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Abstract

Purpose. The objective of this study was to assess the risk of potentially toxic elements in soil samples surrounding ferro-
nickel mines in the Golesh massif, Republic of Kosovo.

Methods. In total, 14 potentially toxic elements (Al, As, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, V and Zn) were investi-
gated. Basic statistics, Pearson correlation, Principal Component Analysis (PCA), and Pollution indices (CF, PLI, I4e,, and EF)
were used to explain better the data on metal concentrations in the soil samples.

Findings. Five groups of elements were identified by PCA, based on their geogenic or anthropogenic origin. The contamina-
tion factor for nickel ranged from 6.9 to 166, with a mean value of 65.17. Cobalt and magnesium also had high mean values of
contamination factor: 10.38 and 9.76, respectively. The PLI. for 14 locations were highly polluted with metals (PL/ > 4), and the
PLI . of the whole territory investigated was 3.5. The mean value of /., for nickel was 5.44, for cobalt (2.79) and for magnesium
(2.7). The mean value of enrichment factor (EF) for nickel, cobalt and magnesium was 233.7, 35.26 and 19.16, respectively.

Originality. Soil samples were collected from 30 different locations in accordance with the soil sampling protocol. The sam-
ples were sent for further analysis at the ACME, Ltd. laboratory in Vancouver, Canada. The soil samples were digested with aqua
regia, and the content of 14 chemical elements was determined using inductively coupled plasma-mass spectrometry (ICP-MS).

Practical implications. Based on statistical analysis and pollution indices, we concluded that most soil samples were high-
ly polluted with Ni, Co, and Mg, resulting from the ferronickel and magnesite mines located in the region under investigation.
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1. Introduction

The mining, smelting, and processing of metal ores have
been identified as significant sources of potentially harmful
elements (PHEs) within the environment [1]. Soil pollution is
a type of land degradation that occurs when a range of natural
or anthropogenic constituents exceed maximum permissible
levels in natural soil environments [2]. One of the most press-
ing problems, as we now know, is that soil pollution by heavy
metals is widespread in every country worldwide and has
become a serious environmental issue [3]-[5]. Geochemical
background assessment is an appropriate approach for deter-
mining whether concentrations of potentially toxic elements
(PTESs) in soil are geogenic, resulting from natural factors and
processes, or have been influenced by human activities, such
as those from industrial plants, vehicle traffic, and agricul-
ture [6]-[10]. Potentially toxic elements can occur naturally in
soils in varying concentrations, depending on the geochemical
composition of source rocks and soil formation processes,
such as weathering, sedimentation, and volcanic eruptions [2].

The Republic of Kosovo is rich in natural mining re-
sources, among which energy and colored metal resources
represent the most significant potential for overall develop-
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ment. In this aspect, it is worth explicitly noting lignite, lead,
zine, silver, and gold, as well as silicate mines of nickel and
cobalt, iron-nickel, bauxite, manganese, and a considerable
number of non-metallic minerals, including industrial and
construction geological materials [11], [12]. The develop-
ment of Kosovo’s economy, which is primarily based on its
natural resources, is closely tied to the growth of the mining
sector. A significant role in the exploitation of these assets is
played by the underground extraction of valuable minerals,
including those of magnesium, iron, nickel, and cobalt in the
Golesh mines [11]-[13].

Nickel and Cobalt occurrences are found in the centre of
Kosovo, located near Glavica, north of Maguré (Golesh), and
in Cikatové (Drenas). Explorations on Ni in Kosovo began in
1961 in the Golesh massif [14]-[17].

The Golesh ultramafic massif forms a roughly pyramidal
body, whose base is outlined by the villages of Stankovc
(west), Harilaq (northeast), and Maguré (southeast), exten-
ding approximately 7 km in length and 4.5 km in width. The
massif represents a segment of the Balkan ophiolite belt,
which is part of the Vardar Zone, formed during the closure
of the Neotethyan Ocean [18], [19].
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The Golesh mine itself is located near the village of
Maguré, within the municipality of Lipjan, on Golesh Moun-
tain (1019 m), approximately 3 km west of Pristina Interna-
tional Airport [20]. Initially exploited as an open-pit opera-
tion, the magnesite (MgCOs) deposit later transitioned to
underground mining before its closure in 2002.

The Gllavica silicate nickel mine, located about 20 km
southwest of Pristina, lies within the peridotite massif of Go-
lesh on the eastern slope of Gllavica Hill. The deposit extends
north-south over approximately 1050 m and covers around
32 hectares [21]. The Kodrina and Cikatova deposits are part
of the exogenous type in the silicate-lateritic group of nickel
ores, which were created before the beginning of the Tertiary.
The average ore content of Kodrina is: 1.33% Ni, 0.065% Co,
49.35% Si0», 20.24% Fe,03, and 13.1% MgO. The ore is part
of a mineralization with an increasing content of nickel, whose
bearers are nontronite, pimelite, and garnierite [17].

The Golesh massif is composed mainly of ultramafic
rocks — predominantly harzburgite, with subordinate lherzolite,
enstatite-dunite, and dunite — all strongly affected by serpen-
tinization along their margins and major fracture zones. Local-
ly, the massif is capped by relics of Paleogene lateritic weath-
ering crusts, indicative of prolonged subaerial exposure [22].

The massif exhibits extensive serpentinization, resulting
in the formation of secondary serpentine-group minerals,
including lizardite, antigorite, and chrysotile, alongside iron
oxides and hydroxides [23]. These minerals impart the green-
ish-gray color and friable texture typical of serpentinized
ultramafic complexes within the Balkan ophiolite belt [24].

The Golesh vein magnesite deposits are located on the
Golesh, which is predominantly composed of ultramafic
rocks (the well-known Golesh ultramafic massif), 15 km
southwest of Prishtina, Kosovo. This is the largest vein mag-
nesite deposit in both Yugoslavia and the world, with total
reserves of cryptocrystalline magnesite of approximately
5 million tons [25]. The veins typically range from 0.5 to 3 m
in thickness, reaching up to 20 m at Magura, and extend
100-500 m in length (with a maximum of ~1200 m at Magu-
ra). The mineralization persists to depths exceeding 300 m at
Magura. Such features are characteristic of hydrothermal
vein systems developed in brittle ultramafic hosts [26].

The industry development in a country increases the well-
being of the population, but it also causes environmental
damage [27], [28]. Recently, numerous research studies have
been conducted in Kosovo regarding the impact of industry
and various industrial and municipal landfills on the pollu-
tion of water, air, soil and food with heavy metals [29]-[35].

The primary objective of this study was to evaluate the
indicators of heavy metal contamination in soil samples
collected from the area surrounding the ferronickel mines in
the Golesh massif. This research work also serves as a basis
for subsequent studies, with a particular emphasis on ana-
lyzing the deeper layers of the soil profile to gain a more
comprehensive understanding of the vertical distribution and
potential sources of contamination.

Fourteen chemical elements were analyzed by using in-
ductively coupled plasma-mass spectrometry (ICP-MS).
Statistical analysis was used to calculate Pearson correlation
and Principal component analysis between different metals
and locations. Four pollution indices: contamination factor
(CF), pollution load index (PLI), geoaccumulation index
(Igeo) and enrichment factor EF), were calculated to assess
the level of soil pollution with heavy metals.
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2. Methods

2.1. Study area

The mountain of Golesh (with a surface area of 22.2 km?)
belongs to the central mountain chain of the Carraleva
Mountains in Kosovo, and its highest peak rises 1019 m
above sea level (a.s.l). It is the highest mountain system in
the central part of Kosovo [36],[37]. The Golesh mine is
located near the village of Magura, within the municipality of
Lipjan, on the Goleshi Mountain, approximately 3 km west
of Pristina Airport. The Gllavica silicate nickel mine is loca-
ted approximately 20 km southwest of Pristina, situated with-
in the peridotite massif of Golesh on the eastern slope of
Gllavica Hill. The deposit runs almost exactly north to south,
stretching approximately 1050 meters in length and covering
an area of around 32 hectares [15], [16], [38].

2.2. Sampling

In this study, we first prepared a network of maps for
sampling in the Golesh region and then proceeded with the
collection of soil samples at 30 different locations (Fig. 1).
From each location, we collected samples from the soil sur-
face to a depth of 50 cm [39].
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Figure 1. Location map of the study area and sampling points

The samples were stored in plastic bags, cleaned of non-
soil elements (such as stones, sticks, and other debris), and
dried at room temperature for 2 weeks. They were then
crushed and sieved through a 63 pm sieve to obtain a fine
powder [40]. Chemical analyses of soil samples were per-
formed at the ACME, Ltd. laboratory in Vancouver, Canada.
The soil samples were digested with aqua regia, and the
content of 14 chemical elements (Al, As, Cd, Co, Cr, Cu, Fe,
Li, Mg, Mn, Ni, Pb, V and Zn) was determined by using
inductively coupled plasma-mass spectrometry (ICP-MS).
The lower detection limits for elements Al, Fe, and Mg were
0.01%; for Cr, Mn, and V, they were one ppm; for As, Co,
Li, Ni, Pb, and Zn, they were 0.2 ppm; and for Cu and Cd,
they were 0.01 and 0.01 ppm, respectively.
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2.3. Statistical analysis

The statistical analysis was conducted using PAST 4.11
software. This included calculating parameters such as
minimum, maximum, mean, median, standard deviation,
Pearson correlation and Principal component analysis. Pollu-
tion indices (CF, PLI, Ig, and EF) were calculated based on
European soil samples [41].

2.4. Pollution indices

To assess the level of pollution, four pollution indices
were calculated: contamination factor, pollution load index,
geo-accumulation index and enrichment factor [41]-[43].

The contamination factor (CF) of each metal in the soil
samples was calculated by the formula:

CF=-"2, (D

(o)
@N,|§ »

where:
CF — the contamination factor for a heavy metal;

cin — the measured value of the heavy metal in the soil;

ci — the parameter for calculation, with reference to the bac-

kground values for heavy metals in European soil samples [41].

Contamination factor values are categorized by Fernan-
dez [44] as follows:

— CF <1 — no contamination;

— 1 < CF <2 —suspected contamination;

— 2 < CF <£3.5 —slightly contaminated;

— 3.5 < CF < 8 —moderate;

— 8 < CF <27 —severe,

— CF > 27 — extreme contamination factor [35].

For the total assessment of the contamination degree in
soil, the PLI is calculated by the formula:

PLI =4[CF,-CF, -CF; -...-CF, , )

where:

CF — the contamination factor of each metal, and n is the
number of metals calculated.

When PLI is greater than 1, the contamination exists, and
if PLI is less than 1, there is no metal contamination [42].

To calculate metal concentrations above background levels,
the geo-accumulation index /., was used, as shown below:
log; ¢,
e 1.58, 3
where:

C, — is the concentration of the element;

B, — is the average of European soil samples [41].

Miiller [45] proposed the following classification:

— Igeo > 5 — extremely contaminated,;

—4 <40 <5 —strongly to extremely contaminated,

— 3 <Igeo <4 — strongly contaminated,;

— 2 <40 <3 —moderately to strongly contaminated;

— 1 <lIgeo <2 —moderately contaminated;

— 0 <y < 1 —uncontaminated to moderately contaminated,;

— Igeo < 0 uncontaminated.

Enrichment factor (EF) is a measure of the possible
impact of anthropogenic activity on the concentration of
heavy metals in soil. The Enrichment factor (EF) was
calculated using the formula originally introduced
by Adnan et al. [10], [46]:

C

n

sample

c
Ep=—1" , )

B

n

background

Bref

where:

C, — the content of the target element;

C..r— the content of the reference element (generally ele-
ments such as Mn, Al, Sr, Fe, and Ti). B, is the content of the
studied chemical element in the soils, and B,.ris the reference
element content in the soils of Europe or the world [46].

According to Adnan et al. [10], [46]:

— EF<2 —no to minimal enrichment;

— EF =2-5 — moderate enrichment;

— EF = 5-20 — significant enrichment;

— EF =20-40 — very high enrichment;

— EF > 40 — extremely high enrichment.

3. Results and discussion

The determination of 14 potentially toxic elements (Al,
As, Cd, Co, Cr, Cu, Fe, li, Mg, Mn, Ni, Pb, V and Zn) was
carried out in 30 soil samples collected near the ferronickel
and magnesite mines in Magura village (Golesh massif). To
present and better understand the data on chemical element
concentrations, we employed a statistical data processing
method. In Table 1, we present the basic statistics of our
data, along with the median values for European soils [41].

The median values for Al (16850 mg/kg), Li (10.35 mg/kg),
and V (34 mg/kg) in our study were lower compared to the
median values for European soils. The median values of our
samples for As and Zn were very close to the European me-
dians. In contrast, the median values of all other elements
were many times higher than those of European soils. The
high average concentration was for elements: 47200 mg/kg
Fe, 44890 mg/kg Mg, 15353 mg/kg Al, 1179.9 mg/kg Mn,
1173 mg/kg Ni, 191.8 mg/kg Cr and 80.98 mg/kg Co. Nickel,
cobalt, magnesium, chromium, manganese and iron had
median values that were 65, 10.2, 5.56, 2.87, 2.23 and 1.9
times higher compared to European soils [41]. Numerous
recently published research studies in Kosovo, using plants
(moss and pollen) as bioindicators, confirm that the magne-
site mine in Magura and the ferronickel mines affect air
pollution with nickel, chromium, and cobalt [47]-[50].

The Pearson correlation coefficient () and its signifi-
cance level (p-values) for 14 potentially toxic elements in 30
different locations are presented in Table 2. The absolute
value between 0.50 and 0.70 exhibits a good correlation, and
from 0.70 to 1.00, a strong correlation is observed [35],[42].

Aluminum exhibited five strong and positive correlations:
Al-V (0.97), Al-Li (0.94), Al-As (0.69), Al-Zn (0.66), and
Al-Cu (0.63). Arsenic showed five strong and positive corre-
lations: As-Cu (0.83), As-Zn (0.83), As-Pb (0.78), As-V
(0.74), and As-Li (0.72). Additionally, copper exhibited four
strong and positive correlations: Cu-Zn (0.89), Cu-Pb (0.69),
Cu-V (0.66), and Cu-Li (0.60). Cobalt had three correlations:
Co-Fe (0.90), Co-Ni (0.89) and Co-Mn (0.56). Chromium
and lithium had two strong and good positive correlations:
Cr-Fe (0.58), Cr-Mn (0.56), Li-V (0.93), Li-Zn (0.67), and
Fe-Ni (0.82), Mg-Ni (0.75), Pb-Zn (0.72), V-Zn (0.67) were
with one strong and good positive correlations.
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Table 1. Descriptive statistics for the content (in mg/kg) of the metals in soil samples

Element N Min Max Mean  Stand. dev Median P25 P75 Skewness  Kurtosis EU
Median [41]
Al 30 800 42400 15353 9466 16850 7350 20800 0.53 0.81 58000
As 30 0.6 18.9 8.07 4.09 8.9 4.4 10.55 0.19 0.36 7
Cd 30 0.07 1.03 0.25 0.18 0.22 0.138 0.295 3.04 12.62 0.15
Co 30 20.1 149 80.98 45.35 79.9 34.58 124.5 0.09 -1.50 7.8
Cr 30 45 496 191.80 108.7 172 106 257.75 0.92 0.73 60
Cu 30 9.8 38.5 23.28 7.67 23.2 1695  27.825 0.31 -0.39 13
Fe 30 23800 74600 47200 14124.4 47750 32900 60000 0.15 -0.96 25000
Li 30 1 25 9.38 5.73 10.35 3.65 13.15 0.50 0.24 20
Mg 30 3500 100000 44890 39819.5 25600 12450 100000 0.57 -1.58 4600
Mn 30 390 2270 1179.9 461.5 1115 869 1427.5 0.67 0.08 500
Ni 30 124 2990 1173 842.2 1170 287 1805 0.38 -0.93 18
Pb 30 1.6 98.9 41.65 22.6 46.45 19.38 53.6 0.09 0.10 23
\ 30 4 69 30.03 14.6 34 16.5 39 0.11 0.29 60
Zn 30 26.6 107 64.01 22.5 64.85 42.78 80.93 0.14 -0.82 52
Table 2. Pearson correlation coefficients between metal concentrations in soil samples (n = 30)
Element Al As Cd Co Cr Cu Fe Li Mg Mn Ni Pb \ Zn
Al 0.00 0.45 0.04 0.98 0.00 0.41 0.00 0.00 0.77 0.00 0.03 0.00 0.00
As 0.69 0.06 0.00 0.41 0.00 0.02 0.00 0.00 0.17 0.00 0.00 0.00 0.00
Cd 0.14 0.34 0.64 0.11 0.03 0.74 0.70 0.39 0.38 0.33 0.01 0.27 0.01
Co -0.38  -0.55  -0.09 0.00 0.08 0.00 0.00 0.01 0.00 0.00 0.03 0.03 0.06
Cr 0.01 -0.16  0.30 0.65 0.37 0.00 0.28 0.73 0.00 0.01 0.36 0.99 0.35
Cu 0.63 0.83 040 -0.33 0.17 0.30 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Fe -0.16  -044 -0.06  0.90 0.58 -0.20 0.05 0.02 0.02 0.00 0.01 0.31 0.25
Li 0.94 0.72 0.07 -0.57 -020 0.60 -0.36 0.00 0.68 0.00 0.03 0.00 0.00
Mg -0.81  -0.82 -0.16 0.49 0.07 -0.74 042 -0.85 0.27 0.00 0.00 0.00 0.00
Mn 0.05 0.26 0.17 0.56 0.56 0.43 0.43 -0.08  -0.21 0.23 0.07 0.69 0.06
Ni -064  -0.75 -0.19  0.89 0.45 -0.58 0.82 -0.77  0.75 0.23 0.00 0.00 0.00
Pb 0.41 0.78 046 -040 0.17 0.69 -046 040  -0.61 0.33 -0.59 0.01 0.00
\Y 0.97 0.74 0.21 -0.39  0.00 0.66 -0.19 093 -0.86  0.08 -0.64 047 0.00
Zn 0.66 0.83 0.45 -0.35 0.18 0.89 -022 067 -0.76 034 -0.60 0.72 0.67
Significance p <0.01
Most elements with a strong positive correlation had the ) Cr
exact geogenic or anthropogenic origin [48], [49]. Also,
some metals had strong and good negative correlations with 1
each other, for example, magnesium had the following corre-
lations: Mg-Al (-0.81), Mg-As (-0.82), Mg-Li (-0.85), Mg-V
(-0.86), Mg-Zn (-0.76), Mg-Cu (-0.74) and Mg-Pb (-0.61).
Based on data from Table 2, a total of 40 associations
with absolute values between 0.5 and 0.97 had a significance
level of less than 1% (p < 0.01). H
To identify the distribution of potentially toxic metals in A ey
soil samples and possible sources of contamination, we used g e S
principal component analysis (PCA). From the results pre- asto o35 :
sented in Figure 2, it can be seen that PC1 accounted for i “ ? 4
53.28% of the total variance, while PC2 accounted for o511 1_ T
22.09%. In Figure 2, we can see that, based on the origin and ' s
correlations between chemical elements, five different e o ae
groups of elements can be distinguished. The first group, =y eiss
formed by magnesium (highly loaded in PC1), was the most .57 *
concentrated element, since the Magure magnesite mines are

located in this area. This metal did not have good correla-
tions with other elements, and as a result, formed a separate
group, which is mainly of geogenic origin [48]. The 2™
group is formed by iron, cobalt and nickel. Their vectors
loaded highly in PC1 and PC2, indicating a shared geological
origin, but are also influenced by anthropogenic factors. The
vectors of Cr and Mn (3™ group) were similar and loaded
highly in PC2, indicating that they have both geogenic and
anthropogenic origins.
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PC1 53.28%

Figure 2. Principal component analysis (PCA) of 14 metals for 30
soil samples

Potentially toxic metals (Al, As, Cd, Cu, Pb, V, and Zn)
form the fourth group and are present in large quantities due
to anthropogenic pollution. Lithium forms the 5™ group,
which is loaded in PC1, and is influenced by anthropogenic
factors, similar to the 4™ group of elements.
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Based on the data presented in Table 1, we calculated the
contamination factor for chemical elements that had higher
concentrations compared to the European median values. The
contamination factor (CF), minimum, maximum and mean,
for nine potentially toxic elements (Cd, Co, Cr, Cu, Fe, Mg,
Mn, Ni and Pb), are presented in Table 3.

According to the categorization of the CF values provi-
ded by Fernandez [44], the zone investigated was highly
contaminated with nickel, with CF values ranging from 6.89
to 166.11, and a mean value of 65.17. The zone was severely
contaminated with cobalt, with a CF value ranging from 2.58
to 19.1 (CFpean = 10.38), and magnesium, with a CF ranging
from 0.76 to 21.74 (CFpean =2.36). The zone was slightly
contaminated with chromium (CFean = 3.2) and manganese
(CFean = 10.38), and other elements had the mean value of
CF between 1 and 2 (suspected contamination).

The PLI site values for nine metals (Cd, Co, Cr, Cu, Fe,
Mg, Mn, Ni, and Pb) throughout the sampled area are pre-
sented in Figure 3. According to Zhang [51] categorization,

none of the soil sampling sites falls into the category of
unpolluted sites. Three samples (26, 27, and 23) fall into
the moderately to unpolluted category. Seven samples were
moderately polluted, and 6 of them were moderately to
highly polluted. Nine soil samples correspond to the highly
polluted category, and five of them were very highly pol-
luted. The most polluted sites were locations 1, 4, 13 and
19, which are close to the magnesite mine. The PLI zone
for the sampled area was 3.5, corresponding to moderately
to highly polluted category.

From the median value of our results, we have also cal-
culated an important pollution indicator, the geoaccumula-
tion index (/ge0), as presented in Figure 4. Based on Miiller
classification [45], the soil surrounding the Fero-nickel
mines in Magure was highly contaminated with nickel
(Igeo = 5.44), moderately to strongly contaminated with
cobalt (Igeo =2.79) and magnesium (Zgeo = 2.7), moderately
contaminated with Cr (/g = 1.09) and other elements fall
into the uncontaminated category.

Table 3. Contamination factor (CF) for nine metals in soil samples (n = 30)

Element Cd Co Cr Cu Fe Mg Mn Ni Pb
S1 1.87 15.90 5.62 1.60 2.12 5.70 2.60 133.33 222
S2 1.67 14.87 4.25 1.68 2.14 4.83 3.28 71.11 1.76
S3 1.47 18.21 5.07 2.17 2.72 3.70 3.68 77.78 2.33
S4 1.73 19.10 4.67 1.95 2.67 6.50 4.28 90.56 1.93
S5 0.87 16.15 2.78 1.24 2.55 20.35 2.36 131.11 0.52
S6 0.93 14.62 3.42 1.29 2.44 21.74 2.02 124.44 0.71
S7 0.67 8.47 1.62 0.75 1.16 21.74 1.45 71.67 2.21
S8 0.53 12.42 1.52 1.03 1.96 21.74 1.62 104.44 0.07
S9 2.27 11.42 2.65 1.61 2.03 21.74 242 82.78 1.49
S10 0.73 17.95 2.50 0.88 2.78 21.74 2.30 133.89 0.40
S11 0.87 12.44 3.32 1.31 1.91 21.74 1.85 98.89 0.59
S12 1.00 17.18 3.27 1.39 2.39 21.74 2.78 122.78 0.28
S13 2.87 18.72 8.27 2.95 2.48 6.17 4.54 90.00 3.15
S14 047 18.85 4.18 1.08 2.98 19.83 2.24 166.11 0.50
S15 1.47 5.33 2.38 1.12 1.27 8.63 1.17 38.56 0.89
S16 2.27 13.85 443 1.83 1.98 3.17 3.08 61.11 1.82
S17 1.60 9.96 2.95 1.81 1.76 3.20 2.68 44.28 2.03
S18 1.80 10.53 6.65 2.62 1.91 3.63 3.38 48.94 2.85
S19 2.53 8.46 5.65 1.37 1.61 ma 1.62 68.89 2.95
S20 6.87 8.40 3.98 2.20 2.02 10.87 1.78 52.83 2.31
S21 1.07 3.77 1.82 1.72 1.22 241 141 14.28 2.85
S22 2.47 3.24 2.08 1.98 1.26 5.43 1.13 16.50 2.33
S23 1.27 4.65 1.32 1.76 0.95 0.76 2.56 7.39 241
S24 1.27 3.54 1.33 2.96 1.47 1.35 222 9.94 2.17
S25 2.67 3.04 0.98 2.85 1.18 2.11 3.78 9.94 4.30
S26 1.47 2.58 0.88 2.02 1.12 1.09 1.91 6.89 1.66
S27 0.53 3.00 2.12 2.24 1.89 1.33 0.78 9.22 1.45
S28 1.73 5.09 2.13 2.13 1.50 3.15 2.08 25.06 2.03
S29 1.13 3.17 0.75 2.09 1.33 1.85 1.84 9.89 2.13
S30 1.07 6.58 3.32 2.09 1.86 2.80 1.95 32.39 2.01
Min 0.47 2.58 0.75 0.75 0.95 0.76 0.78 6.89 0.07
Max 6.87 19.10 8.27 2.96 2.98 21.74 4.54 166.11 4.3

Mean 1.64 10.38 3.20 1.79 1.89 9.76 2.36 65.17 1.81

The enrichment factor (EF) is a measure of the potential
impact of anthropogenic activity on the concentration of
heavy metals in soil [10], [43]. This factor was calculated as
a ratio between the obtained median values for specific met-
als and the European median values of surface soil [41], [46].
In our study, aluminium was used as the reference element in
European median soils with values of 58000 mg/kg [41]. The
median value of aluminium in the soil of the whole study
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area was 16850 mg/kg. In Figure 5, we presented the EF,
calculated from median values of the metal concentrations.

The whole zone had extremely high enrichment with nickel
(EF=233.7), very high enrichment with cobalt (EF = 35.26),
seven elements (Cd, Cr, Cu, Fe, Mg, Mn and Pb) fall into the
significant enrichment category, two of them (As and Zn) fall
into the moderate enrichment category, and three others (Al, Li
and V) fall into no and minimal enrichment category.
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Figure 3. Pollution load index calculated for nine metals in soil
samples (n = 30)
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Figure 5. Enrichment factor of 14 metals in the whole study area
(n=30)

The very high concentration of nickel, cobalt, and other
potentially toxic elements in the analyzed soils also affects
the pollution of the surrounding soil, water, plants,
and food [31], [35], [47]-[50]. This occurs because dust
particles are dispersed by winds over various distances,
up to 20-30 km.

4. Conclusions

In this work, we investigated 14 chemical elements
(Al, As, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, V, and Zn)
in soil samples surrounding the Golesh Ferronickel mine
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in Magure using inductively
spectrometry (ICP-MS).

The median values of Al, Li, and V were lower compared
to European median values; however, the median values of
11 other elements were significantly higher than comparable
values. Using the Pearson correlation coefficient, we identi-
fied 40 associations with absolute values ranging from 0.5 to
0.97, with a significance level of less than 1% (p <0.01).
Strong positive correlations were observed between the fol-
lowing elements: Co-Fe, Co-Ni, Fe-Ni, Cu-Zn, As-Cu, and
As-Zn. Principal component analysis identified five groups
of elements based on their geogenic and anthropogenic
origin: 1% group was formed by magnesium, 2" group was
formed by Fe, Co and Ni, 3™ group — by Cr and Mn, 4"
group — by Al, As, Cd, Cu, Pb, V and Zn, and the last group
was formed by lithium.

Four different pollution indices (CF, PLI, Ig., and EF)
were used as tools for the comprehensive evaluation of the
degree of contamination of soil samples with metals. All
pollution indices verified that the soils of the whole area
investigated was highly contaminated with nickel
(CF=065.17, Ig0o=5.44 and EF =223.7), strongly contami-
nated with cobalt (CF =10.38, Ig, =2.79 and EF =35.26)
and magnesium (CF = 9.76, Ig., = 2.7 and EF = 19.16). Other
elements also contributed to soil contamination. The pollu-
tion load index for 14 locations had PLI;. > 4, and the whole
area investigated had PLILo. = 3.5, resulting from ferronickel
and magnesite open mines in Magure.
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Ouninka pU3HKY NOTEeHIiHO TOKCHYHHX eJIeMeHTIB y IPYHTI HaBKoJ10 ¢epoHikeneBoro pyanuka I'osem, Kocoso
E. Jleuaii, T. Cepadimoncki, M. Tagapisi

Meta. MeTol0 I[b0T0 JOCIIDKEHHS OyJI0 OLIHUTH PH3HK MOTEHIIHHO TOKCHYHHX €JIEMEHTIB Yy 3pa3kax IPYHTY HAaBKOJO (epOHIKEIeBHX
pyanukiB y Macusi [onem, Pecrry6iikxa Kocogo.

Metoauka. Beporo Oyno mocmimkero 14 moteHuiitHo TokcuuHEX eneMeHTiB (Al As, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, V i Zn).
BazoBi crartuctuuni mokaszHuky, Kopensamis [lipcona, anamiz roxoBaux komnoHeHT (PCA) Ta inpexcu 3a6pyanennst (CF, PLI, Igeo Ta EF)
OyJM BUKOPHCTAaHI I KPaLIoro MOsICHEHHS JaHUX 1010 KOHLEHTPALil METalliB y 3pa3Kax IPyHTY.

PesyabTaTn. 3a momoMororw aHaiisy roioBHHX KOMIOHEHT (PCA) Oyno BU3HAu€HO I’SITh TPYI €IEMEHTIB, BUXOIMYH 3 IXHBOTO Teo-
TEeHHOTO a00 aHTPOMOTCHHOTO MOXO0/LKEHHS. KoedillieHT 3a0pyTHEeHHsI HikeleM KonuBaBcs Bif 6.9 10 166, i3 cepenHim 3HaueHHsIM 65.17.
Ko6anbT 1 MarHiif Takox Maji BUCOKI Cepe/iHi 3HaUeHHs KoedimieHTa 3a0pyaaenss: 10.38 i 9.76 BinnosigHo. [Haekc HaBaHTaXCHHS 3a0py-
IHEHHAM (PLlIsie) it 14 nokarii BKka3yBaB Ha BHCOKHH piBeHb 3a0pynHeHHs Metanamu (PLI > 4), a 3HaueHHS PLILone JUTS BCi€l TOCTIIDKY-
BaHoi Tepuropii cranoBmio 3.5. CepenHe 3HaYeHHS geo UIS HIKENIO CTaHOBUIO 5.44, s xobaneTy — 2.79, 1 it Marnito — 2.7. Cepenne
3Ha4YeHH iHAeKCy 30aradueHHs (EF) A HIKeNo, K00aIbTy Ta MarHito CTAaHOBMIIO BifmoBixHO 233.7,35.26 1 19.16.

HaykoBa HoBu3HAa. 3pa3ku 1pyHTY Oy 3i0paHi 3 30 pi3sHUX JIOKaIii BiAIOBITHO 10 IPOTOKOIY BinOOpy mpod IpyHTy. 3pa3ku Oy Bimm-
PpaBieHi Ui moganbIIoro anamizy B aboparopito ACME Ltd. y Bankysepi, Kanaga. 3pasku Oynu mingaHi po3KiIalaHHIO 3a JOTIOMOTOI0 APCh-
Kol BOIHM, a BMICT 14 XiMIYHHX eJIeMeHTIB OyB BU3HAUEHHH 32 IOTIOMOTOF0 Mac-CIIEKTPOMETPii 3 IHAYKTUBHO 3B’ s13aHOI0 1a3Moro (ICP-MS).

IIpakTnuna 3HaunMicTh. Ha OCHOBI cTaTHCTHYHOTO aHaMi3y Ta iHAEKCIB 3a0pyIHEHHs, MU JTIHIIIM BUCHOBKY, IO OUIBIIICTH 3pa3KiB
IpyHTY Oynu cunbHO 3a0pynHeHi Ni, Co Ta Mg, 1o € HaciIKoM HisTbHOCTI (hepOHIKeIeBUX Ta MAarHE3UTOBUX PYJHUKIB, PO3TAlIOBAHUX Y
JOCIIIDKYBaHOMY PETiOHi.

Knrouosi cnosa: sasicki memanu, IpyHm, Mac-CneKmMpoCKonisi 3 IHOYKMUGHO-38 SI3aH0I0 NIA3Mo10, (eponirenesuti pyorux, I onew, Kocoso

Publisher’s note

All claims expressed in this manuscript are solely those of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.

146


https://doi.org/10.1080/02757540.2023.2269933
https://doi.org/10.1080/10934529.2025.2594372
https://doi.org/10.46763/GEOL25392127
https://doi.org/10.12912/27197050/213828
https://doi.org/10.3390/atmos12040415
https://doi.org/10.1016/j.envpol.2011.04.006

