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• The total content of Zn in Spolic
Technosols was about
26,000–66,000 mg/kg.

• Phyllosilicates and Fe-Mn (hydr)oxides
are the main stabilizers of Zn mobility.

• A high degree of transformationwas de-
tected for the mineral phase in
Technosols.

• The EXAFS data in soils revealed 70% of
Zn\\S bonds and 30% of Zn\\O bonds.
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For a correct assessment of risk of polluted soil, it is crucial to establish the speciation andmobility of the contam-
inants. The aim of this study was to investigate the speciation and transformation of Zn in strongly
technogenically transformed contaminated Spolic Technosols for a long time in territory of sludge collectors by
combining analytical techniques and synchrotron techniques. Sequential fractionation of Zn compounds in stud-
ied soils revealed increasing metal mobility. Phyllosilicates and Fe and Mn hydroxides were the main stabilizers
of Znmobility. A high degree of transformation was identified for the composition of themineral phase in Spolic
Technosols by X-ray powder diffraction. Technogenic phases (Zn-containing authigenic minerals) were revealed
in Spolic Technosols samples through the analysis of their Zn K-edge EXAFS and XANES spectra. In one of the
samples Zn local environment was formed by predominantly oxygen atoms, and in the other one mixed Zn\\S
and Zn\\O bonding was found. Zn speciation in the studied technogenically transformed soils was due to the
composition of pollutants contaminating the floodplain landscapes for a long time, and, second, this is the com-
bination of physicochemical properties controlling the buffer properties of investigated soils. X-ray spectroscopic
and X-ray powder diffraction analyses combined with sequential extraction assays is an effective tool to check
the affinity of the soil components for heavy metal cations.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The determination of total content of metals in soil may minimize
the risks to biota and human health, assuming that pollutants
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transferring to water resources or biota are simply correlated with con-
tamination level (Adamo and Zampella, 2008). For a correct assessment
of risk/toxicity of polluted soil, it is crucial to establish the speciation,
and mobility of the contaminants. There are several analytical and in-
strumental methods and strategies that provide information on the be-
haviour of metals in soil. Chemical methods of sequential extraction are
widely used for assessing the forms of metal compounds in soils
(Jacquat et al., 2009; Miller et al., 1986; Minkina et al., 2017;
Nevidomskaya et al., 2016; Scheinost et al., 2002; Tessier et al., 1979;
Wisawapipat et al., 2017; Young et al., 2005). However, the chemical
fractionation methods cannot unambiguously identify the speciation
of metals at the molecular level because of the limited selectivity of ex-
tracts (Burachevskaya et al., 2017; Scheinost et al., 2002). X-ray diag-
nostic methods – X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) – have identified
forms of many metals and metalloids in contaminated soils and sedi-
ments at the molecular level during the last 30 years (Jacquat et al.,
2009; Kirpichtchikova et al., 2006; Manceau et al., 2005; Synchrotron-
based techniques in soils and sediments, 2010). The leading role of
metal-bearing phases was dependent on the source of emission and
the type of chemical contamination (Isaure et al., 2005; Juillot et al.,
2003; Manceau et al., 2002, 2003; Scheinost et al., 2002). Therefore, it
is important to have a concept of metal speciation during the
technogenic pedogenesis depending on soil-forming conditions, soil
properties, and pollution character.

Studies of Jacquat et al. (2008, 2009) and Degryse et al. (2011), have
covered a wide range of soil properties, by combining XAFS spectros-
copy and sequential extraction methods. They demonstrated that soil
pH and total Zn concentration in the soils are themost important factor
for controlling pedogenic Zn speciation. To date, more comparative
studies have been performed by combining analytical techniques
(Ahnstrom and Parker, 2001; Atkinson et al., 2011; Marzouk et al.,
2013) and synchrotron techniques (Diesing et al., 2008; Degryse et al.,
2011), to better interpret the metal speciation and reactivity in the soil.
The city of Kamensk-Shakhtinskii in Rostov oblast (Russia) is an example
of the destructive impact of long-term anthropogenic activity on adjacent
land and aquatic ecosystems. The construction of a large industrial centre
with chemical plants and production facilities in the city in the 1950s and
resulted in the creation of sediment ponds and sludge reservoirs in the
Severskii Donets valley. Natural lakes in the Severskii Donets floodplain
were used for this purpose. Regular discharge of industrial effluents into
these lakes and accidental releases directly to the floodplain landscapes
continued up to the mid-1990s. As a result, natural ecosystems were
destroyed, and the technogenic lakes by receiving industrial wastes and
sludge collectors, were transformed into extremely hazardous sources
of secondary environmental contamination. The filtration of entrapped
water from settling lakes resulted in the formation of a halo of strongly
contaminated groundwater, especially with Zn, under them (Privalenko
et al., 2000). In the contaminated zone are deposits of underground
fresh water, which are used to supply drinking water to Kamensk-
Shakhtinsky town. In this regard, it is important to study the speciation
ofmetals in soils that dictates the intensity ofmigration and accumulation
of metals in soils. The impact of metal-contaminated soils on the entire
ecosystem directly depends on metal compounds.

The aim of this study was to observe the accumulation and transfor-
mation of Zn in strongly contaminated technogenically transformed
soils and the relationships of Zn with organomineral components of
the soil matrix by the combination of chemical fractionation and a set
of X-ray synchrotron methods.

2. Materials and methods

2.1. Study area

Lake Atamanskoe is located in the Severskii Donetsfloodplain. This is
an oxbow of the Severskii Donets, the main tributary of the Don River
(48°20′42.15″N, 40°14′14.46″E). Lake Atamanskoe was used as a reser-
voir for the industrial wastes released from the chemical plant from the
early 1960s to themid-1990s. The lake contains 180,000 tons of flowing
silts, 343,000 tons of low-plastic silts, and N444,000 tons of high-plastic
silts (Privalenko et al., 2000). All these sediments are contaminatedwith
HMs and organometallic compounds.

To study the properties, content features, and accumulation of
metals, lithological survey of the area adjacent to Lake Atamanskoe
were performed in 2015–2017. A geochemical network of 90 monitor-
ing plots was established. Four monitoring plots with high levels of
technogenic contamination of soil were selected in the area adjacent
to the lake (Fig. 1). According to the World Reference Base of Soil Re-
sources (IUSS Working Group WRB, 2015), all the soil samples from
plots D1–D4 were classified as Spolic Technosols. The soil at the moni-
toring plot D0, situated at 2 km from the Lake, was used as a control, be-
cause there was Fluvisol, typical for the studied area (IUSS Working
Group WRB, 2015).

2.2. Soil sampling and quality control

Sampling was performed according to ISO 10381-1 (2002). In each
monitoring plots, five initial samples were collected from the top layer
(0–20 cmdepth). The soil sample wasmade bymixing 5 initial samples
collected at onemonitoring plot. From eachmonitoring plots, three soil
samples were collected. Samples were stored in polyethylene bags and
transported to the laboratory. Soil samples were air dried in special
roomwithout chemical reagents at temperature (20–24 °C) and relative
humidity 60–70%. The soil was dried to a moisture no N5–6% (the soil is
dusty and dry to the touch). Soil samples were grinded up with a pestle
and mortar after removing of large particles and plant residues. Then
samples were sifted through a 2 mm sieve and homogenized.

The effect of the wetting–drying cycles is common for the soil and
cannot significantly affect the Zn speciation in the soil. The upper soil
horizons are subjected to regular wetting–drying periods throughout
the time of soil existence. On the other hand, it has been shown that
trace elements can bemobilized bywaterlogging, whichmakes possible
cyclic decreases and increases in extractability (Williams and McLaren,
1982). Soil heterogeneity has a significantly stronger impact on Zn spe-
ciation. However, only air-dried samples can be homogenized.

All of the soil sampleswere previously analyzed and characterized in
order to assess the influence of the soil components and properties on
heavy metal retention, and to find out how they were distributed in
the geochemical phases. Themain physical and chemical characteristics
of the soil were determined by an accredited analysis laboratory (Ac-
creditation Certificate No. РОСС RU 0001.511127) following Interna-
tional Standard ISO Guide 34 (2009) methods.

The soil particle size distribution was determined by the pipette
method (with pyrophosphate procedure of soil preparation). In this
method carbonates, SOM, Fe, and Al oxides were not removed before
the pipette, ISO 13317-2 (2001). Themethods used were: for the deter-
mination of pHwater using a glass electrode in a 1:5 (volume fraction)
suspension of soil in water, ISO 10390 (2005); organic matter content
by sulfochromic oxidation, ISO 14235 (1998); for carbonates content
by using a Scheibler apparatus, ISO 10693 (1995); and determination
of exchangeable cations using a hexamminecobalt trichloride solution,
ISO 23470 (2011). A mineralogical analysis was performed by immer-
sion microscopy method according to Methodological
Recommendations of the Scientific Council on the Methods of
Mineralogical Studies (2008), which are in line with Russian standards.

The total content of Zn, in the soils was determined by X-rayfluores-
cent (XRF) scanning spectrometer SPECTROSCANMAKC-GV (Fifield and
Haines, 1997; Kubala-Kukus et al., 2015). The degree of soil contamina-
tion with HMs was estimated by comparing with the lithosphere
Clarkes (Vinogradov, 1957). The accuracy of Zn content was verified
with a reference standard soil sample “Chernozem” no. 29107 spiked
with Zn (VNIIM 10.02.012-09/33, KO-163) for X-ray fluorescent



Fig. 1. General scheme of the Lake Atamanskoe region in the industrial zone of the city of Kamensk-Shakhtinskii, Rostov oblast, Russia. Monitoring plots are denoted with circles.

Table 1
Measurement parameters of the beamline “Structural Materials Science”, Kurchatov Syn-
chrotron Radiation Source (Chernyshov et al., 2009).

Beamline Measurement parameters

Beam energy 2.5 GeV
Beam current 70–90 mA
Monochromator Si(111)
Energy resolution ΔE/E 2 × 10−4

Spot dimensions 0.5 × 0.5 mm
Data collection mode Transmission
Detectors Ion chambers filled with N2–Ar mixtures
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scanning spectrometer like SPECTROSCAN, and standard reference ma-
terials of an aqueous solution of Zn for an atomic absorption spectro-
photometer. Duplicates and reagent blanks were also used as a part of
the quality control. The correctness of the obtained results was repeat-
edly confirmed by international intercalibrations.

2.2.1. Sequential extraction
The composition of Zn compounds in soils was determined by the

sequential fractionation method proposed by Tessier et al. (1979). The
methodology published by Tessier et al. (1979) has been cited more
than times 1979 to 2017 (Web of Science), which demonstrates the
worldwide acceptance of this method's accuracy. This method ensures
the separation of five metal fractions: exchangeable (1 M MgCl2),
carbonate-bound (1 M CH3COONa), Fe/Mn (hydr)oxide-bound
(0.04 M NH2OH·HCl in 25% CH3COOH), organic matter-bound (0.02 M
HNO3 + 30% H2O2 (pH 2), then 3.2 M CH3COONH4 in 20% HNO3), and
residual (HF+HClO4, thenHNO3conc.) fractions. The content of Zn in ex-
tracts was determined with an atomic absorption spectrophotometer
(KVANT 2-AT, Kortec Ltd., Russia).

2.2.2. X-ray absorption spectroscopy
XAFS spectra were collected at the Zn K-edge (9659 eV) on the

beamline ‘Structural Materials Science’ (Chernyshov et al., 2009) of
the Kurchatov Synchrotron Radiation Source (Kurchatov Institute, Na-
tional Research Center, Moscow, Russia)with the storage ring operating
at 2.5-GeV beam energy and beam currents between 70 and 90 mA
(Table 1). All the spectra were recorded under ambient conditions (23
°C) in transmission mode using a channel-cut Si(111) monochromator,
which provided energy resolution ΔE/E ∼ 2 × 10−4. The beam spot di-
mensionswere about 0.5 × 0.5mm. The radiation intensities weremea-
sured using two ion chambers filledwith appropriate N2–Armixtures in
the energy range varied from 200 to 800 eV below and above the Zn K-
absorption edge, respectively. For each sample, several scans were col-
lected and averaged in order to achieve a higher signal-to-noise ratio.

EXAFS data were analyzed using the Viper (Klementev, 2000, 2001)
and IFEFFIT 1.2.11 (Newville, 2001) data analysis packages. All the spec-
tra were normalized, and the atomic background was subtracted from
the raw data. The radial pair distribution functions around the Zn
atoms were obtained by the Fourier transform of the k3-weighted
EXAFS functions over the range of photoelectron wave numbers
2.6–12.5 Å−1. The structural parameters, including interatomic dis-
tances, coordination numbers and Debye–Waller factors, were found
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for the first two shells (zinc–oxygen and zinc–sulfur bonding) by the
nonlinear fit of theoretical spectra to experimental ones. All possible
single and multiple scattering contributions were simulated using the
FEFF 7 code (Zabinski et al., 1995).

2.2.3. X-ray powder diffraction
X-ray diffraction patterns were recorded at the Structural Materials

Science beamline of the Kurchatov Center for Synchrotron Radiation in
transmission geometry using an Image Plate 2D detector and Si mono-
chromator. The wavelength of incident synchrotron radiation was λ =
0.9752 Å, and the exposure timewas 15min. Intensities weremeasured
over the 5° to 50° 2Θ Bragg angle. A silicon standard (NIST SRM 640C)
was used for the angular calibration of the scale.

Experimental and simulated diffraction patterns of standard Zn-
containing compounds from the ICSD (Inorganic Crystal Structure Data-
base) were used.

2.3. Statistical analysis

Statistical processing of data from the surveyed monitoring plots
was performed using statistical functions of STATISTICA 10.0 software.
We used variation statisticsmethods to calculate arithmeticmean,min-
imum and maximum values, and confidence interval of the mean. The
structural means – mode, median, quartiles, and range – were also de-
termined. The approximation of the empirical distribution by distribu-
tion laws was performed in the distribution fitting module of
STATISTICA 10.0. Results were considered statistically significant at p ≤
0.05.

3. Results and discussion

3.1. Physical and chemical properties of Fluvisol (background soil) and
Spolic Technosols

In uncontaminated Fluvisol, the content of organic matter is 3.4 ±
0.1% at pH 7.3 ± 0.2 with insignificant amounts of carbonates found.
Data on the content of organic matter in technogenically transformed
soils in the plots vary from 2.4 ± 0.1 to 3.6 ± 0.2%. The values of pH
in Spolic Technosols were within the range from 7.7 ± 0.1 to 8.0 ±
0.2; the reaction was characterized as weakly and medium alkaline
(Table 2).

Spolic Technosols onmonitoringplots differ in thedistribution of the
main particle size fractions. The content of clay particles varies depend-
ing on monitoring plots from 17.9 ± 1.5 to 25.4 ± 1.9% (Table 2). The
content of sand fractions (1.0–0.05 mm) vary among from 19.9 ± 1.6
Table 2
Physical and chemical properties Fluvisol (background soil D0) and Spolic Technosols of the in

Sample/parameter D0 D1

organic matter,% 3.4 ± 0.1 2.8 ± 0.2
pHwater 7.3 ± 0.2 7.7 ± 0.1
СаСО3, % 1.3 ± 0.02 7.8 ± 0.2
Exchangeable Ca2+, cmol(+)/kg 31.0 ± 2.4 29.2 ± 2.0
Exchangeable Mg2+, cmol(+)/kg 4.5 ± 0.3 4.8 ± 0.1
Sand fractions (1.0–0.05 mm), % 13.8 ± 0.9 34.3 ± 2.0
Silt fractions (0.01–0.001 mm). % 53.8 ± 4.2 46.9 ± 2.8
Clay fraction (b0.001 mm), % 32.4 ± 2.1 18.8 ± 1.6
Material (chemical) composition, % SiO2 62.8 ± 7.1 61.1 ± 4.1

Al2O3 14.7 ± 0.6 15.0 ± 0.8
Fe2O3 7.5 ± 0.3 7.9 ± 0.1
CaO 3.2 ± 0.1 3.6 ± 0.05
MgO 1.5 ± 0.09 1.3 ± 0.03
K2O 2.1 ± 0.08 1.9 ± 0.03
P2O5 0.2 ± 0.02 0.2 ± 0.00
SO3 0.03 ± 0.003 4.3 ± 0.03
Na2O 1.0 ± 0.04 0.9 ± 0.02

Total Zn content, mg/kg Zn (83*) 90.0 ± 7.6 25,973.7 ±

(*) lithosphere clark (Vinogradov, 1957); excesses over the clarks are highlighted in bold.
to 34.3 ± 2.0%, and silt fractions (0.01–0.001 mm) also varies among
the plots from 38.7 ± 2.3 to 46.9 ± 2.8%. Wide variation ranges are ob-
served for the contents of macroelements and Zn in Spolic Technosols
(Table 2). The mineralogy of Spolic Technosols includes ilmenite, Fe–
Mn hydroxides, pyrite, marcasite, and sulfates (Table 3).

Despite the high contents of total metals in the studied soils, the pres-
ence of geochemical barriers (surface and groundwater, vegetation) af-
fects their penetration into adjacent environments. The high content of
organicmatter in the studied soils represents an organic-sorption barrier.
The alkaline reaction in the studied soils favors the formation of metal
complexes (chelates) with hydroxyl or mixed hydroxyl–sulfate groups
of humic acids (Minkina et al., 2016). The soilswith the dominant particle
size of clay (b0.001mm) and silt fractions (0.01–0.001mm), have an ad-
sorption capacity due to the high degree of dispersion and are, alongwith
organic matter, bearers of properties of a sorption-sedimentation barrier
(Perelman and Kasimov, 1999).

The assessment of the studied object revealed a high degree of trans-
formation in themineral phase of Spolic Technosols, which is character-
ized by the dominance of authigenic minerals and increased contents of
CaO and Fe2O3. Zn contamination was observed in all of the samples;
lithosphere clarks were exceeded in hundreds of instances (3672.5 ±
304.0–66,075.4 ± 7095.0 mg/kg). Statistical processing data (for 90
monitoring plots) showed that the distribution variability of the vari-
able (total Zn content) did not follow the normal distribution law, and
the null hypothesis about the similarity of distributions was rejected.
No agreement between the theoretical and empirical distribution fre-
quencies was observed for the total Zn content in the studied soils.
The distribution frequency curve is asymmetrical with a shift to the
right. The dominant effect on the total Zn content is due to the
technogenic factor, which determines the distribution features and
high variation of the variable on the monitoring plots.

3.2. Forms of Zn compounds in the Fluvisol (background soil) and Spolic
Technosols

Chemical fractionation of Zn compounds on monitoring plot D0
taken as a background plot (Table 4) revealed the dominance of Zn in
the residual fraction bound to silicates (64% of the sum of all fractions).
Fe–Mn (hydr)oxides also significantly contribute to the strong fixation
of Zn: they constitute 17% of the totalmetal contain (Fig. 2). The similar-
ity in the effective ionic radius of Zn2+, Fe2+, Fe3+, Mg2+, and Al3+ al-
lows its incorporation in a large number of soil minerals (Manceau
et al., 2005). The relative content of Zn in the first two fractions, which
are least strongly bound to the soil, is 5%, including 1% of the most mo-
bile exchangeable forms. The low mobility and dominance of Zn in the
vestigated monitoring plots.

D2 D3 D4

3.6 ± 0.2 2.4 ± 0.1 4.4 ± 0.2
7.8 ± 0.2 8.0 ± 0.2 7.7 ± 0.3
5.7 ± 0.2 3.8 ± 0.2 5.3 ± 0.3
30.0 ± 2.2 27.3 ± 1.9 35.2 ± 1.7
5.1 ± 0.1 4.3 ± 0.1 5.0 ± 0.2
22.2 ± 1.5 19.9 ± 1.6 28.3 ± 1.6
59.9 ± 4.4 54.7 ± 4.1 38.7 ± 2.3
17.9 ± 1.5 25.4 ± 1.9 33.0 ± 2.6
62.3 ± 4.3 54.8 ± 3.0 54.8 ± 5.4
14.1 ± 0.8 11.3 ± 0.5 11.8 ± 0.7
9.0 ± 0.05 7.7 ± 0.3 6.0 ± 0.1
2.8 ± 0.002 11.1 ± 1.1 11.7 ± 1.0
1.1 ± 0.01 4.5 ± 0.6 2.0 ± 0.1
2.1 ± 0.05 1.9 ± 0.001 1.4 ± 0.2

3 0.2 ± 0.01 0.3 ± 0.01 0.2 ± 0.001
5.6 ± 0.02 7.1 ± 0.1 7.3 ± 0.1
0.8 ± 0.04 0.8 ± 0.01 0.9 ± 0.03

1780.5 13,672.5 ± 304.0 66,075.4 ± 7095.0 62,032.1 ± 5903.0



Table 3
Mineralogy composition Fluvisol (background soil D0) and Spolic Technosols of the investigated monitoring plots, %.

Sample Terrigenic minerals Autigenic minerals

Stable Intermediate Unstable

Ilmenite Rutil Zircon Staurolite Amphibole Muscovite, biotite Magnetite, hematite Pyroxene Iron hydroxides Pyrite, marcasite Carbonates Sulfates

D0 5.0 4.0 8.0 4.0 ndb nd 57.0 3.0 13.0 1.0 tr 5.0
D1 8.0 tra tr nd 3.0 2.0 2.0 0.5 13.0 8.0 9.0 54.5
D2 10.0 tr tr nd nd nd 3.0 nd 15.0 15.0 2.0 55.0
D3 6.0 tr tr nd nd nd tr nd 30.0 8.0 6.0 50.0
D4 12.0 tr tr nd nd nd tr nd 20.0 8.0 tr 60.0

a (tr) traces.
b (nd) not detected.
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residual fraction confirm the absence of significant amounts of
technogenicmetal in the background soil. In theuncontaminated (back-
ground) soil, the following distribution of Zn among the compounds
forms is revealed: residual fraction N Fe–Mn (hydr)oxide-bound
fraction N organic matter-bound fraction N carbonate-bound fraction N

exchangeable fraction.
In highly contaminated technogenic soils, an increase in the absolute

content of Zn compounds is revealed in all fractions (Table 4). Themetal
content increased in the exchangeable fraction and the fractions bound
to Fe andMn oxides and carbonates, which increased their relative con-
tents to 15%, 14%, and 3%, respectively (Fig. 2). The alkaline reaction of
themedium, the presence of organic matter, and the high degree of dis-
persion in the studied soils reduced the mobility of Zn and limited the
environmental risks for biological absorption.

In soils on monitoring plots D1–D4, the residual fraction is domi-
nant; it makes up 45% (D2) to 49% (D3) of total metal content (Fig. 2).
Clay minerals have high sorption capacity for Zn (Jacquat et al., 2009;
Manceau et al., 2002). Possibility of Al substitution by Zn cations in
the octahedral structure of phyllosilicates was proved by the synchro-
tron radiation method (Myers and Thorbjornsen, 2004).

Alongwith the residual fraction, the fraction of Fe andMn (hydr)ox-
ides fixed 22 to 31% of Zn (Table 4, Fig. 2). It was not an increase in Zn
affinity for the reaction centres of iron minerals. An abrupt increase in
the content of metals in the amorphous Fe fraction compared to the
crystalline Fe fraction can be indicative of the technogenic component
of soil contamination (Pinskii et al., 2010). Despite the high activity of
Mn oxides for the adsorption of metals in the soil (Michálková et al.,
2016), their role in the fixation of metal in the studied soils is insignifi-
cant because of their low content (230–1167 mg/kg) (Table 4). The Zn
ion is accommodated in octahedral structures in (hydr)oxides and
formsboth inner- and outer-sphere complexes on the adsorbent surface
(Minkina et al., 2014). The presence of sorption barriers in the studied
soils in the absence of permanent contamination hampered the metal
mobility; therefore, the content of the exchangeable fraction under
this high level of contamination varies from 10 to 16%. This is confirmed
by the data (Minkina et al., 2017) about the high mobility of Zn in
technogenically disturbed soils adjacent to the Karabashmed copper
smelter, where the content of exchangeable Zn forms is 13–24% of its
total amount. Low pH values (3.9–4.4) and Corg content (0.4–0.6%), as
well as the dominance of sand fractions in soil particle-size distribution,
also contribute.
Table 4
Fractional composition of Zn compounds (mg/kg) in Fluvisol (background soil D0) and Spolic

Monitoring plot Fractions

Exchangeable Carbonate-bound Fe/Mn (hy

D0 0.6 ± 0.2 3.6 ± 0.7 15.4 ± 1.3
D1 4193.2 ± 674.1 1527.3 ± 195.3 6682.0 ±
D2 1537.8 ± 182.5 715.7 ± 9.5 4205.2 ±
D3 6867.2 ± 786.0 3456.8 ± 6.9 15,039.4 ±
D4 8254.3 ± 900.9 4578.9 ± 0.399.0 15,421.6 ±
The fraction bound to organic mattermakes up 6 to 13% (Fig. 2). The
insignificant role of soil organic matter in the fixation of Zn is related to
its highest affinity with iron minerals (Arenas-Lago et al., 2014; Li and
Thornton, 2001; Minkina et al., 2016; Nannoni et al., 2011; Shaheen
et al., 2015). Metals have a low ability to form stable chelate complexes
with organic matter (Pinskii and Minkina, 2013). This is confirmed by
the stability constants of metal complexes with humic acids at pH 7
(Kabata-Pendias, 2011): the stability constant was 10.3 and 12.3 for
Zn and Cu (which has a high organophylicity). The content of the
carbonate-bound fraction is the lowest and does not exceed 7%
(Table 4, Fig. 2). The analysis of XANES spectra for K-edge of Zn absorbed
by the carbonate phase showed that the Zn ions replace the Ca ions in
the octahedric positions and display 1s → 4p electronic transition
(Minkina et al., 2014). Moreover, they are coordinated with carbonate
ions as ligands, forming absorbed complexes at the surface of mineral
calcite.

The distribution of Zn among the fractions is changed compared to
the background soil: residual fraction N Fe–Mn (hydr)oxide-bound
fraction N exchangeable fraction ≥ organic matter-bound fraction N

carbonate-bound fraction.
The comparison of diffraction patterns (Fig. 3) revealed that quartz is

the dominant phase in the soil of plot D1; a significant amount of calcite
is found, along with quartz, in the Spolic Technosols of plot D4. The dif-
fraction patterns of both samples also contain diffraction peaks corre-
sponding to crystalline components from the group of phyllosilicates:
hydromuscovite (illite), kaolinite, gibbsite and smectiteswith themont-
morillonite mineral phase as an example.

The sensitivity of the XANES spectra to the geometry of bonds can be
used for the preliminary qualitative estimation of the molecular struc-
tural state of local Zn surrounding in soil samples. The XANES spectra
of Zn for several standard compounds with the known structure of
Zn\\S (ZnS) and Zn\\O (ZnO and ZnSO4) bonds show a significant dif-
ference in the position of the absorption edge, which makes it possible
to discriminate these types of Zn surrounding in soil samples. The
XANES spectra of Zn (Fig. 4) for the soil of monitoring plot D1 show a
similarity to the standard spectra, in which Zn is coordinated to oxygen
(ZnO, ZnSO4), where the main absorption peak is at ∼9670 eV. The
XANES spectrum of soil sample from plot D4 is close to that of ZnS,
and itsmain absorption peak is at ∼9665 eV. This agreeswith the results
of amineralogical analysis, which revealed the dominance of authigenic
sulfates (Table 2) formed during the long-term (up to 57 years)
Technosols of the investigated monitoring plots.

dr)oxide-bound Organic matter-bound Silicate-bound (residual)

12.6 ± 0.9 57.8 ± 4.7
97.0 1648.7 ± 190.1 11,916.2 ± 1891.0
3.8 1131.9 ± 15.6 6081.9 ± 198.3
1053.4 8540.2 ± 1890.1 32,172.0 ± 3110.7
1570.3 7580.9 ± 1325.6 28,196.4 ± 3948.5



Fig. 2. Fractional composition of Zn in Fluvisol (D0) and Spolic Technosols, % of total
content.
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technogenic contamination. In the soil sample frommonitoring plot D4,
higher energy features are also detected, which indicate that mixed
Zn\\S and Zn\\O bonds can form in the sample. Obviously, in this
case the main influence on the molecular-structural state of Zn in soils
is produced by qualitative changes in the absorption of heavy metals:
the state of its material and mineralogical compositions.
Fig. 3. Experimental powder X-ray diffraction patterns for Spolic Technosols samples
compared to the simulated X-ray diffraction patterns of compounds selected from the
ICSD database.
Zn K-EXAFS spectra in the k and R spaces for soil samples in compar-
ison with the standard spectra of minerals ZnSO4, ZnO (sphalerite) and
ZnO (zincite) are shown in Figs. 5 and 6. In zincite, Zn atoms are tetrahe-
drally coordinated by O atoms (first coordination sphere) with an aver-
age bond length of 1.98Å; in addition, each Zn atom is surrounded by 12
neighbouring Zn atoms at an average distance of 3.23 Å (Albertsson
et al., 1989). Thus, two peaks observed on the radial distribution func-
tion for zincite at 1.5 and 2.9 Å (Fig. 5) correspond to the Zn\\O and
Zn\\Zn distances, respectively. In ZnSO4, Zn is coordinated by four O
atoms and only two Zn atoms. The Zn\\Zn distance is 3.36 Å; there
are two different short Zn\\O bonds (1.95 and 2.04 Å). The spectrum
of ZnSO4, as well as the spectrum of ZnO, has a peak of the Zn\\O
bond; however, the second peak (Zn\\Zn bond) is almost absent be-
cause of the low coordination number. The Zn\\S bond is 2.34 Å в ZnS,
which is longer than the Zn\\O bonds in ZnO and ZnSO4 by 0.2–0.3 Å;
therefore, the peak corresponding to the Zn\\S bond is observed at a
longer distance in the Fourier-transformed XAFS spectrum (Fig. 5).
This obvious difference indicates that the Zn\\S and Zn\\O molecular
structural bonds are significantly different in soil samples D1 and D4.
Jacquat et al. (2008, 2009) showed that, with increasing soil pH, specific
sorption of Zn to organic matter, phyllosilicates, metal oxides, and car-
bonates becomes more relevant. Moreover, the formation of Zn precip-
itates as zincite (ZnO), Zn hydroxide (Zn(OH)2), smithsonite (ZnCO3)
Fig. 4. Background corrected and normalized X-ray absorption near edge structure
(XANES) spectra at the Zn K-edge for Spolic Technosols samples and selected standards.



Fig. 5. k2-weighted EXAFS oscillations extracted from the Zn K-edge absorption spectra
Spolic Technosols samples and selected standards.

Fig. 6. The best fits of the XAFS FT for Spolic Technosols samples (a) D1 and (b) D4 (the
experimental data are shown by the black line and the fits to the data are shown by the
red line). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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and hydrozincite (Zn5(OH)6(CO3)2) in alkaline conditions can decrease
Zn solubility.

It has been found that new technogenic phases (Zn-containing
phyllosilicates) form in strongly contaminated soils (Juillot et al.,
2003; Manceau et al., 2005; Schlegel et al., 2001). In the
aluminosilicate-bound (residual) fraction, layered Zn phases were re-
vealed (Manceau et al., 2003, 2004; Scheinost et al., 2002), and the
mechanismof Zn entering into the octahedral structures of layeredmin-
erals was determined. These regularities revealed using the XANES and
EXAFS techniques agreewith the results of the chemical fractionation of
Zn in the studied soils. The affinity of clayminerals toHMs cations is due
to their high surface energy and reactivity related to the small size of
particles and their morphological elements, as well as the specific prop-
erties of HMs cations determined by the electron structure of their
atoms (Pinskii, 1998). The increased concentration of Zn in soils and
sediments with the dominant particle-size of clay (b0.001 mm) and
silt fractions (0.01–0.001 mm) is related to the high sorption capacity
of clayminerals (Guisti, 2011;Myers and Thorbjornsen, 2004), although
the portion of zinc strongly fixed in the lattice of clay minerals is un-
known. The sufficiently high content of organic matter (Table 4) fa-
vors the interaction of Zn2+ ions with humic acids of chernozem,
which coordinate with functional groups and ligands to form tetra-
hedral Zn coordinations (Voegelin et al., 2005). The finely dispersed
fractions (soil particles b0.01 mm) of Technosols significantly affects
the surface properties of mineral components of the solid phase, as
well as its adsorption capacity and buffering properties due to the
formed mineral–organic compounds with Zn (Fedotov et al., 2007;
Petruzzelli et al., 1997).
The XANES and Fourier-transformed K-edge EXAFS spectra of Zn in
two Spolic Technosols samples show obvious differences (Fig. 6a, b),
which confirm the different speciations of Zn in these samples. The
Fourier-transformed EXAFS spectrum for soil sample D1 is more similar
to the analogous spectrum of ZnSO4, although it contains an additional
intense peak at lower R. The absence of the peak corresponding to the
second coordination sphere (Zn\\Zn) indicates that ZnO is not the dom-
inant component of the sample. In the Technosols of monitoring plot
D4, the main peaks in the Fourier-transformed EXAFS spectrum corre-
spond to sphalerite, which is indicative of the dominance of Zn\\S
bonds. However, an additional feature at lower R is indicative of the
presence of Zn\\O bonding in the sample. It has been shown
(Voegelin et al., 2005) that, when the soil is contaminated with zincite,
ZnO is transformed and mainly enters into Zn-containing trioctahedral
structures (up to 64% during the first year). In Ontario (Canada), the
soils with moderate and increased amounts of Zn also contain an in-
creased content of sulfur: 3.5–9.5 g S/kg. The determination of the
redox status of sulfur by XANES analysis showed that 35–45% of the
total sulfur occurs in the most reduced state, in the form of sulfides
and thiols (Martinez et al., 2002). Synchrotron micro X-ray diffraction
analysis revealed sphalerite ZnS in soil microzones. The interactions of
Zn with organic matter are uncertain. X-ray absorption spectroscopy
in organic soils proved the formation of stable organic Zn compounds:
Zn(CH3COO)2 and Zn-arginate (Bazilevskaya and Lanzirotti, 2006).
The best fits were achieved assuming two Zn\\O shells for D1 and
mixed Zn\\S and Zn\\O bonding for the D4 (Table 5). The Zn\\O



Table 5
Best-fit results of Zn K edge EXAFS data for Zn in technogenically disturbed soils (Spolic Technosols).

Sample Shell R (Å) σ2 (Å2) CN ΔE (eV) R-factor (%) k range (Å−1) R range (Å)

D1 Zn\\O1

Zn\\O2

1.92
2.10

0.007
0.007

2.32
5.05

−0.77
−0.77

3.53 2.13–12.65 1–2

D4 Zn\\O1

Zn\\S
2.01
2.34

0.008
0.007

2.25
4.6

2.16
2.16

3.3 2.66–13.25 1.34–2.33
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bond lengths for D1 samples are closer to those of ZnSO4 (1.95–2.04 Å)
than to ZnO. The estimations based on the Zn\\S and Zn\\O coordina-
tion numbers for the soil D4 show that it contains about 70% Zn\\S
bonds and 30% Zn\\O bonds. According to the results obtained for the
upper horizon of strongly contaminated soils in Palmerton (Scheinost
et al., 2002), the dominant fixation of Znwas due to sulfide (sphalerite).
Prospects for research in the field of geochemistry of anthropogenic
landscapes should be based on the studying of the molecular-
structural state of objects, and not just chemical elements. Studies by
XAFS/XRD are good methods for complementing and verifying the se-
quential extraction results. Combining them is an effective tool to
check the affinity of the soil components for heavy metal cations.

4. Conclusions

The regularities of the accumulation and transformation of Zn in
strongly contaminated technogenically transformed soilswere revealed
by a combination of chemical fractionation and a set of X-ray synchro-
tron methods. Several hundred-fold excesses of the lithosphere clark
for Znwere detected in the studied soils located in the area of collecting
pond for industrial waste from the chemical plant. Speciation forms of
Zn in the studied soil samples were identified. It was found that metal
mobility increases in technogenically contaminated soils. However the
highest Zn content is associated with the least available soil fractions.
Phyllosilicates and Fe/Mn (hydr)oxides are the main stabilizers of
metal mobility. The relative distribution of Zn compounds among the
fractions in the studied Spolic Technosols is as follows: residual
fraction N Fe–Mn (hydr)oxide bound fraction N exchangeable fraction
≥ organic matter-bound fraction N carbonate-bound fraction.

The residual fraction of the technogenically transformed soils, con-
tains the highest proportion of Zn (45–49%), indicating that the most
form of Zn is strongly retained in the soil. A high degree of transforma-
tion was revealed for the composition of the mineral phase in Spolic
Technosols, which is dominated by authigenic minerals. Hypergenic
changes in the mineral–organic matrix of Spolic Technosols revealed
different surrounding types of Zn, which is the dominant pollutant
metal in the studied soils. The fitting results of the EXAFS data revealed
70% of Zn\\S bonds and 30% of Zn\\Obonds. It is suggested thatfixation
of Zn in scarcely available forms with Zn\\O and Zn\\S bonds occurs
under alkaline conditions and high content of sulfate ions of the studied
Spolic Technosols, which reduces themobility of Zn and restricts the en-
vironmental risks of biological uptake.

The application of X-ray absorption spectroscopy methods (XANES
and EXAFS) in combination with extractive fractionation in soils of
other places in Russia and the world enables the researcher to obtain
comprehensive information on the state of metals in contaminated
soils, interaction between the metal and soil components, phases con-
taining the metals in the soils, and the strength of bonds between
these phases and metals. Further coupled application of conventional
chemical techniques and modern physical instrumental methods will
significantly widen the understanding of the mechanisms of chemical
transformations of heavy metals in soils.
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