases
of these metals identified by XRD. Carbonates have been already ob-
served as important secondary alteration products in slags and ashes
from smelters at other locations (Vanek et al., 2008; Ettler et al., 2009,
Table 6
Correlation coefficients between soil biological activity and metal concentrations along the 20

TNem RB Cmic/Corg

Total organic carbon (Corg) 0.63⁎ 0.81⁎⁎ 0.28
Total soluble nitrogen (TSN) 0.25 0.51 −0.29
Cmic 0.78⁎⁎ 0.41 0.84⁎⁎

Nmic 0.50 0.21 0.16
Ca2+ 0.10 0.33 −0.24
Na+ 0.14 −0.46 0.14
K+ 0.55 0.74⁎⁎ −0.01
Zntotal −0.81⁎⁎ −0.16 −0.70⁎⁎

Znex −0.28 0.12 −0.13
Zndiss −0.88⁎⁎ −0.23 −0.73⁎⁎

Cutotal −0.89⁎⁎ −0.12 −0.63⁎⁎

Cuex −0.29 0.20 −0.17
Cudiss −0.86⁎⁎ −0.10 −0.75⁎⁎

Pbtotal −0.70⁎⁎ −0.22 −0.66⁎⁎

Pbex −0.21 −0.39 −0.17
Pbdiss −0.71⁎⁎ −0.19 −0.80⁎⁎

Cdtotal −0.54⁎ −0.13 −0.59⁎

Cdex −0.24 0.27 −0.15
Cddiss −0.73⁎⁎ −0.09 −0.60⁎

Crtotal 0.25 0.29 −0.18
Nitotal 0.41 0.18 0.03

TNem — total nematode abundance, RB — Basal respiration, nBF— number of bacteriovores, n
predators nematode trophic groups.Metotal— total metal concentration (XRF) in soil (n= 44);
concentration in soil porewater (n = 12); linear correlation coefficients r printed in bold are s
2012). This result is also in agreementwith previously published exper-
imental data in which the neoformation of Pb, Zn and Cd carbonates on
fly ash particles was described (Birkefeld et al., 2007; Cecchi et al., 2008;
Nowack et al., 2010). In these studies, the carbonates occurred with
circumneutral to slightly alkaline soils within a few months of incuba-
tion. Overall, the data from our different analytical approaches add to
a well integrated and conclusive idea about themechanisms of soil con-
tamination downwind of the Almalyk industrial complex.

For the impact of the contamination on soil health, we found that
the microbial biomass Cmic, and the microbial coefficient Cmic/Corg,
increased gradually along transect in response to the decrease in
metal concentration and availability observed in both soil layers. The
ecophysiological quotient qCO2 used to evaluate the environmental
impact on the soil microbial community showed a gradual decrease
toward the end of the transect, and hence a positive correlation with
the metal contamination. The relationship with the biological parame-
ters was more significant for the dissolved than for the total metal
concentrations, but not significant for the extractable metal portions
(Table 6). The microbial parameters reported here are within the
range of values reported byHofman et al. (2003)who studiedmicrobial
biomass and respiration to determine the relationships between soil
properties and contamination. In agreement with those results, we
found both the microbial coefficient Cmic/Corg and ecophysiological
quotient qCO2 quite useful gaining more complete understanding of
the interaction between soil chemical and soil microbial composition.
The microbial coefficient can be interpreted to being indicative of sub-
strate bioavailability. Since the microbial coefficient exhibited a most
significant increase in an inverse manner to the significant decrease in
the ecophysiological status, both parameters seem to complement the
sensitivity of the microbial community to soil contamination. We con-
clude that both parameters are the most useful bioindicators of soil
pollution, together with the water-soluble metal concentration.

5. Conclusions

The AMSC is located in a semiarid Central Asian region, which en-
counters seasonal variations in precipitation. We have shown that this
climate can retard but not hinder the weathering of the metastable pri-
mary sulfidic and silicate ash phases and formation of more soluble
secondary carbonate phases. The high bioavailability of Cd, Cu and Zn
km transect downwind of the AMSC emission source.

qCO2 nBF nFF nPP nOP

−0.14 −0.14 0.60⁎ 0.04 0.28
0.27 0.09 −0.08 0.06 0.05

−0.61⁎ 0.25 0.56 −0.21 0.38
−0.21 0.37 0.29 −0.19 0.89⁎⁎

0.26 0.19 −0.32 −0.41 −0.21
−0.23 0.47 −0.65⁎ −0.41 0.54

0.08 0.04 0.30 −0.08 0.59
0.67⁎⁎ −0.79⁎⁎ 0.31 0.21 −0.84⁎⁎

0.17 −0.29 0.15 0.31 −0.32
0.76⁎⁎ −0.75⁎⁎ −0.43 0.16 −0.53
0.62⁎⁎ −0.86⁎⁎ −0.22 0.12 −0.76⁎⁎

0.39 −0.39 0.14 0.40 −0.30
0.80⁎⁎ −0.87⁎⁎ −0.22 0.14 −0.49
0.63⁎⁎ −0.83⁎⁎ −0.31 0.32 −0.83⁎⁎

0.39 −0.48 −0.14 0.57⁎ −0.51⁎

0.78⁎⁎ −0.41 −0.43 −0.07 0.08
0.47 −0.29 −0.44 0.15 −0.82⁎⁎

0.20 −0.14 −0.23 0.57⁎⁎ −0.12
0.60⁎ −0.85⁎⁎ −0.19 0.23 −0.65⁎

0.30 0.45 −0.29 −0.38 0.15
0.04 0.76⁎⁎ −0.29 −0.53 0.21

FF— number of fungivores, nPP— number of plant-parasites, nOP— number of omnivore-
Meex—NaOAc-exchangeable (F1)metal concentration (n=22);Mediss— dissolvedmetal
ignificant at p b 0.05⁎ and p b 0.01⁎⁎, respectively.

http://www2.lwr.kth.se/English/OurSoftware/vminteq/)
http://www2.lwr.kth.se/English/OurSoftware/vminteq/)
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evidenced by the geochemical experiments with soil wetting may lead
to their vertical migration in the soil profiles. We observed enrichments
of these metals (in particular of the most mobile Cd) in the deeper soil
layers similarly as has been documented at numerous other smelter-
affected sites (e.g., Nowack et al., 2010; Chrastny et al., 2012). Further-
more, the results presented here reveal remarkable spatial differences
in metal geochemistry, not only in the metal concentrations, but also
in the metal partitioning in the sequential extractions. We observed
substantial enrichments of both Zn and Cd in the acid-reducible fraction
and of Cu in the oxidizable fraction near the pollution source L1 (Fig. 2).
These results indicate initiation of repartitioning processes for the
metals from the weathered ash particles via the solution to natural
soil minerals such as Fe oxyhydroxides and humicmatter. The dissolved
Pb concentrations already at location L1, andmetal concentrations at all
other locations, are all undersaturated with respect to their carbonate
minerals, and therefore controlled bymechanisms other than carbonate
solubility. Pb is known to be immobilized by strong adsorption to ambi-
ent natural soil minerals such as Fe hydroxides (Kersten et al., 1997).
This hypothesis is corroborated by the sequential extraction results,
which show the highest enrichments for Pb (but high enrichments
also for other metals) in the acid-reducible fraction at the polluted
location L1 (Fig. 2).

The results reveal also a remarkable spatial dependence in the
microbiological soil health properties along transect downwind from
the AMSC emission source. We have identified an inverse relationship
between the pollutant concentration in the soil and microbial ecosys-
tem functioning parameters, as supported by similar studies at polluted
soil sites (Kandeler et al., 1996, 1999). This study corroborates the
effectiveness of nematode density, biomass, activity, and trophic group
distribution as bioindicators of soil ecosystem health also in industrial
semi-arid areas. It demonstrates the potential of this technique as an
integral tool for triad approaches of environmental ecotoxicity risk
assessment to develop and evaluate best management practices of con-
taminated soils of Central Asia. Based on the results of this study and of
previous investigations in adjacent regions (Shukurov et al., 2006, 2009;
Pen-Mouratov et al., 2010), we recommend rigorous environmental
monitoring of all industrial regions as part of the national environmen-
tal monitoring program using those parameters. An understanding of
how ecosystem functioning parameters vary with degree of pollution
in those regions is, however, not only useful to quantify the anthropo-
genic impact on soil health, but also to assess the efficacy of any future
remediation activities.

As an additional feature of this study, it was shown that the soil
free-living nematode density and taxa is also a sensitive indicator of
unpolluted soil, and therefore could become useful for evaluation of
any future soil remediation efforts. We have analyzed the food con-
sumption characteristics of nematode populations in the study area to
understand how the populations respond to metal pollution. We
showed that plant parasites, followed by fungi-feeding nematodes,
were the most dominant trophic groups close to the AMSC emission
source. Moving away from the pollution source along transect, this
dominance was replaced by bacteria-feeding and omnivore-predator
nematodes. Our data are in agreement with older studies, where an
addition of Cu, Ni and Zn of up to 1600 mg kg−1 significantly affected
many parameters of the nematode community structure (Parmelee
et al., 1993; Korthals et al., 1996b). Clearly, many environmental factors
have the potential to affect nematode community, which consequently
results in high space and timevariability. This variance is a knownmajor
handicap in field ecotoxicological studies because pollutant–nematode
relationships may become obscured (Sochova et al., 2006), but not
necessarily as shown in the present case.
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