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Abstract: The present study was carried out to describe the characteristic features of potentially toxic
metals (PTMs) in the soil of industrial city, Kolchugino—Vladimir Region-Russia. The mass fractions in
mg/kg of Cu, Pb, Zn, and Cd were measured by atomic absorption spectrometer (AAS). Multivariate
statistical analysis and hierarchical cluster analysis (HCA), were performed. The obtained results
of the potentially toxic elements were mapped using ArcGIS. A total of four pollution indices were
calculated to identify the areas with significant pollution associations. The data analysis showed that
locations 14 (urban area) and 16 (non-ferrous metallurgy plant) contribute significantly to pollution.
Maximum likelihood method was used to classify the land-use and land-cover (LULC). The analysis
shows that locations 14 and 16 are belonging to the industrial area on LULC. Great attention should
be paid to the control and regulation of waste disposal into the environment, which in turn, has
an adversely impact on human health. By using the data, it could help to identify areas where
waste control measures need to be implemented, such as increasing recycling or introducing more
waste control legislation. It could also help to identify areas where waste control efforts have been
successful. Data can be used by government, policymakers, and stakeholders for future planning and
R&D activities.
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1. Introduction

Soil contamination with potentially toxic metals (PTMs) is a growing concern due
to the increasing of industrialization and urbanization worldwide. Recent literature sug-
gests that toxic metal pollution is a widespread problem affecting both rural and urban
areas, with serious consequences for human health, the environment, and ecosystem sus-
tainability [1]. PTMs can enter the soil from various sources, including industrial waste,
agricultural chemicals, and waste disposal sites. In urban areas, the use of leaded gaso-
line, pesticides, and fertilizers also contribute to soil contamination. In addition, it was
shown that contaminated soils can lead to the accumulation of (PTMs) in crops and other
food sources, resulting in exposure through the food chain. Eventually, it can lead to a
range of adverse health effects, including cardiovascular disease, neurological damage, and
developmental problems in children [2-6].

Quantitative measurement of soil trace metals is critical for studying the characteristics
of soil quality and assessing the risks to human health associated with soil research. Envi-
ronmentally relevant concentrations of heavy metals in soils have attracted the attention of
government and regulatory agencies seeking to reduce human health risks associated with
environmental pollution [7-10].
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Pollution is the byproduct of human activities that can harm both people and nature.
Many scientists have been concerned about the increasing levels of soil pollution and
its effects on human health. Their concern prompted them to develop various pollution
indices that can be used to measure the severity of soil pollution [11]. In this work, various
pollution indices have been calculated to assess the soil quality and ecological situation in
the surrounding environment.

The risk due to the elevated levels of (PTMs) is based on the fact that most elements
have significant biological activity and their high mass fractions may pose a toxic effect. In
addition, (PTMs) are readily biodegradable and accumulate in the biogeochemical cycle, so
they are essentially not removed from the system.

In this context, continuous monitoring is a primary and very important task to assess
the levels of (PTMs) in coastal soils and river sediments, especially in urbanized and
industrial areas with high technogenic loads [12-14]. In this regard, the mass fractions
of the elements in the environment are an important factor affecting regional health and
longevity [15,16]. The excess or unbalanced distribution of elements in the soil, even if it
is natural, may lead to various forms of the disease [15]. Furthermore, human activities
such as mining, urbanization extension, construction, and the building have resulted in
soil destruction [17,18].

The development of cities leads to the formation of a specific urban environment.
Mostly, in large cities, the results of anthropogenic impact on natural processes are most
evident. Therefore, numerous studies have been devoted to the analysis of their ecological
situation. However, regarding small cities, there are only few works devoted to the ecology
of small cities. They mainly explore socioeconomic problems which in turn, affect the
ecology of small cities as well [19]. For instance, Kolchugino city, Vladimir Region-Russia
is a residential city and industrial one as well. It has many factories and enterprises that
remarkably affect the ecology of the city. Therefore, a total of four selected elements (Zn, Pb,
Cu, and Cd) were measured in soil samples collected from an industrial city, Kolchugino,
using atomic absorption spectrometer (AAS). AAS is a widely used analytical technique
for determining the concentrations of elements in soil samples.

The main objectives of the current work are: (i) determination and characterization
of potentially toxic elements in soil (Cu, Pb, Zn and Cd), (ii) calculation of pollution
indices and potential ecological risk associated with the obtained mass fractions of the
determined elements, (iii) studying to what extent human activities in the city affect its
ecological situation, and finally (iv) implementation of remote sensing imaging to identify
the land-use and land-cover and studying the relationship to the polluted areas.

2. Materials and Methods
2.1. Sampling Strategy

A total of 24 soil samples were collected each of 1 kg from Kolchugino city, Vladimir
Region—Russia. Kolchugino is located at 56°17'57” N and 39°22'58” E as shown in the map
of localities as in Figure 1. It is characterized by Sod-podzolic soils (Dernovo-podzolistije
(Sod-podzolic)) [20]. The samples were collected to cover the industrial pollution points.
Therefore, the recommended sampling density was selected to be 1 sample per km?. In
addition, a background sample was selected to compare the changes in soil quality in urban
areas located at a distance of 5 km outside the city of Kolchugino. All the representative
samples were collected by taking four samples 10 m apart at each individual site and
mixed together. The samples were collected at 0-10 cm depth each. The samples were
cleaned from roots and extraordinary things and transported to the laboratory for analysis.
Prior to the analysis, the samples were dried till a constant weight, grinded, sieved, and
homogenized.
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Figure 1. Map of samples’ locations.

2.2. Features of the Studied Area

The territory of the Kolchuginsky district belongs to the Central Russian province
located in the center of the Russian Plain. Among the soils of the province, sod-podzolic
predominates. The soil profile is more clearly differentiated by the eluvial-illuvial type.
The soil cover is formed by combinations of sod-podzolic soils of different granulometric
compositions and varying degrees of podzol with swamp-podzolic and swamp soils.
Marsh-podzolic and marsh soils are confined mainly to lake-glacial and ancient alluvial
low plains [21].

Two types are characterized by the soil cover: gray forest and sod-podzolic. Sod-
podzolic are predominant. Alluvial soils are represented by other soils (in floodplains
of rivers). Gray forest soils of different territories of the Kolchuginsky district differ
significantly. On the elevated interfluves in the north, northeast and northwest, gray and
light gray forest soils predominate [21].

2.3. Sample Preparation for Analysis

Soil samples were thoroughly mixed with a spatula and quantified. The samples were
crushed by hand. The crushed soil was aligned on paper in the shape of a square, divided
into four parts, two opposite parts were discarded, and the two remaining parts were
mixed. The soil remaining after quartering was aligned on paper, conditionally divided
into 6 squares, from the center of which approximately the same amount of soil was taken
into a special envelope. The remaining amount of soil was grinded in a porcelain mortar
with a wooden pestle and sieved with a diameter of 1 mm. The soil from a special envelope
was sieved with a diameter of 0.25 mm.

The soil samples were weighted (1 g each) and then loaded into fluoroplastic reaction
chambers. Aliquot of 5 mL of concentrated nitric acid (HNOs3) and 0.5 mL of hydrogen
peroxide (H,O,) were added. For carbonate soils—7 mL HNOj3 and 0.5 mL HyO;, were
added.

The reaction chambers were loaded into metal containers and tightly closed. Then,
the metal containers were loaded into an autoclave and put to heat up to a temperature of
160 °C for 1 h. After an hour, the device is switched to a value of 180 °C, at this temperature,
the hoods are heated for 2 h. Later on, the device is switched again, the temperature is
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raised to 200 °C and maintained in this mode for 1 h. The heating duration is counted from
the moment when the selected temperature is reached (the deviation sensor on the device
to show up 0).

After the heating of the hoods was completed, the containers were left to be cooled.
After cooling in a special autoclave cooling unit, the containers are carefully opened (due to
high internal pressure, the lid may be knocked out). Extracts are transferred quantitatively
into measuring flasks (50 mL). The acid is drained, and the extract from the glasses is
filtered into the flasks. After filtering, it is necessary to bring the extract to 50 mL of distilled
water. The obtained extracts are further used to measure the content of heavy metals.

2.4. Analytical Method

The samples were analyzed at the ecological and analytical laboratory of the depart-
ment of ecology and earth sciences of the university “Dubna”. The mass fraction of heavy
metals was determined using QUANTUM-2A atomic absorption spectrometer (AAS) of
NPO Cortec using atomization of the prepared sample in a flame (propane-butane mix-
ture/air, with direct insertion of the sample into the flame). Gas-discharge lamps with a
hollow cathode are used as radiation sources, spectral lines are isolated using a diffraction
monochromator.

Calibration of the spectrometer was carried out using solutions of salts of the analyzed
element prepared from standard samples of the composition. The selection and installation
of optimal measurement conditions, as well as the processing of the results obtained, their
archiving, storage and printing are carried out by the personal computer included in the
device and specialized software.

The quality of the measurement was weighted and discussed (see Supplementary
Materials).

2.5. Statistical Data Analysis

The statistical treatment of the results [22] was examined using the normal distribution
of the elements’ mass fractions using the Shapiro-Wilk test [23]. All the relevant statistical
analyses and infographics were carried out using The R Project for Statistical Comput-
ing [24]. The spatial distribution of the pollution patterns was studied using GIS technology
and the data were interpolated using the inverse distance weighting (IDW) method.

3. Pollution Extent and Possible Webs

Two pollution indices have been computed to quantify the degree of contamination of
soil elements. Pollution indices are effective tools for assessing the state of the environment
and forecasting the ecosystem’s future pollution sustainability. The indices are the pollution
load index (PLI) and total pollution index (TPI) [25,26]. In addition, the potential ecological
and risk indices were calculated for the studied elements [27]. For the assessment of
pollution level and associated risk, the background values were used as a baseline data.

3.1. The Pollution Load Index (PLI)

PLI demonstrates a good indicator of soil degradation due to heavy metal accumula-
tion. PLIis calculated using the following equation [26,28].

n
PLI = {/T]PIL 1)
i=1

where 1 denotes the number of metals and PI denotes the single pollution index, which
is defined as the concentration of each element divided by its abundance in continental
shale [29]. When (PLI) is more than one, pollution is present. Otherwise, there is no
pollution.
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3.2. Total Pollution Index TPI (Zc)

The level of chemical contamination of soil is estimated as an indicator of negative
impact on public health using indicators developed in complex geochemical studies. Similar
to PLI, TP1is calculated by comparing the chemical concentration of element C; (mg/kg)
with the regional background Cp;. Since the study takes into account the background, the
corresponding value of the same element in the background was used to determine the
amount of contamination [29,30]. The chemical mass fractions’ coefficient is expressed in
K. and given as:

Ke = Ci/Cy; 2)

The summation of K, is TPI and given as:

TPI =Y K;— (n—1) ®)

n
i=1

where n stands for the number of the elements and K,; is the concentration coefficient
higher than 1 of i element [30-32].

3.3. Potential Ecological Risk Index (PER)

PER is a diagnostic tool for controlling soil pollution and classifying areas that should
be given special attention [27]. The formula of PER} for single metal pollution is

PER = C} x T} (4)

where PE R} is the potential ecological risk index, C} is the contamination factor, and TJ’; is

the “toxic-response” coefficient for single metal. The corresponding T} values are Zn =1,
Pb=Cu=5,and Cd =30 [6,27].

3.4. Risk Index (RI)

Rl is an index that joins all of the metals, is given as
RI=Y PER} (5)

where (RI) is the sum of PE Rj( for each metal of interest [27]. The interpretation categories

for PER are given as an inset in Figure 7. Additionally, RI is given in the Supplementary
Materials.

4. Remote Sensing Data and Analysis

Remote sensing images were used to disengage the different land-use land-cover
(LULC) in the study area. An Operational Land Imager (OLI), was used which acquired
data on 31 July 2021 with 30 m spatial resolution. The maximum likelihood method was
applied to classify the satellite images to get LULC map. The reprocessing (radiometric
and atmospheric calibration) of satellite images was achieved using ENVI (Exelis Visual
Information Solutions, Boulder, CO, USA) software 5.3 (Lillesand et al., 2000). A detailed
description of the methodology and its utilization has been widely reported and published
elsewhere by Mohamed, et al. [33], Mohamed, et al. [34], Abdel-Fattah, et al. [35].

5. Results and Discussion
5.1. Elemental Abundances

The descriptive statistics of 24 sod podzolic samples is given in Table 1. The table
shows the mass fractions in mg/kg for the studied toxic elements (Cu, Zn, Cd, and Pb).
The mean and standard error of Cu were found to be 92 £ 21 mg/kg, with a range of
8 to 391 mg/kg for locations #12 and 23, respectively. Similarly, the average + se value
of Zn was determined to be 83 £ 8 mg/kg, ranging from 35 to 190 mg/kg for locations
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#11 and 16, respectively. Likewise, the mass fraction of Cd was determined to be 1 £ 0.1
mg/kg, with a range of 0.3 to 2 mg/kg, for locations 7 and 16. Finally, the mass fraction
of Pb is calculated to be 39 & 11 mg/kg, with a range of 3 to 190 mg/kg for locations 3
and 16, respectively. It is obvious that location 16 poses significant amounts of the studied
toxic elements. This peculiarity can be explained by the existence of a powerful industrial
infrastructure in the investigated city, As the basis of the city’s economy is industrial
production, for example mechanical engineering, metalworking, non-ferrous metallurgy,
and electric power industry. Therefore, there is a various number of pollution sources
in the area under investigation. In addition, the basic descriptive statistical analysis was
summarized and provided in Table 2. For comparison purposes, the obtained results were
compared by Rudnick and Gao [36] for UCC and Vinogradov [37] for soil. The comparison
shows that the obtained results are much higher than those from the literature, which in

turn, may pose a significant hazard to humans and the environment.

Table 1. The mass fractions mg/kg of the obtained elements and the corresponding locations.

ID Lat Long Cu Zn Cd Pb
1 56.3166 39.3606 29.7 +1.2 714 +24 1.3+0.1 11.2 £+£0.7
2 56.3176 39.3745 155+1.0 69.0 122 1.54+0.1 75+1.0
3 56.3166 39.3861 13.7+1.0 402 +22 1.0+ 0.1 35+05
4 56.3112 39.3607 105+ 0.7 48.7 £ 2.2 0.8+0.1 47 +1.0
5 56.3134 39.3762 16.1 0.2 89.6 1.7 1.8+02 50£0.2
6 56.3123 39.3850 294 + 0.7 699 + 27 20+£0.1 104 £ 0.5
7 56.3064 39.3479 422 +1.2 94.0 +4.2 03+0.1 10.1 £0.3
8 56.3052 39.3614 22.0+ 05 454+ 15 1.14+0.1 79 +£0.3
9 56.3040 39.3739 159 4+ 0.7 793 +2.0 1.9+0.1 6.7 £0.8
10 56.3057 39.4018 95 +2 69.3+24 0.3+0.1 19.0 £ 0.7
11 56.2979 39.3328 2393 £ 11.7 351+124 0.7+£0.1 20.6 £ 0.9
12 56.2972 39.3480 7.6 £ 1.0 5542 03+0.1 103 £0.7
13 56.2975 39.3623 82.8 +2.7 144 + 3.2 05+0.1 33.1 £3.0
14 56.2993 39.3745 251.2 £ 18 737 £24.3 124+0.1 180.3 £ 12.6
15 56.2969 39.3873 236.6 + 7.7 55.2 +5.0 1.0+ 0.1 111.5£5.5
16 56.2992 39.3989 739 +1.2 190.0 £ 485 21+£0.1 190.5 £ 8.5
17 56.2916 39.3437 582+ 12 131.8 £ 3 04+£0.1 169 £ 0.5
18 56.2969 39.3873 384+ 05 777 £ 2.7 14+0.1 26.5 + 0.7
19 56.2920 39.3742 455+ 2.0 103.0 £ 3.2 09+0.1 73 +£0.5
20 56.2926 39.3874 2222 4+74 455+ 124 1.7 +0.1 128.2 £5.7
21 56.2839 39.3480 799 +1.0 984 + 5.1 04+0.1 30.7 £ 1.0
22 56.2844 39.3591 854 +19 100.7 £10.2 03+£0.1 21.2 +0.7
23 56.2853 39.3751 39124+ 141 594 +24.7 1.0+0.1 50.0 £ 1.7
24 56.2888 39.4032 100.8 £ 1.2 140.3 £ 3.9 194+0.2 321 +0.7
Table 2. Descriptive statistics of the obtained results in mg/kg.

Element Mesalx; + M&‘Xg*i 11\\/[;:;_ Skewness Kurtosis Per\r]x;iiseible I{SCG]C Background  [37] CV%  Statistic p Value
Cu 9;53 6i 51.9 + 53.2 7.6-391.2 1.43 1.11 132 28 3.41 20 110 0.7695 0.0001
Zn 828 725+335 3512190 107 0.61 220 67 156 50 46 0.9009 0.0225
cd 11401 1408 0.3-2.1 0.20 —-1.39 2 0.09 0.20 05 56 0.9249 0.075
Pb 3?'14; 179 + 162 3.5-190.5 1.76 1.72 130 17 0.23 10 139 0.6477 0.000

*: MAD = Mean absolute deviation.
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The mean and median values are quite different except for Cd, and it could be hy-
pothesized that the obtained results of the mass fractions are not normally distributed. The
normality test was carried out using the Shapiro-Wilk test [23], with a 95% probability (p <
0.05). The results of the normality test show that the elements are not normally distributed
except Cd (p = 0.075). The obtained mass fractions of the toxic elements in soil samples show
remarkable variations with a range from a minimum value of 46% for Zn to a maximum
value of 139% for Pb with a mean =+ sd values of CV% of 88 £ 44. Referring to the fact that
high values of CV (>75%), positive skewness (>0), and kurtosis (>3) mostly indicate the
non-normal distribution of the mass fractions [38—40].

The mass fractions in mg/kg for the determined elements were interpolated and
mapped using ArcGIS as clearly shown in Figure 2.

The mass fraction of Cu was mapped to be in considerable amounts in location 23.
This finding can be explained by the existence of anthropogenic activities as in Figure 2A.

The map of the spatial distribution of Zn, Figure 2B shows that the peak value was
noticed for locations 16 and a little for location 24. Most probably because of the association
of the non-ferrous metallurgy plants.

Locations 5, 9, 6, 20, 24, show a high amount of Cd as in Figure 2C. However, location
16 shows the highest contribution and is most likely because of the same pollution source,

Likewise, Figure 2D shows that the mass fractions of Pb are remarkable in locations 14
and 16.

Eventually, the significant contribution of PTMs comes mainly from the same locations
16 and 14, except Cu comes from locations 23.

As a summing up, location 16 has a considerable contribution to the elevated amounts
of the mass fractions of the studied elements. Most likely, it comes from the plant of
non-ferrous metallurgy.

The results were normalized to three normalizers to eliminate the influence of back-
ground element concentrations and to see how far they differed from the corresponding
permissible concentration values, the upper continental crust UCC of Rudnick and Gao [36]
and the background concentration determined from a representative sample from a clean
and undisturbed soil profile. The concept of “background” is quite subjective in terms
of the case study and has been discussed in detail by many researchers [38,40,41]. To
distinguish between geogenic and anthropogenic influences of elevated mass fractions of
determining elements, three approaches were followed on a regional basis using a sample
representative of the background, and on a global basis using the corresponding UCC
values for normalization [36].

The results of the normalization are plotted and illustrated in Figure 3. The figure
of normalization of the elements to the permissible concentrations depicts that there is
no considerable pollution and the elements do not pose any hazardous impact to the
environment as clearly shown in Figure 3A, whereas the illustrations of the normalization
to the corresponding values of UCC and background in Figure 3B,C, respectively shows
that there are considerable amounts of toxic elements accumulated in the soil samples of
the investigated city. Specifically, the normalization of the mass fractions of the elements
to the background values shows rather high pollution in the studied samples, which may
lead to adverse effects on public health impacts.
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Figure 2. The spatial distribution of the mass fractions (mg/kg) for Cu, Z, Cd, and Pb from (A-D),
respectively.

In summary, the first and third approaches seem to underestimate and overestimate,
respectively, the ecological situation in terms of pollution. Despite the fact that the second
approach is more appropriate, in the present work the regional background has been
used for subsequent calculations in order to avoid potential threats to the environment
and individuals. Thus, the obtained results can serve as good baseline data that can help
decision-makers to get rid of this problem, control the disposal of industrial waste and set
limits based on a reliable scientific result that can be only acquired by data accumulation
and analysis.
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Figure 3. Spidergram shows the normalized mass fractions to various normalizers; the permissible
values (A), to the upper continental crust UCC (B), and background (C) values.

5.2. Hierarchical Clustering Analysis (HCA)

HCA distinguishes itself by offering a broader selection of distance metrics and group-
ing techniques [42]. HCA was proceeded based on the geochemical data of the determining
elements [24]. Specifically, the package “cluster” for agglomerative nesting AGNES was
used. Agglomerative hierarchical clustering is the most common type of hierarchical
clustering, where observations are linked into groups based on their similarity or dissimi-
larity. More details about the various functions and applications are published by [43,44].
To extract information on the appropriate metric of similarity matrix reproduction and
the proper method of clustering, the most well-known methods for clustering were com-
puted in terms of agglomerative coefficient and the larger the coefficient, the better the
method fits the dataset the dataset. Therefore, the Euclidean metric for the creation of
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similarity /dissimilarity matrix and the ward method for clustering were implemented. The
agglomerative coefficients (AC) of different methods were 0.80, 0.75, 0.83, 0.88, and 0.79
for average, single, complete, Ward, and weighted, respectively. Based on the calculated
AC, the highest one was noticed for the ward method of clustering. Based on the extracted
information about the metric and method of clustering, the agglomerative hierarchical clus-
tering was plotted and illustrated in Figure 4. The figure depicts four groups of locations
that are joined based on their similar geochemical data. The four groups can be discussed
as:

The first cluster contains 11 locations, namely 1, 2, 18, 5, 6, 9, 24, 3, 8, 4, and 12. In
fact, there are almost four subclusters and it seems that location 24 contains a separate one.
Most probably, it has different geochemical data over the others and that is why it contains
a separate subcluster. Location 24 is characterized by metallurgical plants.

The second cluster includes locations 7, 21, 22, 10, 19, 13, and 17.

The third group has 5 locations, namely 11, 23, 14, 15, and 20. Locations 14 and 20
are characterized by common geochemical traits. Mostly, they share the same sources of
pollution.

Location 16 tended to make a separate group and this peculiarity can be explained by
the existence of the factories and metallurgical plants which can be considered the main
pollution source in the town.

Hierarchical clustering analysis

10

Height

| 7]

M W < N M~
-

1
2
18
5 —
6
9
24
21
22
10
19
13
17
17
23
14
15
20
16

Agglomerative Coefficient = 0.87
Figure 4. Agglomerative clustering analysis of the studied locations.

6. Remarks on the Pollution Extent

The pollution by the toxic elements in the soils of Kolchugino city, Vladimir Region has
been assessed using different pollution indices. As mentioned above, before the calculation
of the PLI and TP], the single pollution index for every single element was computed and
later on the assessment of PLI and TPI was carried out. In the present work, the same
approach of PI and Kc calculation is the same. They have been calculated by dividing
the mass fraction of element i by the corresponding value of the same element in the
background [3,5,6,45]. The average mass fractions + standard error of the obtained results
for Kc are 5.4 &+ 0.6 with a minimum value of 1.4 and a maximum value of 10.5 were
noticed for locations 7 and 16 for Cd; 26.9 £ 6.0 and a range of 2.2 to 114.7 were noticed
for locations 12 and 23 for Cu; 171.2 4= 48.6 and a range from 15.1 to 828.2 were noticed for
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locations 3 and 16 for Pb; and finally, 53.1 + 5.0 and a range from 22.5 to 121.8 were noticed
for locations 11 and 16 for Zn, respectively. It is apparent from the obtained results of P1
and Kc that a remarkable contribution of pollution is linked to location 16. The ranked
geochemical spectrum of the toxic elements is as follows; Cds 4, Cugg 9, Zns3 1, and Pbyy; 5.

Based on the obtained results of the single pollution index, the pollution load PLI and
total pollution indices TPI were calculated. The average value =+ standard error of PLI is
found to be 256.5 + 53.6 with a minimum value of 49.6 to a maximum value of 982.2, were
noticed for locations 24 and 1, respectively. While for TPI the average value =+ se is found
to be 253.5 + 53.6 with a minimum value of 46.6 to a maximum value of 979.2, were noticed
for locations 24 and 1, respectively. The results of PLI are mapped and illustrated Figure 5.
The results of TPI are illustrated on Figure 6. Based on the interpretation criteria of PLI
and TP, the figures show a good consistency, and depict that location 16 has a significant
contribution to the increased pollution in the area under investigation.

PLI B T [ T

Figure 5. The spatial distribution of PLI in the studied city.
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Figure 6. The distribution of the total pollution index (TPI).
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PER was calculated based on the studied elements and the results were illustrated and
shown in Figure 7. PER was noticed to be significant and the highest value was recorded
for Pb and in turn, it is classified as high ecological risk according to the inset table of the
interpretation. The risk index (RI) is the summation of PER for each single element. The
spatial distribution of RI is mapped Figure 8. The figure depicts the peak values were
noticed for locations 14 and 16. In fact, according to their interpretation and classes [6,27,46],
all the pollution indices studied have identified the same places as top areas and should be
considered with great attention in order to decrease the level of pollution by regulating the
waste disposal of factories and enterprises.

1250
PER_value Category
m PER <40 Low potential ecological risk
T} 1 000 40 £ PER < 80 Moderate potential ecological risk
0_ 80<PER <160 Considerable potential ecological risk
160 < PER > 320 High potential ecological risk

ﬁ PER = 320 Very high ecolagical risk
=
= 7501
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@]
O 500+
[}
©
—
c
L8 2501
e
. j

0 -
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Figure 7. PER and the corresponding range for each category.
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Figure 8. The distribution of risk index illustrating locations with significant values.

7. Observations of Land-Use/Land-Cover (LCLU)

The maximum likelihood was applied to Operational Land Imager (OLI) to classify
the land-use land-cover map. The results revealed six types of land-use/land-cover, namely
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urban, water, green, forest, swamps, and industrial areas. The results of the land-use
land-cover are illustrated and mapped as shown in Figure 9. Furthermore, the map shows
that the urban type is dominant. The results of the identification are quite consistent and
demonstrate a good agreement with the above discussed observations of the pollution
sources. The industrial areas are directly linked to the existence of the ferrous factories and
correspond to the locations of the highest association of pollution.
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Figure 9. Distribution of land-use/land-cover map illustrating six classes.

The findings of LULC were linked with the pollution load index (PLI). Comparing the
outcomes of (LULC) and (PLI), it was found that the maximum value of (PLI) is 982 and
the minimum value is 49.6 for locations 16 (industrial area) and 3 (urban area), respectively.
Although there are areas were classified as urban areas, their (PLI) was also significant.
These peculiarities can be explained by the fact that these locations are adjacent to the
industrial areas and mostly were affected due to the weathering. For instance, locations 24
and 13. The results of the calculated (PLI) and their corresponding areas are plotted and
illustrated in Figure 10. Furthermore, detailed information on the pollution indices and the
corresponding locations and areas analyzed by LULC is provided in Table 2 (Supplementary
Materials).
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Figure 10. The distribution of PLI and the corresponding areas obtained by LULC.

8. Conclusions

The present work achieves its primary objectives by providing a comprehensive
characterization of the four toxic elements Cu, Zn, Cd, and Pb and their associated pollution
in soil samples. The data normalized with the three different normalizers have shown that
it is appropriate to normalize the data in accordance with the corresponding regional or
local values to avoid over- or underestimation of the data. The study identified sites with
significant mass fractions, such as location 23 for Cu, location 16 for Zn, locations 5, 6, 9, 16,
20, 24 for Cd, and finally, locations 14 and 16 for Pb. Locations 14 and 16 were classified as
polluted areas based on the analyzed results of pollution indices. The LULC shows that the
urban class is the dominant one among six classes revealed from the results. The locations
of peak spots of pollution were identified as industrial areas and are quite comparable with
the obtained results of pollution indices. The obtained data can serve as scientific evidence
for the pollution of the industrial city with toxic elements and great attention should be
paid to eliminating the pollution sources and regulating waste disposal.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1and12020439/s1, Figure S1: title; Table S1: the standard mass
fraction of the standard and the measured (mg/kg); Table S2: details on the pollution indices and the
corresponding areas analyzed by LULC.
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