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Abstract: Radon (?22Rn) and thoron (??°Rn) are natural radioactive gases, generated
in the terrestrial materials. They are the main sources of public exposure to ionising radiation
in any of indoor environment worldwide. Differences in half-lives of 22Rn (T, = 3.8 d) and
220Rn (T12= 55.6 s) lead to its different indoor behavior. Several studies of indoor 222Rn and
220Rn in Northern Macedonia have been performed, starting with measurements in dwellings
in 2008 and continuing with measurements in schools during 2012. The surveys in the
Republic of Srpska began later (in 2011) with the simultaneous %?Rn and 2*Rn
measurements in the dwellings and schools of Banja Luka cities. This paper, as a result of
our cooperation, summarizes the results and general conclusions obtained from 2?2Rn and
220Rn measurements in schools of capitals. In both cities, the measurements were made using
Raduet - nuclear track detectors; deployed at distances: >0.5m (Skopje) and 0.2m (Banja
Luka); and exposed in a period: March 2012 - May 2012 (Skopje) and April 2011 - May 2012
(Banja Luka). Results for 222Rn and #?°Rn concentrations in both cities have a log-normal
distribution. The 222Rn geometric mean value of 71 Bg/m? in Skopje is higher than in Banja
Luka city (GM = 50 Bg/m®). Among different radon potential in the cities, this difference
could be related to the different exposure time of detectors. Furthermore, the dispersion of
the 2%2Rn results in each city expressed through geometric standard deviation is relatively
low: GSD = 2.13 (Skopje) and GSD = 2.11 (Banja Luka) indicating relatively homogeneous
data sets. The ?°Rn concentrations in Banja Luka (GM = 51 Bg/m®) were higher than in
Skopje (GM = 11 Bg/m?®). It is obvious that in the case of 2°Rn, the exposure period did not
play a significant role. One of the reasons for this difference could be the position of the
detectors as well as the different building materials in the schools. On the contrary, the
dispersion of the 22°Rn results in Skopje (GSD = 3.38) was greater than in Banja Luka (GSD
=2.07).
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1. INTRODUCTION and their corresponding decay products ?*Ra and
2Ra in building materials and in the underlying

Radon (*Rn) and thoron (*®Rn) are rocks and soil are sources of radon and a thoron in a
radioactive gases from the respective natural series of  building. The generated gases move through enclosed
238y and 2Th, which are present in the terrestrial  spaces of the material, emanate from its surface and
materials from the earth formation to the present day. enter into other environments where they can be
The existing trace concentrations of 28U and 2*2Th, accumulated. The dynamics are complex and driven
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mainly by the processes of advection and diffusion.
Amount of the accumulated radon or thoron indoors
concentration, depends on many factors. In general,
they are related to the concentration of the
radionuclides in the terrestrial material together with
its porosity (radon potential), building characteristics
and mode of its use. Additionally, the advection
process is in a direct function of the outdoor-indoor
temperature gradient, after all, radon and thoron
concentration variations strongly depend on the
meteorological parameters (temperature, pressure,
wind, etc.).

Radon has a relatively long half-life (T1.= 3.8
d), therefore the gas created in underlying soil in high
depths can enter and accumulate in a building before
it decayed. Contrary, due to short half-life (T1,=55.6
s), thoron can travel only short distances before it
decayed. The main consequences of this are the
differences in the effect of the factors on the
accumulation of these two gases in indoor
environments. In general, according to a large number
of studies [1-3], it can be said that the main source of
radon is the underlying soil (rock) and to a lesser
extent the building materials, while in the case of
thoron: the building materials are the dominant source
in a building. Also, the essential difference between
these two gases is that the indoor radon
concentrations are homogeneously distributed, unlike
the indoor thoron, whose concentrations are at the
maximum on the wall and decrease at distance from
it. Moreover consequence of the differences in radon
and thoron half-lifes, are discrepance in their
temporal variations caused by the meteorological
parameters. For example, they are more pronounced
for radon than for thoron [4-9].

Based on a large number of studies, it has been
shown that indoor radon and thoron, are dominant
(over all) radioactive sources to public exposure [9-
10]. The harmful health effects of chronic exposure to
them, have been confirmed [11], so the indoor radon
and indoor toron are very important radiation
protection isue in every country. Following world
trends, numerous campaigns to measure indor radon
and thoron in the countries of the Balkan, have been
performed in the last decade. Thus, many papers have
been published, some of which are citated in this
paper's references [12-22]. In most of them radon
concentrations are measured while studes of indoor
toron concentrations are limited. Depending on the
type of indoor environment, the studies were
conducted mainly in  dwelings, schools
(kindergartens) or combined. In Republic of North
Macedonia, the first indor radon and thoron
measurements were made in dwellings in 2008 [23]
and only later (2012) in schools and kindergartens
[24-26]. In Republika Srpska, an entity in Bosnia and
Herzegovina, the first systematic survey indoor radon
and thoron was launched in 2011, simultaneously
measuring both dwellings and schools [27-28]. Most
of the results of these studies are already published.

The main purpose of this paper is to show the
extracted results of radon and toron concentration
measurements, previously performed as a part of the
more complex survey. In this study, we considered,
only measured concentrations with the same type of
detector, in the schools of the capital cities Skopje and
Banja Luka, The geographical positions of the two
republics in Europe, as well as the position of the
cities, are shown in the Figure 1.
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Figure 1. Geographical position of Bosnia and Hercegovina and Macedonia in the European map (left). Sites of the
Banja Luka municipality over municipalities of Republic of Srpaska (coloured blue) (upper right) and of the Skopje
municipalities in the Republic of North Macedonia (down right)
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2. MATERIAL AND METHODS

The indoor radon and thoron concentrations
were measured in the schools of Skopje and Banja
Luka using a nuclear track detectors, with Raduet
commercial name, manufactured in Radosys,
Hungary (Figure 2). The operating principle of
Raduet was explained precisely in our previous
studies [6, 28].

In Skopje, the detectors were installed in a

classroom on the ground floor at a distance of 0.5 m
from any wall surface and exposed in a period of three
months, from March to May 2012. In Banja Luka,
they were deployed in a shorter distance of 0.2 m
from the wall surfaces and exposed for one year, from
April 2011 to May 2012. Types of the rooms, the
distances to the wall surfaces along with the detectors
period of exposure in each of the surveys are specified
in Table 1.

Figure 2. Raduet nuclear track detector produced in Radosys, Hungary

Table 1. Characteristic of the detector exposure in both surveys

City Type of room Distance from wall surface Period of detectors exposure
Skopje Classroom >0.5m March-May, 2012
Banja Luka Assembly hall or hallway 0.2m April, 2011-May, 2012
3. RESULTS cities are shown in Figure 3. The best fit for both

The histograms of the measured indoor radon
(***Rn) and thoron (?°Rn) concentrations in both
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Figure 3. Histograms fitted with a log-normal function of 22Rn and ?2°Rn concentrations measured
in schools of Skopje and Banja Luka
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The number of schools under observation (N),
number of schools with measured concentration
below detection limit (N<wvpa), arithmetic mean
(AM), standard deviation (SD), geometric mean
(GM) and geometric standard deviation (GSD) of
indoor radon (?2Rn) and thoron (?°Rn) concentration
measured in the schools of Skopje and Banja Luka
cities are given in Table 2. In schools of Skopje, radon
values range from 9 to 379 Bg/m? and those of thoron
range from 1 to 80 Bq Bg/m?. The ranges in schools
of Banja Luka are 25-341 Bg/m? for radon and 7-198

Bg/m? for thoron. In 12 schools of Skopje, thoron
concentration was below the detection limit of 1
Bg/m3. Except in two schools, the radon
concentrations in Skopje were higher in comparison
to measured thoron concentrations. In Banjaluka, the
thoron concentrations were higher than radon
concentrations in most cases. The inteervals of
20Rn/?22Rn ratio in the schools considered in the
present study were 0.01 - 4.72 for Skopje and 0.14-
3.80 for Banja Luka (Figure 4) with geometric mean
values of 0.19 and 1.00, respectively.

Table 2. Basic statistic of indoor radon and thoron concentrations considered in this study

N AM SD GM GSD
N<mpa Bg/m? Bg/m? Bg/m®

222Rn 58 0 85 81 61 2.15
222Rn | Skopje 33 0 94 78 71 2.13
222Rn | Banja Luka 25 0 72 85 50 2.11
220Rn 58 12 42 39 25 3.42
220Rn | Skopje 33 12 18 18 11 3.38
220Rn | Banja Luka 25 0 63 40 51 2.07
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Figure 4. The 22°Rn/??2Rn ratio in schools of Skopje and Banja Luka

4. DISCUSSION AND CONCLUSION

This study presents the results for indoor radon
(?*2Rn) and thoron (??°Rn) concentrations measured in
schools of Skopje and Banja Luka cities with Raduet
detectors exposed in periods of 3 and 12 months,
respectively (Table 1). Analysis of the distribution of
radon and thoron concentration showed that the best
fit of the data was log-normal function. Visually
(from Figure 3) and further by testing, the differences
between log-normal functions of the Skopje and
Banja Luka data sets, was confirmed for radon as well
for thoron. The reason for this may be the different
contributions of the factors which are affecting radon
and thoron concentrations variation in the cities.

The arithmetic and geometric mean values of
radon concentrations measured in Skopje are higher
than the mean concentrations obtained for Banja Luka
(Table 2). We assumed that, among the different
radon potentials, the different types of rooms where
measurements were performed as well the different
periods of detectors exposure, could be a reason for
this. But, lower radon concentrations in the hall in
comparison to the classroom in Skopje and assembly
halls in Banja Luka schools, were not confirmed, so
the assumptions about differences in exposure period
and radon potential remain. In Banja Luka, the radon
concentrations measured by Raduet (this study) in
one room are lower than those reported previously,
where the radon for each school was presented as a
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mean value of measured results, with two different
types of detectors in at least two different types of
rooms. Furthermore, the geometric standard
deviation values (GSD) obtained for radon data from
Skopje and Banja Luka (Table 2), are relatively low
which indicate relatively homogeneous factors
effects on radon variation in each city.

Contrary to radon, the thoron concentrations
measured in schools of Banja Luka city are higher in
comparison to those of Skopje city (Table 2). It is
obvious that in the case of thoron, a period of the
detector exposure does not play a significant role.
Some of the reasons for this difference could be the
position of the detectors as well as the different
building materials in the schools. The dispersion of
the results in Skopje is greater than the result
measured in Banja Luka.

For comparison, the geometric mean
concentrations of radon in Banja Luka schools (GM
=50 Bg/m?®) are lower than those reported by studies
conducted in schools: in Skopje (GM = 71 Bg/m?®),
Eastern part of North Macedonia (GM = 96 Bg/m?®)
[25], (GM = 87 Bg/m?®) [26], Southern Serbia (GM =
97 Bg/m?®) [29], Osijek, Croatia (GM = 70.6 Bg/m?®)
[30], as well as lower than those published for
kindergartens in Sofia, Bulgaria (GM = 101 Bg/m?®)
[31] and Kremikovtsi Municipality, Bulgaria (GM =
542 Bg/m?®) [32]. The GM = 51 Bg/m?® for thoron
measured in Banja Luka schools is not only higher
than the GM = 11 Bg/m® value obtained from
measurements in Skopje, but also higher than the
usual published values in the literature.
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FOXR

KOHIEHTPAIIMJE PAIOHA 1 TOPOHA V IIKOJIAMA CKOIIJbA
(PEITYBJIMKA CEBEPHA MAKEJZIOHUJA) 1 BAKBE JIVKE
(PEITYBJIMKA CPIICKA) MEPEHE RADUET JJETEKTOPMMA

Casxerak: Pajon (222Rn) u topon (?°Rn) cy IpUpOAHU paJMOaKTUBHU FACOBH KOjH
ce TEHepWIly y TepecTpujaiHuM MaTtepujanuma. OHU Cy TJIaBHM H3BOPH H3Jllarama
CTaHOBHHIITBA joOHHM3YjyheM 3pauemy y 3aTBOPEHOM INPOCTOPY HIMPOM cBeTa. Pasmuke y
nepuony nonypacnaga 2?Rn (T2 = 3,8 1) u #°Rn (T2 = 55,6 s) 10BOjE [0 HUXOBOT
PAa3IMYUTOT NIOHAIIAka Y IpocTopujaMa. Jlo cazia je M3BPIIEHO HEKOINKO HCIIMTHRamka 222RN
u 22Rn y CesepHoj MakenoHHMj1, MOYEBNIM Ofl Mepema y craHoBuma 2008. rojaune u
HacTaBsbajyhu ca Mepemuma y mkosnama TokoM 2012. McrimtuBama pagona y PernyOminn
Cprickoj 3anouena cy kacauje (y 2011. rogunmn) ucroBpemenum mepemuma 222Rn u 22°Rn y
cTaHoBHMMa M mKonama rpana bame Jlyke. OBaj pajn, kao pe3yiraT 3ajeJHHYKE capajaibe,
yKazyje Ha pe3ysiTaTe W OIINTE 3aKJbyuke JobujeHe Mepemuma 22Rn u 2°Rn y rnauum
rpagoBuMa obe apkase. Y 06a rpama mepema cy u3BpiieHa nomohy Raduet — mykneapanx
Tpar JeTekTopa; pacnopehennx Ha pacrojamuma of 3uaa: > 0,5 m (Cxombe) u 0,2 m (bama
Jlyka); u nznoxenux y nepuoxay: Mapt 2012, — maj 2012. (Cxomsse) u anput 2011. — Maj
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2012. (Bawa Jlyka). Pesynratn kouuenTpammja 22Rn um 2°Rn y oba rpaga umajy
log-Hopmanny auctpubynmjy. Cpenma reomerpujcka BpeaHocT 222Rn om 71 Bg/m® y
Cxomby je Beha nero y bamoj Jlynu (I'C = 50 Bg/m?®). Usmely pasiuke y moTeHumMjamy
pajioHa KOju yTHUY Ha BapHjauuje 222Rn, Ta ce pasinMKa MOXe TOBE3ATH Ca PasIudUTHM
BpEMEHMMa M3Jlarama jeTekropa. Jlabe, aucrepsuja pesynrata 22Rn y ceakom rpaiy
H3pakeHa TEOMETPHjCKOM CTaHIapAHOM JAeBHjarujoM je pematuBHO Mama: ['CJ] = 2,13
(Cxompe) m I'CH = 2,11 (bama Jlyka) mTo ykasyje Ha pelaTHBHO XOMOTEHE CKYIIOBE
nogaraka. Konnenrpauuje ?°Rn y Bamoj Jyuu (I'C = 51 Bg/m®) 6une cy sehe Hero y
Cxomby (I'C = 11 Bg/m®). Ouurnenso je na y ciydajy 2°Rn, nepuoi U3I0KEHOCTH HHjE
Wrpao 3HadajHy yrory. JemaH oj pasjora oBe pa3jinke MOTao Om OWTH MOJI0XKa] AETEKTOpa
Kao W pa3nuuuTd TpaljeBHHCKH MaTepHujanu y mkonama. CympoTHO TOMe, IUCHep3Hja
pesyarata 2Rn y Ckomby (I'CJI = 3,38) 6una je seha nero y bamoj Jlymu (I'CJI = 2,07).
Kiby4He peuun: pajoH, TOPOH, rac, IKoJa.
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