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Abstract: The study area is the city of Zintan, in northwestern Libya, which has grown over the past
30 years. Its current population is roughly 30,000. Although the city is in part commercial, most
of the population engages in agriculture and primarily grows cereal crops (wheat and barley). The
demand of the growing city for agricultural products has increased, intensifying the use of fertilizers,
pesticides, and insecticides. Consequently, concentrations of potentially toxic elements (PTE) in
the soil have increased. To assess the soil quality (to provide a snapshot of the condition of the
soil), systematic sampling was undertaken across a grid of about 2 km x 2 km. The main objective
was to determine the chemical and mineral composition of the area of interest, keeping in mind
the geological footprint of the terrain. The geologic framework itself is not conducive to elevated
concentrations of elements like U, Th, Mo, As, Hg, Pb, and Cr. Therefore, metal concentrations
greater than the amounts in the Earth’s crust are most likely of anthropogenic origin. A total of
143 samples were collected and chemical analyses were performed using a Thermo Fisher Scientific
Niton XL3t GOLDD+ XRF analyzer for the following elements: Mo, Zr, Sr, U, Rb, Th, Pb, Au, Se,
As, Hg, Zn, W, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K, S, Ba, Cs, Te, Sb, Sn, Cd, Pd, and Ag. This
paper provides examples of elevated concentrations, potentially harmful to the environment, such as
those of the following: sulfur of unknown origin (two to three times higher than the Earth’s crust
average); arsenic, given that there are no related natural phenomena (all the samples measured
displayed concentrations higher than those found in the Earth’s crust); mercury (concentrations much
higher than permissible levels); cesium (additional investigations required to determine the origin);
molybdenum; and uranium likely resulting from the use of superphosphates (concentrations nearly
always significantly higher than those in the Earth’s crust).

Keywords: urban setting; farmland; distribution; potentially toxic elements; Zintan; Libya

1. Introduction

Human activity and the over-exploitation of natural resources degrade the environ-
ment, including farmland [1]. Both developed and underdeveloped countries face issues in
this regard. The planning of land use is a major challenge [2-5]. It is necessary to meet the
demands of the population and, at the same time, keep future generations in mind. This
is the goal of urban development, which is quite a task for urban planners and decision
makers [6-9]. On the other hand, natural resources are limited, and their quantities will
reduce dramatically for future generations [10,11].
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Over the past several decades, the global population has grown, and the need for
urbanization has increased continuously [12,13]. Potentially toxic elements (PTE) and
pollutants are currently major environmental issues [14]. Therefore, they are increasingly
the focus of research and studies, particularly in relation to urban land [15,16].

The potentially toxic element (PTE) contamination of soil refers to the excessive deposi-
tion of PTEs due to various human activities. In soil mediums, the highest concentrations of
PTE and plant toxicity are those of cadmium, lead, zinc, copper, nickel, vanadium, arsenic,
etc. [17]. They occur in various forms of impurity, salts, or other compounds (coatings
of minerals). They can also be of natural origin from base metals, mineral deposits etc.
Usually, on their own, these elements pose no risk to the quality of the environment, but
their distribution is highly complex and largely depends on human activity [18,19]. Soil
contaminants can accumulate in significant quantities and have numerous ecological conse-
quences [20] not only for the environment, but also for humankind, directly or indirectly.
They primarily affect human health directly in situations in which people live on or near
degraded land, and if they are under the direct influence of pollutants, or indirectly, if
humans use or consume agricultural products grown on poor-quality soil [21-28]. In their
review paper [29], Zurgni et al. addressed the applicability of Libyan soil databases, which
are necessary for ecosystem services and sustainable-development goals. Recent research in
this field has increasingly focused on agriculture and the effects of fertilizers on the quality
of soil and, consequently, agricultural products [30-33]. In this regard, this paper analyzes
the environmental impact of the urban expansion of the city of Zintan (Libya), based on
soil sampling. The objective of this research was to test for pollutants in the Zintan area
and describe the distribution of primarily potentially toxic elements (PTE) [17], based on
chemical analyses in the laboratory of samples collected in situ.

2. General Characteristics of the Explored Area with Main Geological Settings
2.1. General Characteristics

The research presented in this paper focuses on the Zintan Municipality, in northwest-
ern Libya, 160 km southeast of Tripoli, in the Nafusa Mountains, at elevations ranging
from 650 to 710 m. It is situated between the municipalities of Sabratha and Surman to the
north, Hammada Al Hammra to the south, Rianah to the northeast, the city of Mezdh to
the southeast, and the Rajaban Municipality to the west. On ellipsoid WGS84 in the UTM
grid, the area falls within zone 33 N, roughly between €232409 and €242600, and n3531722
and n3541254 (Figure 1).

The city of Zintan has a central core from which roads lead to expanding, randomly
constructed settlements, particularly to the south and southeast, which usurp farmland.
Zintan is generally surrounded by the Sahara Desert, so it is extremely important to
conserve farmland and support life in this city, as well as in other cities of Libya. Of
territorial relevance to this research is an area approximately situated along the mountain
range in the north to 20 km to the east and up to 10 km to the south.

In its economic history, Zintan has traditionally relied on agriculture. However, it has
since become a large commercial center in the Nafusa Mountains, and the majority of its
inhabitants engage in trade. Despite the rapid growth of commerce and industry, many
inhabitants are still farmers, who grow wheat and barley [34]. Jafara, mountain riverbeds,
and Marmoutha have been mostly farmland for a long time. Even though temperatures
tend to rise in summer and drop in winter, the climate is relatively temperate throughout
the year, and it is conducive to agriculture [34].

Based on the most recent government statistics, the population of Zintan is 30,000.
However, the figure is actually much larger when estimates include people from Zintan
who reside in other cities [34]. The Nafusa Mountains constitute a boundary between the
Libyan coastal lowland to the north, known as Jafara, and a plateau to the south. The
sediments of the Tripolitanian plateau dip to the south and north. They constitute most of
the Nafusa Mountain plateau, whose elevations in places exceed 750 m [35]. The highland
suddenly ends in the north, at an escarpment that creates an elevation difference of up
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to 350 m. It extends for some 250 km in Libya, from east of the city of Gharian (~60 km
south of Tripoli) to the city of Vazzina on the Tunisian border to the west. Isolated horsts
continue into Tunisia, but the region is sparsely populated. There are many deep fluvial
valleys which, on their way north (towards Jafara), have incised their beds in this platform.
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Figure 1. Geographic position of the study area. Left: Raster-based SAS Planet OSM Open Topo Map,
and right: SAS Planet Map (GoogleMapMaker).

2.2. Main Geological Settings

The geology of the city of Zintan is described in detail on the Libyan state geologic
map, Mizdah section NH 33-1, scale 1:250,000 [36]. The geologic units are Upper Cretaceous
and Middle Jurassic (Figure 2).

The oldest JmKs Middle Jurassic Kiklah formation, Shakshuk unit is developed in the
form of small outcrops and hills that protrude from Quaternary sediments near Zintan
and north of Gado. The thickness at the observed sections was around 20 m. Sandy
limonitic yellowish-brown limestone was identified, with interbeds of fine gray argillaceous
sandstone and mudstone, as well as ferrous gypsum locally. Based on the fossil fauna, the
age is Bathonian-Callovian.

The JuKIKr Middle Jurassic/Lower Cretaceous Kiklah formation Al Rajban unit ex-
tends along the entire structure, often covered with numerous alluviums. The lower part
of this unit is composed of medium-grained yellowish-gray quartz sandstone, with red
layers towards the bottom. It is cross-stratified with numerous silicon concretions. The
thickness of these sandstones is about 80 m. The underlying member is 40 m thick and
composed of conglomeratic sandstones with carbonate cement and gravel up to 2 cm. The
unit is overlain by red and white quartz sandstone with clay interbeds.
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Figure 2. Geological map of Zintan, Mizdah section [36], modified. The red circle denotes the area
of interest.
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The KuS Upper Cretaceous unit belongs to the Sidi, as Sid formation of the Cenoma-
nian age. It extends along the Nafusa Mountains. Near Zintan, the rocks are composed
of dolomitic limestone, clay, marl, and marly limestone interbeds, overlain by massive
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dolomites and limestones from the Nalut formation. The thickness of the Sidi as Sid
formation is about 180 m. No identifying fossils were found.

The KuN Upper Cretaceous unit belongs to the Nalut formation from the early Turo-
nian age. It extends along the Nafusa Mountains and is composed of solid and compact
carbonate rocks. Their color is light yellowish—gray, and locally red in the upper part. Chert
concentrations and nodules are frequent, especially in the upper portions of the sequence.
These are recrystallized marly limestones, which are locally dolomitic. is the proportion of
CaCOg is 44% to 62% and that of MgCO3 35 to 41%. The thickness of the formation is 35 m
to 50 m.

The KuT Upper Cretaceous unit belongs to the Quasr Tigrinnah formation of the
Turonian—Coniacian age. According to the Mizdah section of the map, it extends as a
continuous belt from Gado to Mizdah, with isolated outcrops in the east. The unit is specific
because it contains large amounts of gypsum. This gypsum is porous and includes marl,
siltstone, clay, and marly limestone interbeds. The interbeds are greenish yellow and 0.5 to
1 m thick. The gypsum deposits are overlain by sequences of marly and chalky limestone.

The KuMm Upper Cretaceous unit belongs to the Mizdah formation, which is divided
into Mazuzah and Thala members. The Mazuzah member, from the Santonian age, is
in Zintan. Mazuzah is one of the most spacious formations in the Mizdah section. It
is composed of limestones, dolomites, and some locally silicified marly limestone. The
chemical composition of the limestone is 53% of CaO and 0.7% of MgO. The dolomites
contain up to 19% of MgO. The upper sequences of these rocks are 15 to 30 m thick,
and largely fine crystalline. In the lower parts, there are marl and chalk interbeds in the
limestones, whose thickness ranges from 0.5 to 5 m. Only the lower parts of this formation
contain fossils.

3. Methodology

Potentially toxic elements (PTEs) have always been present in the Earth’s crust. How-
ever, human activity has increased their concentrations [37]. Some of the important in-
fluences come from mining, metallurgy, solid-waste disposal, wastewater, and modern
agricultural practices that rely on fertilizers, pesticides, insecticides, etc. Because of their
toxicity and ability to accumulate in the soil, PTEs are also referred to as environmental
pollutants. Pollution by PTEs constitutes a form of abiotic stress, which affects the quality
of food as it enters the food chain and is ultimately detrimental to human health [17]. The
quantities of ingested PTEs are relatively small, but prolonged intake and the ability of
these substances to be stored in the body can lead to various ailments, some of which are
ultimately lethal [38]. The impact of PTEs on environmental and human health is very well
described in Mitra et al., 2022 [38].

The selected study area, which is the extended area of the city of Zintan, similar to
many other urban centers, has grown over the past 30 years. According to the 2012 census,
the population was 25,000 [39], but the current population of the city and its environs is
estimated at 62,000, probably more [40].

The objective of this research was to test inorganic pollutants (such as Pb, Cr, U, Hg,
etc.) in the Zintan area and to describe the distribution of primarily PTEs, based on chemical
analyses in the laboratory of samples collected in situ.

The following methods were used.

3.1. Remote Detection

A preliminary study of the area was undertaken using raster-based SAS Planet Map
(GoogleMapMaker, version SAS.Planet.Release.160606), SAS Planet Landscape w/o names
(Google), and available topographic maps on SAS Planet (Open Street Map—Open Topo
Map). This application was then employed to magnify, so that structures could be recog-
nized. Using SAS Planet Bing Maps satellite, the following were identified: (i) densely
populated areas; (ii) thinly populated areas; (iii) farmland; (iv) Nafusa Mountains; and (v)
lowland with a drainage system northwest of Zintan (Figure 3).
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Figure 3. Positions of densely and thinly populated areas, farmland and 143 sampling points,
raster-based SAS Planet Landscape w/o names (Google).

3.2. Field Activities—Mapping and Sampling

Samples were collected from predefined locations across an area of 19.5 km x 22 km.
The sampling points were spaced 2 km apart, on average (Figure 3). The selection criteria
for the sampling points included a generally even distribution and coverage of densely
populated areas, sparsely populated areas, and farmland. Information obtained from the
Zintan Municipality also needed to be taken into account, concerning the old and recent
parts of the city. The GIS base was ellipsoid WGS 84, UTM zone 33. The weights of the
samples were from 2 kg to 2.5 kg, and subsequently reduced to 100 g. A total 143 of samples
were collected from the surface up to a depth of 250 mm for the purpose of sampling
the surface layer of the soil in order to be able to measure elements (and pollutants) at
plant-growth level. The samples mainly consisted of cultivated soil with significant sand. In
agricultural land, samples were taken between plants. In populated areas, where the terrain
was bare and open, it was also quite sandy. The geologic map of Mizdah, scale 1:250,000,
indicated that Zintan and its environs are largely situated on Cretaceous sediments overlain
by sand. At least two documentary photographs were taken at each observation point.

3.3. Chemical Analyses

Chemical analyses were performed using a Thermo Fisher Scientific (Waltham, MA,
USA) Niton XL3t GOLDD+ XRF analyzer at the University of Belgrade Faculty of Civil
Engineering. Sample preparation included homogenization, grinding, and sieving. Each
sample was then analyzed twice, measured for 240 s in Soil Mode, and checked by the
Test All-Geo mode. This testing time was chosen so that limit-of-detection values could
be achieved for all the elements. The following elements were measured: Mo, Zr, Sr, U,
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Rb, Th, Pb, Au, Se, As, Hg, Zn, W, Cu, Nji, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K, S, Ba, Cs, Te, Sb,
Sn, Cd, Pd, and Ag (33 elements in total). The XRF analyzer was calibrated by performing
an auto-calibration system check before the first daily analysis, as well as testing of the
verification standards provided by the manufacturer (Thermo Fisher Scientific, Waltham,
MA, USA) once a day.

3.4. Modal Analysis of Characteristic Desert-Soil Samples

Light and heavy fractions of ten representative samples were analyzed. Each fraction
was observed separately, and microphotographs were taken at the Geological Survey of
Serbia. A Karl Zeiss polarizing microscope was used. This was performed on purpose, to
determine the mineral compositions of selected samples. Prior to microscopic evaluation,
the samples were washed so that the minerals could be recognized. Coating of the minerals
by mostly clay and Fe-hydroxides was important, among other aspects, for chemical
analyses of the elements of interest. However, it also hindered the determination of the
mineral composition. For this reason, the selected samples were washed in order to remove
the aforementioned impurities (coatings) and make the minerals easier to recognize.

3.5. Generation of GIS Database

The results were used to create a GIS database that served to determine the distribution
of the studied elements.

A GIS program was used for interpolation and spatial distribution. Points of interest
with their attributes were generated from the desired Excel file in the database. Next, the
Spatial Analyst Tools and the function Spline were used. The Z-value option was used to
select the characteristics from the database that we intended to process. The New Spline
file appears in the Table of Contents column. A new Layer Properties window opens where
Color Ramp can be set. With the Classify option, a new Classification window opens where
one of the Classification methods is chosen. Equal Interval was used because it provides
good visuals. The result is generated on a map using cell values and the hill-shade effect.

3.6. Multivariate Statistical Analysis

Hierarchical cluster analysis (HCA) is a multivariate statistical method commonly
used to group large numbers of samples (e.g., of soil or water), based on similar physical
properties and chemical compositions, so that the samples that belong to one cluster have
similar characteristics, but they differ from the samples from other clusters [41-44]. The
use of HCA supports sample classification based on a large number of variables.

Sample classification based on similarity is referred to as Q-mode cluster analysis, and
parameter classification is referred to as R-mode cluster analysis.

The R-mode cluster analysis provided better insights into correlations between the
14 selected parameters, while Q-mode cluster analysis classified the 143 samples into
groups with distinctive chemical compositions. Standardized data (z-scores) were used in
both R-mode and Q-mode HCA. The Euclidian distance (as the measure of similarity) and
Ward linkage (as the linkage rule) were applied, since it was determined that they yielded
the most diverse clusters.

4. Results
4.1. Modal Analysis of Select Samples

Qualitative and quantitative analyses of the light- and heavy-fraction contents were
performed on ten samples, denoted with the letters AZ. The samples were separated into
light and heavy minerals using heavy liquids (2.52 g/cm?®). Heavy liquids are usually
used in mineral examination to separate “light” minerals, such as quartz, from “heavy”
minerals. The density of the liquid used for this type of separation is 2.85 to 2.95 g/cm?,
which is nearly three times the density of water. The heavy liquid used for mineral
separation in this case is called LST heavy liquid. This is a concentrated solution of lithium
heteropolytungstates in water, which can reach a density of up to 2.95 g/cm? at 25 °C and
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3.6 g/cm? at higher temperatures. It can be diluted with distilled water to a density of
252¢g/ cm?, which was used in this research [45]. The fractions were immersed in xylol
and examined in detail under a Carl Zeiss microscope. The light and heavy fractions were
presented as such to explain the mineral compositions of the samples.

Light fraction. The light fraction was generally composed of quartz, rock fragments,
clayey and other coated grains, feldspars, calcite, carbonates, and some fossil detritus.
The concentration of quartz was the highest of all the samples (Figure 4). The grains
were transparent and translucent, semi- to well-rounded, at times with the inclusion of
metallic minerals or rutile, zircon, and tourmaline. The surfaces of some of the grains were
furrowed and often filled with iron oxides and hydroxides. The feldspars were found to be
altered, generally sericitized to a greater or lesser degree. There were only sporadic micas
(muscovite and chlorite). The rock fragments were mostly of basite. The coated grains were
generally stained with iron oxides and hydroxides [46].

‘ s 'ock ¢4
éau;gli!e i ‘Ri.oék N

Zircon 5.

Figure 4. Sample AZ060. (Left)—sampling location; (right)—microscopic image of sample.

Heavy fraction. The heavy fraction consisted of granate, andalusite, amphiboles,
olivine, brookite, distene, leucoxene, rutile, tourmaline, apatite, zircon, biotite, brookite,
fossil detritus, and rock fragments. Although present, heavy minerals were rare. Granate
was found in three samples, mostly in the form of broken grains with sharp (rarely rounded)
edges, light pink in color. Biotite occurred in thin dark-brown plates, and occasionally in
dark green, probably chloritized. The tourmaline was identified in shades of gray, in the
form of hexagonal prismatic rods. The apatite was colorless and rounded. The zircon was
well preserved, partially or fully rounded, colorless or, rarely, light pink. Andalusite was
found in irregular, semi-angular grains, with typical pink polychronism. The leucoxene
was a secondary mineral in one sample, but only sporadic and ocher-white. The brookite
was dark brown, with striations. Amphiboles were detected in three of the samples, in
the form of elongated, green, well-rounded grains, at times with iron oxide separations
(Figure 5). Rutiles were irregular, rounded, dark red grains. Distene was detected in only
one sample, in the form of typical rod-like grains with two distinct splits, colorless or pale
blue. The rock fragments were mostly of basite. The coated grains were generally stained
with iron oxide and hydroxide. Undeterminable fossil detritus was found in four samples.
The mineral association and optical properties of the heavy-fraction minerals indicated
aeolian migration and sediment origin. Five samples showed minor input from material
from metamorphic rocks [46].
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Figure 5. Sample AZ059. (Left)—sampling location; (right)—microscopic image.

4.2. Spatial Distribution of Investigated Elements
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The following reference documents were used in the present study:

Summary of Maximum Allowable Concentrations of Chemical Constituents In Un-
contaminated Soil Used as Fill Material At Regulated Fill Operations (35 Ill. Adm.
Code 1100. Subpart F) [47];

Standards for the contents of PTE metals in soils of some states [48];

Regulation on the program of systematic soil monitoring, indicators for soil-degradation-
risk assessment, and methodology for the development of remediation programs [49];
Abundance of elements in the Earth’s crust [50];

Terrestrial abundance of elements [51].

Figure 6 is a graphical representation of the concentrations of the analyzed elements

in the 143 collected samples. An explanation of the distribution is provided subsequently,
from Cr to Zr.
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Figure 6. Concentrations of the studied elements. Legend: blue line—abundance in the Earth’s crust,
red line—average of particular element (a-w).

4.3. Multivariate Statistical Analysis

Initial data processing included the detection and the possibility of replacement of
missing values. Of the 33 studied elements, 19 were not included in the statistical analysis
because of the large number of values below the instrument’s limit of detection (>80%). For
the remaining 14 elements, the values below the detection limit were replaced with % of the
detection threshold. The equivocal parameters were Pb, Ni, and V, since 40% of the values
were below the limit of detection, which compromised the statistical distribution of the
data. However, because of their possible environmental impact, they were not excluded.
The concentrations of all the analyzed parameters were expressed in mg/kg.

Elementary statistical quantities were determined for the available set of data, includ-
ing the minimum, maximum, range, arithmetic and geometric mean, and median (Table 1).
Since the concentrations of some of the parameters did not reflect a normal distribution (a
lack of correspondence between the arithmetic mean, geomean, and median, i.e., Sr and Ca,
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but also Pb, Ni, and V according to the Kolmogorov-Smirnov test of normal distribution),
the median values were used instead of the averages (or arithmetic mean).

Table 1. Elementary statistics of the 143 analyzed soil samples (mg/kg).

Standard

Coefficient

Parameter N Range  Minimum Maximum Mean N A Median  Geomean
Deviation of Variation
Zr 143 512.0 194.0 706.1 421.3 102.0 0.242 420.5 408.4
Sr 143 274.3 57.12 331.5 125.3 65.48 0.522 93.79 111.9
Rb 143 19.72 20.57 40.29 32.36 3.537 0.109 32.37 32.15
Pb 143 18.06 4.00 22.06 7.09 2.406 0.265 712 6.48
Zn 143 22.83 12.36 35.19 23.33 4.885 0.209 22.88 22.80
Ni 143 59.55 15.00 74.55 32.80 9.621 0.206 35.39 28.04
Fe 143 7397 4185 11,582 7537 1549 0.206 7582 7376
Mn 143 213 25.00 238.6 127.7 34.09 0.249 131.6 115.6
Cr 143 40.23 11.00 51.23 22.88 7.051 0.295 21.67 21.67
\Y% 143 65.84 12.50 78.34 31.68 9.132 0.204 36.49 26.39
Ti 143 3673 1224 4897 2575 582.7 0.226 2567 2510
Ca 143 227,218 12,009 239,228 59,443 43,402 0.730 38,142 47,211
K 143 6962 11,104 18,067 14,379 1284 0.089 14,440 14,322
Ba 143 354.5 22.50 377.0 262.4 38.43 0.145 266.8 256.7
The correlations between the parameters were also analyzed. Table 2 shows the cor-
relation coefficients according to Spearman (a non-parametric method suitable where the
distribution of data is not normal). High correlation coefficients, greater than 0.5, are high-
lighted. The correlations between calcium and strontium, potassium and rubidium, and
iron and magnesium were pronounced. These were as expected, given their geochemical
properties. None of the analyzed parameters indicated a distinct correlation with Pb, Ni, or
Ba (the correlation coefficients were around 0.3 or lower).
Table 2. Spearman’s coefficients of correlation.
Zr Sr Rb Pb Zn Ni Fe Mn Cr A\ Ti Ca K Ba
Zr 100 0203* 0210* 0097 0126 0062  0404* 0321** 0234* 0270™ | 0857* @ 0206* 0.168*  0.119
S 0203*  1.00 0112 0301+ [ 0502% | 0345+ | 0.620% 0579 0010  0307*  0.043 0108  0.225%
Rb 0210* 0112 100 0220% 0319* 0112 | 0.643% 0351 0390* 0372* 0456*  0.062 0.042
Pb 0097  0301* 0220% 100 0160  0222* 0364* 0313 0091  0.182% 0225* 0326* 0158  0.094
Zn 0126 | 0502% | 0319*  0.160 100 0245* [0512% | 0421**  0.192* 0311" 0163  0412* 0161  0.268*
Ni 0062  0345* 0112  0222* 0245* 100 0296 0340 0045 0278* 0132  0316* 0054  0315*
Fe  0404* | 0620% 0643  0364™ | 0512% 0296 100 [JOROEREN 0385 | 0660 0588 0600% 0475* 0207*
Mn 0321 | 0579% 0351 0313 0421 0340* |G 100  0167*  0486** 0370* | 0537* | 0216* 0250*
Cr  0234* 0010 0390 0091  0192* 0045 0385* 0167* 100  0283* 0.347* 0002 0364  0.048
v 0270*  0307* 0372*  0182* 0311* 0278** | 0.660**  0486™ 0283* 100 | 0.520* | 0287 0276™ 0.192*
Ti 0.557* 0043  0456* 0225 0163 0132 | 0588* | 0370* 0347* | 0520 1.0 0078 | 0548% | 0.106
Ca 0206 [JOESERM 0062  0326* 0412* 0316* | 0.600* 0537 0002 0287 0078 1.00 0132 0.219*
K 0.168*  0.108 0158 016l 0054 0475 0216™ 0364™ 0276* | 0.548% | 0.132 1.00 0.079
Ba 0119  0225* 0042 0094 0268* 0315™ 0207* 0250* 0048  0.192* 0106  0219*  0.079 1.00
05<r<07

Significance: *—correlation is significant at the 0.05 level (two-tailed); **—correlation is significant at the 0.01 level
(two-tailed).

The results of the R-mode cluster analysis are shown on the dendrogram (Figure 7).
There are two distinct clusters. The first is composed of Sr, Ca, Ni, Ba, and Pb. The distance



Minerals 2023, 13, 1048

14 of 23

between the strontium and the calcium is very small, indicating a strong correlation between
these parameters (r = 0.957; Table 2). Two subclusters are apparent in the first cluster. The
above-mentioned Ca and Sr constitute the first subcluster, and the second is composed of
Ni, Ba and Pb, most probably isolated as elements, with no pronounced correlations with
any of the analyzed parameters (Table 2).

10 15 20 25

h h

cluster 1

cluster 2

Figure 7. Dendrogram of 14 analyzed elements resulting from R-mode cluster analysis (measure of
similarity—Euclidian distance; linkage—Ward method).

The second cluster comprises Fe, Mn, V, Zn, Zr, Ti, Rb, K, and Cr, with small distances
between Rb and K (r = 0.733), Fe and Mn (r = 0.691), and Zr and Ti (r = 0.557). The
differences between the subclusters are not as pronounced in this case (see Figure 7).

The Q-mode cluster analysis was used to classify the soil samples into three clusters
based on a visual inspection of the dendrogram.

The non-parametric Kruskal-Wallis test revealed a statistically significant difference
(p < 0.001) between the three clusters in terms of the median values of the 14 analyzed variables.

To facilitate the understanding of the chemical properties of the clusters, Table 3 shows
the median values of the analyzed variables, used in the Q-mode cluster analysis.

Table 3. Chemical compositions of the clusters—median concentrations of the analyzed elements
(mg/kg). Bold values indicate concentrations of individual elements characteristic of a given cluster.

Cluster 1 2 3
No. of samples 35 64 44
Zr 418.8 469.0 334.0
Sr 203.1 93.05 73.83
Rb 31.86 34.28 31.39
Pb 7.85 8.11 4
Zn 25.73 23.70 20.44
Ni 45.71 37.53 15
Fe 8574 7919 6017
Mn 148.4 135.5 97.17
Cr 20.11 25.45 18.75
\Y% 41.69 40.87 12.5
Ti 2420 2905 2081
Ca 111,473 37,781 26,719
K 13,637 15,092 13,994

Ba 285.3 262.1 2544
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5. Discussion

The distributions of the detected elements and clusters in the study area are discussed
below. On the maps presented in Figures 8-11, the circles of different sizes represent the
measured concentration of each element shown on the schematic distribution map. The
lower part of each map has a legend showing the concentrations. The maps provide visual
information on the distribution of certain elements in the study area, as well as in relation

to populated or agricultural areas.
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Figure 8. Spatial distribution of lead (left) and sulfur (right). Raster-based SAS Planet Landscape

w/o names (Google).
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Figure 9. Spatial distribution of arsenic (left) and mercury (right), raster based SAS Planet Landscape

w /o names (Google).
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Figure 10. Spatial distribution of strontium (left) and molybdenum (right). Raster-based SAS Planet
Landscape w/o names (Google).
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5.1. Characteristics of the Distributions of Identified Elements

Chromium and nickel. The highest concentrations were found along the fringes of the
densely (rarely thinly) populated areas and in the southeastern/new part of the agricultural
area. There were also elevated concentrations of these two elements in the northwestern
part of the study area, which is located in the Nafusa Mountains’ plateau and horst. The
concentrations of some other elements were also elevated. This generally applied to those
associated with water-flow directions, which tend to be to the north because the entire area
generally dips toward the Mediterranean Sea. In nearly all the samples, Cr was registered,
but its concentrations were far below the abundance level, whereas Ni was not detected in
44% of the samples (Figure 6a,b). The Ni concentrations were also below the abundance
level. The Cr and Ni concentrations were assumed to be generally natural in origin, with a
minor local anthropogenic influence in populated areas.

Vanadium was registered in 84 samples, or 59%. This element generally followed the
pattern of the Ni, with its concentrations always below the average in the Earth’s crust
(Figure 6c). Like the Ni, the V was found in the populated area and on the northwestern
plain. It occurred in small amounts in or was entirely missing from the northwestern part,
which is composed of recent farmland (according to data from Zintan). Somewhat elevated
concentrations were detected in the samples from the eastern fringe of the study area.
Given that the rocks there were not V, the origin was assumed to be anthropogenic.

Titanium was found in all the samples (Figure 6d). The lowest concentrations were
detected in the new agricultural area, in the direction of the expansion of the city of
Zintan. It was also detected on the northwestern plain within the study area. The Ti
concentration varied, but based on the map and measured data, it was not certain that the
origin was anthropogenic.

Copper was detected in nine samples (Figure 6e). The concentrations were lower
than the average in the Earth’s crust. However, the occurrence of Cu was not associated
with specific areas; it was found in the samples from densely and thinly populated zones,
farmland, mountains, and the northwestern plain. Since there were no Cu-bearing rocks,
the likely origin is decayed remains of power lines, electric wires, or weapon shells that
have begun to oxidize.

Lead exhibited a distribution similar to that of the vanadium. It had no significant
presence in the new farmland. The highest concentrations were detected in the populated
areas, the northwestern plain, and, at exceptionally high concentrations, in the Nafusa
Mountain horsts (Figure 8, Left). Of the 87 samples that registered Pb, the concentrations
of only four were above the average in the Earth’s crust (Figure 6f). Considering the
spatial distribution of Pb, the probable origins are waste dumps with old car batteries, and
therefore, presumably anthropogenic.

Zinc was found in all the samples, but in low concentrations—up to half of the
average in the Earth’s (Figure 6g). Slightly higher concentrations were detected in the
populated areas of Zintan, as well as on the northwestern plain. The origins of these
elevated concentrations (despite the fact that they were lower than the background levels
in the Earth’s lithosphere) could be anthropogenic but, in general, they were natural in the
majority of the samples.

Manganese was missing or occurred in small quantities in the new farmland. It was
widespread in other parts of the study area, but at very low concentrations (3-5 times lower
than the average in the Earth’s crust) (Figure 6h). Given that elevated concentrations were
found in urban as well as mountainous areas, it is safe to assume that the origin is both
natural and anthropogenic.

Iron is widespread and found almost everywhere on the planet. It also occurs in the
study area, but in very low concentrations. It was detected in all the samples, in uniform
concentrations (Figure 6i). The sand was always yellowish-brown due to iron oxides and
hydroxides. The highest Fe concentrations were lower than the average in the Earth’s crust
by a factor of five to six. Slightly higher concentrations were found in the samples collected
from the thinly populated parts of Zintan.
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Sulfur was mainly detected in the north-northwestern and eastern parts of the study
area, and always in populated zones, the mountains, and on the northwestern plain
(Figure 8 Right). The concentrations were borderline or slightly higher than in the Earth’s
crust (Figure 6j). It appeared that elevated concentrations were associated with local
occurrences of gypsum, but they were not sufficiently high to be a human health risk.
The three points in the city itself, along an almost straight line, were probably associated
with facilities that use S. The S was found in 26 samples, of which 21 were borderline and
five were above the maximum permissible concentration (MPC). However, none of the
concentrations was more than three times higher than the Earth’s crust average. Additional
investigations are required to determine whether the origin is natural (e.g., gypsum) or
anthropogenic (tire dumps or remnants).

Arsenic was found in only 14 samples. The concentrations were always higher than
MPC (4.5 mg/kg), by a factor of up to two (Figure 6k). The highest concentrations were
detected within the city, and somewhat lower were found at several points in the eastern
parts of the study area, as well as, on two locations, in the new agricultural area (Figure 9,
Left). This arsenic was probably of anthropogenic origin and transported with leached
water along the drainage systems (two locations on the northwestern plain). In all the
samples, the As concentration was always above MPC [52]. The geologic framework
of the study area does not include any rocks that contain As. The origin of As is most
probably pesticides [53].

Mercury was detected in only three samples, in concentrations higher than MPC by a
factor of 5-6 (Figure 61). None of the samples were associated with anthropogenic sources
or human activity, based on the available data. However, beyond the urban area, the origin
was most probably anthropogenic. Two points were on the northwestern plain and one on
the slopes of the Nafusa Mountains (Figure 9, Right). The sampling locations of Hg need to
be investigated because their origin is possibly anthropogenic, related to pesticides.

Barium was detected in all the samples (Figure 6m). The concentrations were “natu-
rally” non-uniform. Regardless of the area, the concentrations varied from three times lower
than to nearly equal to the lower standard values of the Earth’s crust (340-380-500 mg/kg).
The origin is natural.

Calcium was determined microscopically in the carbonate samples. The highest
concentrations were up to five times greater than background levels and were measured in
the samples collected from the Nafusa Mountains (Figure 6n). In this case, the origin of the
Ca was natural. It migrated from the mountains to lower elevations.

Strontium had the same distribution pattern as Ca, so the two were clearly correlated
(correlation coefficient 0.93; closely positioned on the R-mode dendrogram). Sr was detected
in all the samples, but always below the background levels of the Earth’s crust (Figure 60).
The origin was natural (Figure 10 Left).

Based on the results, the Ca and Sr concentrations exhibited the best correlations
(r = 0.957, Table 2). They were recorded in all the samples, and their highest concentrations
were related to the Nafusa Mountains. There is migration of these elements from the
mountains to lower elevations, they have similar chemical patterns, and they easily replace
each other in the natural environment [54]. They were present in the samples as a result of
natural geological settings.

Cesium was found in three samples collected from the northwestern part of the study
area. All the concentrations were above MPC, by a factor as high as six (Figure 6p). Of
the three samples, two came from a location near the area where the Hg was detected. It
should be noted that the origin of the elevated concentrations of Hg and Cs should be
investigated further. Like in the case of Hg, one sample of Cs was collected on a slope of
the Nafusa Mountains towards the northwestern plain, but on the western side, and the
other two came from the plain. It is questionable whether these three locations have an
environmental impact. This element is generally used in the drilling of fluid for the oil
industry and was most probably of anthropogenic origin [55].
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Rubidium, like Ca and Sr, was found in all the samples, in relatively uniform concen-
trations (Figure 6q). The origin was natural and the concentrations much lower than the
abundance level in the Earth’s crust.

The elements Rb, K, Sr, Ba, Fe, Mn, V, Ti, Cr, and Ni were found in all the samples, with
concentrations lower than those in the Earth’s crust. They originate in olivine basalts and
meta basalt cones, as well as outcrop varieties of the same rocks from the Pleistocene age,
which are located 45 to 95 km west of Zintan [36,56,57]. The concentrations of individual
elements were strongly correlated. For example: Rb and K (r = 0.733), Rb and Fe (r = 0.643),
Fe and V (r = 0.660), Fe and Ti (r = 0.588), etc. (see Table 2).

Molybdenum was detected in the samples collected 2 km north of the southern
boundary of the study area, from agricultural soil (Figure 10 Right). The origin is probably
anthropogenic. It is present is Clusters 1 and 2. All the concentrations were above the
permissible 3 mg/kg (5.61, 4.72 and 4.7 mg/kg) (Figure 6r). The concentrations were not
much higher than MPC [52]. The Mo probably originated in pesticides because it is often
used as an agent that improves nitrogen fixation and enhances the absorption of other
nutrients from the soil [58].

Tungsten was detected in only one sample. The concentration did not exceed the
background levels. Therefore, this finding is of no particular relevance (Figure 6s).

Potassium was found in all the samples. Like in the case of the Ca, Sr, and Rb, the
concentrations were relatively uniform (maximum-to-minimum ratio 2:1) (Figure 6t). These
concentrations did not exceed the background levels of the Earth’s crust. The origin
is natural.

Uranium was detected in 21 samples. All but two were collected in unpopulated
areas (three on the northwestern plain, one on a slope of the Nafusa Mountains, and the
remaining fifteen in farmland). The values were anomalous (Figure 6u). The samples
collected from the farmland and the two from the fringes of a sparsely populated area
probably registered U due to the use of superphosphates, suggesting that their origins were
anthropogenic (Figure 11 Left). This is mainly related to the 12 samples in Cluster 2, which
values of concentrations were several times higher than MPC. None of the rocks in the area
are natural carriers of U. Nevertheless, the sampling points with grades from, for instance,
8.15 mg/kg to 10.38 mg/kg, should be investigated further.

Thorium was found in 20 samples, and its concentrations did not exceed the back-
ground levels in the Earth’s crust (Figure 6v). It was largely detected in samples from the
eastern agricultural area, as well as in three samples collected along the fringe of a densely
populated part of Zintan. The distributions of the U and Th were conditionally associated,
indicating that their origins were natural. However, Th can also occur in superphosphates.

Zirconium was detected in all the samples (Figure 6w) and most probably occurred in
a mineral identified as zircon, which is rather stable in atmospheric conditions and often
a constituent of desert sand. The concentrations of Zr in the samples were different and
always above the background level in the Earth’s crust (Figure 11 Left). Furthermore, Sr,
Rb, W, K, Th, and Zr can take the form of natural mineral concentrations of zircon [59,60].

5.2. Characteristics of the Distributions of Identified Clusters

The samples from Cluster 1 were primarily characterized by the pronounced presence
of calcium and strontium, as well as the highest median concentrations of iron, manganese,
zinc, nickel, and barium. Cluster 2 featured elevated concentrations of potassium, rubidium,
chromium, titanium, and zirconium. Cluster 3 included most of the samples whose
concentrations were below the limits of detection of lead, nickel, vanadium, and manganese.
This cluster was generally characterized by the lowest concentrations of the analyzed
elements (both median and minimum values).

Based on the results, Figure 12 shows the spatial distribution of the samples in the
identified clusters.
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Figure 12. Spatial distribution of Cluster 1 (yellow dots), Cluster 2 (red dots), and Cluster 3 (green
dots) samples. Raster-based SAS Planet Landscape w/o names (Google). The violet line on the
map is the boundary of the old city of Zintan, and the external polygon (blue and violet lines) is
the boundary of Zintan. The densely hatched polygons are the more densely populated areas; the
less-hatched polygons are the less-populated areas, and the area with small green dots is agricultural,
mostly sandy soil.

Cluster 1 generally contains samples collected in agricultural areas (Figure 12, yellow
dots), Cluster 2 features samples from areas of intensive farming (Figure 12, red dots), and
Cluster 3 largely includes samples associated with urban areas (Figure 12, green dots).

6. Conclusions

The surface layer of the soil within the city limits of Zintan was sampled to determine
the distributions of PTEs. The study area was 19.5 x 22 km, and 143 samples were collected
across a grid of roughly 2 x 2 km. Using an XRF analyzer (Thermo Fisher Scientific Niton
XL3t GOLDD+), the samples were tested for the presence of the following elements: Mo,
Zr, Sr, U, Rb, Th, Pb, Au, Se, As, Hg, Zn, W, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K, S, Ba,
Cs, Te, Sb, Sn, Cd, Pd, and Ag. The modal analyses provided data on the natural mineral
compositions of the samples. Minerals carry elements with natural impurities (accessory
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elements) at times. This was taken into consideration, as a kind of benchmark for the
detected elements of natural origin.

Three clusters were distinguished by a multivariate analysis of the results. They
generally represented the following: less populated zones, within which the population
engages in small-scale agricultural production (Cluster 1), a location where there is only
agricultural production (Cluster 2), which can be classified as an area of intensive farming,
and, in particular, an urban environment (Cluster 3).

Certain elements were found in all or in over 80% of the samples (Cr, Ni, V, Ti, Mn,
Fe, Ba, Ca, St, Rb, K, and Zr) and they were most likely the result of natural features, i.e.,
the geological characteristics of the wider environment of the study area. The zones where
the remaining elements were found in a small number of samples were most likely due to
anthropogenic factors.

In addition to the above elements, which were a result of the geological setting (i.e.,
of natural origin), elements were detected in a small number of samples, probably of
anthropogenic origin.

Finally, it can be stated that at the time of this research (the end of 2017), there was no
excessive risk of pollution in the extended area of Zintan. The concentrations of elements of
natural origin generally did not exceed the maximum permissible levels, while the elevated
concentrations of elements of anthropogenic origin were mainly the result of agricultural
activity, given that the most contaminated zones were on the northwestern plain and
in agricultural areas. It is interesting to note that markedly elevated concentrations of
pollutants were rarely detected in either densely or sparsely populated areas. All locations
where concentrations of potentially toxic elements were determined to be higher than
maximum permissible concentrations should be examined in detail.
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