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Abstract

The aim of the study was to determine the spatial distribution and assess uranium and
thorium contamination in the soils of North Macedonia. Topsoil samples (0–30 cm) were
collected from 995 locations across the country on a 5 × 5 km grid. The soil samples were
analysed by inductively coupled plasma–mass spectrometry (ICP-MS) using the total diges-
tion method. The distribution of uranium and thorium in the soils is discussed according
to the country’s 8 statistical regions, 15 major geological formations and 13 pedological
units. The average uranium content is 2.1 mg/kg, ranging from <0.1 to 13 mg/kg (me-
dian 2.0 mg/kg), while the average thorium content is 9.3 mg/kg, ranging from 0.20 to
92 mg/kg (median 9.5 mg/kg). The spatial distribution patterns of U and Th in the soils
of North Macedonia are very similar and are determined by geology (parent material and
mineralisation). High uranium (2.9–13 mg/kg) and thorium (42–92 mg/kg) contents were
found mainly in soils in the areas of Neogene and Palaeozoic igneous rocks and Neogene
clastites (Pelagonian, East Macedonian zone), as well as in the Kratovo-Zletovo Massif
in the north-eastern part of the country and in the Kožuf Mountains in the central and
southern parts, where Neogene igneous rocks predominate. According to the pedological
units, the hydromorphic soils (mean content of 2.9 mg/kg U and 12 mg/kg Th) in the
valleys of the country’s main rivers, which predominate in the western part, were the
richest for these elements.

Keywords: uranium; thorium; soil; statistical regions; geological formation; pedological
units; North Macedonia

1. Introduction
The origin and near-surface distribution of about 250 known uranium and/or thorium

minerals provide insight into the principles of mineral evolution. Uranium and thorium
represent a unique pair in the periodic table and are of particular importance to geoscientists.
Uranium and thorium are the two largest naturally occurring elements and the most
abundant of the actinide series. The energy released by the radioactive decay of U and Th
has driven the thermal evolution of the Earth, resulting in its layered internal structure and
the continuous movement of plates at the Earth’s surface [1]. The radioactive decay of 238U,
235U and 232Th also provides a rich array of radiogenic elements, such as radon, which are
found in three naturally occurring radioactive decay chains.

238U and 232Th, which are at the top of the primordial radionuclide decay series, have
been present in the Earth’s crust throughout its history [2]. The distribution of radionuclide
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concentrations reflects the migration of uranium and thorium under surface conditions,
with the capacity for migration proceeding in the order U > Ra > Th. Uranium can remain
in a soluble state over long periods of time and is translocated over long distances by the
flow of streams or rivers. The horizontal transfer of uranium and thorium is determined by
the alternation of sorption and desorption [3].

Rocks or minerals containing long-lived parent isotopes of the decay series (U and Th)
are necessarily associated with other members of the decay series. Rocks that host U and Th
include some crystalline rocks such as granites and quartz conglomerate metamorphic rocks,
as well as certain sedimentary rocks, such as organic shales, sandstones, carbonates and
phosphorites. The behaviour of radioelements found in the natural environment, therefore,
depends on their geochemistry, their half-life and the nature of their environment [4].

Uranium (atomic number 92) is the 46th most abundant element in the Earth’s upper
continental crust with an estimated abundance of 2.7 mg/kg [5]. The average uranium
content in European topsoil is 2.45 mg/kg [6], while the average content in arable and
pasture soils in Europe is 0.77 mg/kg and 0.74 mg/kg, respectively [7]. It occurs in
nature in three radioactive isotopes. Its main oxidation state is +6. The three typical
uranium minerals are uraninite (UO2), brannerite [(U,Ca,Ce)(Ti,Fe)2O6] and carnotite
[K2(UO2)2(VO4)2·3H2O]. Uranium is also found in phosphate rock, lignite, and monazite
sand. In common rock types, uranium content is highest in granite (4 mg/kg), felsic gneiss,
shale, and schist (3 mg/kg), and its content is the lowest in basalt (0.1–0.5 mg/kg) and
ultramafic rocks (0.02 mg/kg). Uranium is used extensively in glass and ceramics as a
pigment, while depleted uranium (238U) is used in military shells and armour. Some
apatite-based phosphate fertilisers can contain high levels of uranium. Uranium and its
compounds are highly toxic, both chemically and radiologically [7].

Thorium (atomic number 90) is the 38th most abundant element in the Earth’s upper
continental crust with an estimated abundance of 10.5 mg/kg. The average thorium
content in European topsoil is 8.2 mg/kg [8]. Thorium belongs to the actinide series and
occurs naturally as the radioactive isotope 232Th. Its predominant oxidation state is +4.
Thorite (ThSiO4) and thorianite (ThO2) are two typical thorium minerals. Thorium is more
widespread as an accessory element in rock-forming minerals such as zircon, epidote,
sphene, apatite and allanite. In common rocks, Th concentrations are highest in granite
(15 mg/kg), shale and schist (12 mg/kg) and lowest in basalt (0.3 mg/kg) and ultramafic
rocks (0.05 mg/kg). Limestone contains traces of Th (2 mg/kg). When Th is released during
weathering, it is strongly sorbed by clay minerals [7]. Thorium is an important alloying
element in magnesium. It is used to coat tungsten wire for electronic devices. It is both
chemotoxic and radiotoxic. All Th isotopes are sources of α-rays.

The occurrence of Th and U in surface soils and sediments is predominantly of ge-
ogenic origin [9]. However, some anthropogenic activities, such as electronics and mining,
have contributed to their increased content [10–15]. The use of Th and U in newer technolo-
gies, the combustion of biomass and fossil fuels, the application of fertilisers, and electronic
waste further increase their content in soil [15–17].

To date, very few results have been published on the U and thorium content of soils
in North Macedonia, and these relate to a small number of measurements (around 200)
that were not carried out as part of a systematic, standardised network [18]. Instead, the
research has focused on the risk assessment of radionuclides in soils (including U and
Th radioisotopes) at the national level [19,20] and for specific regions, such as Veles [21],
Kavadarci [22] and Bitola [23,24] regions.

The aim of this work is to monitor and determine the distribution of uranium and
thorium in soils from the entire area of North Macedonia using an evenly distributed
5 × 5 km sampling system, in which topsoil samples (0–30 cm) were taken at 995 locations.
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All statistically analysed data on U and Th contents, as well as the distribution maps of U
and Th contents across the whole territory of North Macedonia, will allow for a detailed
interpretation of the distribution of U and Th in soils by statistical regions, geological
formations and pedological units.

2. Materials and Methods
2.1. Study Area

North Macedonia is a landlocked country in the central part of the Balkan Peninsula,
located 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 km2 and has a total
population of 1,837,000 inhabitants (2021 census). Geographically, North Macedonia is
characterised by a central valley formed by the Vardar River and framed by mountain
ranges. The country 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 [25]. North Macedonia
is divided into eight statistical regions: Skopje, Pelagonia, Polog, Vardar, east, southeast,
northeast and southwest.

  
(а) (b) 

Figure 1. Topographic map (a) and map of the statistical regions (b) of North Macedonia.

Because of its characteristic natural and geographical features, there are two different
climates in Macedonia: an altered Mediterranean climate and a temperate continental
climate, with two distinct seasons—cold, wet winters and dry, hot summers—associated
with the transitional seasons, spring and autumn. In mountainous regions, the climate is
characterised by short, cool summers and significantly cold and moderately wet winters,
with precipitation mostly as snow [25].

2.2. Geological Characteristics

The main geological and tectonic features of North Macedonia are described in detail
by Stafilov & Šajn [25] and Petrušev et al. [26] based on earlier studies by Pendžerkovski [27],
Hadži-Mitrova [28], Dumurdžanov et al. [29,30] and Arsovski [31]. 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).
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Figure 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).

The Cukali-Krasta Zone consists of Upper Cretaceous conglomerates, including sand-
stones, claystones and limestones with olistostromes and rudist limestones. The West-
Macedonian Zone consists of low-grade metamorphic rocks, anchi-metamorphic Palaeo-
zoic rocks and magmatites, Triassic and Jurassic sediments and magmatites, as well as
Tertiary sediments. The Pelagonian Massif consists of a Proterozoic crystalline mass, with
pronounced domes, brachy and open folds. Lithologically, it is composed of highly meta-
morphic rocks and granitoids.

The Vardar zone is characterised by the presence of Paleozoic low-metamorphic rocks,
Triassic continental sediments, Jurassic ophiolites and ultrabasites and Cretaceous sedi-
ments, which are divided into numerous shells intruding Eocene-Oligocene sediments and
volcanites. The main mass of the Serbo-Macedonian massif (SMM) consists of Lower or
overthrusting Proterozoic and Upper Riphean-Cambrian complexes as well as relicts of
Lower Paleozoic schists and intrusions of Hercynian granitoids. The Kraishtide Zone (KZ)
represents the increased occurrence of metagabbros, metadiabases and green metasand-
stones within Hercynian aplitic granitoids [25].

The territory of Macedonia is covered by the following 15 main geological units, which
are given in Figure 2: Quaternary alluvium (10.1%), Quaternary deluvium/proluvium
(8.3%), Neogene clastites (9.7%), Paleogene clastites (5.0%), Mesozoic clastites (4.1%),
Mesozoic carbonates (5.2%), Paleozoic carbonates (3.0%), Proterozoic carbonates (3.6%),
Paleozoic 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 magmatic rocks (0.4%), Mesozoic magmatic rocks (4.8%) and Paleozoic
magmatic rocks (5.3%) [25].

2.3. Pedological Characteristics

The soils in North Macedonia are extremely heterogeneous and vary greatly over small
distances [32]. The following soil types have been 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), pseudogleys,
solonchaks and solonetz [33].
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2.4. Soil Sampling and Analysis

This study involved determining the uranium and thorium contents in the topsoil
(0–30 cm). Soil samples were collected between 2012 and 2014 from 995 sites within
5 × 5 km density grids (Figure 3). This grid is commonly used for the preparation of
national soil atlases [34]. A denser grid was used for some smaller areas, as suggested by
Golabkesh et al. [35], Vaziri et al. [36], or in some of our studies [37,38]. The soil samples
were collected according to the relevant standards [39]. The soil samples were cleaned
of plants and stones, then homogenised 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
grain size of 125 µm.

 

Figure 3. Soil sampling sites in the territory of North Macedonia.

All soil samples were sent for analysis to the accredited laboratory ACME Ltd. in
Vancouver, Canada. After complete digestion of the samples (Multi Acid—ICP-ES/MS,
Method MA200). The detection limit for uranium and thorium content of the method
was 0.1 mg/kg. The precision was tested using the relative differences between pairs of
analytical determinations of the same sample. Thirteen selected samples were replicated
to achieve a precision of 4.68% for U and 8.05% for Th, respectively. The t-test [40] was
used to estimate the accuracy and precision of the two analysed data sets. The value of 0.07
for U and 0.05 for Th at p < 0.05 means that the difference between the means of the two
groups is not statistically significant. The estimation of trueness and precision of the two
analysed data sets was also performed by calculating the precision and t-test, by analysing
two certified reference materials of soil, OREAS 25a and OREAS 45A. From the results of
precision (3.36% and 2.73% for U and 5.93% and 4.02% for Th) and t-test (0.40 and −0.82 for
U and 0.99 and 0.25 for Th at p < 0.05), it could be concluded that there are no significant
differences between the certified and received data.

All data processing and calculations, geostatistical data interpretations and visuali-
sations (mapping) were performed using the following software programmes: Statistica
(Stat Soft Inc., Tulsa, OK, USA), Autodesk MAP 3D (Autodesk Inc., San Francisco, CA,
USA), QGIS (Open Source Geographic Information System, Chicago, USA) and Surfer
(Golden Software Inc., Golden, CO, USA). For the development of the distribution maps,
the Kriging method with linear variogram interpolation was applied.
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3. Results and Discussion
The basic statistical data on uranium and thorium contents in the topsoil of North

Macedonia are presented in Table 1. The mean uranium and thorium contents are 2.5 mg/kg
and 11 mg/kg, respectively, while the median U and Th contents are 2.0 mg/kg and
9.5 mg/kg, respectively. The low detection limit for uranium below 0.1 mg/kg was
observed in fewer samples. The analysis showed that these cases are related to the nature
of the area, which is mainly of lithogenic origin [41].

Table 1. Descriptive statistics of the analysis of uranium and thorium in the topsoil of North Macedonia.

Parameter U (mg/kg) Th (mg/kg)

Number of sampling locations 995 995
Detection limit 0.10 0.10
Arithmetic average (mean) 2.5 11
Geometrical mean 2.1 9.3
Box–Cox transformed average 2.1 9.6
Arithmetic standard deviation 1.6 6.1
Geometric standard deviation 0.050 0.19
Coefficient of variation 64 58
Minimum <0.10 0.20
P10—10th percentile 1.0 5.2
P25—25th percentile 1.5 7.3
Median 2.0 9.5
P75—75th percentile 3.1 13
P90—90th percentile 4.4 17
Maximum 13 92
Skewness 2.07 3.95
Kurtosis 6.66 36.18
Box–Cox transformed
skewness 0.02 0.11

Box–Cox transformed kurtosis 1.09 2.83

It was found that the mean and median values for U and Th are similar to those for
the European topsoil (2.36 mg/kg and 2.0 mg/kg for U and 11 mg/kg and 9.5 mg/kg for
Th) and in the upper continental crust (2.7 mg/kg U and 10.5 mg/kg Th) (Table 2). In some
areas of the country, U and Th contents increase up to their maximum values of 13 mg/kg
U and 92 mg/kg Th.

Table 2. Comparison of data on the U and Th content in the soils of North Macedonia, Europe and
the world (in mg/kg).

Unit North Macedonia,
This Work Europe, Topsoil [6] World (Upper

Continental Crust) [5]

U Th U Th U Th

Average 2.5 11 2.36 8.24 2.7 10.5
Median 2.0 9.5 2.03 7.24

Minimum <0.10 0.20 0.21 0.30
Maximum 13 92 53.2 75.9

Data on national-level contents of U and Th in neighbouring countries are scarce.
Only data on Th content in soils from Croatia are available, with a mean of 13 mg/kg and
a median of 12.5 mg/kg, which are similar to those for North Macedonia (Table 1). In
preparing the study for Chemistry of European Soils [7], general data were provided for
many European countries, but these were obtained by analysing soil samples using aqua
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regia dissolution, with a smaller grid and a significantly smaller number of samples. It was
found that uranium content in soils from neighbouring countries is highest in Slovenia,
followed by Croatia, North Macedonia, Greece, Serbia, and Bulgaria (ranging from 3 to
6 mg/kg). For thorium content, it is highest in soils from Bulgaria, followed by Slovenia,
North Macedonia, Croatia, and Greece (ranging from 3 to 6 mg/kg).

The basic statistical data (mean, median, minimum and maximum) for U and Th
content in soils according to country regions (Table 3, Figures 4 and 5) show higher me-
dian values in the Pelagonian region in the western part of the country, with contents of
3.0 mg/kg U and 12 mg/kg Th. In the other regions, the median content is below the
national median (2.5 mg/kg U and 11 mg/kg Th).

Table 3. Mean, median, minimum and maximum Tl content by statistical regions in North Macedonia
(in mg/kg).

Region Number of Samples Mean Median Minimum Maximum

U Th U Th U Th U Th

Pelagonian 192 3.0 12 3.0 12 0.3 0.20 12 32
Southwestern 135 2.0 9.7 2.1 10 0.4 2.2 8.5 20
Polog 96 1.4 7.2 1.3 6.9 0.4 2.0 4.1 20
Vardar 162 2.1 11 1.8 9.7 0.3 0.90 13 92
Skopje 72 1.6 8.2 1.5 8.1 0.6 2.4 7.5 28
Southeastern 105 1.9 8.4 2.1 9.1 0.1 0.70 9.1 36
Eastern 141 2.3 9.1 2.2 9.4 0.7 2.5 8.1 23
Northeastern 92 2.1 9.4 1.9 9.1 0.7 2.0 6.9 44

 

Figure 4. Mean values of uranium content by statistical regions and geological formations.

Depending on the geological formation, the elevated U and Th contents in this region
are mainly due to the presence of Neogene magmatic rocks and Mesozoic carbonates, which
have relatively high U and Th contents compared to other geological formations (Table 4,
Figures 4 and 5). The highest mean uranium and thorium contents in soils were found in
the area where metamorphic rocks of the Pelagonian Massif (3.7 mg/kg U and 12 mg/kg
Th) and Neogene magmatic rocks (3.6 mg/kg U and 16 mg/kg Th) predominate. The
areas with Quaternary alluvium (2.4 mg/kg U and 11 mg/kg Th) and Paleozoic magmatic
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rocks (2.3 mg/kg U and 9.3 mg/kg Th) were found to have slightly higher mean uranium
contents than the mean contents in soils across the entire national territory.

 

Figure 5. Mean values of thorium content according to statistical regions and geological formations.

Table 4. Mean, median, minimum and maximum uranium and thorium contents depending on the
main geological formation (in mg/kg).

Geology Number of Samples Mean Median Minimum Maximum

U Th U Th U Th U Th

Alluvium (Q) 114 2.4 11 2.4 10 0.7 2.3 7.7 49
Deluvium (Q) 80 2.1 10 2.1 9.9 0.8 3.5 6.4 23
Clastites (Ng) 95 1.7 9.4 1.7 8.9 0.6 2.5 6.3 52
Clastites (Pg) 60 1.8 9.9 1.7 9.1 0.9 3.8 8.2 92
Clastites (Mz) 40 1.7 8.6 1.4 8.2 0.6 2.6 12 26
Carbonates (Mz) 120 1.7 10 1.7 10 0.5 2.3 4.0 19
Carbonates (Pz) 52 1.6 8.5 1.6 8.3 0.8 2.4 4.4 30
Carbonates (Pt) 32 1.5 7.5 1.6 9.1 0.3 0.20 4.8 21
Metamorphic rocks (Pz) 43 2.0 9.2 2.0 10 0.4 1.9 8.5 21
Metamorphic rocks (PM) 84 3.7 12 3.7 12 0.7 3.0 13 42
Metamorphic rocks (SMM) 115 2.1 8.0 2.2 8.4 0.7 2.0 8.1 26
Magmatic rocks (Ng) 50 3.6 16 3.8 16 0.3 0.90 9.7 44
Magmatic rocks (Pg) 7 2.1 8.0 2.2 8.8 1.0 2.8 4.2 20
Magmatic rocks (Mz) 51 1.5 7.1 1.5 8.0 <0.10 0.70 7.3 33
Magmatic rocks (Pz) 52 2.3 9.3 2.3 9.5 0.7 3.8 9.1 24

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

According to the pedological units (Table 5), the hydromorphic soils in the valleys of
the country’s main rivers, which predominate in the western part of the country, were the
richest in these elements. It is known that geochemical processes such as reduction and
oxidation are involved in these increased concentrations [42,43]. The mean uranium content
is 2.9 mg/kg, ranging from 7.8 to 7.7 mg/kg, while the mean content of Th is 12 mg/kg,
ranging from 7.8 to 17 mg/kg. The lowest contents were found in the anthroposols
with 1.1 mg/kg U and 6.4 mg/kg Th. According to the pedological units (Table 5), the
hydromorphic soils in the valleys of the country’s main rivers, which predominate in the
western part of the country, were the richest in these elements. The mean U and Th contents
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were very similar in the other pedological units, regardless of land use, with the lowest
content in the anthropogenic soils being 1.5 mg/kg U and 6.4 mg/kg Th.

Table 5. Mean, median, minimum and maximum values of uranium and thorium content according
to the main pedological units in North Macedonia (in mg/kg).

Pedological Unit Number of Samples Mean Median Minimum Maximum

U Th U Th U Th U Th

Lithosol 57 2.0 10 2.1 9.8 0.80 5.6 4.2 20
Lithosol (C) 38 1.7 9.2 1.7 9.5 0.40 2.6 5.1 30

Regosol 69 2.3 11 2.1 9.9 <0.10 1.1 9.7 35
Colluvial soil 55 2.2 10 2.2 9.3 0.60 3.6 6.7 49

Rendzina 72 1.6 8.9 1.6 8.2 0.60 2.6 6.1 26
Ranker 72 2.3 8.7 2.0 8.5 0.30 0.90 11 33
Vertisol 319 2.1 11 1.8 10 0.90 3.8 6.9 44

Cambisol (H) 99 1.8 8.8 1.8 9.0 0.60 2.4 6.4 19
Cambisol (M) 80 2.4 9.7 2.4 9.7 0.20 0.20 13 52
Cambisol (C) 15 1.5 7.9 1.5 8.6 0.40 2.0 4.8 22

Fluvisol 93 2.4 11 2.4 11 0.70 2.3 6.6 92
Hydromorphic soil 21 2.9 12 2.7 11 1.3 7.8 7.7 17

Anthroposol 5 1.1 6.4 1.1 6.4 0.80 3.5 1.8 9.2

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
limestone and dolomite.

The spatial distribution of uranium and thorium content in soil throughout the country
is shown in Figures 6 and 7. In general, the spatial distribution patterns of U and Th in the
soil samples are mainly determined by geology (parent material and mineralisation).

 

Figure 6. Spatial distribution of the uranium content.

High uranium contents (2.9–13 mg/kg) were found mainly in soils from the area
where Neogene and Paleozoic igneous rocks and Neogene clastites occur in the Pelagonian,
Eastern Macedonian zone, as well as in the Kratovo-Zletovo Masiff in the northeastern
part and the Kožuf Mountains in the central-southern part of the country, where Neogene
magmatic rocks predominate. High uranium contents (9.1–13.1 mg/kg) were also found
in soils from the area with a dominant occurrence of metamorphic and magmatic rocks
in the Vardar and Pelagonian regions. The highest uranium content, 13.1 mg/kg, was
found in a soil sample taken in the Kavadarci area on Kožuf Mountain in the Vardar region,
located in the area of Proterozoic metamorphic rocks. In the same area, another soil sample
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on the Vitačevo plateau (near the village of Stragovo) had a high U content (9.7 mg/kg).
A high U content (11.9 mg/kg) was also found in soil samples from the Mariovo area
in the Pelagonian region: a sample near the village of Gugjakovo (11.9 mg/kg) and a
sample on Mount Kajmakčalan (11.1 mg/kg), which are located in the area of Mesozoic
clastites and metamorphic rocks, respectively. A similar value of U content (11.6 mg/kg)
was found in soils from Mount Babuna in the Veles region (Vardar region), which lie in
an area of Proterozoic metamorphic rocks. It should also be noted that a high uranium
content (9.1 mg/kg) was found in a sample from Mount Ogražden in the north of the town
of Strumica.

 

Figure 7. Spatial distribution of the thorium content.

The highest thorium content (92 mg/kg) was found in soils collected near the town of
Veles, close to the confluence of the Babuna and Vardar rivers, in an area with a dominant
occurrence of Paleogene clastites. Two other soil samples with the next highest thorium
content were collected in the same area of the town of Veles (Vardar region). Both samples
were located near the village of Omorani on Mount Babuba. The sample with a Th content
of 52 mg/kg was located in the area of Neogene clastites, and the sample with a Th content
of 49 mg/kg was in the other area of the Quaternary alluvium. High Th contents (44 mg/kg)
were also found in soil samples from the area of Kumanovo in the Northeastern region,
near the village of Dragomance, and in a sample from Kožuf Mountain (Vardar region, in
the area of Proterozoic metamorphic rocks) with a content of 42 mg/kg.

4. Conclusions
The distribution of total uranium and thorium content in the surface soil (0–30 cm) at

995 sites on a 5 × 5 km grid in North Macedonia was investigated. The mean and median
values of uranium (2.0 mg/kg and 2.5 mg/kg) and thorium (11 mg/kg and 9.5 mg/kg) in
soil are very similar to their contents in European soils and the upper continental crust. In
general, the spatial distribution patterns of U and Th in the collected soil samples are mainly
determined by geology (parent material and mineralisation). Thus, uranium and thorium
contents in soils by region showed higher median values in the Pelagonian region in the
west of the country, with contents of 3.0 mg/kg U and 12 mg/kg Th, while in other regions,
the median content was below the median value for the whole country. According to
geological formations, the highest mean uranium content in soils was found in areas where
metamorphic rocks of the Pelagonian Massif (3.7 mg/kg U and 12 mg/kg Th) and Neogene
magmatic rocks (3.6 mg/kg U and 16 mg/kg Th) predominate. The highest thorium content
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(92 mg/kg) was found in soils collected near the town of Veles, near the confluence of the
Babuna River with the Vardar River, and in an area dominated by Paleogene clastites. In
the same area of the town of Veles (Vardar region), two soil samples with high thorium
content were collected near the village of Omorani on Mount Babuna (52 mg/kg, where
Neogene clastites predominate, and 49 mg/kg, where Quaternary alluvium predominates).
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