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A bstract: The aim of the study was to determine the spatial distribution and assessment of thallium contam-
ination in the soils of North Macedonia. Topsoil samples (0—30 cm) were collected from 995 locations throughout the
country in a grid of 5x5 km between sampling points. The soil samples were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) using the total digestion method. The distribution of thallium in the soils according to the
eight statistical regions of the country is discussed, as well as the distribution based on the 15 most common geological
formations and the distribution based on 13 pedological units. The thallium content varied in Macedonian soils from
<0.05 to 15.5 mg/kg (median 0.70 mg/kg), which corresponds to the total Tl content for the European soils with a range
0f 0.01 to 21.3 mg/kg and a median of 0.66 mg/kg. The spatial distribution patterns of TI in the collected soil samples
are mainly determined by the geology (parent material and mineralization). In some areas, the natural anomaly pattern
is overlaid by anthropogenic emissions from past and present mining, ore processing and associated metal industries.
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INTRODUCTION

Thallium (atomic number 81) is a rare trace
element, a metal, and it is the 61st most abundant
element in the upper continental crust with an esti-
mated abundance of 0.55 mg/kg (Hu & Gao, 2008).
The average Tl content in European topsoil is 0.66
mg/kg (Salminen et al., 2005), while the average
content in arable and pasture soils is 0.12 mg/kg
(Reimann et al., 2014). Thallium occurs in two oxi-
dation states (I and IIT), with TI" being more stable
than TI** (Chang & Chiang, 2024). Thallium occurs
mainly in sulfide minerals associated with low tem-
perature hydrothermal mineralization. A total of 89
thallium minerals are known (Zhao & Gu, 2021), of
which crookesite [(Cu,T1,Ag).Se)] and lorandite
(T1AsS>) are two of the generally very rare Tl miner-
als. However, thallium can replace K in several
common rock-forming minerals, such as K-feldspar
and mica (up to several hundred mg/kg). Thallium
is also present in pyrite and is extracted during the
roasting of this ore in connection with the produc-
tion of sulfuric acid. It should be mentioned that one
of the largest deposits of thallium mineralization is
found in the Allchar mine in North Macedonia,
where 13 different thallium minerals occur: lorandite

— TIAsS,, bernardite — TI(As,Sb)sSs, fangite —
T13AsS4, parapierrotite — T1(Sb,As)sSs, picotpaulite
— TIFe,S3, raguinite — TIFeS;, weissbergite —
TISbS,, vrbaite — TlsHg3AssSb,S», dorallcharite —
(TLK)Fe3(S04)2(OH)g, and four thallium minerals
found only in this mine: jankovifite -
TlsSbg(AS,Sb)4Szz, rebulite — TIsSbsAsgS22, si-
monite — TIHgAs3Ss and thalliumpharmacosiderite
— TIFes(AsO4)3(OH)4+-4H,O (Boev et al., 2001—
2002; Jovanovski et al., 2018).

Thallium is more enriched in felsic rocks
(about 1 mg/kg) than in mafic and ultramafic rocks
(less than 0.1 mg/kg). The content in sedimentary
rock is very low (0.05 mg/kg in limestone). The
highest contents are found in shale and schist (about
1 mg/kg) and coal (3 mg/kg). The mobility of thalli-
um is limited as it is precipitated together with Fe
and Mn oxyhydroxides and binds strongly to organ-
ic material and clay (Reimann et al., 2014). Thalli-
um is present in lead and zinc mineralizations and is
usually recovered as a metal during the smelting of
lead and zinc ores (Vangk et al., 2009; Reimann et
al., 2014).
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Thallium is naturally present in the environ-
ment, especially in its terrestrial elements, although
usually in low concentrations. The enrichment of
certain niches with thallium-containing compounds
is a direct consequence of a specific transport pat-
tern. Emissions leading to increased thallium con-
centrations in the environment can be natural or re-
lated to anthropogenic activities (Pavlickova et al.,
2006; Karbowska, 2016; Belzile & Chen, 2017).

Thallium was once frequently used as a rat
poison and ant killer. Today, it is mainly used in the
electronics industry (60—70% of global production
is used in this way), in glass production, for a variety
of alloys and in the pharmaceutical industry. The
electrical conductivity of thallium sulfide changes
when irradiated with infrared light and this com-
pound is used in photocells. Thallium bromide-io-
dide crystals are used as optical infrared materials.
Thallium is used together with sulfur or selenium
and arsenic to produce glasses with a low melting
point. Thallium oxide is used to produce glasses
with a high refractive index. A mercury-thallium
alloy that forms a eutectic at 8.5% thallium is repor-
ted to freeze at —60°C, about 20 degrees below the
freezing point of mercury.

Thallium can enter the environment through
coal combustion, waste incineration, oil refining
and Pb, Zn and Cu smelters. In the past, cement
factories were a major emitter of thallium. Thallium
is not considered essential to life and is highly toxic.
It is probably the least studied highly toxic element.
It has also been found that some plants are good
hyperaccumulators of thallium (Baceva et al.,
2014a, 2015, 2024).

Thallium is highly toxic, regardless of the
route of exposure, and is considered one of the most
harmful metals to mammals. Occupational exposure
to Tl-containing dust or fumes causes symptoms
such as nausea, abdominal pain and loss of appetite,
followed by hair loss all over the body, abnormal
nail growth, neurotoxicity (hand tremors, foot
numbness, depression and behavioral changes),
optic nerve damage leading to visual disturbances,
tachycardia and cardiac arrhythmias, and respira-
tory problems often leading to death. Tl poisoning

also affects other aspects of health, including fertili-
ty in women and men exposed to the substance in
the workplace (Kazantzis, 2000; Peter & Viraragha-
van, 2005; Rodriguez-Mercado & Altamirano-
Lozano, 2013).

In humans, increased thallium intake can lead
to adverse effects on kidney health, hypertension,
psychological, metabolic and other effects, mito-
chondrial-mediated oxidative stress, cellular toxi-
city through induction of endoplasmic reticulum
stress, or thallium can induce genetic toxicity or ab-
normal attenuation of immune cells (Chang, &
Chiang, 2024). Thallium-induced systemic toxicity
can affect cell metabolism, including redox changes,
mitochondrial dysfunction, and activation of apop-
totic signaling pathways. Recent studies also show
that Tl toxicity may be responsible for cytogenetic
damage, mutations and epigenetic changes, i.c.,
negative effects on DNA (Sanchez-Chapul et al.,
2023).

Several mechanisms and modes of action have
been proposed to explain the high toxicity of TL
TI13+ has a strong oxidizing ability and is slowly
converted to Tl+, which is more stable. Both ionic
species of Tl enhance the production of reactive
oxygen species in cells. The toxicity of Tl may also
be due to its chemical properties, which are similar
to those of potassium. TI+ can compete with and
replace potassium, thereby altering the enzymatic
activation of Na+/K+ ATPases, pyruvate kinase,
fructose 1-6-bisphosphatase and other proteins that
are dependent on metal ions (Rodriguez-Mercado &
Altamirano-Lozano, 2013).

The aim of this work is to monitor and deter-
mine the distribution of thallium in soils from the
entire area of North Macedonia. Topsoil samples
(0-30 cm) were collected from 995 sites in the
studied region. The thallium content was analyzed
using inductively coupled plasma mass spectrome-
try (ICP-MS). All data on thallium content were sta-
tistically analyzed and a distribution map was
created from the results. The spatial distribution of
thallium in surface soils from the area of North
Macedonia and the distribution according to statis-
tical regions, geological formations and pedological
units are discussed.

MATERIAL AND METHODS

Study area

North Macedonia is a landlocked country in
the central part of the Balkan Peninsula and lies
between 40°50" and 42°20" north latitude and

between 20°28" and 23°05° east longitude (Figure
1). North Macedonia covers an area of 25,436 km?.
It has a total population of 1,837,000 inhabitants
(2021 census). Macedonia is geographically defined
by a central valley formed by the Vardar river and
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framed by mountain ranges. Macedonia is rich in
minerals, with significant deposits of chromium and
other non-ferrous metals (Cu, Pb, Zn, Ni, and Mn).
The country also has gypsum, marble and granite
mines, while lignite provides 80% of Macedonia's
electricity (Stafilov & Sajn, 2016). Macedonia is
divided into eight statistical regions: Skopje,
Pelagonia, Polog, Vardar, Eastern, Southeastern,
Northeastern, and Southwestern.

Scale (km)
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Fig. 1. Topographic map
(a) Map of statistical regions. (b) North Macedonia
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Geological characteristics

The main geological and tectonic features of
North Macedonia are described in detail by Stafilov
& Sajn (2016, 2019) and Petrusev et al. (2021)
based on the earlier studies by Pendzerkovski
(1976), Pendzerkovski and HadZzi-Mitrova (1977),
Dumurdzanov et al. (2004, 2005) and Arsovski
(1997). From a tectonic point of view, Macedonia
comprises six major tectonic units: the Vardar zone
(VZ) in the central region, the Pelagonian massif
(PM), the West-Macedonian zone (WMZ), and a
small part of the Cukali-Krasta zone (CKZ) in the
west, and the Serbo-Macedonian massif (SMM) and
the Kraishtide zone (KZ) in the east of the country
(Figure 2).

The Cukali-Krasta zone consists of Upper
Cretaceous conglomerates — sandstones, claystones,
and limestones with olistostromes and rudist lime-
stones. Evaporites and smaller Paleogene sediments
are present in this zone. Very important in this zone
is the diapiric structure of Mount Desat, which con-
sists of anhydrite and gypsum. The West-Macedo-
nian zone consists of low-grade metamorphic rocks
and anchi-metamorphic Paleozoic rocks and mag-
matites, Triassic and Jurassic sediments and mag-
matites, and Tertiary sediments. The Pelagonian
massif consists of Proterozoic crystalline mass, with
pronounced domes, brachy and open folds. Litho-
logically, it consists of highly metamorphic rocks
and granitoids. The marble formation represents the
upper part of the Proterozoic metamorphic complex.
The Vardar zone is characterized by the presence of
crystal blocks of the Kozjak and Kozuf mountains,
the Serta GradeSki Mt. and the Bu¢im block, as well
as Paleozoic low-metamorphic rocks, Triassic con-
tinental sediments, Jurassic ophiolites and ultraba-
sites, and Cretaceous sediments, all of which are
divided into many shells that intrude SW and W into
Eocene-Oligocene sediments and volcanites.

The main mass of the Serbo-Macedonian mas-
sif (SMM) consists of Lower or overthrusting Pro-
terozoic and Upper Riphean-Cambrian complexes,
as well as a relicts of Lower Paleozoic schists and
intrusions of Hercynian granitoids. In the northeast
there are numerous cliffs of Triassic sediments as
well as small masses of Eocene-Oligocene sedi-
ments and Oligo-Miocene volcanic rocks. The
Kraishtide zone (KZ) represents the increased oc-
currence of metagabbros, metadiabases, and green
metasandstones floating in Hercynian aplitic grani-
toids.

The territory of Macedonia is covered by the
following 15 main geological units listed in Figure
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2: Quaternary alluvium (10.1%), Quaternary deluvi-
um/proluvium (8.3%), Neogene clastites (9.7%),
Paleogene clastites (5.0%), Mesozoic clastites
(4.1%), Mesozoic carbonates (5.2%), Paleozoic car-
bonates (3.0%), Proterozoic carbonates (3.6%), Pa-
leozoic metamorphic rocks (14.1%), metamorphic

rocks of the Pelagonian massif (8.5%), metamorphic
rocks of the Serbo-Macedonian massif (11.6%),
Neogene magmatic rocks (5.6%), Paleogene mag-
matic rocks (0.4%), Mesozoic magmatic rocks
(4.8%) and Paleozoic magmatic rocks (5.3%).

Lithological unit

Quatemary alluvial sediments
Quatemary deluvialiproluval sediments
Neogene dasliic sediments
Palengene clasitic sedments
Vesozoic clastfic sedments
Mesazolc carbonate rocks

Paleazoic carbonate focks
Praterozoic carbonate racks
Palenzoic melamorphic rocks
Praterozoic metamarphic rocks (PM)
Proterozoic metamorphic racks (SSM)
Neogene magmatic racks

Paleogene magmatic rocks

Wesozoic magmatic rocks

Paleazoic magmatic rocks

CRRNNERCNNAN ]
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3 Fig. 2. Simplified geological map of North Macedonia.
Tectonic units: I — Cukali-Krasta zone (CKZ), II — West-Macedonian zone (WMZ), III — Pelagonian massif (PM),
IV — Vardar zone (VZ), V — Serbo-Macedonian massif (SMM), VI — Kraishtide zone (KZ).

Pedology

In 2015, the development of the Pedological
map of North Macedonia was completed (Filipovski
et al, 2015), which was produced in digital
(www.msksoil.ukim/mk/masis) and printed form
(1:50,000) with appropriate interpretation, and a
general pedological map of North Macedonia was
produced at a scale of 1:200,000, which also
contains an interpretation. The soils in North
Macedonia are very heterogeneous and vary greatly
over small distances. The following soil types were
defined: lithosols, regosols, arenosols, colluvial
soils, rendzinas on hard limestones and dolomites,
rendzinas, rankers, vertisols, chernozems, chromic
cambisols, red soils (terra rossa), brown soils on
limestones and dolomites, brown forest soils,
illimerised soils, brown podzolic soils, alluvial
soils, fluviatile meadow soils, hydromorphic black

soils, gleyic soils, peat soils (histosols), pseudo-
gleys, solonchaks and solonetz (Mitkova & Mitri-
keski, 2005).

Soil sampling and analysis

The study includes the determination of the
thallium content in the topsoil (0-30 cm). The soil
samples were collected between 2012 and 2014 at
995 locations (Figure 3) within networks with a
density of 5x5 km (Stafilov & Sajn, 2016; Stafilov
et al., 2024). The soil samples were collected
according to the relevant standards (Reimann et al.,
2012). The soil samples brought to the laboratory
were cleaned of plant material and stones, homoge-
nized and dried at room temperature. They were
then passed through a 2 mm sieve and ground in a
porcelain mortar until they reached a final particle
size of 125 pm.

Geologica Macedonica, 39, 1, 15-26 (2025)
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Fig. 3. Locations for soil sampling in the territory of North Macedonia

All soil samples collected were sent to the
accredited laboratory ACME Ltd. in Vancouver,
Canada. After a complete digestion of the samples
(Multi Acid — ICP-ES/MS, Method MA200), the
thallium was analyzed using the ICP-MS method.
The detection limit for the thallium content of the
method was 0.05 mg/kg. Precision was tested using
the relative differences between pairs of analytical
determinations of the same sample. Thirteen selec-
ted samples were replicated for estimation of preci-
sion of 9.65%. Estimation of the trueness and pre-

cision of two analyzed data sets was performed
using the ¢-test. The value of 0.12 at p < 0.05 indi-
cates that the difference between the means of the
two groups is not statistically significant.

All data processing and calculations, geostatis-
tical data interpretation and visualization (mapping)
were performed using the following software pro-
grams: Statistica (Stat Soft Inc.), Autodesk MAP 3D
(Autodesk Inc.), QGIS (Open Source Geographic
Information System), and Surfer (Golden Software
Inc.).

RESULTS AND DISCUSSION

The basic statistical data on the thallium con-
tent in the topsoil of North Macedonia are presented
in Table 1. The mean thallium content in the topsoil
of North Macedonia is 0.61 mg/kg, which is below
the European mean of 0.82 mg/kg in topsoil. The
median thallium content in North Macedonia is 0.70
mg/kg. In some areas of the country, the thallium
content was very low (<0.05 mg/kg), while in other
areas it was 26 times higher than the mean value
(15.5 mg/kg). The mean and median values are

Geologica Macedonica, 39, 1, 15-26 (2025)

below the target value of 1.0 mg/kg according to
The Netherlands Environmental Protection Agen-
cy's target values, indicative levels for serious soil
contamination and background concentrations soil/
sediment (VROM, 2010). In certain areas of the
country, however, the content is well above the tar-
get value and in some smaller areas even above the
guideline value for serious contamination of 15
mg/kg.
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Table 1

Descriptive statistics of the analysis of thallium
in the topsoil of North Macedonia

Parameter Value (mg/kg)
Detection limit 0.05
Number of sampling locations 995
Arithmetic average (mean) 0.77
Geometrical mean 0.62
Box-Cox transformed average 0.61
Arithmetic standard deviation 0.86
Geometric standard deviation 0.027
Coefficient of variation 112
Minimum <0.05
P10 — 10th percentile 0.25
P25 — 25th percentile 0.5
Median 0.7
P75 — 75th percentile 0.9
P9o — 90th percentile 1.2
Maximum 15.5
Skewness 11.63
Kurtosis 181.84
Box-Cox transformed skewness -0.01
Box-Cox transformed kurtosis 0.39

Table 2

The comparison of the obtained basic statis-
tical data (0.77 mg/kg mean, 0.70 mg/kg median,
0.05 mg/kg minimum and 15.5 mg/kg maximum)
for the abundance of thallium in soils from North
Macedonia (Table 2) shows that they are very
similar to those for surface soils in Europe (0.828
mg/kg mean, 0.66 mg/kg median, 0.01 mg/kg mini-
mum and 21.3 mg/kg maximum), and the mean
value for the upper continental crust (0.9 mg/kg).

The basic statistical data (mean, median, mini-
mum and maximum) of thallium content in soils by
country regions (Table 3, Figure 4) showed higher
median values (0.80 mg/kg) in the western part of
the country (Pelagonian and Southwestern regions),
while in the other regions the median content of 0.60
mg/kg was lower than the median value for the
whole territory of Macedonia. The only exception is
the Northeastern region, where the median value
corresponds to the median value for soils at national
level (0.70 mg/kg). The elevated thallium contents
in these three regions are mainly due to the presence
of Neogene magmatic rocks and Mesozoic carbo-
nates, which have relatively high Tl contents com-
pared to other geological formations.

Comparison of data on thallium content in soils of North Macedonia, Europe and the world

Thallium North Macedonia Europe, topsoil World (upper continental crust)
(This work) (Salminen et al., 2005) (Rudnick & Gao 2014)
Average 0.77 0.828 0.9
Median 0.70 0.66
Minimum <0.05 0.01
Maximum 15.50 21.3
Table 3

Mean, median, minimum, and maximum T content by statistical regions in North Macedonia

Region Number of samples Mean Median Minimum Maximum
Pelagonian 192 0.74 0.80 <0.50 2.2
Southwestern 135 0.72 0.80 <0.50 3.0
Polog 96 0.57 0.60 <0.50 15
Vardar 162 0.56 0.60 <0.50 15
Skopje 72 0.54 0.60 <0.50 2.7
Southeastern 105 0.50 0.60 <0.50 1.5
Eastern 141 0.59 0.60 <0.50 10
Northeastern 92 0.59 0.70 <0.50 3.4

Geologica Macedonica, 39, 1, 15-26 (2025)
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According to the geological formations (Table geotectonic zone and in the part of the Serbo-
4, Figure 4), the highest median thallium contents Macedonian massif zone, as well as in the small
(1.0 mg/kg) were found in the soils in the area where areas with Paleogene magmatic rocks in the West-
Neogene magmatic rocks occur mainly in the Macedonian zone and in the Serbo-Macedonian
southern and northeastern parts of the Vardar massif.
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Fig. 4. Mean values of thallium content according to statistical regions and geological formations

Table 4

Mean, median, minimum and maximum thallium content according to main geological formation
Geology Number of samples Mean Median Minimum Maximum
Alluvium (Q) 114 0.61 0.70 <0.50 2.8
Deluvium (Q) 80 0.65 0.70 <0.50 35
Clastites (Ng) 95 0.52 0.60 <0.50 15
Clastites (Pg) 60 0.47 0.60 <0.50 1.3
Clastites (Mz) 40 0.57 0.65 <0.50 1.3
Carbonates (Mz) 43 0.79 0.90 <0.50 3.8
Carbonates (Pz) 52 0.64 0.70 <0.50 2.2
Carbonates (Pt) 32 0.51 0.60 <0.50 1.9
Metamorphic rocks (Pz) 120 0.63 0.80 <0.50 1.6
Metamorphic rocks (PM) 84 0.79 0.80 <0.50 3.0
Metamorphic rocks (SMM) 115 0.50 0.60 <0.50 2.5
Magmatic rocks (Ng) 50 1.1 1.0 <0.50 15
Magmatic rocks (Pg) 7 0.64 1.0 <0.50 1.4
Magmatic rocks (Mz) 51 0.47 0.60 <0.50 1.3
Magmatic rocks (Pz) 52 0.62 0.70 <0.50 10

Q — Quaternary, Ng — Neogene, Pg — Paleogene, Mz — Mesozoic, Pt — Proterozoic, PM — Pelagonian massif, SMM — Serbo-Macedonian massif,
Pz — Paleozoic

Geologica Macedonica, 39, 1, 15-26 (2025)
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A slightly elevated median Tl content (0.90
mg/kg) was also found in the areas where Mesozoic
carbonates and Paleozoic metamorphic rocks of the
West-Macedonian zone (0.80 mg/kg) and metamor-
phic rocks in the Pelagonian massif (0.80 mg/kg)
occur. The spatial distribution shows a pattern with
lower values (0.60 mg/kg) in regions with clastites
(Mesozoic clastites dominate in the Vardar and
Kraishtide zones and Neogene and Paleogene
clastites dominate in the Vardar zone. The same
median value (0.60 mg/kg) is also found in the soils
in the areas of the Serbo-Macedonian massif, where
metamorphic rocks predominate, as well as in the

Table 5

area where Mesozoic magmatic rocks of the Vardar
zone predominate.

According to the pedological units (Table 5),
hydromorphic soils (mean content of 0.87 mg/kg),
which occur in the valleys of the main rivers of the
country, and lithosols on limestone-dolomite-cher-
nozem (0.71 mg/kg), which predominate in the
western part of the country, were the richest in thal-
lium. Average thallium levels were very similar re-
gardless of land use, ranging from 0.53 mg/kg in ar-
tificial surfaces to 0.65 mg/kg in the soils of forested
areas.

Mean, median, minimum, and maximum thallium content according to the main pedological units
in North Macedonia

Pedological unit Number of samples Mean Median Minimum Maximum
Lithosol 57 0.64 0.70 <0.50 1.4
Lithosol (C) 38 0.71 0.80 <0.50 3.8
Regosol 69 0.61 0.70 <0.50 5.5
Colluvial soil 55 0.62 0.70 <0.50 15
Rendzina 72 0.50 0.50 <0.50 1.3
Ranker 72 0.61 0.70 <0.50 10
Vertisol 319 0.60 0.70 <0.50 2.8
Cambisol (H) 99 0.55 0.60 <0.50 2.3
Cambisol (M) 80 0.64 0.70 <0.50 15
Cambisol (C) 15 0.56 0.70 <0.50 3.0
Fluvisol 93 0.61 0.70 <0.50 1.4
Hydromorphic soil 21 0.87 0.90 0.50 1.4
Anthroposol 5 0.50 <0.50 <0.50 0.80

Lithosol (C) — lithosols on limestone-dolomite chernozems; Cambisol (H) — cambisols mostly cinnamomic forest soil;
Cambisol (M) — cambisols mostly brown forest soil; Cambisol (C) — cambisols mostly brown soils on limestones and dolomites

The spatial distribution of the thallium content
in the soil throughout the country is shown in Figure
5. In general, the spatial distribution patterns of TI
in the collected soil samples are mainly governed by
the geology (parent material and mineralization). In
some areas, the natural anomaly pattern is overlaid
by anthropogenic emissions from past mining, ore
processing and associated metal industries.

High thallium levels (4.2-15 mg/kg) were
found mainly in soils in the area where Neogene and
Paleozoic igneous rocks and Neogene clastites
occur in the Polog, Vardar and Eastern regions. The
highest thallium content of 15.5 mg/kg was found in
a soil sample from Jegunovce in the Polog region,

which is located in the area of Neogene clastites. A
very similar thallium content was found in a soil
sample near the well-known As-Sb-Tl locality
»Allchar”, where a detailed examination of the
surface soils as part of another study revealed a very
high Tl content (Jankovi¢, 1988; Stafilov et al.,
1988, 2013; Bali¢ Zuni¢ et al., 1993; Boev et al.,
2001-2002; Baceva et al.,, 2014b; Vanék et al.,
2024). On Golak Mountain (Eastern region),
another soil sample collected in the southwest of
Delcevo showed a high TI content of 10 mg/kg.

High levels of thallium were also found in soil
samples contaminated by anthropogenic emissions
from the mining and processing of lead and zinc

Geologica Macedonica, 39, 1, 15-26 (2025)
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ores in the northeast of the country. The most
specific area is the Zletovo-Probistip area in the
Eastern region (northeast of the city of Stip), which
is known for its Pb-Zn mineralizsation and more
than 70 years of mining activities (Serafimovski &
Aleksandrov, 1995; Stafilov, 2014; Stafilov et al.,
2014; Balabanova et al., 2015; Serafimovski et al.,
2022). For example, two samples from this region,
taken in the immediate vicinity of the mine near the
village of Zletovo and the flotation processing

Scale (km)

plants and flotation tailings disposal site near the
town of Probistip, show thallium levels of 5.5 mg/kg
and 4.2 mg/kg, respectively.

It should also be noted that high levels of
thallium have also been detected in the soil around
the village of Lojane in the north of the country
(near the town of Kumanovo), where the abandoned
As-Sb mine with a flotation concentration plant and
the production of As and Sb concentrates is located
(Deconta, 2007; Serafimovski et al., 2023).
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Fig. 5. Spatial distribution of the thallium content

CONCLUSION

The distribution of total thallium content in the
surface soil (0-30 cm) collected from 995 sites in a
5x5 km grid in North Macedonia was investigated.
Several factors were considered when considering
the distribution: regional distribution, lithology, soil
properties, anthropogenic influences, and geoche-
mical processes. The average and median values of
thallium in soil (0.77 mg/kg and 0.70 mg/kg) are
very similar to its content in European soils (0.828
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mg/kg) and the value observed in the upper conti-
nental crust (0.9 mg/kg).

Regarding the regional distribution of thalli-
um, it was found that the higher values are found in
the western part of the country with a median value
of 0.80 mg/kg in the Pelagonian and Southwestern
regions. According to the geological formations, the
highest median thallium contents (1.0 mg/kg) were
found in the soils in the area where Neogene igneous
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rocks occur mainly in the southern and northeastern
part of the Vardar geotectonic zone and in the part
of the Serbo-Macedonian massif zone. An increased
mean T1 content (0.90 mg/kg) was also found in the
areas where Mesozoic carbonates and Paleozoic
metamorphic rocks of the West-Macedonian zone
(0.80 mg/kg) and metamorphic rocks in the
Pelagonian massif (0.80 mg/kg) occur. According
to the pedological units, these are hydromorphic
soils (average content of 0.90 mg/kg) which occur in
the valleys of the country's main rivers.

The general spatial distribution of thallium
content in soil throughout the country shows that the
distribution patterns of thallium are mainly deter-
mined by geology (parent material and minerali-
zation). In some areas, the natural anomaly pattern
is overlaid by anthropogenic emissions from past
mining, ore processing, and associated metal indus-

tries. Thus, high thallium levels (4.2—-15 mg/kg)
were found mainly in soils in the area where
Neogene and Paleozoic igneous rocks and Neogene
clastites occur in the Polog, Vardar and East
regions. A very similar thallium content was found
in a soil sample near the well-known As-Sb-TI
locality ,,Allchar”, where a detailed investigation of
the surface soils in a previous study revealed a very
high TI content.

Acknowledgements

The authors are very grateful to the following PhD and
MSc students of Prof. Traj¢e Stafilov for their participation in
the study at its various stages: Katerina Baceva Andonovska,
Biljana Balabanova, Svetlana Angelovska, Ruzica Blazevska,
Danica Bozinova, Danica Damcevska, Biljana Dimkova,
Bojana Dimovska, Marija Jeftimova, Ivana Mickovska, Maja
Ocevska, Kristina Petrovska, Ana Puteska, Angja Culumoska
Gjorgjievska, Sandra Cancalova, and Suzana Velickovski-
Simonovi¢.

REFERENCES

Arsovski M. (1997): Tectonics of Macedonia, Faculty of
Mining and Geology, Stip, pp. 1-306.

Baceva, K., Stafilov, T., Matevski, V. (2014a): Bioaccumula-
tion of heavy metals by endemic Viola species from the soil
in the vicinity of the As-Sb-TI mine “Allchar”, Republic of
Macedonia. International Journal of Phytoremediation, 16
(4), 347-365.

Baceva, K., Stafilov, T., §ajn, R., Tanaselia, C., Makreski, P.
(2014b): Distribution of chemical elements in soils and
stream sediments in the area of abandoned Sb-As-T1 All-
char mine, Republic of Macedonia. Environmental Re-
search, 133, 77-89.

Baceva, K., Stafilov, T., Matevski, V. (2015): Distribution
and mobility of toxic metals in Thymus alsarensis Ron-
niger in the Allchar As-Sb-T1 mine, Republic of Macedo-
nia. Plant Biosystems, 149(5), 884-893.

Baceva, K., Matevski, V., Stafilov, T., (2024): Plant species
from the vicinity of an abandoned As-Sb-TI Allchar mine,
Kozuf Mountains, with special reference to the bio-
availability of endemic species — A review. Macedonian
Journal of Ecology and Environment, 26(1), 61-81.

Balabanova, B., Stafilov, T., gajn, R., Ténaselia, C. (2015):
Lead distribution in soil due to characteristic lithogenic
and anthropogenic factors in the Bregalnica river basin.
Geologica Macedonica, 29(1), 53—61.

Bali¢ Zunié, T., Stafilov, T., Tibljas, D. (1993): Distribution
of thallium and the ore genesis at Crven Dol locality in Al-
shar, Geologica Macedonica, 7, 45-52.

Belzile, N., Chen, Y.-W. (2017): Thallium in the environ-
ment: A critical review focused on natural waters, soils,
sediments and airborne particles. Applied Geochemistry,
84, 218-243.

Boev, B., Bermanec, V., Serafimovski, T., Lepitkova, S.,
Mikuléi¢, S., Soufek, M., Jovanovski, G., Stafilov, T.,

Najdoski, M. (2001-2002): Allchar mineral assemblage.
Geologica Macedonica, 15-16, 1-23.

Chang, Y., Chiang, C.-K. (2024): The impact of thallium ex-
posure in public health and molecular toxicology: A com-
prehensive review. International Journal of Molecular
Sciences, 25 (9), 4750.

Deconta (2007): Feasibility Study for Lojane Mine, Macedo-
nia. Final report, Dekonta, a.s., Prague, and Faculty of
Mining and Geology, Stip, Ss. Cyril and Methodius Uni-
versity in Skopje, Skopje, p. 248.

Dumurdzanov, N., Serafimovski, T., Burchfiel, B. C. (2004):
Evolution of the Neogene-Pleistocene Basins of Macedo-
nia. Geological Society of America, Digital Map and Chart
Series 1 (Accompanying notes), Boulder, CO.

Dumurdzanov, N., Serafimovski, T., Burchfiel, B. C. (2005):
Cenozoic tectonics of Macedonia and its relation to the
South Balkan extensional regime. Geosphere, 1, 1-22.

Filipovski, G., Andreevski, M., Vasilevski, K., Milevski, I.,
Markoski, M., Mitkova, T., Mitrikeski, J., Mukaetov, D.,
Petkovski, D. (2015): Pedological (Soil) Map. Institute of
Agriculture, Ss. Cyril and Methodius University in Skopje.

Hu, Z., Gao, S. (2008): Upper crustal abundances of trace el-
ements: A revision and update. Chemical Geology, 253 (3—
4),205-221.

Jankovi¢, S. (1988): The Allchar T1, As, Sb deposit, Yugosla-
via, and its specific metallogenic features. Nuclear Instru-
ments and Methods in Physics Research, Section A, 271
(2), 286.

Jovanovski, G., Boev, B., Stafilov, T., Makreski, P.,
Matevski, V., Boev, 1. (2018): Allchar — A World Natural
Heritage. Macedonian Academy of Sciences and Arts,
Skopje. ISBN 978-608-203-238-2

Karbowska, B. (2016): Presence of thallium in the environ-
ment: sources of contaminations, distribution and moni-

Geologica Macedonica, 39, 1, 15-26 (2025)


https://www.sciencedirect.com/journal/applied-geochemistry
https://www.sciencedirect.com/journal/nuclear-instruments-and-methods-in-physics-research-section-a-accelerators-spectrometers-detectors-and-associated-equipment
https://www.sciencedirect.com/journal/nuclear-instruments-and-methods-in-physics-research-section-a-accelerators-spectrometers-detectors-and-associated-equipment

Spatial distribution of thallium in the soils of North Macedonia 25

toring methods. Environmental Monitoring Assessment,
188, 640.

Kazantzis, G. (2000): Thallium in the environment and health
effects. Environmental Geochemistry and Health, 22,275—
280.

Mitkova, T., Mitrikeski, J. (2005): Soils of Macedonia: Pre-
sent situation and future prospects. In: Soil Resources of
Europe; Jones, R. J. A.; Houskova B.; Bullock P.; Mon-
tanarella, L., Eds.; 2nd ed. European Soil Bureau Institute
for Environment & Sustainability, JRC: Ispra, pp. 225-234.

Pavlickova, J., Zbiral, J., Smetanova, M., Habarta, P., House-
rova, P., Kuban, V. (2006): Tl uptake from contaminated
soils into vegetables. Food Additives and Contaminants,
23(5), 484-491.

Pendzerkovski, J. (1976): Interpreter of the Geological Map
of 1:200,000 of SR Macedonia. Professional Fund of the
Geological Survey of Macedonia, Skopje.

PendzZerkovski, J., Hadzi-Mitrova, S. (1977): Interpreter of
the Geological Map of SR Macedonia 1:200,000, Profes-
sional Fund of the Geological Survey of Macedonia,
Skopje.

Peter, A. L. J., Viraraghavan, T. (2005): Thallium: A review
of public health and environmental concerns. Environment
International, 31, 493— 501.

Petrugev, E., Stoli¢, N., Sajn, R., Stafilov, T. (2021): Geolog-
ical characteristics of the Republic of North Macedonia.
Geologica Macedonica, 35 (1), 49-58.

Reimann, C., Filzmoser, P.; Fabian, K.; Hron, K.; Birke, M.;
Demetriades, A.; Dinelli, E.; Ladenberger, A. (2012): The
concept of compositional data analysis in practice — total
major element concentrations in agricultural and grazing
land soils of Europe. Science of the Total Environment,
426, 196-210.

Reimann, C., Birke, M., Demetriades, A., Filzmoser, P.,
O’Connor, P. (Eds.). (2014): Chemistry of Europe’s Agri-
cultural Soils — Part A: Methodology and Interpretation of
the GEMAS Data Set. Geologisches Jahrbuch (Reihe B),
Heft 102; Schweizerbarth: Hannover.

Rodriguez-Mercado, J. J., Altamirano-Lozano, M. A. (2013):
Genetic toxicology of thallium: a review. Drug and Chem-
ical Toxicology, 36(3), 369-383.

Rudnick, R. L., Gao, S. (2014): Composition of the Continen-
tal Crust. Treatise on Geochemistry, 4, 1-51.

Salminen, R., Batista, M. J., Bidovec, M., Demetriades, A.,
De Vivo, B., De Vos, W., Duris, M., Gilucis, A.,
Gregorauskiene, V., Halamic, J., Heitzmann, P., Lima, A.,
Jordan, G., Klaver, G., Klein, P., Lis, J., Locutura, J., Mar-
sina, K., Mazreku, A., O'Connor, P. J., Olsson S. A., Ot-
tesen R.-T., Petersell, V., Plant, J. A., Reeder, S., Sal-
peteur, 1., Sandstrém, H., Siewers, U., Steenfelt, A., Tar-
vainen, T. (2005): Geochemical Atlas of Europe, Part 1.
Background Information, Methodology and Maps; Geo-
logical Survey of Finland: Espoo.

Sanchez-Chapul, L., Santamaria, A., Aschner, M., Ke, T.,
Tinkov, A. A., Tnez, 1., Osorio-Rico, L., Galvan-Arzate,
S., Rangel-Lopez, E. (2023): Thallium induced DNA dam-
age, genetic, and epigenetic alterations. Frontiers in Ge-
netics, 14, 1168713.

Geologica Macedonica, 39, 1, 15-26 (2025)

Serafimovski, T., Aleksandrov, M. (1995): Lead-zinc Depos-
its and Occurrences in the Republic of Macedonia. Special
issue No. 4, Faculty of Mining and Geology, Stip.

Serafimovski, T., Tasev, G., Stafilov, T. (2022): General fea-
tures of some polymetallic ore deposits in the Republic of
North Macedonia. Geologia Croatica, 75(3), 349-364.

Serafimovski, T., Volkov, A. V., Pordevi¢, A. V., Tasev, G.,
Serafimovski, D., Murashov, K. Yu., Georgiev, L. (2023):
The Sb—As Lojane deposit (Republic of North Macedo-
nia): Types of ores and conditions of their occurrence and
geochemical features. Geology of Ore Deposits, 65(4),
315-331.

Stafilov, T., Todorovski, T., Grozdanova, B., Spandzeva, L.
(1988): Determination of thallium in ore from Allchar by
atomic absorption spectrometry. Nuclear Instruments and
Methods in Physics Research, A271, 321-323.

Stafilov, T., gajn, R., Alijagi¢, J. (2013): Distribution of ar-
senic, antimony and thallium in soil in Kavadarci and its
environs, Republic of Macedonia. Soil and Sediment Con-
tamination: An International Journal, 22(1), 105-118.

Stafilov, T. (2014): Environmental pollution with heavy met-
als in the Republic of Macedonia. Contributions, Section
of Natural, Mathematical and Biotechnical Sciences,
MASA, 35(2), 81-119.

Stafilov, T., Balabanova, B., Sajn, R. (2014): Geochemical At-
las of the Region of the Bregalnica River Basin. Faculty of
Natural Sciences and Mathematics, Skopje, ISBN 978-
9989-668-96-8.

Stafilov, T., Sajn, R. (2016): Geochemical Atlas of the Repub-
lic of Macedonia. Faculty of Natural Sciences and Mathe-
matics, Skopje, ISBN 978-608-4762-04-1.

Stafilov, T., Sajn, R. (2019): Spatial distribution and pollution
assessment of heavy metals in soil from the Republic of
North Macedonia, Journal of Environmental Science and
Health. Part A, 54(14), 1457-1474.

Stafilov, T., Sajn, R., Alijagi¢, J. (2024): Investigations of
chemical elements distributions in soil, North Macedonia
— areview. Minerals, 4(3), 325.

Vangk, A., Chrastny, V., Mihaljevi¢, M., Drahota, P., Grygar,
T., Komarek, M. (2009): Lithogenic thallium behavior in
soils with different land use. Journal of Geochemical Ex-
ploration, 102, 7-12.

Vangk, A., Pordevi¢, T., Mihaljevi¢, M., Vankova, M., Fiz-
kova, K., Zadorova, T., Vokurkova, P., Galuskova, 1.,
Penizek, V., Drabek, O., Tasev, G., Serafimovski, T.,
Boev, ., Boev, B. (2024): Thallium in technosols from
Allchar (North Macedonia): Isotopic and speciation in-
sights. Environmental Pollution, 357, 124413.
doi: 10.1016/j.envpol.2024.124413

VROM (2000): Dutch Target and Intervention Values, (The
New Dutch List), Annex A: Target values, soil remediation
intervention values and indicative levels for serious con-
tamination. Ministry of Housing, Spatial Planning and the
Environment (VROM), The Hague.

Zhao, F., Gu, S. (2021): Secondary sulfate minerals from thal-
lium mineralized areas: their formation and environmental
significance. Minerals, 11, 855.


https://www.sciencedirect.com/journal/environmental-pollution
https://www.sciencedirect.com/journal/environmental-pollution/vol/357/suppl/C
https://doi.org/10.1016/j.envpol.2024.124413

26 T. Stafilov, R. Sajn

Peszume

INPOCTOPHA PACHIPEJAEJIGA HA TAJIMYM BO IOYBUTE
HA CEBEPHA MAKEJOHHMJA

Tpajue Craduios'*, Pogepr Llaju’

VUncinuiniyin 3a xemuja, Ipupogro-waitiemaiiuuku axyaitiei, Ynueepsuitieii Ce. Kupua u Meitioguj 6o Croiije,
Apxumegosa 5, 1000 Ckoiije, Ceseprna Maxegonuja
2Teonouxu 3a609 na Caosenuja, Qumuuesa 14, 1000 Jbybmana, Crosenuja

Kiyunu 300poBu: TanmyM; MoYBH; IpocTopHa pacnpenenda; CeBepHa Makennuja

LenTa Ha HCTpaKyBameTo Oelre aa ce yTBPIH MPOCTOp-
Harta AUCTpUOYIHMja U 1a Ce U3BPILIH IPOIIeHa Ha KOHTAMHHAI[H-
jaTa co TanuyM Ha nousute Ha CeBepHa Makenonuja. [1pume-
pouuTe O] MOBPIIMHCKUOT ciioj Ha mouBata (0—30 cm) Oea
cobpanu 01 995 nokaluu HU3 [eNaTa 3eMja, Co Mpexa oJ 5x5
km nomery mecrara 3a 3eMame IPUMEPOIH. 3a aHaIM3aTa Ha
MIPUMEPOLUTE € KOPUCTEHA MaceHa CEKTPOMETPHja CO HHIYK-
TUBHO crperHara mwiasma (ICP-MS) co npumena Ha nenocHa
nurectdja. JluckyTupana e qucTpuOynHjaTa Ha TAIXYMOT BO
MOYBUTE CHOPEN OCYMTE€ CTATHCTHYKH PETHOHU Ha APKaBaTa,
Kako M AUCTpuOynujaTa Bp3 OCHOBA Ha 15 Haj3acTarneHu reo-
JOIIKK (hOpMaIMy ¥ BP3 OCHOBA Ha 13 MEJONONIKK €IMHHIIH.

Coap)xuHaTa Ha TaIMyM BO MaKEIOHCKHTE MMOYBU Bapupa 01
<0,05 no 15,5 mg/kg (cpenna Bpenuoct 0,70 mg/kg), mTo € BO
KOpeJalyja co BKyIHaTa coxpxuHa Ha T1 3a eBporickuTe mod-
BH, Koja ce nmxu ox 0,01 no 21,3 mg/kg n uma cpexHa Bpex-
HocT on 0,66 mg/kg. Ha camarta mpoctopHa nucTpuOyIija Ha
TaJIMYMOT TJIaBHO BJIMjaHHE MMa reoyiordjarta (HOCEUYKHUOT Ma-
TepHyjall 1 MUHepain3anujara). Bo Hekou obnactu ce mojaByBa-
aT OJIpe/ICHU AaHOMAITHH KOH CE Pe3yJITAaT Ha AHTPOIIOT€HH eMH-
CHH OJI TIOPAHEIIHN U CETalllHU PYAapPCKH aKTUBHOCTH, I0TOA
o[ mpepaboTka Ha pyaara, Kako U Of COOJBETHH METaTypIIKU
AKTHBHOCTH.
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