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Abstract: The Olmaliq industrial area in Uzbekistan is believed to represent a risk to the environment
and to human health due to the dispersal of contaminants into the air and soil. This study was
undertaken to delineate the track of airborne contaminants’ migration and to assess the distribution of
such particles deposited on Populus nigra L. cv Italica leaves and soils. Particles were identified using
scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM-EDX), while bulk soil
composition was quantified by applying inductively coupled plasma mass spectrometry (ICP-MS).
The results of this study confirmed the research hypothesis, indicating the industrial center as a
source of pollution and human exposure to metallic contaminants. The Olmaliq area in particular is
strongly influenced by atmospheric pollutants from local industries. The spread of ultra-fine particles
is mainly governed by the industrial output and the direction of prevailing winds.
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1. Introduction

The progressive development of societies is inherently linked with the proliferation of industrial
sectors [1]. Every industrial sector unavoidably generates various kinds of waste and emissions [2].
Consequently, existing regulatory requirements impose specific criteria on industrial producers to limit
pollutants, but some emissions are still transferred to the environment [3]. For this reason, industrial
areas are recognized as having high contamination potential [4].

Of particular concern are air emissions, because these are known to be easily transported over
great distances [5] and, as the result of deposition, they may reach other environmental components,
including soil and water. Atmospheric aerosols are composed of various solid and liquid substances
as a mixture of elemental and organic carbon, ammonium, nitrates, sulphates, mineral dust, trace
elements, and water [6]. However, specific atmospheric aerosol pollutants depend on the branch of
industry from which they are generated [7,8]. Atmospheric aerosols whose natural or anthropogenic
origins can be revealed possess the following characteristics: submicron <1 µm particulate matter
(PM1), fine fraction <2.5 µm (PM2.5), coarse fraction 2.5–10 µm (PM2.5–10) and fraction over 10 µm
dispersed by transport and migration. Classification of atmospheric aerosols according to size (PM1 vs.
over PM10) aims and chemical/mineralogical characters to indicate their potential to affect humans
health [9].

The inorganic fraction of primary atmospheric aerosols is mainly composed of silicates,
aluminosilicates, oxides, and carbonates associated with Earth’s crust and derived from specific
anthropogenic sources—mining, metallurgy, electricity and heat generation, chemical industries,
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and others [10]. Secondary atmospheric aerosols generated in aforementioned processes consist of
different salts, such as sulfates, nitrates, and chlorides. Finally, the inorganic fraction content of
aerosols depends on the following conditions: (i) recent erosion of the rocks and soil, (ii) the traffic
intensity in the area, (iii) wind intensity/direction, and (iv) the presence of industries generating specific
chemical/mineralogical phases [10]. Industrial processes generate about 35% of the PM mass emitted
globally into the atmosphere by human activities [11]. Mineralogical and geochemical studies focused
on determining the sources of atmospheric particles have frequently used both an active method
pumping air with aerosols [10,12–16] and a passive method where dust is gravitically collected [17,18]
or a bio-passive method where dust is adsorbed on a bioindicator surface [19–22]. Due to the
high cost of instrumental monitoring and the difficulties of carrying out extensive sampling, there
has been increasing interest in the use of indirect atmospheric monitoring using biomonitors or
bioindicators [23,24]. Furthermore, it has been reported that the mineral fraction identified on a
bio-passive sampler is specific to the source of origin [22]. Thus, anthropogenic areas where smelting
processes are carried out are expected to exhibit elevated metal concentrations, either adsorbed onto
atmospheric particles or incorporated therein.

Recently, trees stand as among the most useful and effective bioindicators and biomonitoring
tools for collecting atmospheric pollutants [25–27]. Populus spp. are commonly used as valuable
bioindicators [22,28–30]. Previous research focused mainly on trace elements inbuilt in indicator
structures to assess environmental changes rather than mineralogical/geochemical analysis of
atmospheric particles deposited on bioindicators to assess the anthropogenic influence [31].

Environmental studies require the use of various analytical tools for the combined assessment of
pollution. Scanning electron microscopy (SEM) is frequently used to analyze atmospheric particles as
it provides chemical, mineralogical, and morphological information about specific aerosol and, as a
consequence, enables differentiation between natural and anthropogenic atmospheric particles [32].
Moreover, this method provides a great array of data for the analysis of contaminants present in
the soil [33]. Bulk soil composition, usually assessed by inductively coupled plasma atomic mass
spectrometry (ICP-MS), provides only the total concentration of pollutants that were eventually
deposited on surface soil, while the application of SEM provides more detailed information concerning
the fraction of a specific metal deposited. This information is environmentally relevant because it is
known that the susceptibility of each mineral to alteration and dissolution differs depending on its size.
Hence, the potential risk for pollutant release also varies [34]. To consider a specific location as a whole
system where pollutants can be present requires a combination of geochemical tools. Only then can a
reliable assessment of pollution be assured.

The Olmaliq area in Uzbekistan is an industrial region associated with many industrial branches
smelting non-ferrous metals [35,36]. According to the location of those smelting industries and
the dominant wind direction—WSW (West-Southwest) in this area—[37], it is hypothesized that air
pollutants are transported in an easterly direction. In this regard, the aim of this study was to track the
range of migration of airborne contaminants in the Olmaliq area from the industrial smelting centers
as well as from large local quarries, and finally to quantify the percent of anthropogenic pollutants.
A combined geochemical approach was applied to consider the study area as a complex location.
Soil contamination was assessed by ICP-MS and scanning electron microscopy–energy-dispersive
X-ray spectroscopy (SEM-EDX), while atmospheric particles deposited on Populus nigra L. cv italica
leaves were determined by SEM-EDX. The main novelty of this study is that it takes an advantage of
the leaves as a samplers for tracking dispersal of atmospheric contaminants. A combined geochemical
approach enabled us to determine the precise range (with a km precision) of distribution of pollutants
of anthropogenic genesis. For this reason, this study is relevant not only for studied area, but its
applicability can be a useful tool for contamination assessment at other areas where industrial activity
takes place.
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2. Material and Methods

2.1. Study Site

The city of Olmaliq (c. 120,000 inhabitants) is located at 585 m altitude in a mountainous area
65 km south–southeast of Tashkent, the capital of Uzbekistan. The climate is continental in character
with minimum temperatures ranging from −25 ◦C to −30 ◦C in January to maximum temperatures of
42 ◦C to 47 ◦C in July [37]. Average annual rainfall is between 100 and 200 mm [36]. The study area is
surrounded by a chain of mountains (Chatkal and Quarama), which limits air circulation/ventilation
influencing the spread of atmospheric pollutants. The JSC Almalyk Mining and Metallurgical Complex
(AMMC) (Uzbekistan) is located at the foot of the Akhangaran River valley near the city of Olmaliq [37]
(Figure 1). The JSC Almalyk MMC Mining and Metallurgical Complex is one of the largest industrial
facilities in Uzbekistan. Its annual metal production in 2015 was around 100,000 metric tons of copper,
70,000 tons of zinc, and 40,000 tons of lead [38]. The JSC AMMC generates about 13% of all pollutants
emitted into the atmosphere from stationary sources in Uzbekistan [36]. The prevailing wind at the
study site is in a western and south-western direction [37], therefore, we focused on sampling the
eastern side of AMMC as potentially more affected by industry pollutants. The soils in the Olmaliq
vicinity are classified as lithosols [37].
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industry) of leaves were associated with the industrial area (sampling points: 1, 2, 3, 4, 6, and 7; Figure 1), 
two from an urban area (5 and 9, Figure 1, assigned to group 2: urban), and one (8; Figure 1, assigned 
as group 3: quarry) from an area influenced by a quarry. The collected leaves were placed in paper 
bags and stored at ambient temperature. Soil samples (c.a. 10 g) were collected on 24 August 2018 at 
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Figure 1. Localization of Populus nigra leaves (No. 1–9) and soil (G1–G3) sampling points in
Olmaliq (Uzbekistan).

2.2. Sample Collection

The collection of P. nigra leaves took place on 17 August 2018, from nine sampling points (Figure 1).
For each study location, one sampling tree was selected and ten fully developed leaves were randomly
sampled from P. nigra at 1.5 m above the ground level. Six samples (assigned to group 1: industry) of
leaves were associated with the industrial area (sampling points: 1, 2, 3, 4, 6, and 7; Figure 1), two from
an urban area (5 and 9, Figure 1, assigned to group 2: urban), and one (8; Figure 1, assigned as group 3:
quarry) from an area influenced by a quarry. The collected leaves were placed in paper bags and stored
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at ambient temperature. Soil samples (c.a. 10 g) were collected on 24 August 2018 at the topsoil level
(0–10 cm depth) from three sampling points (Figure 1). All three samples (G1, G2, G3) were attributed
to an industrial area (Figure 1). Soil samples were kept in LDPE (low-density polyethene) zip bags, left
open until dry at room temperature. Ultimately, the soil samples and leaves were carefully transported
to the laboratory in hermetic LDPE zip bags to prevent further contamination (University of Wroclaw,
Poland). Finally, the samples were kept in closed zip bags at ambient temperature for nine month prior
to the analysis.

2.3. Sample Preparation

Samples of leaves were again dried in the laboratory for seven days at room temperature (covered to
prevent contamination). Subsequently, they were carefully freeze-dried using Labconco model FreeZone
4.5 to remove residual water before SEM-EDX (scanning electron microscopy–energy-dispersive X-ray
spectroscopy) analysis. Then, three (out of every ten) leaves were randomly chosen, cut between the
leaf edge and midrib, to obtain two discs of area c.a. 0.5 mm2 each, one for the lower surface and
the second one for the upper surface. Obtained fragments were mounted on a SEM aluminum stub
with a double-sided sticky carbon tape. Soil samples were homogenized and sieved through a 2 mm
sieve, and then each finer fraction was divided into two equal parts. The first part was sent for metal
concentration analysis using ICP-MS (inductively coupled plasma-mass spectrometry). The second
part of the sieved soil samples was prepared for SEM-EDX examination. It was carefully subdivided
by quartering [39,40], and representative portions of each air-dried sample (G1, G2, G3) were placed
in a separate plastic mold (open cylinder) and soaked with a low viscous epoxy resin (mixed with
acetone) under low vacuum conditions to completely remove air bubbles. When polymerization was
complete (after 24 h), the cylindrical mold and the embedded sample were cut with a diamond saw,
and the sample was polished with progressively finer grades of abrasive (alumina at the first stage and
diamond in later stages).

2.4. Analytical Procedures

2.4.1. Mineralogical Characterization of Leaves and Soils

The distribution and morphologic characterization of the particles on the leaves and the chemical
composition of the soil and the particles on leaves were evaluated using scanning electronic microscopy
equipped with energy dispersive X-ray spectrometer (SEM-EDX). Samples were studied with a Jeol JSM
IT-100 scanning microscope (JEOL, Akishima City, Tokyo, Japan) equipped with an Oxford EDX system
in back-scattered electrons (BSE) mode. Leaves were analyzed under low vacuum (~40 Pa) and at an
acceleration voltage of 14 kV, without any conductive coating, following the procedure depicted by [41].
For SEM-EDX analysis, spots on the 0.5 cm2 sample were randomly chosen, and microphotographs with
magnifications (500×, 1000×, 2000×) were taken for each sampling site. After an overall examination
of the leaves, a spot of 10,000 µm2 per site was analyzed.

For soil samples, the instrument was operated at high vacuum and 16 kV acceleration voltage.
The EDX microanalysis was performed with 60 s of capture time, 100 to 200 counts per second and
20% of dead time, recording the EDX analysis at the central part of the particles. The minimum
detection limit of EDX analysis is 0.2 wt%. The Feret max (the longest Feret diameter, [42] accumulated
on leaves was assessed using BSE images (at least 15 for each sample) and measured utilizing
JMicroVision software [43]. Due to image resolution limitations, particles larger than 0.1 µm were
counted. The obtained data were used to divide them into three groups depending on substitutive
diameter: fine: <2.5 µm; coarse: 2.5–10 µm; over >10 µm. The groups were classified as PM2.5,
PM2.5–10, and above PM10 in diameter. The chemical composition of each measured particle was then
assigned, if possible, to the most similar mineralogical phase of the 15 mineralogically specific group.
To distinguish naturally occurring mineral particles, we conducted an in-depth analysis of EDX spectra.
Each one was carefully compared with reference mineral spectra presented by [44]. In doubtful cases,
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a result of EDX quantitative chemical analysis was compared to the typical chemical composition of
rock-forming minerals [45]. All chemical analyzes of particles significantly deviating from the chemical
composition of minerals were considered particles of anthropogenic origin. Finally, the mineralogical
composition of measured atmospheric particles in relation to particle sizes were assessed for all studied
samples. Likewise, the mineralogical composition of the measured soil grains were taken without
dividing the fractions.

2.4.2. Chemical Composition of Soil

The chemical composition of the soil was determined by the certified laboratory Bureau Veritas
Group Company (formerly ACME Labs, Vancouver, BC, Canada) using inductively coupled plasma
mass spectrometry (ICP-MS) for major, minor, and trace elements. The detection limits were as follows:
0.1 ppm (Pb, Cu, Mo, Ag, Ni, Co, Sb), 0.5 ppm (As, Au) and 1 ppm (Zn, Ba, Cr). The analysis of blank
as well as two standards was performed in order to ensure data accuracy and quality. Sample digestion
was performed using LiBO2/Li2B4O7 fusion and further dissolution with nitric acid. The analytical
reproducibility (2σ), as estimated from a replicate analysis of a sample (G1) and analyses of standard
DS11, ranged from 0.1% (Cu) to 1% (Se) confidence limits.

2.5. Statistical Analysis

Differences among the sampling sites in contribution of anthropogenic atmospheric particles
adsorbed on leaves were evaluated by one-way ANOVA (Analysis of variance). The normality of the
analyzed features was determined using Shapiro–Wilk’s W test, and the homogeneity of variances was
checked using Levene and Brown-Forsythe tests [46,47]. A post hoc HSD (honestly significant difference)
Tukey test [48] was used to compare the contribution of anthropogenic atmospheric particles adsorbed
on leaves among the three groups of industrial, urban, and quarry sites [49]. Spearman’s correlation
coefficients were calculated [49] to examine the ρ of the percentage of contribution of mineralogical
phases between analyzed soils and related atmospheric particle sites. Calculations were done with
Statistica 13.1 software [50].

3. Results

3.1. Size and Mineralogical Characteristics of Atmospheric Particles

The amount of adsorbed particles on P. nigra leaves, their size, and mineralogical composition
varied greatly depending on location (Figure 1) and classified group (Table S1 and Figures 2–4). At each
sampling point, atmospheric particles were classified according to size into one of three distinct groups
(<2.5 µm; <2.5–10 µm; >10 µm) and associated with one of the 15 mineralogical/phases categories
(Table S1). Finally, for each leave and soil sampling point, a graph of the minerals/phases distribution
was constructed (Table S1 and Figure 5).

The amount of particles (x) for each point and fraction was recalculated to percentage contribution
(x) (Table S2) of specific phase/mineral in each sampling point, according to Equation (1):

% contibution of
phase

mineral
(x) =

amount of phase/mineral particles (x)
amount of all particles

× 100% (1)

Group 1 (industry) is represented in all three sizes (from <2.5 µm to >10 µm) mainly by Si/Al
(reaching 58.3%) and Si/Al particles containing other toxic metals (reaching 34.0%) (Table S2 and
Figure 5) representing slag/ash/dust from the local industry. Other significant contributions in group 1
constitute P- and F-bearing phases (reaching 29.0%) associated with the nearest local pollutant hot spots
(e.g., a phosphogypsum stack area, see Figure 1). Group 2, due to its urban character, is dominated
by other terrigenous particles (reaching 43.1% in size groups fine fraction and coarse fraction and
71.4% in size over 10 µm) in all three size phases and others, like sulfides and Ca/P/K spherule,
depending on local pollutant hot spots (e.g., a chemical plant and fertilizer from local agriculture, see
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Figure 1). Group 3 is dominated by terrigenous phases (quartz up to 42.9%, other terrigenous particles
up to 48.1%) derived probably from the local Kalamkyr quarry (Figure 1) with admixtures of other
minerals/phases. The amount of fine fraction (<2.5 µm) and coarse fraction (2.5–10 µm) dominated in
the three analyzed groups (Table S1 and Figure 5).Atmosphere 2020, 11, x FOR PEER REVIEW 6 of 21 
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Figure 2. BSE image of P. nigra leaves taken from site 3 and representative energy-dispersive
X-ray spectroscopy (EDX) spectra. Spectrum 1—calcite; spectrum 2—calcium sulphates with P
(phospho-gypsum); spectrum 3—iron oxide; spectrum 4—relict of primary phosphorite phase (probably
apatite); spectrum 5—calcium sulphate (gypsum/anhydrite); spectrum 6—iron oxide with Zn.

The percentage contribution of inorganic anthropogenic origin particles (IAP) (Table S2) was
calculated according to Equation (2):

% contribution of IAP = (100%− (% Q + % OT)) (2)

where Q is represented by quartz and OT (other terrigenous) phases/minerals are represented by
alkaline feldspar, plagioclase, muscovite, biotite, zircon, rutile, garnet, chlorite, and clay minerals
(e.g., illite and kaolinite).

The discrimination of terrigenous/anthropogenic particles is similar to that reported by [14] but
modified to the local character of industry (smelters/dressing factory/chemical plants).

The range of inorganic anthropogenic particles in each size and group is shown in Table 1.
The normality in each particle size confirmed by Shapiro–Wilk’s W test allows us to test our hypothesis
for differences in three groups—1, industry; 2, urban; and 3, quarry. The mean contribution of inorganic
anthropogenic particles adsorbed on P. nigra leaves in the three groups tested differed significantly
(ANOVA p < 0.05) (Table 1). Moreover, a very conservative post hoc HSD test confirmed statistically
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significant differences (p < 0.05) for fine fraction (<2.5 µm) between groups 1 and 2 and between groups
1 and 3, but without a significant link (p > 0.05) between groups 2 and 3 (Table 1).Atmosphere 2020, 11, x FOR PEER REVIEW 7 of 21 
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Table 1. Mean and standard deviation (SD) of contribution atmospheric particles (%) adsorbed on
P. nigra leaves from three groups: 1 industry/smelters, 2 urban, 3 industry/quarry sites. N = 9; probability
level (P) for homogeneity of variance in ANOVA and for post hoc test between groups.

Group
Anthropogenic

Particles < 2.5 µm
Mean ± SD

Anthropogenic
Particles 2.5–10
µm Mean ± SD

Anthropogenic
Particles > 10 µm

Mean ± SD

Post hoc HSD–Tukey Test
Anth. Part. < 2.5 µm

p < 0.05

Group 1 Group 2

Group 1 (industry) 91.5 ± 6.3 78.5 ± 8.1 73.0 ± 12.4
Group 2 (urban) 65.0 ± 6.0 58.5 ± 7.5 47.0 ± 18.0 0.0099
Group 3 (quarry) 49.0 ± 0.0 44.0 ± 0.0 42.0 ± 0.0 0.0039 0.2439
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Figure 4. BSE image of P. nigra leaves taken from site 14 and representative EDX spectra.
Spectrum 1—alkali feldspar; spectrum 2—silica (quartz); spectrum 3—illite; spectrum 4—silicate
slag/ash with Zn; spectrum 5—silica (quartz); spectrum 6—sodium feldspar.
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3.2. Spatial Distribution of Atmospheric Particles

Interpretation of data (Table S2) and the distribution of mineralogical phases (Figure 5) and
confirmation of the lack of a statistical connection between groups 2 and 3 (statistically tested, Table 1)
affirmed the dominant role of industry/smelting (group 1) as a local hot spot of atmospheric pollutants
with dominant W/SW (West/Southwest) winds. This allowed us to prepare a spatial map (Surfer® from
Golden Software, LLC, Golden, CO, USA, www.goldensoftware.com) of the distribution of inorganic
anthropogenic atmospheric particles in the vicinity of Olmaliq city (Figure 6A–C). The range of inhalable
(fine < 2.5 µm) inorganic anthropogenic particles reached the 90–60% level in about two-thirds of the
area of Olmaliq city and spread about 7 km (Figure 6A) eastward from the industry/smelters center.
The range of fine (2.5–10 µm) inorganic anthropogenic particles reached the 80–60% level in about half
of the Olmaliq area and spread about 6 km (Figure 6B) eastward from the industry/smelters center.
The range of coarse (>10 µm) inorganic anthropogenic particles reached the 80–60% level in about 40%
of the Olmaliq area and spread about 4–5 km (Figure 6C) eastward from the industry/smelters center.

www.goldensoftware.com
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3.3. Mineralogical and Geochemical Characteristics of the Soil

The results of mineralogical analyses revealed the presence of a variety of mineral fractions in the
studied soils (Table S3). The soil was dominated by terrigenous particles that accounted for 35%, 47%,
and 41% (recalculated using Equation (1)) for locations G1, G2, and G3, respectively. A significant
volume of soil was also made up of quartz (~20%) and anthropogenic Al/Si particles and Al/Si particles
with some admixtures of metals. The amount of the latter particles varies from one sampling point to
another—14.6% (G1), 14.2% (G3), and 4.1 (G2). Soil from location G1 was characterized by a higher
amount of sulfides (sulfides + Al/Si and sulfides) (8.4%) compared to others (2.4–4.9% at locations G3
and G2). Likewise, Si/Al spherules dominated (3%) at location G1 over the other locations (up to 0.4%).
In turn, soil from locations G1 and G2 exhibited a notable content of P/F phases (2.9–3.8%) whose
content at location G3 did not exceed 0.8%. Location G3 is also associated with the highest amount of
metals (up to 2%); the other locations studied reported up to 1%. Other particles detected in the soil
samples included Fe-oxides up to 4.5% (Table S3).

The soil samples analyzed in this study were collected nearby industrial centers. Therefore, in
order to decipher whether concentrations of contaminants can be assigned as anthropogenic input,
our data have been compared with values reported by [35]. These authors collected samples far from
our study area, thus, we considered them as background values. Bulk soil from our study contained
remarkable concentrations of Cu, Zn, and Pb reaching 2202; 2052; and 957 mg kg−1, respectively
(Table S4). Location G1 contained the highest quantities of these elements, with the exception of Zn
that dominated in location G3 (Figure 7). Other metals, such as Ni (up to 27 mg kg−1), As (up to
46 mg kg−1), Cr (up to 31 mg kg−1), Ag (up to 4.1 mg kg−1), and Co (up to 9.8 mg kg−1), occurred
at similar concentrations at all studied locations, whereas Mo (5.2 mg kg−1) and Sb (6.7 mg kg−1)
were at least three times less concentrated in location G3 (up to 22 mg kg−1) compared to locations
G1 and G2 (Tables S4 and S5). When all aforementioned values are compared to soils (samples
collected at the far distance from industrial center) analyzed by [35], anthropogenic origin of these
contaminants can be stated. For example, the authors reported background concentrations at the level
of 46–53 mg kg−1 (Cu), 99–154 mg kg−1 (Zn), 28–49 mg kg−1 (Pb), 557–756 mg kg−1 (Ba), 10–18 mg kg−1

(Co). Concentrations reported in our study were clearly higher for Cu, Zn and Pb, indicating a trend of
increased concentration when approaching the industrial center. In addition, values reported in our
study were highly comparable with that reported in samples of [35] collected near the center.
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4. Discussion

4.1. Atmospheric Particles

Populus nigra leaves have a good fine PM retention capability, but what is more significant is that
it has a greater amount of adsorbed particles representing PM1 fraction in total PM10 load [26,51]. It is
the most important when a bio-passive sampler (e.g., leaves) is applied to gather sub-micron and
fine fraction, generated very often during industrial processes. Two different possible PM collection
methods, V/F (vacuum filtration of dust washed from leaves and gravimetric analysis) and SEM-EDX
(direct measuring of particles on leaves), can be applied, however, both have their own advantages
and disadvantages [25–27,52]. The investigations made by [26] concerning evaluation of the V/F and
SEM-EDX method on P. nigra reported a two-times higher value of PM10 load in V/F probably due to
residual honeydew dissolute by F/V method. Thus, SEM/EDX is considered to be more appropriate
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than V/F for PM load analysis on leaves, and, additionally, it better distinguishes both PM diameter
and chemical/mineralogical content and evaluates the overall PM amount to a greater extent [26].

This study demonstrated that the size and mineralogical distribution of the contribution of
adsorbed particles on P. nigra leaves strongly depends on location (Figure 1) (Table S1 and Figures 2–4).
Similarly, Teper [19] noted that the weight of deposited atmospheric particles on Pinus sylvestris
needles varied and did not always depend on exposure time (age of needles), but rather that
specific localization was an important factor. Similarly, the authors of [52] and references therein
studying transplanted mosses demonstrated significant input of industrial contaminants (e.g., iron,
aluminum, lead smelters) occurring as metal-bearing (Fe, Al, Sb, Pb etc.) particles on bioindicator
surfaces. Our investigation confirmed the important input of anthropogenic origin (Cu/Pb/Zn dressing
factory and smelters, chemical plants, etc.) of atmospheric particles in the local Olmaliq atmosphere.
The nearest industrial area points (group 1) reached about 90% anthropogenic hazardous fine particles
(below PM2.5), whereas urban points (group 2) reached 65%, and the quarry point (group 3) only
49% (Table 1). We observed the spread of anthropogenic fine particles almost 7 km east of the city
center from the industrial area (Figure 6A). Most of the smallest particles consisted of sulfides and
other Si/Al metal-bearing phases/spherules (Figure 5A). Therefore, due to their size and chemical
(heavy metal-bearing) character as an inhalable fraction, they are very hazardous to the local city
population [53,54]. The range of fine (Figure 6B) and coarse (Figure 6C) particles of anthropogenic origin
is lower but still important. Moreover, the mineralogical character of fine and coarse particles varied
(the amount of terrigenous/quartz particles increased) depending on location (Figures 1 and 5B,C) and
size (Figure 5B,C and Figure 6B,C). However, the greater fraction aerosols can be easily removed from
upper respiratory tracts and are not as dangerous as fine particles, which penetrate deeper in the upper
respiratory tracts and lungs [16].

The connections between industry, urban, and quarry sampling points was tested statistically
(Table 1), and differences between groups indicate only one hot spot of pollutants (the industrial
area) located in the western part of Olmaliq. The influence of the Kalmakyr mine (quarry point)
on atmospheric particles, especially in Olmaliq center (urban points, Figure 1), were excluded by a
statistical test (Table 1) and mineralogical characteristics (Figure 5A–C and Figure 6A–C). Investigations
made by [27,52] confirmed our observations and demonstrated that the biggest input of sub-micron and
fine particles is associated with the industry area. For urban and rural/sub-urban areas, the proportion
between particles has been changed in favor of the coarse over the 10 µm fraction. Furthermore, we
hypothesized that local industry, similar to investigations from Kazakhstan described by [22], and local
west-prevailing wind direction [36] are the most important factors influencing the distribution and
composition of fine and coarse particles in the vicinity of Olmaliq. Therefore, coarse terrigenous
particles generated by the Kalmakyr mine works and deflated by the atmosphere are probably
transported eastward from the quarry locally rather than spreading north-westward to Olmaliq center.

4.2. Soil Samples: Contamination and Reference to Regulation Limits

Soil contamination by metallic elements in the environs of rapidly expanding industrial areas is
a critical issue. The problem has local implications because the problem of metal contamination in
Olmaliq soils has already been reported [36]. However, it also applies at large as there are many other
industrial locations endangered by metals in the world [55]. The reason for choosing near-surface
soil layers for contamination assessment is that, according to reports in the literature, smelter-derived
contaminants tend to accumulate near the surface despite possible downward migration in the soil
profile [56].

The surface soil layers analyzed in our study were characterized by the highest content of Cu
and Zn. However, soil closer to the Cu smelters is undoubtedly more vulnerable to accumulated
Cu emissions compared to Zn, as the latter tended to accumulate near the Zn smelter (Figure 1).
Another reason for higher Cu levels in G1 could be higher emissions from the Cu smelter than from
the Cu dressing factory.
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A comparison of the obtained data (Figure 8) with respect to the target hazard limits quotient
of 0.1, according to the US EPA (United States Environmental Protection Agency) [57], indicated
that some elements exceeded permissible norms. The element As was found to exceed the norm
substantially (10–15 fold). Another element of high concern is Pb, which slightly exceeded the
permissible concentration at location G1, whereas locations G2 and G3 were slightly below permissible
limits, meaning that soils met the quality standards for industrial soils. With regard to Cr, no risk is
expected provided that it occurs in insoluble salts form. However, according to SEM-EDX analysis,
it may be present as various impurities, thus, special caution should be given to this element, even
though it theoretically meets the standards. Other elements studied (e.g., Cu, Zn, and others) are
shown in Figure 8.
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When metal concentrations are compared with data on mineralogical soil composition, it becomes
clear that a high connection exists between metal content and determined fractions. For example,
location G1 exhibited the highest content of Cu and Pb, which can be connected with the highest
presence of Al/Si particles and sulfides associated with these metals according to SEM-EDX analysis
(Figure 7). In addition, Ag admixtures were detected in sulfides. Likewise, location G3 revealed a
high content of Zn due to the presence of Fe/Zn-bearing droplets characterized by trace admixtures
of Sb. Of great importance is the fact that these metals are associated with minerals known to be
susceptible to weathering/dissolution, implying their mobility and potential for subsequent migration
downward in the soil profile and thus their potential to become widespread. In particular, current
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forecasts concerning smelting processes worldwide expect Cu production to increase in the years
ahead [58]. There are no specific minerals responsible for Co content in studied soils; Co is mainly
associated with impurities present in sulfides (e.g., pyrite). Moreover, this element may enter the pyrite
structure substituting Fe [45]. Ba occurs at relatively low concentrations in the studied soil, and yet it is
mainly associated with feldspars, which is typical of this type of mineral [45]. Additionally, among
feldspars studied, besides the typical K/Na/Ca feldspars, there were Ba-bearing feldspars present,
such as celsian and hyalophane. Likewise, Mo does not occur in the typical Mo-bearing minerals, but
rather occurs embedded in Al/Si particles, mainly the glassy parts.

It is important to note the considerable content of Au (up to 1600 µm) in the studied soils, which is
high enough to consider it with respect to potential industrial processing.

4.3. Coupled Mineralogical/Geochemical Atmosphere–Soil Connection

Mineralogical and geochemical correlations between anthropogenic atmospheric particles and
surrounding soils have been reported by other authors [22,35,37]. Therefore, we tested a possible
relation between the percentage contribution of atmospheric anthropogenic particles (Table S2) and
the percentage contribution of anthropogenic particles in the soils (Table S3). All soil–atmospheric
particle pairs were connected with the group 1 (industrial) area (Figure 1). Due to a lack of normal
distribution of analyzed parameters, Spearman’s correlation coefficient ρ was applied (Table 2). In other
words, the coefficients reported in Table 2 indicate possible relations (positive or negative) between
anthropogenic mineral particles on leaves and soils as well as between different sizes (fine/coarse/over
10 µm) of anthropogenic mineral particles adsorbed on leaves. Thus, we tested the hypothesis that
atmospheric particles deposited on leaves mainly derived from the industrial center and were generally
not deflated/re-suspended from the nearest local soils.

Each analyzed soil sample was similarly loaded by anthropogenic grains, as confirmed by
statistically significant G1–G2–G3 soil relationships (Table 2). Any statistically significant links between
soils and fine/coarse/over 10µm atmospheric particle fractions in the vicinity of P. nigra leaves were
observed. This confirmed our hypothesis that inorganic particles deposited on leaves are not deflated
from local soils and can be used for wider interpretation of local atmospheric pollutants.

An interesting trend was observed in atmospheric particles from sample No. 3, which revealed
a relationship between coarse and over 10 µm fractions, but no relationship with the fine fraction
(Table 2). Similar rule were observed by [6], where higher impact of coarse fraction were connected
with re-suspended road dust and deflation/re-suspension of mechanically generated particles (e.g., tire
wear and brake lining dust) to the total pool of PM. Moreover, other analyzed points (Nos. 1 and 6) had
positive correlations between fine/coarse/over 10 µm fractions in each point; we also observed links
between the coarse and over 10µm fractions of all three (Nos. 1, 3, and 6) points (Table 2). The lack
of a relation of fine particles from point No. 3 was probably caused by local super input of specific
pollutants and/or local conditions influencing the proportions between adsorbed minerals/phases
(Figure 5A).

Further, we tested possible correlations between metal concentrations (Table S3) and percentage
contributions of anthropogenic particles and/or only sulfides and metal-bearing phases in soils
(Table S2), but no statistically confirmed correlations were found. This is probably caused by the fact
that metals (concentration measured by ICP-MS) probably exist as dispersed phases and/or particles
too small to be detected and analyzed by SEM-EDX.
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Table 2. Spearman’s correlation coefficient ρ of the percentage contribution of anthropogenic mineralogical phases between analyzed soils (G1, G2, G3) and related
atmospheric particle sites (Nos. 1, 3, 6); (N = 12); the significant correlations (p < 0.05) are marked by bold font.

Sample Soil
Sample G1

Sample 1
<2.5 µm

Sample 1
2.5–10 µm

Sample 1
>10 µm

Soil
Sample G2

Sample 3
<2.5 µm

Sample 3
2.5–10 µm

Sample 3
>10 µm

Soil
Sample G2

Sample 6
<2.5 µm

Sample 6
2.5–10 µm

Sample 1 <2.5 µm 0.143
Sample 1 2.5–10 µm −0.062 0.758
Sample 1 >10 µm 0.055 0.635 0.740
Soil sample G2 0.762 0.109 0.202 −0.030
Sample 3 <2.5 µm −0.388 0.324 0.362 0.499 −0.481
Sample 3 2.5–10 µm 0.315 0.613 0.706 0.747 0.198 0.458
Sample 3 >10 µm 0.122 0.353 0.516 0.515 0.082 0.326 0.729
Soil sample G3 0.845 0.085 0.080 −0.092 0.899 −0.355 0.260 0.090
Sample 6 <2.5 µm −0.351 0.608 0.541 0.607 −0.417 0.910 0.512 0.413 −0.357
Sample 6 2.5–10 µm −0.083 0.656 0.617 0.734 −0.221 0.672 0.680 0.574 −0.223 0.846
Sample 6 >10 µm 0.014 0.547 0.609 0.839 −0.137 0.774 0.834 0.491 −0.076 0.770 0.812
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4.4. The Importance of Our Study in the Context of Human Health

This study investigated inorganic atmospheric particles and their mineralogical composition.
This study demonstrated that impact of smelters to the environment should not be neglected. It is
important to note that not only composition of these particles, but their structures should also be
examined in the assessment of the impact on human health. Human exposure to such particles may lead
to their intake into the respiratory system and subsequently affect health conditions [59]. The particles
investigated in our study contained elements including Cu, Zn, Pb, As, Ba, Sb, Ag, and Ni, all known
for their potential impact on health and toxicity features. Among the aforementioned elements, Cu
and Zn were found to be to most relevant in term of potential impact since as much as 70.8% (for Zn)
and 61.5% (for Cu) particles contained these elements. Lead was found to occur in particles in a
lower amount since maximally 26.5% particles contained this element. Likewise, Ba occurred in
23% particles. Other elements were less frequently found being identified in maximally 10.5% of
particles. Nevertheless, no elements should be neglected in terms of their impact on inhabitants of
resident population of Olmaliq city, because it generally indicated notable dose of pollutants in particles
(Figure 9). However, it is important to point out that apart from amount of toxic elements incorporated
in studied particles, also their shape should be considered, mainly because shape affects settling
velocities [60]. We demonstrated that studied particles were spherical, round-shaped, eventually
elongated, but nearly no needle-like particles were found. As pointed out by [61], elongated needle-like
particles are more dangerous because they reveal a longer suspension time in the air and subsequently
probability of their intake by human increases.
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4.5. The Novelty of This Study with Respect to Other Studies

Our study demonstrated that a combined geochemical approach tracking the element
concentrations in soils and identification of particles (in terms in size and quality) are relevant
for elucidating anthropogenic input of contaminants. In addition, we took a deeper look at these
contaminants and identified dispersal of atmospheric particles as well. Our study demonstrated that
P. nigra can efficiently be used as a sampler for geochemical investigations and provides advanced
insight into the distribution of contaminants. For this reason, more reliable conclusions concerning
migration of inorganic atmospheric particles were drawn, reflecting the advantages of biotic samplers.

5. Conclusions

We postulated that SEM-EDX analysis of atmospheric particles adsorbed on P. nigra leaves can
provide qualitative and quantitative information about local atmospheric pollutants, and it allowed
us to access a range of atmospheric pollutants derived from hot spots, such as the smelters/industry
center. Our investigation, supported by coupled mineralogical (SEM-EDX) and geochemical (ICP-MS)
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analyses, indicated the important (up to 90%, especially in fine inhalable fractions) and widespread
(up to 7 km eastward from the industrial center) impact of smelters and industry on Olmaliq inhabitants.

Moreover, the results of this study suggested that the impact of Cu smelters on the surrounding
environment should not be ignored. The diminished quality of soils caused by remarkably high
content of metals was observed. In regard to mineral soil composition, sulfides and metallic droplets
are of particular relevance due to the potential release of the metallic elements incorporated therein.
Furthermore, inorganic particles originating from anthropogenic emissions should be considered as a
potential source of undesirable intake by humans. The investigation of the presence of these particles
closer to Olmaliq city as well as their acute and chronic impact of resident population will definitely be
an interesting and relevant objective for further geochemical studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/10/1126/s1.
Table S1: Mineralogical phases of atmospheric particles deposited on Populus nigra Italica leaves gathered in
August 2018 in the vicinity of Olmaliq city (Uzbekistan). Table S2: Percentage contribution (calculated according to
Equation (1)) of mineralogical phases of atmospheric particles deposited on Populus nigra Italica leaves gathered
in August 2018 in the vicinity of Olmaliq city (Uzbekistan). Percentage contribution of inorganic anthropogenic
particles calculated according Equation (2). Table S3: Amount and percentage contribution (calculated according
to Equation (1)) of mineralogical phases of grains in soil samples gathered in August 2018 in the vicinity of Olmaliq
city (Uzbekistan). Percentage contribution of inorganic anthropogenic grains calculated according Equation (2).
Table S4: Metal concentrations in soil samples gathered in August 2018 in the vicinity of Olmaliq city (Uzbekistan).
Table S5: Metal concentrations in soil samples gathered in August 2018 in the vicinity of Olmaliq city (Uzbekistan).
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