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ABSTRACT: People are continuously exposed to radiation from the radon and its progenies in everyday life, which is 
known to be more than 50% of the total natural radiation.Since people spend more than 80% of the time in indoor 
environments, either at home or at work, scientists have widely conducted studies on determining the concentration of 
radon in indoor environments. Therefore, indoor radon levels of some houses and workplaces and the associated 
effective dose rates were determined in Afyonkarahisar provinceof Turkey. In this work, the provincial center has been 
assumed as divided into 4 regions by considering the rock types and tectonic structure to show the geological structure 
effect on indoor radon activity concentrations.The survey was carried out at 46 houses and at 28 work places using CR-
39 passive nuclear track detectors four times during a one-year period. The measured values ranged from 13 Bq.m-3to 
2494 Bq.m-3, whereas the calculated average values were in the range of 21,75 Bq.m-3 and 1614,26 Bq.m-3. On the other 
hand, the calculated annual geometric mean value was 165,5712,86Bq.m-3 and the corresponding annual effective 
dose equivalent calculated from the geometric mean was 4,180,32mSv.y-1 for Afyonkarahisar province. 
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I. INTRODUCTION 
 
Exposure to radon and its radioactive progeny causes a significant contribution to the average effective dose [1,2]. The 
epidemiological studies and the assessment of lung cancer risks have inferred the public living in dwellings with high 
radon concentrations may have to deal with major health problems. The radiation dose from inhaled decay products of 
radon causes an increased risk of lung cancer [3]. After smoking, radon is considered to be the second leading cause of 
lung cancer since its emitted alpha particles strike the lung tissues, resulting in lung cancer in the long term [4-8]. 
Radon, which has a longer half-life (3.824 days), is a colorless, odorless, and tasteless gas and therefore not detectable 
by human senses alone. In order to minimize the risk of lung cancer, it is essential to determine the mean of a long-time 
exposure of radon using a dosimeter based on alpha particle detection [9-12]. 
Radon and its progenies are more likely concentrated in enclosed areas such as mines, caves or dwellings especially 
when uranium or radium content in the soil is high [13]. For many years, the international scientific community has 
been studying the issue of indoor radon exposure and it is commonly believed that the level of radon concentration is 
strictly tied to the geological features of a specific area. Several factors can affect the radon exposure variability such as 
soil temperature [14], soil permeability [15], moisture state [16,17], temperature differences between the indoor and 
outdoor [18,19], air pressure variations [20-22], materials used for building constructions and the degree of ventilation 
of closed environments [23-27].Moreover, various studies have also shown a significant variability in indoor radon 
levels, both on a daily and seasonal basis [28-33].  
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This article deals with the measurement of the indoor radon concentration levels and the effective dose rates of radon 
exposure in 46 houses and in 28 work places in Afyonkarahisar province of Turkey. The measurements were carried 
out seasonally using CR-39 passive nuclear track detectors four times during a one-year period.The annual effective 
dose received by the occupants were assessed in light of guidelines given by International Commission on Radiological 
Protection [7]. 

II. THE GEOLOGY OF STUDY AREA 
 

The present study area Afyonkarahisarprovince is in the mid-west Anatolia of Turkey (Fig. 1) which consists of 
lithologies related to various geological times from the Paleozoic to the Quaternary. The Paleozoic aged metamorphic 
rocks lay in the northwest and southeast of the city. Crystallized limestones, quartzites and schists are the main units of 
the Paleozoic time [34,35]. Mesozoic rocks are different in the study area. Since the northern edges are composed of 
detrital and carbonated rocks, Triadic-Upper Cretaceous carbonated occurrences are widespread in the 
Southeast.Throughout the study area, the Cenozoic units overlie in the Paleozoic and the Mesozoic rocks 
unconformably and they are composed of gravel and sandy fluvial sediments and, limestones and marl mixed with 
clay-sand-gravel-tuff in alternation. According to the seismic design code, Afyonkarahisar is located in the entire first-
and second-degree earthquake zone of Turkey. The fault system in the area is named Akşehir-Simav Fault System 
(ASFS) trending NW–SE within the Anatolian microplate. Its width is an average of 10–30 km and the length is 550 
km. The fault system is characterized by a series of grabens to horsts and their margin boundary oblique-slip normal 
faults [36]. 
 

III. MATERIALS AND METHOD 
 

3.1. Indoor radon activity concentrations  

In this study, CR-39 solid state nuclear track detectors (SSNTDs) were used to determine the radon activity 
concentrations. The CR-39 detector is the diglycol carbonate (C12H18O7) and it is commonly used for the long-term 
measurement of the radon activity inside dwellings. A detailed description of the structure and the analysis of the 
detectors can be found in RADOSYS User Manual and elsewhere [37-40]. 
The radon activity concentration levels were measured at 46 houses and at 28 work places in Afyonkarahisar in 
different seasons of a year in order to study the seasonal variation of the indoor radon levels. In order to show the 
geological structure effect on indoor radon activity concentrations, the provincial center has been assumed as divided 
into 4 regions by considering the rock types and tectonic structure.The total exposure for a period of one year was 
obtained by carrying out four times a quarterly measurement. 
Sampling was done at randomly selected houses and work places. Three dosimeters were placed at each sampling point; 
namely in living rooms, bedrooms and cellars/stores of the houses, and offices and stores of the work places. The 
dosimeters were left to record radon exposure for about 80-90 days and then taken to Sarayköy Nuclear Research and 
Training Center Laboratory for evaluation. After each exposure time, the detectors were subjected to chemical 
processing with NaOH (Radobath system) and then to track [40]. The indoor radon activity concentrations in Bq/m3 
were calculated using the formula below: 
 

.  

Where CF is calibration factor,  is track density (number of tracks per cm2), T is the exposure time in hours. 
Moreover, the standard deviations were obtained using the equation as follows: 
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. 

 

 
 

Fig. 1: The location of Afyonkarahisar on the map of Turkey 

 
3.2. Effective dose rates  

 
The annual mean effective dose expected to be received by people in the residential places as well as workplaces due to 
the indoor radon and its progeny can be calculated using the following formula according to United Nations Scientific 
Committee on the Effects of Atomic Radiation [3]. At a certain radon concentration CRnin Bq.m-3, the annual absorbed 
dose; ED (mSv.y-1), is usually expressed in the unit of mSv from the following relation below: 

 

Here is radon concentration in Bq.m-3, D is the dose conversion factor (9x10-6 mSv.h-1 per Bq.m-3), F is equilibrium 
factor (0.4), H is the occupancy factor (estimated 0.8 for the dwellers since dwellers spend 80% of their time indoor) 
and T is hours in a year (8760 h/y). 

IV. EXPERIMENTAL RESULTS 
 

The indoor radon activity concentrations were measured using nuclear track detectors at 46 houses and at 28 work 
places in Afyonkarahisar province four times during a one-year period. The minimum indoor radon activity 
concentration was measured as 13 Bq.m-3, whereas the maximum measured value was 2494 Bq.m-3. The seosonal and 
regional average radon activity concentrations were calculated using the measured results for each sampling period and 
the annual geometric mean value of radon concentrations was determined as 165,5712,86Bq.m-3 for Afyonkarahisar 
province. These values are shown in Table 1. Although the seasonal and regional indoor radon activity concentration 
values are higher than the maximum allowed limit of 100 Bq.m-3 defined by World Health Organization [41], they are 
well below the limit of 400 Bq.m-3 recommended by the Turkish Atomic Energy Authority [42] and also below the 
limit of 300 Bq.m-3 by the Ref. [43] for radon in dwellings. 

RnED C D F H T    

RnC
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Table 1: The average and mean radon activity concentrations and corresponding annual effective doses 

 
The associated annual effective dose equivalent of the geometric mean (165,5712,86Bq.m-3) is estimated to be 
4,180,32mSv.y-1 for Afyonkarahisar province. Although this value is higher than both the world average annual 
effective dose of 1 mSv.y-1 for radon and its decay products [44] and the value of 2.4 mSv.y-1 for the worldwide annual 
effective dose from natural sources [45]. Fortunately, it is well below the action level of 10 mSv.y-1 recommended by 
the Ref.[7] for radon in dwellings. 

V. CONCLUSION  
 

The present study is the most inclusive survey carried out to determine the indoor radon activity concentrations and 
corresponding annual effective dose rates in Afyonkarahisar province. Moreover, it is the only study focusing on 
seasonal and regional effects on indoor radon concentrations in the area. The mean indoor radon activity concentration 
values were higher than the maximum allowed limit of 100 Bq.m-3 defined by the WHO[41], but they are below the 
limit of 400 Bq.m-3 recommended by the TAEA [42] and the limit of 300 Bq.m-3 by the ICRP [43] for radon in 
dwellings. 
From the seasonal point of view, the highest mean radon concentration value was obtained in winter as reported in the 
earlier studies of the Refs. [46-49]. This is because of poor ventilation as the doors and windows of the dwellings 
remain mostly closed in winter compared with the other seasons. Moreover, the outdoor pressure is much higher than 
the indoor pressure in winter due to very low seasonal temperature. On the other hand, mean indoor radon 
concentration is expected to be the lowest in summer as mentioned in many previous works. However, the similar 
results were not obtained in the present study, since the majority of the selected workplaces are schools and they are 
officially off due to summer vacation. The indoor radon concentration levels are affected by meteorological parameters 
such as differences in temperature and in pressure between the indoor and outdoor atmospheres. 
Regional mean radon concentrations show that the values are higher in the 2nd and the 3rd regions. This is thought to 
depend both on the dominance of alluvial material having high porosity and permeability, and on the faults thought to 
have passed from the second and third regions (Fig.2). This result clearly indicates that the indoor radon activity 
concentration levels are strictly tied to the soil and the geological structures beneath the building and soil permeability 
in Afyonkarahisar province. 
The annual mean effective dose equivalent of 4,180,32mSv.y-1 obtained in the present study carried out in 
Afyonkarahisar province is much higher than the value of 1 mSv.y-1 recommended by the UNSCEAR for radon and its 
decay products as world average annual effective dose (UNSCEAR 2000b). Although the mean dose equivalent value 
obtained in winter season is very close to the action level of 10 mSv.y-1 recommended by the ICRP (1993) for radon in 
dwellings, both the the annual mean value and the values of the other seasons are well below this level. 
 

 
Average Radon Activity Concentrations (Bq.m-3) 

 Annual Effective 
Doses (mSv.y-1) 

1st Reigon 2nd Reigon 3rd Reigon 4th Reigon Seasonal
Mean ±  Seasonal

Mean ± 

Summer 142,03 134,44 200,64 113,18 147,57 8,99  3,72 0,23 
Autumn 98,84 150,40 171,22 88,00 127,11 15,76  3,21 0,40 
Winter 218,61 314,17 274,46 168,95 244,05 17,22  6,16 0,43 
Spring 124,40 196,70 163,63 89,44 143,54 9,46  3,62 0,24 

Annual 
Mean 145,97 198,93 202,49 114,89 165,57 12,86  4,18 0,32 
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Fig. 2: Types of soil and rock in the regions 
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