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Abstract
It is well known that radon is the main source of natural radiation exposure to the population. Indoor radon concentrations in an
area are affected by ascending radon migration following the convection of groundwater and soil gas along fractures and faults in
the bedrock sediments. There are various studies showing that positive radon anomalies in the soil gas are found to coincide with
the locations of houses showing the highest concentrations. Moreover, soil gas radon levels and soil permeability are important
factors in determining the radon potential of an area, because high permeability enables the increased migration of radon from the
soil into houses. Since radon in homes originates mainly from soil gas radon, it is of public interest to study the correlation
between soil gas radon and indoor radon in different geographic locations. In the present work, a correlation study was carried in
conjunction with radon concentrations in soil gas and indoor environment of Afyonkarahisar Province. The provincial center was
assumed to be divided into four regions according to the rock types and tectonic structure to show also the geological structure
effect on radon concentrations. The indoor radon concentrations were measured in 74 dwellings using CR-39 passive nuclear
track detectors, and the radon concentrations in soil gas were determined in 243 drilled holes using AlphaGUARD detector. The
correlation coefficient of 0.97 was obtained between radon concentrations in soil gas and indoor environment of Afyonkarahisar
Province.
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Introduction

It is well known that radon and its decay products consist
of about 50% of the total inhalation doses to human pop-
ulation exposed to the natural radiation sources (Oikawa
et al. 2003; Kullab et al. 2001; UNSCEAR 1993, 1988).

The epidemiological studies have shown that inhaling
radon and its progenies make the public inevitable deal-
ing with an increasing risk of lung cancer (UNSCEAR
2000). Therefore, it is essential to determine the mean of
a long-term indoor radon and its decay product levels in
the environment and soil gas (Durrani and Ilic 1997;
Mehra and Bala 2013). Indoor radon concentrations in
an area are affected by ascending radon migration follow-
ing the convection of groundwater and soil gas along
fractures and faults in the bedrock sediments. Several
studies have proved that the indoor radon level depends
upon various factors like geological features (Choubey
et al. 1999; Plant and Saunders 1996; Kulalı and
Akkurt 2015), soil nature such as temperature and per-
meability (Fujiyoshi et al. 2006; King and Minissale
1994), meteorological conditions such as air temperature
and pressure (Collignan and Powaga 2014; Dolejs and
Hulka 2003; Kitto 2005; Narasimhan et al. 1990;
Papaefthymiou et al. 2003; Robinson and Sextro 1997;
Chauhan et al. 2008), the living style of the dwellers,
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type of building material used for building constructions
(Zenginerler et al. 2016; Gupta et al. 2009; Khatibeh
et al. 1997; Kumar et al. 2003, 2014; Al-Khateeb et al.
2012), and the degree of ventilation of closed environ-
ments (Baeza et al. 2003; Kılınçarslan and Akyol 2016;
Mehra et al. 2011; Singh et al. 2011).

Radon is always present in the soil, since it is continu-
ously produced in the decay chain of uranium with a half-
life of 4.5 billion years. Therefore, the major part of indoor
radon comes from the soil and building materials since the
uranium and radium are uniformly distributed in these ma-
terials from the time of origination of earth. There are
various studies have showing that positive radon anoma-
lies in the soil gas are found to coincide with the locations
of houses showing the highest concentrations (Akerblom
and Mellander 1997; Barnet 2012; Chen and Ford 2017;
Keller et al. 1992; Minda et al. 2009; Neznal et al. 2006;
Vaupotic et al. 2002). Moreover, soil gas radon levels and
soil permeability are important factors in determining the
radon potential of an area, because high permeability en-
ables the increased migration of radon from soil into hous-
es. Since radon in homes originates mainly from the soil
gas radon, it is of public interest to study the correlation
between soil gas radon and indoor radon in different geo-
graphic locations (Chen et al. 2009; Cinelli et al. 2015;
Kemski et al. 2009; Kemski et al. 2006; Lara et al. 2015;
Mose et al. 1992; Neznal et al. 1996; Patra et al. 2013;
Reimer and Szarzi 2005; Sundal et al. 2004; Baykara et al.
2005).

The objective of the present work is to carry out a
correlation study between radon concentrations in soil
gas and indoor environment of Afyonkarahisar Province.
Therefore, the radon concentration measurements were
committed both the indoor environment of 74 dwellings
and soil gas of 243 holes spread over geologically differ-
ent parts of Afyonkarahisar Province.

Materials and method

Geological settings of study area

The present study was carried out in the midwestern Anatolian
city of Afyonkarahisar Province which consists of lithologies
related to various geological times from the Paleozoic to the
Quaternary. The Paleozoic metamorphic rocks are widespread
in the northwest and southeast of the study area. Crystallized
limestones, quartzites, and schists are the main metamorphic
rocks (Erkan et al. 1996; Metin et al. 1987). Mesozoic rocks
have different lithological properties in the study area. Since
the northern parts are composed of detrital and carbonates,
Triassic-Upper Cretaceous carbonates are widespread in the
southeast. Throughout the study area, the Cenozoic units un-
conformably overlie in the Paleozoic and the Mesozoic rocks
and they are composed of gravel, sandy fluvial sediments,
limestones, and marl mixed with clay-sand-gravel-tuff in al-
ternation. Since the aim of this study is to expose the correla-
tion between the radon concentrations in soil gas and indoor
environment of Afyonkarahisar Province, the study area was
assumed to be divided into four regions according to litholog-
ical properties and tectonic structure as discussed by reference
(Koçyiğit and Deveci 2007). The scheme of lithological prop-
erties and tectonic structure in the regions is shown in Fig. 1.

Indoor radon measurements

The indoor radon activity concentrations were measured by
using previously calibrated passive radon dosimeters (CR-39)
in 74 dwellings (of which 46 are houses and 28 are work-
places) of Afyonkarahisar (Fig. 2) and these measurements
were repeated four times in different seasons of a year to obtain
the seasonal variation of the indoor radon levels, too. On the
other hand, the study area has been assumed to be divided into
four regions according to the rock types and tectonic structure

Fig. 1 Types of soil and rock in
the regions
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to show the geological structure effect on indoor radon activity
concentrations. The dwellings are distributed as 18 in the first
region, 29 in the second region, 19 in the third region, and 8 in
the fourth region. These numbers are decided with taking the
residence densities in the regions into account.

Sampling was done at random selected dwellings where
two dosimeters were placed at each sampling point: name-
ly cellars and repositories on the basement. The dosimeters
were left to record radon exposure for about 80–90 days.
After each exposure time, they were subjected to chemical
processing with NaOH (Radobath system) and then track.
A detailed description of the structure and the analysis of
the passive dosimeters can be found in the RADOSYS
User Manual and elsewhere (Nikolaev and Ilic 1999;
RADOSYS 2011).

Soil gas radon measurements

The radon concentration in soil gas was measured by using
the AlphaGuard PQ 2000 radon monitor equipped with a
specially designed soil gas unit consists of a drilling rod with
an exchangeable drilling tip with airlock which is closed by a
rivet and capillary probe. The soil gas was sucked out from
the surrounding ground area of a 0.7-m deep hole and
pumped with a low flow rate mode into the ionization cham-
ber of the monitor through the capillary probe. The schematic
view of the experimental setup is presented in Fig. 3. In order
to determine only 222Rn concentration, the ionization cham-
ber was kept closed tightly after filling it with soil gas for
about 10-min time interval that is needed to neglect the

thoron contribution. Detailed information about the experi-
mental setup was given in various previous studies (Alharbi
and Abbady 2013; GENTIRON 1998; Vaupotic et al. 2010).

Results and discussion

The indoor radon concentrations were measured in the
basements of 74 dwellings spread over geologically differ-
ent four parts of Afyonkarahisar Province using previously
calibrated passive CR-39 passive nuclear track detectors,
and the radon concentrations in soil gas were determined in
243 drilled holes using AlphaGUARD detector. The aver-
age soil gas and indoor radon concentration values of the
four regions were separately obtained from the correspond-
ing measured concentrations and they are given in Table 1.

The average radon concentrations are in the range of
34,270–72,340 Bq m−3 in soil gas, while they are in the
range of 209.80–379.70 Bq m−3 in the indoor environments
of the regions. The average radon concentration values both
in soil gas and indoor environments have the minimum and
the maximum values in the same region. The present re-
sults show the similar accordance in all regions. Therefore,
as expected from the previous studies (Akerblom and
Mellander 1997; Barnet 2012; Chen and Ford 2017;
Keller et al. 1992; Minda et al. 2009; Neznal et al. 2006;
Vaupotic et al. 2002), there is also a linear correlation
(since a correlation coefficient of R2 = 0.97 obtained) be-
tween the soil gas and indoor radon concentrations of
Afyonkarahisar Province which is shown in Fig. 4.

Fig. 2 Indoor radon
concentration measurement
points
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Conclusion

Since the previous studies indicate that there is a positive
correlation between the radon concentration in the indoor en-
vironment and the radon concentration in the soil gas of the
area where the dwellings are located, this study was conceded
to find out the related correlation of the Afyonkarahisar
Province. For this objective, the area was assumed to be di-
vided into four regions according to the type of rock content
and tectonic and the radon concentration measurements were

carried out both in the indoor environment and soil gas in the
geologically different parts. The present results can be con-
cluded as follows:

& The average radon concentration values of soil gas and
indoor environments have the similar behaviors in the
geologically different regions; i.e., the indoor radon

y = 4.0942x + 73.42
R² = 0.97
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Fig. 4 The correlation between the soil gas and indoor radon
concentrations

Table 1 The average soil gas and indoor radon concentration values of
the regions

Environment Average radon concentrations (Bq m−3)

1st region 2nd region 3rd region 4th region

Soil gas 34,270 57,840 72,340 35,550

Indoor 209.80 293.40 379.70 229.70

Fig. 3 Schematic view of
experimental setup of soil gas
radon measurement

246 Page 4 of 6 Arab J Geosci (2018) 11: 246



concentration of a region and the soil gas radon concen-
tration of the same region are in harmonious each other.

& The minimum radon concentrations were obtained in the
first region of the study area, since the region was
encrusted by trachyte rocks having the lowest permeabil-
ity off all geological content.

& The radon concentrations were the maximum in the third
region, since the high permeable pyroclastic rock and al-
luvion are the geological content in the region.
Furthermore, the probable fault may be increasing the per-
meability of the zone.

& The correlation coefficient of 0.97 is a strong evidence of
the linear correlation between the soil gas and indoor ra-
don concentrations of Afyonkarahisar Province.
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