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Abstract: The work is devoted to the study of pollution by technogenic magnetic particles and heavy
metals of soils in the city of Gubakha, Middle Ural (Russia). The aim of the work is the ecological and
geochemical assessment of the elemental chemical composition of the soils of the city of Gubakha,
and the establishment of the geochemical role of technogenic magnetic particles (TMPs). For the first
time, the regularities of the spatial distribution of magnetic susceptibility in the soils of the city of
Gubakha were revealed, and the morphology, elemental and mineralogical compositions of magnetic
particles in the soils of an industrial city in the Middle Urals were characterized using the methods
of the chemical extraction of iron compounds, magnetic separation, ESEM/EDS, and Mössbauer
spectroscopy. The magnetic phase of soils contains magnetite/maghemite, hematite, pyrrhotite,
intermetallic alloys and chromite. Spherical magnetic particles are hollow, and have a magnetite shell
and a varied surface texture. The crystal lattice of magnetite is characterized by low stoichiometry.
The heavy metals Zn, Cu, Ni and Cr are concentrated in magnetic particles and have a high correlation
coefficient with magnetic susceptibility. The level of contamination of Cu, Ni, Zn, Cr and Mn in
the soils of a residential zone of Gubakha, estimated by the value of the pollution load index (PLI),
was high. The Igeo index for Fe ranges from 6.2 to 12.2, for Cu–1.1 and Ni–1.1. The combination of
methods for measuring magnetic susceptibility, determining the mineralogical composition of iron
compounds, and determining the elemental chemical composition by X-ray fluorescence, has shown
the effectiveness of an integrated approach for carrying out an ecological–geochemical assessment of
the soil cover of Gubakha.

Keywords: soil; iron; heavy metals; magnetic susceptibility; technogenic magnetic particles; magnetite
spherules; Ural

1. Introduction

One of the main scientific approaches to solving the problem of soil pollution with heavy
metals (HM) is the ecological–geochemical analysis of quantitative and qualitative indicators of the
elemental chemical composition of soils, and the identification of pollution sources and carrier phases
of heavy metals.

HM pollution of the soil cover of urbanized areas occurs as a result of the impact of industrial
enterprises (Ni [1–8], Cu [1,2,4,5,9–15], Zn [1,5,8,9,11–20], Mn [1–3,9,18,21], Cr [9,11,18,22–25] etc.), fossil
fuel combustion products (Ni [3,11,21,26–28], Mn [3,21,27,29,30], Zn [10,26,28,31], Cu [10,11,19,26,31],
Cr [26,28,30–32] and Zn [27,32]) and road-traffic pollution (Cu [6,9,11,12,16,18,21,23,25,33–44],
Zn [6,10,11,16,23,25,33–37,39,41–47], Cr [9,11,21,34,37,40,44,46], Mn [9,43,45] and Ni [37,40,44,45]).
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It has been established that in urban soils, the phases-carriers of heavy metals are organic matter,
clay minerals [48], as well as natural iron (hydr)oxides (goethite [49], lepidocrocite [50]), and technogenic
magnetic particles (TMPs) (magnetite [49–59], maghemite [49,50,52,55,59], magnesioferrite [49,52],
hematite [49,50,52,53,55,57], pyrrhotite [49], ferrites [49,52], wustite [55], metallic iron [53,60],
ferroalloy [60]). Anthropogenic pollution of soils with HM occurs in the composition of TMPs from fly
ash of power plants [26,28], exhaust gases, the wear of tires, brakes and road surfaces, the corrosion of
car bodies, oil leakage [42], and dust from wheels and the rails of the railway transport [39].

In areas with a developed industrial infrastructure for coal processing and thermal power
enterprises using coal, there is a connection between HM and the magnetic phase of fly ash from
coal-fired power plants [49,61–64]. In magnetic concentrates of coal dust, the dominant magnetic phase
is 50% magnetite with a predominance of spherical particles [49,65].

Based on the relationship between iron compounds and the ecological state of the soil cover,
the methods of ecological magnetism are used in soil cover monitoring for magnetic susceptibility (K),
remanent magnetization, saturation magnetization, coercive force, thermomagnetic analysis, electron
paramagnetic resonance, nuclear magnetic resonance, and nuclear gamma resonance [57,66–68].

A positive correlation was found between the content of HM and the K value in the upper layer
of soils in cities and industrial regions [1,69–76]. However, despite the long history of studying the
relationship between the concentration of HM in soils and the value of K, a number of issues remain
controversial and require clarification. In particular, the question of the unconditional effectiveness of
measuring the K for diagnosing the technogenic pollution of soils with HM remains controversial [77].
Parent rocks can be sources of HM in soils [12,78–83]. The carriers of HM in soils are not only iron
compounds [12,54,84,85], but organic matter [44,54,85,86] and clay minerals [54,84,85], which do not
have high K. In addition, anthropogenic impacts in cities lead to a change in the physicochemical
properties of soils, which leads to the formation of geochemical barriers, on which many HMs
accumulate, for example, on the territory of the largest Russian city, Moscow [87].

The soil cover of industrial cities of the Urals is subject to anthropogenic pollution by HM [88–94].
The population of industrial cities of the Perm region is negatively affected by high concentrations of
HM in the environment [88,93,95–100].

The products of the chemical processing of coal and its combustion in the territory of the cities of the
Urals often lead to soil pollution with HM, which are part of the group of magnetic particles [101,102].

Until now, information on the elemental chemical composition of soils in Gubakha has been
fragmentary. M.A. Shishkin and A.K Lapteva [94] analyzed the soil cover of the Kizelovsko-Gubakhinsky
industrial district. They found that the soils of the city of Kizel accumulate Cu, Zn and other metals.
Abnormally high concentrations of Cu, Ni and Zn were detected in the snow cover in the territory of
Gubakha. I.S. Kopylov et al. [103] identified the Kosva hydrogeochemical anomalous zone located
in the Kosva river basin. Anomalies for Mn, Be, Cd, Ni, Cr and Pb have been identified. There is
a large geochemical anomalous zone in the basin of the middle reaches of the Kosva river. The genesis
of the zone is natural and technogenic. There are areal anomalies of Cu, Pb, Zn, Mn, Cr, Ni, etc.
E.A. Menshikova and B.M. Osovetsky [59] found that technogenic–alluvial deposits (near-channel
shallow water of the Kosva river in Gubakha) contain up to 3% of the magnetic fraction. The chemical
composition of the magnetic fraction was 94–97% FeO + F2O3, 0.1–0.3% TiO2, 0.06–0.13% Cr2O3,
0.3–0.5 MnO and 0.07–0.14% Ni.

The city Gubakha is part of the Kizelovsko-Gubakhinsky industrial district [94]. The leading
industries in the city are chemical, fuel and energy, and metallurgy [104]. During 2014–2019, the average
concentrations of suspended solids, Mn, Ni, Fe and Zn increased in Gubakha’s atmospheric air [105–110].
Industrial enterprises OAO “Gubakhinsky coke” and the Kizelovskaya storage power station use
coal from the Kuzbass deposit as raw material [104]. Coal of the Kuzbass deposit contains impurities
of Cr, Mn, Fe, Co, Ni, Cu, Zn, etc. [111]. The coke industry is considered the least known source of
magnetic particles [49,55]. In connection with the above materials, the study of the elemental chemical
composition of the soils of Gubakha using the methods of ecological magnetism is an urgent objective.
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The aim of this work was the ecological–geochemical assessment of the elemental chemical
composition of the soils of Gubakha, and the establishment of the geochemical role of technogenic
magnetic particles (TMPs).

2. Materials and Methods

Research area. The city of Gubakha is located in the eastern part of the Perm region, Russia.
The city location coordinates are 58◦52′00” N, 57◦35′00” E (Figure 1). The relief of the area is hilly-ridged
foothills, crossed by valleys of rivers and streams. The climate of the territory is moderately continental.
In retrospective natural landscapes of the city, the parent rocks were eluvial and deluvial deposits
formed from the weathering products of bedrock. The study area is located within the zone of the
West-Ural fold, adjacent to the Cis-Ural trough. The territory is composed of Paleozoic rocks (from the
Mid Devonian to the Cisuralian inclusive) and these overlap with Quaternary deposits [112].
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Figure 1. Research area: (A) Map of Perm region. (B) Gubskhinsky district. (C) Research zones
of Gubakha.
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The vegetation on the natural landscapes is represented mainly by dark coniferous middle taiga
and southern taiga foothill forests. Under natural conditions, the leading process of soil formation is the
podzolic process. The predominant soils in the Gubakhinsky district are mountain Retisols [113,114].
On the territory of the city, anthropogenic soil formation is manifested and Urbic Technosol has
been formed.

More than 33 thousand people live in Gubakha [115]. A distinctive feature of Gubakha is the fairly
high concentration of industrial enterprises and population in a relatively small area. Industrial and
residential areas alternate almost continuously for more than 25 km. The residential area of the city is
represented by 63.5% detached houses with personal plots, on the soils of which agricultural products
are grown [116,117]. Railways, highways and six main gas pipelines pass through the district [118,119].

2.1. Site Description and Sampling Strategy

The objects of research were the Urbic Technosol Loamic, Eutric and Urbic Technosol Loamic,
Skeletic [120] of the city of Gubakha, Perm region, Russia. Soil samples were taken out within the
residential zone of the city inside residential areas and on roadside areas, as well as within the industrial
zone in the area of operation of the production workshops of OAO “Gubakhinsky coke” (Figure 2).
In total, 117 mixed samples from the 0–10 cm layer and 11 individual samples from two soil profiles
(Urbic Technosol Loamic, Eutric and Urbic Technosol Loamic, Skeletic) were taken by the envelope
method. Each mixed sample was taken from an area of 10 m2.
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The residential zone of the city was divided into four subzones: subzone A—microdistrict of
multi-story buildings of the 1980s (16 samples); subzone B—the central part of the city (15 samples);
subzone C—residential area of the 1940–1950s (17 samples); subzone D—microdistrict with a predominance
of industrial enterprises (12 samples) (Figure 2).

In the industrial zone of the city adjacent to the workshops of OAO “Gubakhinsky coke”,
57 samples were taken in four transects with a length of 750 m. The transects were laid along four
cardinal points, and the sampling step was 50 m (Figure 2A). The winds throughout the year are
southwest and west, with a prevailing speed 4–6 m/s (Figure 2B) [119].

Quantities of 1.2–1.5 kg of wet mixed (combined) soil samples were taken for research. The samples
were homogenized, had roots removed, air dried, crushed and sieved through a 1.0 mm sieve.
Granulometric composition, physicochemical properties, elemental chemical composition and magnetic
susceptibility were determined for soil samples with particle size <1.0 mm.

A quantity of 300 g of soil sample with particle size <1.0 mm was used to isolate the magnetic
phase (MF). A hand-held permanent magnet “NdFeB” was applied for the “dry” separation method.
The distance between the soil sample and the magnet surface was 5–10 mm. The mineralogical,
elemental chemical composition and magnetic susceptibility were studied for the magnetic phase.

Soil samples with particle sizes >1.0 mm and the diamagnetic phase of the soil (“tail”) were not
used for detailed studies.

To carry out Mössbauer spectroscopy, we used a sample of the magnetic phase of the Urbic
Technosol Loamic, Eutric in the residential zone of the city (subzone D), characterized by anomalously
high K. The coordinates of the sampling site are 58◦84′53” N, 57◦55′80” E.

2.2. Analytical Methods

The determination of physicochemical properties, the measurement of volumetric magnetic
susceptibility (K), and the magnetic separation of soil were carried out at the Department of Soil Science
of the Perm State Agro-Technological University. The content organic carbon was determined using
the Turin method. The sum of exchange bases was determined by the Kappen–Hillkowitz method.
The hydrolytic acidity of the soil was determined by the Kappen method. The exchange acidity of
the soil was determined by the method of TsINAO. The degree of soil saturation with bases and
cation exchange capacity was determined according to Kappen–Hillkowitz [122]. The granulometric
composition of the soil was determined by the Kachinsky pyrophosphate method. The boundaries
between the six particle size classes were determined in accordance with Russian generally accepted
fractional groups [123]. The coarse and medium sand fraction (1–0.25 mm) and the fine sand fraction
(0.25–0.05 mm) were separated by sieving while more fine-grained fractions of the coarse, medium
and fine silt (0.05–0.01 mm; 0.01–0.005 mm and 0.005–0.001 mm, respectively) as well as the clay
fraction (<0.001 mm) were determined by the pipette method after sample pretreatment with
sodium pyrophosphate.

The choice of research HM was due to the earlier assessment by M.A. Shishkin and A.K Lapteva [94]
of the geochemical state of the soil and snow cover of the Kizelovsko-Gubakhinsky industrial district.
It was found that the priority environmental pollutants in this region of the Perm region were Cu, Zn,
Ni, Zn and Mn.

The elemental chemical composition of soil (15 samples) and magnetic phase (10 samples)
was determined by X-ray fluorescence at the Vernadsky Institute of Geochemistry and Analytical
Chemistry of the Russian Academy of Sciences on an AXIOS Advanced spectrometer (PANalytical B.V.,
Holland). The X-ray tube of spectrometer had a Rh anode as the excitation source for characteristic
radiation. The spectrometer was calibrated against 36 certified standard samples of bottom sediments,
soils and rocks, including those of the SDO, SGKhM, SGKh, SKR, SDPS, and other sets, for which the
calibration curves and concentrations of 25 elements were determined (ten major elements: Na, Mg,
Al, Si, P, K, Ca, Ti, Mn, and Fe; and fifteen minor and trace elements: S, V, Cr, Co, Ni, Cu, Zn, As, Rb,
Sr, Y, Zr, Nb, Ba, and Pb). The standards were selected based on the tentative semiquantitative XRF
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analysis of four samples randomly selected from among those chosen for this research. The samples to
be analyzed and the standards were prepared from 0.3 g portions of material mixed with 0.06 g of
polystyrene C9H8, in the form of pellets 20 mm in diameter. The reproducibility and accuracy of the
analyses were controlled by analyzing the standard sample SGKhM2. The comparison of our analyses
and attested tabulated values testifies that the relative standard deviations do not exceed the values
permissible for the analysis of ordinary samples in compliance with the accuracy standards stipulated
in OST 41-08-205-99 [124].

K was determined using a KT-6 kappameter (Czech Republic). The sensitivity of the equipment
was 1 × 10−5 SI units, and the measuring ranges varied from −9.99 to 99.99 10−5 SI units.

The forms of iron were determined in the laboratory of soil reclamation of the Institute of Soil
Science and Agrochemistry of the Siberian Branch of the Russian Academy of Sciences. Iron was
subdivided into forms and fractions, according to the classification of S.V. Zonn [125]. Silicate and
non-silicate iron and amorphous forms of iron were identified. The total iron content (Fetotal),
non-silicate or free iron was extracted from the soil by the Mehr and Jackson method, modified
according to Coffin [126]. The iron in the Mera–Jackson and Tamm extracts was determined in the
presence of sulfosalicylic acid by the colorimetric method on a photocolorimeter KFK-2MP (Russia).
The light transmission coefficient of the device was from 100 to 1%, and the measurement error was 1%.

The above research methods were carried out 3 times.
The analysis of the particles of the magnetic phase was carried out by microprobe and X-ray

phase methods at the Borok Geophysical Observatory of the Institute of Physics of the Earth, O.Yu.
Schmidt Russian Academy of Sciences. The particles selected for study on a microprobe were applied
onto a double-sided conductive carbon tape and rolled with a glass rod so that the surface of the
particles was oriented parallel to the surface of the stage. The composition of the particles was
determined by the method of local X-ray spectral microanalysis. We used a Tescan Vega II XMU
scanning electron microscope (Tescan, Czech Republic) equipped with an INCA Energy 450 X-ray
spectral microanalysis system with an INCAx-sight X-ray spectrometer (Oxford Instruments, England)
and the INCA Energy + software platform. The range of elements to be determined was from Be to
U. The conditions of analysis performed only on an energy dispersive spectrometer were as follows:
accelerating voltage 20 kV, current of absorbed electrons on Co 0.3 nA, analysis time at a point of 70 s.
When a crystal diffraction spectrometer was used together with an energy-dispersive spectrometer,
the analysis conditions were different—an accelerating voltage of 20 kV, a current of absorbed electrons
on Co of 20 nA, and the total analysis time at a point was 170 s. The detection limit for the elements to
be determined was in the range of 0.1–1.0 mass%. The determination accuracy was 0.2 mass% of the
element. A total of 83 energy dispersive spectra were obtained and analyzed at different points of the
soil magnetic phase samples.

In the laboratory of Mössbauer spectroscopy of the Department of Technology of Materials for
Electronics of National Research Technological University “Moscow Institute of Steel and Alloys”
(MISiS, Moscow, Russia), a sample of the magnetic phase, extracted from the soil of the village part of
the city, was studied. For the analysis, we used a Mössbauer spectrometer Ms-1104 Em operating in
a constant acceleration mode with a Co57 g-radiation source. The measurements were carried out
at room temperature. Mössbauer spectra were recorded in 512 computer channels and processed
using the Univem Ms program. The criterion for the best decomposition of the Mössbauer spectrum
into components was minχ2, which estimates the approximation of the calculated spectrum to the
experimental one. The isomeric shift was calculated relative to α-Fe. Samples weighing 100–200 mg
were ground in an agate mortar to a particle size of 0.05 mm.

2.3. Ecological–Geochemical Assessment

For the geochemical assessment of the state of soils, the following formulas were used:

• Coefficient of enrichment–impoverishment of the magnetic phase in heavy metals (KKm.f.):
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KKm.f. =
Cm.f.

Cs
(1)

Cm.f.—concentration of the i-th chemical element in the magnetic phase of the soil, ppm;
Cs—concentration of the i-th chemical element in the soil, ppm.
If KKm.f. is ≥1 then the magnetic phase is enriched with THE i-th chemical element. When KKm.f.

is <1 then the magnetic phase is impoverishment with THE i-th chemical element.

• Geo-accumulation Index (Igeo) [127]:

Igeo = log2
C1

1.5C2
(2)

C1—concentration of the i-th chemical element in the soil component (soil, magnetic phase), ppm;
C2—concentration of the i-th chemical element in the background soil, ppm;
1.5—the constant is used as a factor to minimize possible variations in the background values

due to lithogenic effects.
The contamination categories based on the Igeo are classified as below: uncontaminated (Igeo ≤ 0);

uncontaminated to moderately contaminated (0 < Igeo ≤ 1); moderately contaminated (1 < Igeo ≤ 2);
moderately to heavily contaminated (2 < Igeo ≤ 3); heavily contaminated (3 < Igeo ≤ 4); heavily to
extremely contaminated (4 < Igeo ≤ 5); and extremely contaminated (Igeo > 5).

• Coefficient of concentration relative to the background (KKB) [128]:

KKB =
C1

C2
(3)

• Coefficient of concentration relative to the clarke of soils of residential landscapes according to
V.A. Alekseenko (KKA) [129]:

KKA =
Cs

C3
(4)

C3—clarke of the i-th chemical element of the soil of residential landscapes in Russia according to
V.A. Alekseenko, ppm [129].

When using KKB and KKA, the pollution is classified as follows: ≤1 unpolluted soil, >1 polluted soil.

• Pollution load index (PLI) [130]:

PLI = i
√

CF1 ×CF1 × . . .×CFi (5)

CFi—concentration factor of the i-th chemical element of sample in the soil component
(soil, magnetic phase).

i—the number of metals studied (six in this study).
When using PLI, the pollution is classified as follows: PLI ≤ 1 low level of pollution; 1 < PLI ≤ 2

moderate level of pollution; 2 < PLI ≤ 5 high level of pollution; PLI > 5 extremely high level of pollution.
The forms of iron compounds in the soil were calculated using the following formulas [126]:

• Silicate iron (Fes):

Fes = Fetotal − Fens (6)

Fetotal—total iron content in the test sample, %;
Fens—iron of non-silicate compounds were determined by the Mehr and Jackson method, %.
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• Crystallized iron compounds (Fec) [126]:

Fec = Fens − Feam (7)

Feam—contents of iron amorphous compounds were determined by Tamm method, %.

• Schwertman’s criterion (SC) [131]:

SC =
Feam

Fens
(8)

• The degree of development of oxidogenesis (DO) [132]:

DO =
Fens

Fetotal
(9)

Statistical processing of the research results was carried out in the MS Office 2010 software package
according to E. A. Dmitriev [133].

3. Results

3.1. Soil Morphology

Soil profile 1. Urbic Technosol Loamic, Eutric (58◦84′08” N, 57◦56′24” E). Territory—a courtyard
square in the residential zone of Gubakha. The total depth of profile is 102 cm. Profile structure:
O–AYur,lo–Eur,lo–EBTur,ce–Btur,ce–BTCurcesk–Cce,sk.

Soil profile 2. Urbic Technosol Loamic, Skeletic formed on mixed soils underlain by eluvium of
Permian clays (58◦86′77” N, 57◦55′44” E). The section was laid 385 m west of the Gubakha railway station,
and 220 m northeast of the river Kosva. Profile structure: O–AYur,lo–Eur,lo–EBTur,ce,sk–BTur,ce,sk–Cce,sk.
In the AYur,lo horizon for both soils there are inclusions of construction waste and angular coal particles
with a diameter of up to 10–20 mm.

3.2. Soil Granulometry

The content of physical clay is 49.92% in the Urbic Technosol Loamic, Eutric, and in the Urbic
Technosol Loamic, Skeletic, it is 45.44%. Thus, the studied soils belong to heavy, loamy varieties [123].
In both soils, coarse dust predominates among mechanical fractions, constituting 31.32 and 32.52%,
respectively, and medium sand presents in a minimum amount (Table 1).

Table 1. Granulometry of the upper soil horizons of soils of Gubakha.

Horizon, Depth, cm
Particle Size, mm; Content, %

Granulometry
1–0.25 0.25–0.05 0.05–0.01 0.01–0.005 0.005–0.001 <0.001

∑
<0.01

Profile 1. Urbic Technosol Loamic, Eutric

AYur,lo (7–22) 2.89 15.87 31.32 7.27 12.53 30.12 49.92 heavy loamy

Profile 2. Urbic Technosol Loamic, Skeletic

AYur,lo (5–12) 1.66 20.38 32.52 22.64 19.84 2.96 45.44 heavy loamy

The horizons AYur,lo and Eur,lo are depleted in silt, fine dust and coarse dust, and are enriched
with medium dust and medium sand compared to the underlying horizons (Figure 3).
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Figure 3. Profile distribution of fractions of mechanical elements in the Urbic Technosol Loamic, Eutric
of the residential zone of Gubakha.

3.3. Selected Chemical Data

The contents of organic carbon (Corg), mobile aluminum and hydrogen are higher in the surface
horizons of the profiles than in the parent rock. The degree of soil saturation with bases increases with
depth (Table 2).

Table 2. Physicochemical properties of soil of Gubakha.

Horizon, Depth, cm Corg, %
S Hh Hex Al CEC

Degree of Base Saturation, % pHKCl pHH2O
cmolc/kg

Profile 1. Urbic Technosol Loamic, Eutric

AYur,lo (7–22) 2.7 11.5 6.8 2.7 1.4 18.3 63 3.6 4.7
Eur,lo (22–29) - 8.3 7.5 2.2 0.3 15.8 52 3.7 4.8

EBTur,ce (29–42) - 12.8 9.1 2.0 0.3 21.9 58 4.1 5.1
BTur,ce (42–61) - 14.5 7.2 1.7 0.3 21.7 67 4.5 5.6

BTCur,ce,sk (61–83) - 15.8 6 1.3 0.2 21.8 73 4.8 5.8
Cce,sk (83–102) 0.2 12.3 4.9 0.7 0.1 17.2 71 4.9 5.9

Profile 2. Urbic Technosol Loamic, Skeletic

AYur,lo (5–12) 2.0 15.8 7.5 3.2 0.4 23.3 68 5.6 4.5
Eur,lo (12–30) - 12.5 6.7 2.7 0.3 19.2 65 5.1 4.1

EBTur,ce,sk (30–50) - 16.3 8.2 2.5 0.4 24.5 66 3.8 2.8
BTur,ce,sk (50–70) - 15.8 8.9 2.1 0.1 24.7 64 3.8 2.8

Cce,sk (70–90) 0.2 14.5 5.6 0.9 0.1 20.1 72 3.5 2.6

Note: “-”—the indicator was not determined.

In the residential zone of the city, the physicochemical properties of the surface soil horizons
in the territory of the courtyards of residential buildings and squares are heterogeneous, and vary
within the following limits: exchangeable soil acidity (pHKCl) 3.3–8.0; organic carbon 1.0–3.9%; sum of
exchange bases (S) 8.7–13.2 cmolc/kg; hydrolytic acidity (Hh) 0.8–6.0 cmolc/kg; cation exchange capacity
(CEC) 1.6–15.9 cmolc/kg. For roadside territories of the residential zone, the indicators changed in the
following ranges: exchangeable soil acidity 3.2–7.8; organic carbon 0.8–3.9%; sum of exchange bases
8.9–11.9 cmolc/kg; hydrolytic soil acidity 6.3–9.1 cmolc/kg; cation exchange capacity 15.8–20.2 cmolc/kg.
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The highest variability was found for the organic carbon content and exchangeable acidity of the soil,
and the indicators of the absorption capacity of the soil vary to a lesser extent (Table 3).

Table 3. Statistical parameters of the physical and chemical properties of the upper soil horizons
(0–10 cm) of the residential zone of Gubakha (p = 0.05).

Sampling Location Parameters N M ±m Min Max V, %

Territories within
residential areas

pHKCl 33 5.2 2.3 3.3 8.0 29
Corg 33 2.1 0.6 1.0 3.9 28

S 33 10.7 1.0 8.7 13.2 9
Hh 33 7.4 0.8 6.0 9.5 12

CEC 33 18.1 1.6 15.9 20.6 7

Roadside areas

pHKCl 27 5.1 2.5 3.2 7.8 31
Corg 27 2.3 1.0 0.9 3.9 34

S 27 10.4 0.7 8.9 11.9 8
Hh 27 7.4 0.6 6.3 9.1 11

CEC 27 17.9 1.2 15.8 20.2 6

In the surface soil horizons in the industrial zone, the organic carbon content is 1.2–3.4%, and the
exchangeable soil acidity (pHKCl) is 3.1–7.6 (Table 4).

Table 4. Statistical parameters of the physical and chemical properties of the upper soil horizons
(0–10 cm) of the industrial zone in the area of OAO “Gubakhinsky coke” (p = 0.05).

Direction from the Factory Parameters N M ±m Min Max V,%

1 transect
(North)

Corg 15 2.5 0.1 1.8 3.4 11
pHKCl 15 5.1 0.4 3.3 7.6 13

2 transect
(East)

Corg 15 2.3 0.2 1.5 3.2 12
pHKCl 15 4.6 0.2 3.2 6.1 11

3 transect
(South)

Corg 15 2.4 0.1 1.7 3.2 10
pHKCl 15 4.6 0.2 3.3 6.1 11

4 transect
(West)

Corg 15 2.0 0.1 1.2 2.8 9
pHKCl 15 4.4 0.2 3.1 6.2 10

3.4. Mineralogical Composition

3.4.1. Forms of Iron Compounds in Soil

Iron in the soil forms its own minerals, and is also a part of silicates. The total iron content in the
soil in the microdistrict of high-rise buildings of the 1980s is within 5.28–6.34%, in the central part of
the city 5.58–15.59%, in the residential area of the 1940–1950s 5.73–7.17%, and in the microdistrict with
a predominance of industrial enterprises it is 4.72–6.79%. The content of silicate iron in the studied soil
samples varies from 0.23 to 13.13%, and is on average 4.23%. This is slightly more than half of the gross
iron content—on average 53.16%, and in some cases reaching 84.22%. The degree of development of
oxidogenesis (DO) varies from 0.16 to 0.95. The average content of crystallized iron compounds (Fec)
is 3.67%, and the maximum is 4.56%. The Schwertman’s criterion (SC) is less than 1.0 in all studied
samples (Table 5).

The Schwertmann’s criterion in all the studied samples was less than one unit (Table 5).
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Table 5. Forms of iron compounds in soil of surface horizons (0–10 cm) of Gubakha.

Sampling Location № samples Fetotal, % *
Fens, %

Fes, % DO SC
Feam Fec

∑
Microdistrict of multi-storey

buildings of the 1980s

2 5.28
100

0.04
0.83

3.49
66.14

3.54
66.97

1.74
33.03 0.67 0.01

7 6.34
100

0.04
0.68

3.58
56.48

3.62
57.16

2.72
42.84 0.57 0.01

The central part
of the city

15 15.59
100

0.07
0.45

2.39
15.33

2.46
15.78

13.13
84.22 0.16 0.03

20 5.58
100

0.05
0.97

4.56
81.76

4.62
82.72

0.96
17.28 0.83 0.01

21 16.15
100

0.14
0.84

3.36
20.81

3.50
21.65

12.65
78.35 0.22 0.04

Residential area of the
1940–1950s

22 5.73
100

0.04
0.63

3.24
56.61

3.28
57.24

2.45
42.76 0.57 0.01

30 7.17
100

0.04
0.56

4.14
57.8

4.18
58.35

2.99
41.65 0.58 0.01

Microdistrict with a
predominance of industrial

enterprises

37 6.16
100

0.03
0.54

4.19
68.1

4.23
68.64

1.93
31.36 0.69 0.01

38 4.72
100

0.04
0.95

4.44
94.13

4.49
95.08

0.23
4.92 0.95 0.01

42 6.79
100

0.05
0.72

3.27
48.23

3.32
48.95

3.47
51.05 0.49 0.02

Note: *—The numerator contains % of the soil mass, and the denominator contains % of the gross iron content
in soils.

3.4.2. Magnetic Susceptibility

The maximum values of K, 84 and 99 × 10−5 SI, were revealed in the AYur,lo horizons of soils
(Figure 4). The K values decrease two to three times with depth. The minimum K values are typical
for parent rocks—28 and 48 × 10−5 SI. A slight increase in K was noted at a depth of 60 cm, which is
associated with variations in K in the parent rock. The skeletal part of the soil consists of construction
waste—limestone crushed stone and wood inclusions, which have a low K. The geogenic factor is of
secondary importance in the formation of the susceptibility of the surface soil horizons of Gubakha.
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Figure 4. Intraprofile distribution of magnetic susceptibility in the soils of the city of Gubakha:
(A) Urbic Technosol Loamic, Eutric; (B) Urbic Technosol Loamic, Skeletic.
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The average K value is 169 × 10−5 SI for the soils of the roadside territories of the residential zone,
and for the territory within the residential areas it is 120 × 10−5 SI (Table 6).

Table 6. Statistical parameters of the magnetic susceptibility of the upper soil horizons (0–10 cm) of the
residential zone of Gubakha, ×10−5 SI (p = 0.05).

Sampling Location n M ±m min Max V, %

Territories within residential areas 33 120 127 1 416 94
Roadside areas 27 169 273 70 627 98

In the soils of the industrial zone of the city, the individual single values of K are relatively high
and amount to 462–544 × 10−5 SI.

On the territory adjacent to the workshops of OAO “Gubakhinsky coke”, the highest K was found
in soils within a radius of up to 500 m from the production workshops of the plant. The average K of
soils in these sections of the transects is 267 × 10−5 SI. The K of soil decreases with distance from the
production workshops of OAO “Gubakhinsky coke”. The K of soils is 120 × 10−5 SI in the interval
from 500 to 1000 m. The K values are ≤57 × 10−5 SI in the range from 1000 to 1500 m.

The K is more varied in the north and east of the sources of magnetic particle emissions than in
the south and east. The K ranges from 126 ± 15 × 10−5 SI in the westerly direction to 186 ± 61 × 10−5 SI
in the north (Table 7).

Table 7. Statistical parameters of the magnetic susceptibility of the upper soil horizons (0–10 cm) of the
industrial zone in the area of OAO “Gubakhinsky coke”, × 10-5 SI (p = 0.05).

Direction from the Factory n M ±m Min Max V,%

1 transect (North) 15 186 61 27 544 42
2 transect (East) 15 137 32 23 464 41

3 transect (South) 15 142 22 30 401 33
4 transect (West) 15 126 15 27 330 31

The K values of the soil and magnetic phases are significantly different from each other (Table 8).
The K of the magnetic phase varies within 2862–16,470 × 10−5 SI in the residential zone of city, and in
the industrial zone it is 5600–7300 × 10−5 SI.

Table 8. Statistical indicators of the magnetic susceptibility of soil and magnetic phase of the upper soil
horizons (0–10 cm) of Gubakha (p = 0.05).

Sampling Location Soil Component n M ±m Min Max V, %

Residential zone
Soil before magnetic separation 5 328 88 90 627 60

magnetic phase 5 10,816 2291 2862 16,470 47

Industrial zone
Soil before magnetic separation 5 148 31 42 216 46

magnetic phase 5 6440 286 5600 7300 10

3.4.3. Morphology, Mineralogical and Elemental Chemical Composition of Magnetic Phase Particles
according to ESEM/EDS Results

In the magnetic phase of the soil of the Urbic Technosol Loamic, Eutric and the Urbic Technosol
Loamic, Skeletic of Gubakha, microparticles of various shapes and mineralogical compositions were
revealed (Figure 5). The magnetic phase contains particles of spherical, rounded, detrital, and irregular
shapes. Spherical particles prevail in the industrial zone of the city (Figure 5B).
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Figure 5. Electron microscopic images, energy dispersive spectrum and chemical composition of
particles of the magnetic phase of soils in the city of Gubakha (layer 0–10 cm): (A) residential zone;
(B) industrial zone of OAO “Gubakhinsky coke”.

The magnetic phase from the 0–10 cm layer of the Urbic Technosol Loamic, Eutric was composed
of the follows minerals: iron-containing silicate (Figure 5A points 1, 2, 6, 9), intermetallic alloy of iron
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(Figure 5A points 4, 5), magnetite (Figure 5A point 8), and titanomagnetite (Figure 5A points 3, 7).
Among the particles of the magnetic phase of the Urbic Technosol Loamic, Skeletic, the following
minerals were identified: barite (Figure 5B point 1), magnetite (Figure 5B points 2–4 and 6–8), wustite
(Figure 5B point 9), and iron-containing silicate (Figure 5B point 5).

Spherical magnetic particles contain magnetite, which predominates in the shell of the spherule
(Figure 5B point 8). The inner part of some destroyed spherules is filled with particles of iron-containing
aluminosilicates (Figure 5A, Figure 6B,E).

1 
 

  
(A) (B) 

  
(C) (D) 

  
(E) (F) 

Figure 6. Cont.
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Figure 6. Electron microscopic images of magnetite particles identified by the magnetic phase of the
upper soil horizons of Gubakha (layer 0–10 cm): (A–D)—residential zone; (E–H) industrial zone of
OAO “Gubakhinsky coke”.

Spherules with a rough (Figure 6A) and smooth surface structure (Figure 6B) were encountered
in the soils of the residential zone. A particle with a complex surface was revealed (Figure 6C).
Some magnetite particles have a detrital shape (Figure 6D point 4). Spherules with an octahedral
surface structure (Figure 6D), polygonal with signs of corrosion (Figure 6E) or “astrakhan coating”
(Figure 6F) are common in the industrial zone of OAO “Gubakhinsky coke“. A magnetite particle with
a filamentary surface structure was also identified, on which a new crystal was growing (Figure 6G).
Technogenic magnetic spherules with various surface textures have been diagnosed previously by a
number of other researchers [59,134–138].

In addition to magnetite spherules, the composition of the magnetic phase of the Urbic Technosol
Loamic, Eutric included intermetallic iron alloy (Figure 7A, points 1–2; Figure 7B, points 1–3), wustite
(Figure 7A, point 3), titanomagnetite (Figure 7B, point 4), and iron-containing silicate (Figure 7B, point 5).
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In the magnetic phase of the Urbic Technosol Loamic, Skeletic, the following were identified:
titanomagnetite (Figure 7C, point 1), rutile (Figure 7C, point 3), iron-containing silicate (Figure 7C,
point 4), zircon (Figure 7D, points 1, 3), wustite (Figure 7E, point 3) and barite (Figure 7B, point 1).

3.4.4. Mineralogical Composition of the Magnetic Phase according to the Data of Mössbauer
Spectroscopy

Figure 8 shows the Mössbauer spectrum of the magnetic phase, with the anomalously high
magnetic susceptibility of the soil in the residential zone (subzone D). Table 9 shows its parameters and
interpretation. Based on the data on the total iron content and the distribution of iron in individual
mineral phases in relative percentage, the quantitative distribution of iron by phases in percentage
by weight was also determined. Along with the study of the features of the structure of minerals,
Mössbauer spectroscopy makes it possible to judge the features of their elemental chemical composition,
and isomorphic substitutions in the lattice.
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Table 9. Mössbauer parameters of the sample of the magnetic phase of the upper soil horizon of the
Urbic Technosol Loamic, Eutric (subzone D).

Spectrum
Component

Isomeric Shift ”
δ, mm/s

Quadrupole
Splitting

∆, mm/sec

Magnetic Fields
on Nuclei Fe57 H,

kOe

Component
Areas
S, %.

Fe Content in
Samples,
Mass. %

Fe
Distribution

by Phases,
Mass. %

Interpretation

C1(Fe3+) 0.37 −0.20 513.8 17.9

25.97

4.6 Hematite

C2(Fe3+) 0.29 −0.02 489.0 24.9

13.6
Magnetite,

SA/SB = 0.91
C3(Fe2+, Fe3+) 0.63 0.01 455.0 20.7

C4(Fe2+, Fe3+) 0.93 −0.49 419.0 3.0

C5(Fe2+, Fe3+) 0.49 0.37 373.0 3.6

C6(Fe2+) 0.66 0.16 266.0 3.1 0.8 Pyrrhotine

D1(Fe3+) 0.30 0.78 0 17.8 4.6 Chromite

D2(Fe2+) 0.99 1.58 0 9.0 2.3 Chromite

The Mössbauer spectrum consists of two doublets (D1, D2) and six sextets (S1–S6). Thus, the sample
has paramagnetic and magnetic fractions. As follows from Table 9, the magnetic phase is distinguished
by a varied composition of minerals.

Thus, the Mössbauer spectroscopic observations are in complete agreement with the observations
obtained by the ESEM and EDS methods.
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3.4.5. Elemental Chemical Composition of Soil and Magnetic Phases of Soil

The contents of chemical elements in the soil of the city of Gubakha vary in wide ranges—
Fe 32434–60673 ppm, Mn 32–944 ppm, Cr 90–190 ppm, Ni 35–70 ppm, Cu 14–59 ppm and Zn 70–270 ppm.

In the soil, the maximum values of the total content of Fe 60673, Mn 944 and Cu 59 ppm were
noted in the industrial zone of Gubakha (Table 10).

Table 10. Statistical indicators of the content of chemical elements of the upper soil horizons (0–10 cm)
of Gubakha (p = 0.05), ppm.

Sampling Location Soil Component n M ±m Min Max V, %

Fe

Residential zone
soil before

magnetic separation 5 42,108 3193 32,993 50,118 17

magnetic phase 5 162,489 35,023 78,288 259,748 48

Industrial zone
soil before

magnetic separation 5 45,002 6292 32,434 60,673 31

magnetic phase 5 118,369 14,153 82,482 157,555 27

Mn

Residential zone
soil before

magnetic separation 5 779 32 681 867 9

magnetic phase 5 526 75 310 774 32

Industrial zone
soil before

magnetic separation 5 522 166 132 944 71

magnetic phase 5 619 133 240 998 48

Cr

Residential zone
soil before

magnetic separation 5 136 14 120 190 22

magnetic phase 5 207 25 145 282 27

Industrial zone
soil before

magnetic separation 5 126 12 90 160 21

magnetic phase 5 257 38 160 348 33

Ni

Residential zone
soil before

magnetic separation 5 52 6 40 70 25

magnetic phase 5 100 11 79 138 25

Industrial zone
soil before

magnetic separation 5 49 5 35 57 21

magnetic phase 5 123 26 67 193 47

Cu

Residential zone
soil before

magnetic separation 5 28 6 14 47 50

magnetic phase 5 56 6 43 74 25

Industrial zone
soil before

magnetic separation 5 43 7 25 59 36

magnetic phase 5 92 13 59 127 32

Zn

Residential zone
soil before

magnetic separation 5 130 38 70 270 65

magnetic phase 5 135 16 99 192 27

Industrial zone
soil before

magnetic separation 5 98 7 80 119 15

magnetic phase 5 138 8 121 167 13

The highest Cr 190, Ni 70 and Zn 270 ppm were found in the residential zone (Table 10).
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4. Discussion

Soil profiles in Gubakha have an eluvial–illuvial type of structure, and a distribution of fine
particles with depth. This testifies to the processes of destruction of the mineral part and the movement
of silty weathering products (diameter of particles is <0.001 mm) into the underlying horizons under
the conditions of the leaching water regime of the foothills of the Middle Urals. The surface AYur,lo
horizons contain weakly magnetic anthropogenic inclusions of coal particles and construction waste.

The acidic reaction of the environment contributes to the weathering of TMPs in the soils of the
city. The low exchangeable absorption capacity of soils determines the poor resistance of the soils to
metal pollution.

The state of the iron-containing phase in the soils of the city of Gubakha, estimated from the
analysis of the gross composition and from the data of chemical extraction, is extremely heterogeneous,
since the sources of anthropogenic iron in the city are very diverse. The share of non-silicate iron in soils
is high (Table 5). Crystallized forms predominate among non-silicate iron minerals. In terms of phase
compositions, these are mainly iron oxides, which is also indicated by the high values of the degree
of development of oxidogenesis (DO). The accumulation of technogenic iron oxides in the surface
horizons of the city soils is confirmed by their abnormally high values of magnetic susceptibility.

The soils of Gubakha are subject to urban ferruginization. The total iron content changes, according
to the Yu. N. Vodyanitskiy [132], from medium (4.72%) to moderately high (16.15%) (Table 5). Some of
the iron compounds have a high K.

The contamination with TMPs of the surface soil horizons of Gubakha is diagnosed based on
the results of the measurements of the K of soils within different functional zones and subzones
of the city. The local background K for the soils of the residential part of the territory of Gubakha
is 15 × 10−5 SI [139], and for the mountainous territory of the Perm region is 16 × 10−5 SI [140].
The average K value of the AYur,lo horizon of the soils of the residential zone exceeds the background
values 22 times. The background K is exceeded only nine times in the industrial zone.

The higher K of the soils of the residential zone is associated with their contamination with
magnetic particles in the composition of cement dust and vehicle emissions, and the aerial intake
of particulate emissions from the Kizelovskaya storage power station, OAO “Gubakhinsky coke”.
The residential quarters of the city alternate with the territories of industrial enterprises.

The value of K for the soils in the territory adjacent to OAO “Gubakhinsky coke” is non-uniform
and varies depending on the geographical location in relation to the source of emissions. The K of
soil is slightly higher in the eastward direction from the coke plant than in the southward direction
(Table 11), which corresponds to the wind direction in the city (Figure 2B).

Table 11. Evaluation of differences in the magnetic susceptibility of soils in transects in the industrial
zone in the area of OAO “Gubakhinsky coke” according to Student’s criterion (t theory = 2.16).

Direction from the Factory n
Comparison Options

1–2 1–3 1–4 2–3 2–4 3–4

1 transect (North) 15 1.55 1.3 1.46
2 transect (East) 15 1.55 2.21 1.71

3 transect (South) 15 1.3 2.21 1.71
4 transect (West) 15 1.46 1.71 1.71

The K of soils of the residential zone is also characterized by high variability, which indicates the
effects of several anthropogenic sources of magnets on the soil at once (Table 8). Industrial emissions
can have a technogenic impact. The variation of K within the industrial zone of Gubakha is insignificant
(9.9%), since magnetic particles enter the soil from one source—OAO “Gubakhinsky coke”.

The values for K in the magnetic phase are determined by the amount of ferrimagnetic
magnetite/maghemite, and they are significantly higher than the susceptibility of soil.
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In the magnetic phase of the Urbic Technosol Loamic, Eutric and the Urbic Technosol Loamic,
Skeletic of the city of Gubakha, microparticles of various shapes and mineralogical compositions were
revealed (Figures 5–7).

Microparticles of various shapes and mineralogical composition were revealed in the magnetic
phase of the Urbic Technosol Loamic, Eutric soil and the Urbic Technosol Loamic, Skeletic of the city
of Gubakha (Figures 5–7). The magnetic microparticles of soils mainly belong to the minerals of the
iron group—magnetite spherules, detrital magnetite, intermetallic iron alloys, titanomagnetite and
wustite. Microparticles of rutile, zircon, barite and ferruginous silicates, etc., were also identified in the
magnetic phase.

TMPs accumulated in the upper horizons of the urban soils. Magnetic spherules in the soils of
Gubakha can accumulate from atmospheric precipitation, which is enriched in magnetite as a result
of the high-temperature technological processes of coke production. Thus, in the composition of the
magnetic phase of soils of Gubakha, magnetic spherules are widely represented. Previously, E.A.
Menshikova and B.M. Osovetsky [59] found that spheres are present in the alluvial sediments in
the Kizelovsko-Gubakhinsky industrial district. These spheres are silica–iron, and have a gray or
brownish color, a matte sheen, a rough surface, and a relatively large size. They have a lower magnetic
susceptibility compared to the group of black spherules. The contents of iron oxides in their chemical
composition decrease from 78 to 55 mass%, respectively, as the contents of Si, Al, Ti, Ca, Mg, Na, K and
Mn increase.

The maximum concentration of spherules was found in the bottom sediments of the Kosva river
at a distance of 22 km downstream of the river from the city of Gubakha, where the coke production
is located. According to E.A. Menshikova and B.M. Osovetsky [59], it is the main source of TMPs
entering the environment.

Mössbauer analysis of the magnetic phase showed the presence of doublets, which can belong
to both finely dispersed Fe oxides and technogenic superparamagnetic hematite. Magnetite has an
inverted spinel structure, in which Fe3+ ions are localized in tetrahedral positions at room temperature,
and Fe3+ and Fe2+ ions in the octahedral position are bound by electron exchange. The crystallochemical
formula of stoichiometric magnetite has the form Fe3+[Fe3+, Fe2+]O4. The areas in the spectrum of iron
ions in the A and B sublattices have a ratio (SA/SB) of 1:2 or 0.5.

In the studied sample of the magnetic phase of the Urbic Technosol Loamic, Eutric from Gubakha,
the SA/SB ratio in magnetite deviates from 0.5 to a larger disparity, which indicates the presence of
isomorphic impurities in the magnetite lattice. The magnetite in the composition of soils in Gubakha is
nonstoichiometric. In the studied sample, two additional sextets of Fe ions in the octahedral position
are observed. This can be explained by the fact that the particles contain chemical elements from
the iron group (chromium, nickel, cobalt, copper, etc.), due to which nonequivalent positions of iron
are formed.

A feature of the nonstoichiometric spectra of magnetite is the fact that, in the presence of vacancies,
the electronic exchange between Fe3+and Fe2+ in the octahedral position is disturbed, in which the
fraction of Fe3+ not participating in the electronic exchange due to the deficiency of Fe2+ ions contributes
to the tetrahedral peak of the Mössbauer spectrum. The reason for the change in the SA/SB ratio in
magnetite (isomorphic impurities, or maghemitization) may be the substitution of heavy metal cations
for iron cations. It is known that various metals are included in the structure of magnetite/maghemite
(ferrite) or hematite by replacing Fe2+ and (or) Fe3+ ions in the crystal lattice [141].

Deciphering the Mössbauer spectrum of the magnetic phase of the Urbic Technosol Loamic,
Eutric from Gubakha showed the presence of chromites. Natural Cr-spinels belong to the group of
complex oxides AB2O4, the composition of which is expressed by the formula (Mg, Fe2+) (Cr, Al,
Fe3+)2O4. Chromspilenides are widespread in many types of soils and rocks, with complex chemical
compositions and high isomorphic capacity.

A. Hunt et al. [142] and T. Magiera et al. [49] stated that the high concentration of toxic heavy
metals in technogenic magnetic particles (TMPs) is explained by the fact that these particles have a low
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stoichiometry and many defects in their crystal lattice, as well as a high isomorphic capacity and a
well-developed active surface area.

The pyrrhotite in the magnetic phase was of technogenic origin. T. Magiera [49] pointed out the
presence of pyrrhotite in emissions from the by-product coke industry. He found that the magnetic
fraction in the composition of the emissions has the form of densely packed aggregates with well-formed
crystal structures, a characteristic feature of which was ferromagnetic pyrrhotite.

Soil contamination with HM in the composition of TMPs was revealed by the results of microprobe
and energy dispersive analyses of the elemental chemical composition of individual magnetic particles
(Figures 5 and 7; Table 12). The concentrations of chemical elements in the soil and in the magnetic
phase of the soil differ significantly from each other (Table 10). The magnetic phase of soils is enriched
in iron, chromium, nickel, copper and zinc, and contains manganese in smaller quantities. The lower
content of manganese in the composition of magnetic particles is explained by the fact that this chemical
element is accumulated to a greater extent by the humic substances of the soil, which belong to the
diamagnetic part of the soil.

The soils of Gubakha are characterized by an excess of background concentrations and a high
variation in the content of Mn, Cu and Zn, which indicates the presence of several sources of technogenic
pollution containing these elements.

Deciphering the energy dispersive spectra of the particles of the magnetic phase made it possible
to establish the features of their elemental chemical composition, and to clarify the mineral phases.
The energy dispersive spectrum of the magnetic phase of Urbic Technosol Loamic, Eutric is shown in
Figure 9. At some points in the analysis, the iron content varied in the range from 1.5 to 94.3%, and the
contents of certain heavy metals reached high values—Co 1.0%; Ti 31.4; Ti 31.4; V 2.7; Cr 15.2; Ni 71.4;
Cu 1; Ba 48.3; Zr 39.0% (Table 12).

The geochemical series of HM accumulation and dispersion in the surface soil horizons show
that heavy metals of the first hazard class (zinc) and the second hazard class (nickel, chromium,
copper) [143] have concentration factors (KKB, KKA) of more than 1.00 (Figure 10).

Geosciences 2020, 10, x FOR PEER REVIEW 25 of 38 

 

The pyrrhotite in the magnetic phase was of technogenic origin. T. Magiera [49] pointed out the 
presence of pyrrhotite in emissions from the by-product coke industry. He found that the magnetic 
fraction in the composition of the emissions has the form of densely packed aggregates with well-
formed crystal structures, a characteristic feature of which was ferromagnetic pyrrhotite. 

Soil contamination with HM in the composition of TMPs was revealed by the results of 
microprobe and energy dispersive analyses of the elemental chemical composition of individual 
magnetic particles (Figures 5 and 7; Table 12). The concentrations of chemical elements in the soil and 
in the magnetic phase of the soil differ significantly from each other (Table 10). The magnetic phase 
of soils is enriched in iron, chromium, nickel, copper and zinc, and contains manganese in smaller 
quantities. The lower content of manganese in the composition of magnetic particles is explained by 
the fact that this chemical element is accumulated to a greater extent by the humic substances of the 
soil, which belong to the diamagnetic part of the soil. 

The soils of Gubakha are characterized by an excess of background concentrations and a high 
variation in the content of Mn, Cu and Zn, which indicates the presence of several sources of 
technogenic pollution containing these elements. 

Deciphering the energy dispersive spectra of the particles of the magnetic phase made it possible 
to establish the features of their elemental chemical composition, and to clarify the mineral phases. 
The energy dispersive spectrum of the magnetic phase of Urbic Technosol Loamic, Eutric is shown 
in Figure 9. At some points in the analysis, the iron content varied in the range from 1.5 to 94.3%, and 
the contents of certain heavy metals reached high values—Co 1.0%; Ti 31.4; Ti 31.4; V 2.7; Cr 15.2; Ni 
71.4; Cu 1; Ba 48.3; Zr 39.0% (Table 12). 

 
Figure 9. Energy dispersive spectrum of an intermetallic iron alloy from the magnetic phase of the 
upper soil horizon of the Urbic Technosol Loamic, Eutric in the residential zone of Gubakha (0–10 cm 
layer). 

Figure 9. Energy dispersive spectrum of an intermetallic iron alloy from the magnetic phase of the upper
soil horizon of the Urbic Technosol Loamic, Eutric in the residential zone of Gubakha (0–10 cm layer).



Geosciences 2020, 10, 443 23 of 35

Table 12. Chemical composition of magnetic soil particles and phase composition of minerals of magnetic soil particles of the upper soil horizons (0–10 cm) of Gubakha.

The Position of the Energy
Dispersive Analysis Point

in the Figure
Sampling Location

Analysis Point Number
to Which the

Spectrum Corresponds
O Si Al Fe Ca K Mg Co S Mineral

Figure 6A

Residential zone
of Gubakha;

Urbic Technosol Loamic,
Eutric

1 6.60 2.80 13.60 77.00 0.00 0.00 0.00 0.00 0.00 magnetite
2 26.90 10.30 0.00 62.80 0.00 0.00 0.00 0.00 0.00 magnetite

Figure 6B 1 31.10 4.10 0.00 63.80 1.00 0.00 0.00 0.00 0.00 silicate-magnetite alloy
2 54.70 23.40 0.00 13.80 8.10 0.00 0.00 0.00 0.00 silicate-magnetite alloy

Figure 6C
1 33.40 3.00 0.00 61.20 0.60 0.00 1.90 0.00 0.00 magnetite
2 40.80 16.70 0.00 35.50 2.00 0.30 4.70 0.00 0.00 iron-containing silicate
3 60.20 25.50 0.00 6.30 0.70 3.00 3.40 0.00 0.00 iron-containing silicate

Figure 6D

1 35.90 5.80 0.00 58.10 0.30 0.00 0.00 0.00 0.00 magnetite
2 0.60 5.20 0.00 94.30 0.00 0.00 0.00 0.00 0.00 wustite
3 44.00 18.50 0.00 34.40 2.20 0.00 0.00 1.00 0.00 iron-containing silicate
4 25.50 1.10 0.00 73.40 0.00 0.00 0.00 0.00 0.00 magnetite

Figure 6E

Industrial zone in the area of
operation of OAO

“Gubakhinsky coke”; Urbic
Technosol Loamic, Skeletic

1 27.50 14.10 2.70 55.90 0.00 0.00 0.00 0.00 0.00 magnetite
2 30.00 5.00 2.40 62.70 0.00 0.00 0.00 0.00 0.00 magnetite

Figure 6F
1 35.20 1.00 1.60 61.80 0.00 0.00 0.00 0.00 0.40 magnetite
2 39.10 4.50 5.10 50.60 0.00 0.00 0.00 0.00 0.70 magnetite
3 46.30 11.30 4.60 34.70 0.00 0.00 0.00 0.00 3.10 iron-containing silicate

Figure 6G
1 21.30 1.80 1.80 74.70 0.00 0.00 0.00 0.00 0.40 magnetite
2 58.20 36.60 2.50 1.50 1.00 0.00 0.00 0.00 0.20 iron-containing silicate
3 50.50 13.30 7.50 22.70 1.80 0.00 0.00 0.00 4.10 iron-containing silicate

Figure 6H 1 28.60 7.60 5.30 58.50 0.00 0.00 0.00 0.00 0.00 magnetite
2 24.80 4.00 2.10 69.10 0.00 0.00 0.00 0.00 0.00 magnetite
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In the industrial zone, the magnetic phase of the soil is enriched in Fe, Ni, Cu, Cr, Zn and Mn,
and in the magnetic particles of the soils of the residential zone, the accumulation of Fe, Cu, Ni and Cr
is observed (Figure 10A).

The geochemical series of the accumulation–dispersion of chemical elements in the soil of Gubakha
are shown in the Figure 10B–D:

Igeo Fe 6.3 < Cu 1.1 = Ni 1.1 < Zn 1.0 = Cr 1.0 < Mn 0.7;
KKB (background) Fe 59.7 < Cu 2.0 < Ni 1.7 < Zn 1.6 < Cr 1.5 < Mn 0.8;
KKA (by V.A. Alekseenko) Fe 2.0 < Cr 1.6 < Ni 1.5 < Cu 0.9 = Mn 0.9 < Zn 0.7.
The soil is moderately contaminated with Fe, Cu and Ni by Igeo. The soils of Gubakha are

contaminated with Fe, Cu, Ni, Zn and Cr relative to the background soil (KKB), and with Fe, Cr, and Ni
relative to the clarke of the soils of residential landscapes, according to V.A. Alekseenko (KKA).

The PLIs of the soils in the residential and industrial zones are 2.6, and the total for Gubakha is 2.7.
The PLI indicates the high contamination level of the soils of Gubakha (Figure 10E).
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Figure 10. Geochemical sequences for soils of Gubakha: (A) Coefficient of enrichment of the magnetic
phase in heavy metals, KKm.f.; (B) Geo-accumulation Index, Igeo; (C) Coefficient of concentration
relative to the background, KKB; (D) Coefficient of concentration relative to the clarke of soils of
residential landscapes in Russia according to V.A. Alekseenko, KKA; (E) Pollution load index, PLI.
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Paired correlation analyses of K and the contents of chemical elements in the soils of the city of
Gubakha showed the strong relationship of K with Fe, Cr and Ni (Tables 13 and 14). An association of
Fe with Cr, as well as with Ni, was found. These connections are due to the fact that Fe, Cr and Ni are
part of the highly magnetic minerals of the spinel group. A strong bond has been established between
Ni and Cu.

Table 13. Correlation matrix of magnetic susceptibility and the contents of chemical elements in the
soils of the residential zone of Gubakha, n = 10, p = 0.05.

K Fe Mn Cr Ni Cu

Fe 0.71
Mn −0.33 −0.62
Cr 0.70 0.78 −0.39
Ni 0.71 0.91 −0.71 0.67
Cu 0.51 0.63 −0.76 0.30 0.81
Zn −0.15 −0.02 −0.40 −0.24 0.22 0.47

Table 14. Correlation matrix of magnetic susceptibility and the content of chemical elements in the
soils of the industrial zone in the area of OAO “Gubakhinsky coke”, n = 10, p = 0.05.

K Fe Mn Cr Ni Cu

Fe 0.85
Mn 0.23 −0.09
Cr 0.81 0.75 0.46
Ni 0.69 0.94 −0.11 0.73
Cu 0.75 0.97 −0.12 0.69 0.95
Zn 0.77 0.89 −0.35 0.50 0.81 0.82

The sources of HM in the composition of TMPs in the soils of Gubakha can be coke production,
the operation of a thermal power plant, transport emissions, and construction waste. It is not possible
to distinguish the individual impacts of individual sources on the chemical composition of the soils of
the city.

The analysis of the composition of iron compounds in soils is most often used to characterize the
processes of soil formation and soil fertility [131,144]. The average iron content in the world’s soils is
3.8% [136]. It was also found that iron compounds, along with organic matter, affect the soil’s ability
to absorb HM [85]. Depending on acid-base and redox conditions, iron can be present in the soil in
oxidation states Fe3+ and Fe2+.

In the magnetic phase of the soil of the Urbic Technosol Loamic, Eutric and the Urbic Technosol
Loamic, Skeletic of Gubakha, microparticles of various shapes and mineralogical composition were
revealed (Figure 5). The magnetic microparticles of soils mainly belong to the minerals of the iron
group—intermetallic iron alloys, detrital magnetite, magnetite spherules, titanomagnetite and wustite.
Microparticles of rutile, zircon, barite and iron-containing silicates, etc., were also identified in the
magnetic phase.

The studied particles of the magnetic phase are dominated by iron oxides and iron-containing
silicates (Figure 6). The iron content in the composition of magnetic inclusions is more than 60%,
i.e., exceeds the clarke value by almost 16-fold.

The contamination of soils with HM, confirmed by the high values of the volumetric magnetic
susceptibility, was also revealed by a microprobe study of the elemental chemical compositions of
some magnetic particles (Figures 6 and 7).

Spherical magnetite particles accumulate in the upper soil horizons as a result of their aerial
pollution. Magnetic spherules in the soils of Gubakha can accumulate from atmospheric precipitation,
which is enriched in spherical magnetite as a result of the high-temperature technological processes of
coke production (Figure 5).
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Microprobe and energy dispersive analyses revealed the accumulation of iron, barium, zircon,
manganese and titanium in the magnetic phase isolated from the Urbic Technosol Loamic, Skeletic
of the industrial zone. The amount of other chemical elements considered in the work, with a high
atomic mass (chromium, copper, nickel, zinc) in the magnetic phase, is less than 0.1%, which does not
allow them to be reliably diagnosed by the method of energy dispersive analysis.

Thus, the microprobe diagnostics of the magnetic phase of the Urbic Technosol Loamic, Eutric
of the residential zone of Gubakha reflect the technogenic origin of the minerals that enter the soils
of the city by air. The composition of magnetic particles in soils is diverse—intermetallic iron alloys,
detrital magnetite, magnetite spherules, titanomagnetite, and wustite. Magnetic iron-bearing minerals
of technogenic origin contain nickel, chromium, cobalt, manganese and other HM as impurities.

5. Conclusions

The soils of the city Gubakha are subject to urban ferruginization. The total iron content in the
soils of the city reaches 16.15%. For the first time, the features of the manifestation of technogenic
oxidogenesis and the accumulation of TMPs in soils in the urban area of the Middle Urals have been
characterized. The mineralogical and elemental chemical composition of the highly magnetic soils of
the city Gubakha has been determined and characterized.

It has been established that the magnetic susceptibility of the surface soil horizons exceeds the
background values 22-fold for the territory of the residential zone, and 9-fold for the industrial zone
of Gubakha. The composition of the magnetic particles in the soils is diverse—magnetite spherules,
detrital magnetite, intermetallic iron alloys, titanomagnetite and wustite. TMPs accumulate in the upper
soil horizons. Magnetic spherules in the soils of Gubakha can accumulate as a result of atmospheric
precipitation, which is enriched in magnetite as a result of the high-temperature technological processes
of coke-chemical production. The physicochemical properties of the soils of the city determine the
resistance to the weathering of magnetite. The acidic reaction of the environment contributes to
the weathering of TMPs in the soils of the city. The low exchangeable absorption capacity of soils
determines the poor resistance of soils to metal pollution. The soil profiles have an eluvial–illuvial
structure, and conditions are created for the influx of metals into groundwater.

Mössbauer spectroscopy showed that the magnetite in the magnetic phase is nonstoichiometric.
Magnetic iron-containing minerals contain nickel, chromium, cobalt, manganese and other heavy metals
as impurities. The soil is moderately contaminated with Fe 6–12, Cu 1.1, and Ni 1.1, as determined
by Igeo. The pollution load index (PLI) values of soils in the residential and industrial zones were
both 2.6, which indicates the high contamination level of the soils of Gubakha.

The combination of methods for measuring magnetic susceptibility, and determining the
mineralogical composition of iron compounds and elemental chemical composition, has shown
the effectiveness of this approach when conducting an ecological–geochemical assessment of the soil
cover of the city of Gubakha. The administration of Gubakha should pay attention to the advisability
of monitoring the elemental chemical composition of the city’s soils, including using the methods of
ecological magnetism, to identify the areas of soils contaminated with nickel and chromium and make
environmental decisions.

The surface soil horizons of the city of Gubakha are enriched in Zn, Cu, Ni and Cr, as well as in
magnetic iron compounds. The magnetic susceptibility of the surface soil horizons in the residential
and industrial zones of the city exceeds the background values, by 22- and 9-fold, respectively.
The magnetic phase of the soils is diverse in morphology and mineralogical and elemental chemical
composition, consisting of spherical, acute-angled particles of magnetite, maghemite, hematite,
pyrrhotite, intermetallic alloys, chrome-spelinide, and others. The sources of man-made magnetic
particles in soils in the territory of Gubakha could be coke production, thermal power plants,
motor vehicles and construction materials (cement). The magnetic phase of the city’s soils is enriched
with Cr, Ni, Co, Ti, V, Cu, Zr and Ba, which pose a potential threat to the life and health of the
population. The soil is moderately contaminated Fe 6–12, Cu 1.1 and Ni 1.1, as determined by Igeo.
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The pollution load index (PLI) values of the soils in the residential and industrial zones were both 2.6,
which indicated the high contamination level of the soils of Gubakha. The complex use of the methods
of magnetism and elemental chemical composition has shown the effectiveness of this approach in
carrying out the ecological–geochemical assessment of the soils of the city of Gubakha.
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43. Rolka, E.; Żołnowski, A.C.; Sadowska, M.M. Assessment of Heavy Metal Content in Soils Adjacent to the
DK16-Route in Olsztyn (North-Eastern Poland). Pol. J. Environ. Stud. 2020, 29, 4303–4311. [CrossRef]

44. Seghier, T.B.; Bouhadjera, K. Pollution Assessment of Heavy Metals in Roadside Agricultural Soils. Pol. J.
Environ. Stud. 2020, 29, 2855–2863. [CrossRef]

45. P Rakhmatov, M.N.; Maslov, V.A.; Abdullaev, S.F. Distribution dynamics of heavy metals and arsenic in dust
aerosol and soils of Northern Tajikistan. Chem. Saf. 2019, 3, 78–93. (In Russian)

46. Acar, R.U.; Özkul, C. Investigation of heavy metal pollution in roadside soils and road dusts along the
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