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Abstract 

Radon (222Rn), derived from the Uranium (238U) series and emitted from Geological Formation (soil, rock) (Qg), Fault (Qf) and 

Construction Material (Qm), which cannot be detected by the five senses, is an inert radioactive gas. Radon negatively affects 

people's health (such as lung cancer) as a result of excessive (>200 Bq/m3) accumulation in buildings. The aim of this study is to 

measure the radon emission concentrations of the components (Qg, Qf, Qm) that make up the Total Radon Gas Concentration (Qt) in 

the building (for the purpose of this study, mosque minarets) close to the fault or the possible fault in Muğla province (SW Turkey) 

and order their sizes. The Indoor Radon Concentration (IRC) of 841 minarets in Muğla province was measured with a portable 

RadonEye device (made in South Korea). At least 5 Soil Radon Concentration (SRC) measurements were made perpendicular to the 

fault lines near 14 minarets with a portable Markus 10 device (made in Sweden). About 10% of the 841 minarets were found to be 

above the European Indoor Radon Reference Value (EIRRV) (200 Bq/m3). When evaluated according to the 13 districts, it is seen 

that the district with the highest IRC in the 841 minarets is Marmaris (Çetibeli town, 2809 Bq/m3), and the district with the lowest is 

Ula (Armutçuk town, 217 Bq/m3). The highest IRC was measured inside a minaret made of volcanic rocks in the Marmaris district 

(Çetibeli town, 2809 Bq/m3). The lowest SRC was obtained in Datça district (Kızlan town, 5830 Bq/m3) where serpentinites 

outcropped, and the highest SRC was found in Bodrum district (Gürece town, 120000 Bq/m3) where volcanic rocks outcropped. It 

has been determined that there is a Qf>Qg>Qm relationship between the magnitudes of the factors (Qg, Qf, Qm) affecting Qt in the 

minarets close to the fault and possible faults. As a result, IRC measurements in all buildings where people live should be done 

periodically and regularly by the relevant institutions. 
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Introduction 

Radon (
222

Rn), derived from the radioactive Uranium 

(
238

U) series, is an inert, noble gas and has a half-life of 

3.82 days (UNSCEAR, 1958, 1977). Radon (
222

Rn), 

which cannot be detected by the five senses, negatively 

affects human health (contributing to such ailments as 

lung cancer) as a result of its excessive (>200 Bq/m
3
) 

accumulation in buildings (WHO, 2009; Durrani et al., 

1999; Scheib et al., 2009; Demoury et al., 2013; 

UNSCEAR, 2016; Ravina et. al., 2017). When exposed 

to IRC, tens of thousands of people die on average 

worldwide from lung cancer each year (Bossew and 

Petermann, 2022). For every 100 Bq/m
3
 increase inside 

the building, the risk of lung cancer increases by 

approximately 16% (Darby et al. 2005). Indoor radon 

reference values from country to country were 

determined as World Health Organization (WHO) (100 

Bq/m
3
) (WHO, 2009), USA (148 Bq/m

3
) (CELA, 2014), 

Europe (200 Bq/m
3
) (Ravina et. al., 2017) and Turkey 

(400 Bq/m
3
) (Çelebi et al., 2014). The sources of IRC are 

Geological Formation (soil, rock) (Qg) (Coletti et al., 

2022), Fault (Qf) (Neri et al., 2019) and Building 

Material (Qm) (Frutos et al., 2021; Wang et al., 2022). 

According to previous studies, although the IRC was 

measured in various buildings such as homes (Park et al., 

2018), workplaces (Moreno et al., 2008), schools 

(Bossewa et al., 2014; Madureira et al., 2016; 

Stojanovska et al., 2019), it was not measured in mosque 

minarets. The Qt was measured in 841 minarets in 

faulted and passive zones in Muğla province (in all 13 

districts). At least 5 SRC measurements were made 

perpendicular to the faults located around the 14 

minarets with the highest radon gas in these districts. 

Why was radon gas in minarets measured with a radon 

sensor? 

(1) Compared to other structures (house, 

workplace, school, etc.), it allows 360
0
 

examination of the building blocks of the 

minaret, due to its uniform and cylindrical 

shape. 

(2) Minarets are largely uniform in terms of 

building materials, making them an ideal 

location for the placement of the radon sensor 

compared to other structures. 
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(3) Minarets are generally empty structures and 

they are not entered by people as the daily call 

to prayer is made with loudspeakers. 

(4) Many minarets in the region were positioned 

without consideration for the presence of faults. 

(5) There are many minarets in each of the 841 

mosques (Muslim places of worship). 

(6) The building materials of minarets are of 

critical importance in determining and 

understanding the source of radon gas 

emissions. 

According to the radon measurement results, the 

following sets of hypotheses were formed: 

1.Hypothesis: If there is no Qf and Qg and is only Qm,

then Qt is equal to Qm (Figure 1). 

2.Hypothesis: If there is no Qf and is Qg and Qm, then

Qt is equal to Qm and Qg (Figure 2). 

3.Hypothesis: If there is Qf, Qg and Qm, then Qt is equal

to Qm, Qg and Qf (Figure 3). 

The aim of this study is to reveal the magnitude 

relationship between the parameters (Qg, Qf, Qm) that 

cause Qt accumulation. As a result, all radon data 

obtained were modeled as geological and geostatistical, 

and the sources (Qg, Qf, Qm) of Qt were visualized. 

Fig. 1. The influencing 

factor (Qm) affects the total 

amount of radon gas in the 

building (minaret) (Qt). 

Fig. 2. The influencing factors (Qm, 

Qg) affect the total amount of radon gas 

in the building (minaret) (Qt). 

Fig. 3. The influencing factors 

(Qm, Qg, Qf) affect the total 

amount of radon gas in the 

building (minaret) (Qt). 

Fig. 4. Geological Map of Muğla Province (Geology and Fault Maps are modified from MTA, 2002, 2011a, 2011b). 
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Fig. 5. IRC of Minarets and SRC near them in the Muğla Province (Southwestern Turkey) (Geology and Fault Maps are 

modified from MTA, 2002, 2011a, 2011b). 

Geological Setting 

The study area is located in the province of Muğla (all 

13 districts) in the southwest of Turkey. In the Muğla 

province, volcanic rocks in the west, metamorphic rocks 

in the north, ophiolites and limestones in the south and 

east are dominant (Figure 4). Bodrum Peninsula in 

Muğla consists of metamorphic and volcanic rocks with 

strike-slip and normal faults (Pişkin and Bertrand, 1980; 

Ercan et al., 1984). There are metamorphic rocks 

associated with oblique-slip fault systems in Milas and 

Yatağan districts (Gürer and Yılmaz, 2002). Menteşe 

and Ula districts were formed from metamorphic rocks 

(marbles) with normal faults (Gürer et al., 2013). In 

Datça, Marmaris, Köyceğiz, Ortaca, Dalaman, Fethiye 

and Seydikemer districts, there are predominantly 

composed of peridotites and limestones due to the effect 

of reverse faults (Collins and Robertson, 1998). The IRC 

of 841 mosque minarets in active tectonic and passive 

zones in Muğla province (in all 13 districts) was 

measured between September 2018 and December 2019 

with a portable RadonEye device (made in South Korea). 

In particular, at least 5 SRC measurements perpendicular 

to the faults near each of the 14 minarets with the highest 

IMRC in the active tectonic zones were made between 

October 2021 and November 2021 by a portable Markus 

10 device (made in Sweden). Each IRC and SRC were 

measured in situ with the active method for an average 

of 20 minutes. These radon concentration measurements, 

geological formations and faults are visualized on a map 

(Figure 4-13). 

Results 

In Muğla Province (in all 13 districts), IRC of 841 

minarets was modeled geostatistically with active faults 

Zeybek and Kop / IJEGEO 9(4): 194-206 (2022) 
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(Figure 5). In this model, 14 minarets with the highest 

radon concentration and associated with active faults 

were geologically mapped (Figure 5). IRCs and SRCs in 

very different sizes have been found where there are 

different geological basement rocks (volcanic rocks, 

peridotites (serpentinites), limestones, etc.). When 

evaluated according to the 13 districts, it is seen that the 

district with the highest IRC in minarets is Marmaris 

(Çetibeli town, 2809 Bq/m
3
), and the district with the 

lowest is Ula (Armutçuk town, 217 Bq/m
3
) (Figure 6). 

Fig. 6. Graph of 2D and 3D Colormap Surface Model of 

IRC (Bq/m
3
) for all minarets (841 units) in the Muğla 

Province. 

Fig. 7. Graph of Normal Probability Plot of IRC for all 

minarets (841 units) in Muğla Province. 

Table 1. Database of the IRCs of 14 minarets and the SRCs near them in the Muğla province (SW Turkey) 

Code Name Northing (X)  Easting (Y) 

Elevation 

(Z) 

(metres)  

IRC of 

Minaret 

(Bq/m3) 

Building 

Material(s) of 

Minaret 

Mean 

SRC 

(Bq/m3) 

Basement 

Rock 

Mosque 

Minaret Name 
Town Name 

District 

Name 

M60 622455 4114254 650 657 Concrete 94600 Volcanic Rock Gürece Camii Gürece Mah. Bodrum 

M59 622869 4114699 625 753 Concrete  69000 Volcanic Rock 
Gökçebel Yemiş 

Camii 
Dirmil Mah. Bodrum 

M63 619616 4101966 24 529 
Concrete, 

Volcanic Rock 
49400 Volcanic Rock Akçalan Camii 

Akçaalan 

Mah. 
Bodrum 

M50 621217 4116305 695 1180 Concrete 42600 Volcanic Rock Gümüşlük Camii 
Gümüşlük 

Mah. 
Bodrum 

M61 618030 4102360 48 625 
Concrete, Red 

Tiles 
27600 Limestone Yalıçiftlik Camii 

Yalıçiftlik 

Mah. 
Bodrum 

M53 615007 4121899 647 1172 Volcanic Rock 26400 Volcanic Rock 
Turgutreis Cuma 

Camii 

Akçaalan 

Mah. 
Bodrum 

M45 636472 4110810 715 2809 Volcanic Rock 15500 Serpentinite Çetibeli Camii Çetibeli Mah. Marmaris 

M64 712200 4055036 121 453 Volcanic Rock 12500 Limestone Belen Camii Çaltık Mah. Milas 

M74 620914 4119927 680 383 Concrete 11600 Limestone Özlüce Camii Özlüce Mah. Menteşe 

M48 625899 4107435 611 1638 
Cement, 

Limestone 
11000 Limestone Doğanköy Camii 

Doğanköy 

Mah. 
Menteşe 

M84 579297 4098688 6 324 Concrete, Iron 10400 Limestone Çamlık Camii Çamlık Mah. Bodrum 

M47 625933 4107357 611 1660 Volcanic Rock 6200 Limestone 
Çatakbağyaka 

Camii 

Çatakbağyaka 

Mah. 
Menteşe 

M80 589540 4099627 400 357 

Concrete, 

Limestone, Red 

Tiles 

6000 Schist Kapubağ Camii Kapubağ Mah. Yatağan 

M58 624625 4114379 638 954 Concrete 5830 Serpentinite Kızlan Camii Kızlan Mah. Datça 

Only about 0.5% of the radon gas concentrations 

measured in all the minarets in Muğla Province (841 

units) are above 1000 Bq/m
3
, and also overall about 10% 

were found to be above EIRRV (200 Bq/m
3
) (Figure 7). 

Although the average highest SRC was found in Bodrum 

district (Gürece town, 120000 Bq/m
3
) where the 

foundations were formed by volcanic rocks, and the 

lowest SRC was obtained in the Datça district (Kızlan 

town, 5830 Bq/m
3
) where the serpentinites outcropped in 

the Muğla province. The highest ICR was measured in a 
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minaret made of volcanic rocks in Marmaris district 

(Çetibeli town, 2809 Bq/m
3
) (Table 1). 

Discussion 

Approximately 10% of the IRCs, which were carried out 

in 841 minarets in Muğla Province and 50 houses in 

Bitlis province, was found to be above the EIRRV (200 

Bq/m
3
) (Kuluöztürk et al., 2019). Although the highest 

IRC was found to be 2809 Bq/m
3
 according to the 

measurement result of IRCs made in 841 minarets in 

Muğla province, the highest IRC was 130.2 Bq/m
3
 for 

the measurement result of the ICRs made in 37 houses in 

Kahrizak, a city in Iran (Askari et al., 2019). The main 

reason for the difference in the IRCs of these two 

structures may be due to the differences in the building 

materials (volcanic rock, brick, concrete, etc.), 

geological formation and fault activities. The minaret 

with the highest ICR (2809 Bq/m
3
) in the Marmaris 

district is made of volcanic rocks, despite the fact that 

the Tower of Hercules, built in the Roman Period in the 

city of Corunna in Spain, is made of granites and has a 

very high IRC (149.7 mBq/m
2
.s) (Frutos et al., 2021). 

Minarets are generally built with such building materials 

as concrete, volcanic rock, red brick, limestone, etc., 

even though there are different geological basement 

rocks (predominantly volcanic rocks, peridotites, 

limestones, etc.) in Muğla province. 

In Romania, SRC ranged between 0-500000 Bq/m
3
 

(Burghele et al. 2019), but in Muğla province it was 

found between 0-120000 Bq/m
3
. Alluvial deposits of 

volcanic rocks have the highest SRC (Vilcapoma et al., 

2019). The highest SRC was measured as 120000 Bq/m
3
 

since the basement rock is volcanic rock in the Bodrum 

district of Muğla province. However, the lowest SRC 

was determined as 5830 Bq/m
3
 in the Datça district of 

Muğla province where the basement rock is peridotite 

(serpentinite). Granitic and igneous rocks have very high 

radon concentrations, compared to other rock types 

(Kemski et al., 2009; Tositti et al., 2017). 

SRC reaches its highest level at the fault line (Al-

Tamimi and Abumurad, 2001; Ioannides et al., 2003; 

Sun et al., 2018). Measurements made in the soil 

perpendicular to the fault lines near the 14 minarets in 

Muğla province revealed that there may be quite high 

radon concentrations on the lines. The fault lines deform 

the base of minarets with earthquakes. The radon gas in 

the soil enters the minarets and increases the IRC as a 

result of porosity, permeability, fracture, crack, etc. 

formed by this deformation. 

Limitations 

There are some deficiencies and limitations in our 

studies. Since the minarets are historical and belong to 

the state, no samples could be taken from the building 

materials of the minarets, so a detailed geochemical and 

petrographic study could not be carried out. Due to the 

limited budget of the project, IRC measurement of 841 

minarets could be made for a short time (average 20 

minutes) instead of long-term (1 year). In addition, soil 

gas permeability measurements could not be made in 

SRC measurement areas. It makes it difficult to correlate 

with each other due to the fact that the building blocks 

and architectures of many minarets differ. 

Conclusion 

The qualitative presence of the factors (Qm, Qg, Qf) 

affecting Qt in the faulted zones was determined 

according to the IRC carried out at 841 minarets and 

SRC performed on the faults nearby 14 minarets in 

Muğla Province. In the radon gas measurements made 

from minarets with faults or possible faults in their 

vicinity and the areas where these minarets are located, it 

has been determined that the factors (Qm, Qg, Qf) 

affecting Qt have a relationship in the form of 

Qf>Qg>Qm between their sizes. The minaret with the 

highest IRC (2809 Bq/m
3
) was made of volcanic rocks in 

Marmaris district (Çetibeli town). However, the 

basement rock under the minaret with the highest SRC 

(120000 Bq/m
3
) is volcanic rock in Bodrum district 

(Gürece town). As a result, in all buildings where people 

live, IRC measurement should be made periodically and 

regularly by the relevant institutions, and it should be 

monitored whether it is over EIRRV (200 Bq/m
3
). 
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Appendixes 

Fig. 8. Associating the IRC of the minarets with the Geological Model (GM) (Bodrum district) (Geology and Fault 

Maps are modified from MTA, 2002, 2011a, 2011b). 
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Fig. 9. Associating the IRC of the minarets with the GM (Bodrum district) (Geology and Fault Maps are modified from 

MTA, 2002, 2011a, 2011b). 
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Fig. 10. Associating the IRC of the minarets with the GM (Menteşe district) (Geology and Fault Maps are modified 

from MTA, 2002, 2011a, 2011b). 
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Fig. 11. Associating the IRC of the minarets with the GM (Menteşe district) (Geology and Fault Maps are modified 

from MTA, 2002, 2011a, 2011b). 
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Fig. 12. Associating the IRC of the minarets with the GM (Marmaris district) (Geology and Fault Maps are modified 

from MTA, 2002, 2011a, 2011b). 
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Fig. 13. Associating the IRC of the minarets with the GM (Datça district) (Geology and Fault Maps are modified from 

MTA, 2002, 2011a, 2011b). 
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