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In this paper, the results of measurements of indoor radon activity concentration in fourteen
elementary schools in Tuzla, Bosnia and Herzegovina, are presented. Measurements were
performed with CR-39 solid-state nuclear track detectors. Radon activity concentration in
investigated locations was 6.8-143 Bqm-3. To assess the indoor radon hazards for people, the
annual effective dose, excess lifetime cancer risk, and the relative risk of lung cancer were esti-

mated.
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INTRODUCTION

Radon is an odorless, tasteless, and colorless ra-
dioactive gas originating from the soil and rocks due to
the natural radioactive decay of radium. Radon be-
haves as anoble gas due to its complete shell structure,
which enables a stable electron configuration. How-
ever, random interactions are possible due to its rela-
tively low ionization energy of 10.7 eV. In standard at-
mospheric conditions, its density is 9.73 kgm™, and its
critical temperature is 104 °C [1].

Materials that contain uranium or radium are
sources of radon, as radon is created during radium de-
cay, and radium is a descendant of uranium. Certain
rocks, such as granite, light volcanic rocks, sediment
rocks containing phosphate, and metamorphic rocks,
have increased uranium concentration [2]. Radon, cre-
ated during radium decay, is released from rocks and
soil, through the ever-present pores and cracks. Loose
substrates with more pores, such as gravel and sand, re-
lease radon more easily than substrates with fewer
pores such as clay, which delays its release. Radon
movement and release depend on the amount of water
in pores, soil porosity, and soil permeability. Soil mois-
ture also plays a significant role in radon emanation and
its diffusion within soil. Radioactive radon passes
through cracks and faults, mixes with the air, and as-
cends toward the atmosphere. In permeable soils, such
as sand, radon gas from the underlying rocks can easily
transfer through the soil and penetrate the surface.
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Moist clay or other impermeable substrates are medi-
ums that, to some extent, prevent radon from moving
through such soil and toward the surface [3].

The factors affecting radon concentration in an
enclosed space may be classified into geogenic and
anthropogenic. Geogenic factors include radon soil
concentration, soil composition (chemical and geo-
logical), soil humidity, soil porosity and permeability,
pressure differences between the inside and outside of
an enclosed space, (including the pressure difference
between the soil and the structure's ground floor), and
meteorological and seasonal parameters mainly re-
flecting differences in air temperatures inside the
structure and outside. Anthropogenic parameters in-
clude construction methods, the size of the structure in
direct contact with soil, the number of floors, the per-
meability of the construction itself (including the pres-
ence of cracks on the ground floor or in wall joints),
the space surrounding pipes and installations, and the
like. The main source of radon gas in an enclosed
space is the soil beneath the construction accounting
for 85-90 %. Much less radon content originates from
construction materials (5-10 %) and subterranean wa-
ters (around 5 %). An insignificant portion originates
from natural gas (<1 %) [4].

Depending on meteorological parameters, par-
ticularly differences in air temperatures inside and out-
side the structure, there is a pressure difference be-
tween the soil and the structure's foundations. The soil
plays a major role in radon concentrations in an en-
closed space up to the second-floor height. Indoor ra-
don levels tend to reach their maximum during the
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winter season, with minimum levels found during the
warm season (spring and summer). During the sum-
mer season, although there is an obvious lack of snow
cover, the intent is to keep the air in an enclosed space
colder than outside, which again creates a difference in
temperatures inside and outside in a similar way as
during the winter season, but with smaller differences
in values. Besides meteorological factors, other im-
portant aspects affecting radon activity concentration
in an enclosed space include the quality of construc-
tion and ventilation. The strength of ventilation is a
factor that reduces radon concentrations and is ex-
pressed in the number of complete air exchanges in the
space per hour [5]. Radon may penetrate an enclosed
space in various ways, including through floors,
cracks in concrete and foundation walls, drains, open-
ings around ventilation and plumbing, faucets (partic-
ularly in the shower), construction joints, efc. Radon
typically accumulates mostly in the lower and least
ventilated spaces inside the construction, such as the
basement [6, 7].

According to the WHO and the USA Environ-
mental Protection Agency (EPA), indoor radon was
declared a human carcinogen and is considered the
leading cause of lung cancer in non-smokers [8-10].
Radon is estimated to cause over 21 000 lung cancer
deaths per year in the United States — more than drunk
driving, drownings, or home fires. The risk of dying
from lung cancer increases with higher levels of radon
gas and the duration of exposure. The time between
exposure and cancer diagnosis may be many years [8,
11, 12]. The EU directive from 2013
(2013/59/Euratom) outlines the necessity to monitor
radon activity concentration indoors, especially in
homes and workplaces. In every EU member state, the
reference level for the annual average radon activity
concentration in indoor air must not exceed 300
Bqm™, except under specific circumstances [13].

Radon exposure in schools has a substantial pub-
lic health influence, affecting schoolchildren and staff.
Due to their smaller lungs and faster breathing rates,
children are potentially exposed to higher doses of ra-
diation than adults. Considering the health effects of
radon, many surveys have been conducted in Europe
and worldwide to monitor radon concentrations in
schools and kindergartens [14-25]. The main purpose
of this study is to determine the radon activity concen-
tration in the elementary schools of Tuzla, Bosnia and
Herzegovina, and to evaluate radon exposure for stu-
dents and teachers in schools. Therefore the annual ef-
fective dose for students and teachers, and the excess
lifetime cancer were estimated. The relative risk of
lung cancer due to indoor radon exposure was also cal-
culated. Obtained values were compared with results
from similar studies in Europe.

MATERIALS AND METHODS
Study area

The indoor radon activity concentrations were
measured in fourteen elementary schools in Tuzla,
Bosnia and Herzegovina. Those schools were selected
because there were no data about radon levels and ra-
don-associated health risks for students and teachers.

The Tuzla region is classified as the Perio-
Pannonia region, which is the contact zone of the
Dinarides and Pannonia lowlands. The basin region is
located on the south side of the ridge and is mainly
formed by long transverse stream valleys and slopes
ending in the Jala River valley. The terrain mildly slopes
towards the south. The wider Tuzla region is mostly
built from geologically recent sediments (Neogen) im-
portant from an economic point of view (coal, rock salt,
quartz sand, efc.). The formation of the Tuzla basin is
related to several phases that followed each other after
the Mesozoic period, which conditioned the creation of
different deposit layers. The diverse and specific sedi-
mentary formations were created together with
paleo-climatic activities. Tuzla has the characteristics
of a moderate continental climate. Certain features are
influenced by the local relief, the general position rela-
tive to the dominant regions in the vicinity (the Bosnian
mountain central massif on one, and the Pannonia plain
on the other), air currents affecting both tropical and po-
lar air masses and cyclonic activities. The general cli-
mate traits include the distinct expression of all four
seasons, relative humidity and cloudiness, maximum
precipitation during the warmer part of the year, and
minimum at the end of winter. The mean annual temper-
ature is 10.1 °C. The coldest month is January with an
average temperature of 0.6 °C, and the warmest month
is July with an average temperature of 19.4 °C [26].

Experimental set-up and procedure

The indoor radon concentration was measured by
the passive method of solid-state nuclear track detectors,
type CR-39 (RadoSys, Budapest, Hungary). These de-
tectors are suitable for long-term radon measurements,
ranging from a few days to several months. The results
obtained represent the average radon concentration for
the given measurement interval. The CR-39 detectors
are polycarbonate plastic tiles (chips) measuring 10 mm
x 10 mm in size and 1 mm in thickness. They have a sen-
sitivity of 2.0 (tracks cm™2)/ (kBqm per hours), a typical
initial background of 0.3 tracks mm™, and a saturation
limit greater than 12 000 kBghm™ [2, 3].

The detectors, enclosed in small cylindrical dif-
fusion chambers, were placed at measuring locations
in elementary school classrooms for three to four
months. The measurements were performed at all lo-
cations in the same season, from September to Decem-
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ber, in the first semester of the school year, when stu-
dents were at school every day during the work week.
The detectors were mounted one meter above the
floor, away from heat sources and sunlight. During the
measurement period, detectors were not moved. The
detectors were placed in classrooms on the first floor
of each elementary school, with two or three detectors
distributed across different classrooms.

These classrooms were used for classes during
the day and each had natural ventilation, especially in
the morning hours. After the exposure period, the de-
tectors were collected and taken to the laboratory for
further experimental analyses, including chemical
etching and track counting. The CR-39 detectors were
etched using 1000 g of NaOH granules dissolved in 4
L of distilled water in the RadoBath RB4 Unit, a ther-
mostatic bath designed for the chemical etching of
traces on the detectors. The detectors were etched at
the temperature of 90 °C for 4.5 hours. After the etch-
ing process, a neutralization phase was conducted by
adding 200 ml of 15 % or 20 % vinegar into 4 L of dis-
tilled water. This was followed by washing with 4 L of
distilled water to remove any possible chemical resi-
dues. The detectors were then dried, and the final
phase involved track counting. This was done with the
RadoMeter Unit, which consists of an automated mi-
croscope with a B&W CCD camera and magnification
capability of 100 times the actual size, operated with
appropriate software for track analyses and data pro-
cessing [2, 3, 27]. The CR-39 detector, diffusion
chamber, RadoBath Unit, and RadonMeter micro-
scope are presented in fig. 1.

Estimation of the annual effective dose,
excess lifetime cancer risk, and relative risk
of lung cancer

Based on the measured values of the radon activ-
ity concentration in the classrooms, the annual effec-
tive dose received from inhalation of radon by stu-

dents and teachers was estimated. The annual effective
dose was calculated using the following eq.

AED =CFTD (1)

where AED [mSv] is the annual effective dose from in-
halation of radon indoors, C [Bqm ] —the radon activ-
ity concentration, ' —the radon equilibrium factor (0.4
for indoor), T — the average number of hours per year
(1050 hours per year for students and 1230 hours per
year for teachers), and D — the dose conversion factor
for radon (9 nSv Bq 'h 'm’) [28]. It was assumed that
students in elementary schools spend on average, 1050
hours per year in school buildings, which equates to 30
hours per week for 35 weeks a year. Teachers were as-
sumed to spend 30 hours per week for 41 weeks a year
in school. This estimation does not account for addi-
tional hours children spend in after-school programs.

The excess lifetime cancer risk (ELCR) is calcu-
lated using eq.

ELCR = AED DL RF )

where AED [mSv] is the annual effective dose, DL —
the average duration of life (estimated to be 70 years),
and RF — the risk factor (0.055 Sv™') [29].

The relative risk of lung cancer (RRLC) due to
indoor radon exposure was calculated using eq.

RRLC =exp (0.00087352C)) 3)

where C [qu’3] is the radon activity concentration
[30].

DISCUSSION AND RESULTS

The results of measurements of radon activity con-
centration in the research areas of the elementary schools
are presented in tab. 1. The results in tab. 1 show that the
radon activity concentration at the researched locations

Figure 1. The CR-39 detector, diffusion chamber, RadoBath Unit, and RadoMeter microscope
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Table 1. The mean values of the indoor radon activity
concentration C at investigated locations

amber | - school | detectore | cime [d] | € [Bam ]
1 Kreka 2 126 6.8+2.0
2 Simin Han 2 125 20.9+£4.6
3 Novi Grad 2 123 12.0+£3.0
4 Jala 2 125 18.8+44
5 Sjenjak 2 126 152435
6 Bukinje 3 95 31.8%7.1
7 Pazar 2 107 40.3+£8.3
8 Music school 2 104 17.9+4.1
9 Miladije 2 95 20.2 +4.8
10 Tusanj 3 106 17.4 +£4.1
11 Mejdan 2 124 [83.1+£17.3
12 Slavinovici 2 126 94+25
13 Centar 2 104 18.9+4.4
14 Gornja Tuzla 2 126 143 £27

Range 6.8-143

Mean value 326+7.0

ranges from 6.8-143 Bqm ™. The highest value of indoor
radon activity concentration was found in an elementary
school in Gornja Tuzla, at location 14, with a concentra-
tion of (143 £27) Bqm™. This value is similar to the in-
door radon activity concentration in schools in Greece
[15], PozZega-Slavonia County of Croatia [31], and the
Neapolitan area of Italy [32], but lower than in several
other counties of Croatia [31]. The lowest value of in-
door radon activity concentration was found at location
1, elementary school Kreka, with a concentration of (6.8
+2.0) Bqm™. The mean value of radon activity concen-
tration in the investigated area of elementary schools in
Tuzla was (32.6 +7.0) Bqm ™, comparable to the value
measured in the Region of Parma, Italy [33].

The radon concentrations measured in schools in
Tuzla city are lower compared to those in schools in
Banja Luka city, Bosnia and Herzegovina [34, 35].
However, it should be noted that in Tuzla, the detectors
were installed in first-floor classrooms, whereas in
Banja Luka, the detectors were placed on the ground
floor. In Banja Luka, the detectors were exposed for
one year, whereas in our measurements they were ex-
posed for just four months, from September to the end
of December. The mean values indicated that the in-
door radon levels at the investigated locations were
not high compared to indoor radon activity concentra-
tions in neighboring or other European countries. A
comparison of indoor radon activity concentrations
from the present study with those from various Euro-
pean countries is presented in tab. 2. The radon con-
centrations measured in our study are lower or signifi-
cantly lower than those reported in studies from
neighboring countries. This difference is because the
detectors in our study were placed in classrooms on the
first floor, whereas in comparative studies, they were
placed on the ground floor. The values of indoor radon

Table 2. Comparison of radon activity concentration C of
the present study with similar studies in other countries

Country C[Bgm] References
Greece 149 [15]
. 93.4 [24]
Croatia 147-317 [31]
. . 9-379 [35]
Republic of North Macedonia 27042 [36]

Italy
Parma 30 [33]
Campania region 98 [37]
Neapolitan area 144 [32]
Friuli-Venezia Giulia region 125 [38]
Slovenia 168 [19]
Bulgaria
Kremikovtsi municipality 287 [39]
Kardzhali district 137 [22]
Ireland 93 [20]
Belgium 120 [21]
Serbia 118 [40]
Bosnia and Herzegovina 32.6 Present study

activity concentration at the investigation locations
are within the recommended concentration limits of
300 Bqm™3 (Directive 2013/59/EURATOM) [13].

The results for indoor radon activity concentration
were comparable with measurements conducted in resi-
dential buildings in the Tuzla Canton area, Bosnia and
Herzegovina. In this region, the mean values of radon ac-
tivity concentrations ranged from 18.38-145.31 Bqm™
in the cities of Banovici and Zivinice [41] and from
4.2-191.8 Bqm in Tuzla City [42].

The results of the annual effective dose with the cor-
responding standard deviation for students and teachers at
investigated locations are presented in tab. 3. The results
of the excess lifetime cancer risk and relative risk of lung
cancer are also presented in tab. 3. The estimated annual
effective dose at the measurement locations for students
varies between 0.03 £0.01 mSv and 0.54 +0.10 mSyv, with
a mean value of 0.12 £0.03 mSv. For teachers, it ranges
from 0.03 +0.01 to 0.63 £0.12 mSyv, with a mean value of
0.14 £0.03 mSv. These values are lower than those in Bul-
garian schools, where the calculated annual effective dose
was 0.39 mSv [22], or in Sudanese schools, where it was
0.56 mSv [30]. The estimated annual effective doses in the
present study for students and teachers in Tuzla schools
are comparable to those in elementary schools in Patras,
Greece, where the estimated doses range from 0.03 to
0.34 mSv for students and from 0.04-0.39 mSv for teach-
ers [43]. These estimated values are somewhat lower than
the estimated mean annual effective dose value in Europe,
which is 1.96 mSv [33], and the worldwide estimated
mean annual effective dose of 1.15 mSv [13]. The values
of excess lifetime cancer risk ranged from
(0.10-2.09)x 1073 with a mean value of (0.47 +0.10)x10~>
for students, and from (0.12-2.44)x1073, with a mean
value of (0.56 +0.12)x1073 for teachers. These values are
still below the maximum risk of 10.3x10~ corresponding
to an annual effective dose of 2.4 mSv [29].
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Table 3. The values of annual effective doses AED, excess lifetime cancer risk ELCR, and
relative risk of lung cancer RRLC at investigation locations
No. Elementary school AED [mSv] ELCR (x10°) RRLC [%]
Students Teachers Students Teachers

1 Kreka 0.03 £ 0.01 0.03 £0.01 0.10 £0.03 0.12 £ 0.03 1.01

2 Simin Han 0.08 +0.02 0.09 £0.02 0.30 £ 0.07 0.36 £0.08 1.02

3 Novi Grad 0.05£0.01 0.05+0.01 0.17£0.04 0.20 £ 0.05 1.01

4 Jala 0.07 £0.02 0.08 £0.02 0.27 £ 0.06 0.32£0.07 1.02

5 Sjenjak 0.06 £0.01 0.07 £0.02 0.22 £ 0.05 0.26 £ 0.06 1.01

6 Bukinje 0.12£0.03 0.14 £0.03 0.46+0.10 0.54£0.12 1.03

7 Pazar 0.15+0.03 0.18 £ 0.04 0.59+0.12 0.69 +0.14 1.04

8 Music school 0.07 £0.02 0.08 £ 0.02 0.26 £ 0.06 0.30+0.07 1.02

9 Miladije 0.08 £ 0.02 0.09 £0.02 0.29 + 0.07 0.34 £0.08 1.02

10 Tusanj 0.07 £0.02 0.08 £ 0.02 0.25 £ 0.06 0.30 £ 0.07 1.02

11 Mejdan 0.31£0.07 0.37 £0.08 1.21+0.25 1.42£0.30 1.08

12 Slavinovici 0.04 £ 0.01 0.04 £0.01 0.14 + 0.04 0.16 £ 0.04 1.01

13 Centar 0.07 £0.02 0.08 £ 0.02 0.28 £ 0.06 0.32+0.07 1.02

14 Gornja Tuzla 0.54£0.10 0.63 £0.12 2.09 +0.40 2.44 £ 0.46 1.13

Range 0.03 —0.54 0.03 —-0.63 0.10—2.09 0.12-2.44 1.01 —1.13
Mean value 0.12 £0.03 0.14+£0.03 0.47 +£0.10 0.56 £0.12 1.03
The relative risk of lung cancer ranges from 1.01 % REFERENCES

to 1.13 %, with a mean value of 1.03 %. This mean value
of the relative risk of lung cancer is comparable to the
mean value in Sudan, which is 1.042 % [30].

CONCLUSIONS

The research results do not show increased radon
activity concentration in the investigated schools in
Tuzla, Bosnia and Herzegovina. Radon activity concen-
trations in elementary schools in Tuzla are below the
EU's recommended maximum value of 300 Bqm™. The
placement of detectors on the first floor and ventilation
rate caused by human activities, such as opening doors
and windows, in the investigated elementary schools sig-
nificantly reduced the radon concentration, leading to the
observed lower values.

The mean values of annual effective doses due to
inhalation of radon for students and teachers are below
1 mSv. The values of excess lifetime cancer risk and
the relative risk of lung cancer for students and teach-
ers have been estimated. According to these values, ra-
don exposure does not represent a health hazard to the
students and teachers of these schools.
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Amena KACHUh, Amupa KACYMOBUWR, Myxamen XOLIMh

MEPEILE KOHIHEHTPAIIMJE AKTUBHOCTU PAIOHA'Y
OCHOBHMM HMKOJAMA Y TY3/IHU, BOCHA N XEPHEI'OBUHA

Y oBOM pajly IpHKa3aHH Cy pPe3ylTaTd Mepema KOHIEHTpalydje aKTHBHOCTU pajoHa Y
3aTBOPEHOM MPOCTOPY y OCHOBHUM Inkonama y Ty3mu, Bocan u Xeprerosuuu. Mepema cy u3BplleHa
nmomohy CR-39 uBpcTux HykIleapHUX Tpar AeTeKTopy. FMi3aMepeHna KoHIeHTpannja aKTUBHOCTH PajoHa je
ouna y uatepsany 6.8-143 Bqm™. Kako 61 ce IpoIeHMIE ONACHOCTH 3a JbYJIE Off PAlOHa y 3aTBOPEHOM
IPOCTOPY, MPOLICHEHE Cy TONUIIIHa e(PeKTUBHA 1032, PU3KK Off HACTAHKA paKa TOKOM KUBOTA U PEJIATUBHU
pu3uK of paka miyha.

Kwyune peuu: koHyeHiipayuja akitiu8HOCIU PAOOHA, 200UlUMA eheKIUBHA 003d,
PU3UK 00 HACHLAHKA PAKA TOKOM HCUBOUIA, PeAaiU8HU pU3UK 00 paka iayha




