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Abstract
Afyonkarahisar and its surroundings are located in the middle part of the Akşehir-Simav fault system
(ASFS). This fault system is one of the most important tectonic elements of Southwest Turkey. In this
study, radon concentrations were measured in four-well and spring water, which is used as drinking water,
in the villages and districts of Afyonkarahisar province near ASFS for 24 month period, and the annual
average effective dose amounts were calculated. In addition, the relationship between the average radon
concentration results of potable water wells and the distance of the wells to the fault was examined for
the �rst time in this region.

Radon concentrations were measured between 0.11 ± 0.22 BqL-1 and 17.89 ± 0.58 BqL-1, and mean radon
concentrations were measured between 1.87 ± 0.28 BqL-1 and 11.93 ± 0.48 BqL-1. The annual effective
dose values were calculated between 10.99 ± 1.65 µSvy-1 and 70.11 ±2.82 µSvy-1 for infants, 4.03 ± 0.60
µSvy-1 and 25.69 ± 1.03 µSvy-1 for children and 4.78 ± 0.72 µSvy-1 and 30.48 ± 1.23 µSvy-1 for adults. In
addition, the effect of the distance of the wells from the fault on the mean radon concentrations was also
investigated. The regression coe�cient (R2) was calculated as 0.85. The average radon concentration
was observed higher in the water wells close to the fault. The highest mean radon concentration was
measured in well 4, closest to the fault and 1.07 km away.

1. Introduction
Since the existence of the universe, humans have been under the in�uence of natural radioactivity
originating from long, half-lived radioactive nuclei in the earth's crust. Radiation released during the decay
process of long-lived radioactive elements constitutes an important part of natural radioactivity. Most of
the natural radioactivity on Earth originates from 235U, 238U, 232Th, and 40K. The main sources of uranium
and thorium radioactive elements are the rocks and soil that make up the earth's crust. 238U and 232Th
radioactive elements and their decay products show the different distribution in soil, water, air, rocks,
building materials obtained from soil, food, and beverages. The radioactive elements in the soil can
dissolve in the waters in constant contact with the soil and form the radioactivity level in the waters.
Groundwater is expected to contain higher levels of radioactive elements than surface water. Although it
varies according to geographical regions, the average 238U concentration in the earth's crust is estimated
to be about 2 ppm (Durrani and Radomir 1997). Most of the radioactive elements found in nature occur in
the decay chain of 238U. Radon is formed from 226Ra produced in the decay chain of 238U. The long half-
life of the element radium is a signi�cant factor in the formation of radon. Radon is formed due to the
alpha decay of the element radium. Radon, in group VIIIA of the periodic table, ranks 86th with a half-life
of 3.82 days. It is an invisible, odorless, tasteless, colorless gas that leaks from the ground and diffuses
into the air. Depending on the regional geology, radon can dissolve in groundwater and radon from waters
enters the interior of houses when water is used. It is the only and heaviest radioactive element found in
nature, which does not form any compounds and does not react.
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Radon has three natural isotopes: 222Rn (emanon), 220Rn (toron), 219Rn (actinon). These are the
radioactive decay product of 238U, 232Th, and 235U, respectively. The half-life of 222Rn is 3.82 days, thoron
(220Rn) has a half-life of 54.5 seconds, and actinon (219Rn) has a half-life of 3.92 seconds. Due to the low
activity concentration of 235U and the short half-life of the other two isotopes, 222Rn is the most
important, most abundant, and dangerous isotope in nature. Studies to determine natural radioactivity
have revealed that approximately 55% of the radiation humans are exposed to be caused by radon (ICRP
1993; Gillmore et al. 2002). Two of the 222Rn decay products, 214Po and 218Po, are alpha emitters,
responsible for more than 90 percent of the total radiation received due to human exposure to radon
(Marques et al. 2004). For all these reasons, radon gas is a crucial parameter that should be considered in
human health. Radon gas, which undergoes radioactive decay, turns into particles captured by the lungs
when inhaled. These particles, which enter the body by breathing the air, decompose until they become
stable, and radiation is released at every stage. Radon and its isotopes form radioactive aerosols by
clinging to dust and water droplets in the air and are taken to the lungs by respiration. Once radon gas
enters the respiratory system, it emits α and β radiation, causing a very rapid decay mechanism, and this
decay also includes 210Po, a toxic radioisotope that leads to lung cancer (UNSCEAR 2008). Therefore,
inhalation of radon and its degradation products poses a signi�cant health risk. The energy released
when these particles continue to decompose causes damage to the lung tissue, thus causing cancer over
time (Field et al. 2000; Lázár et al. 2003; UNSCEAR 2008; WHO 2009; ICRP 2010). Humans and all living
things need water to survive. It is a crucial issue that water is seriously related to many aspects of human
health as it must be suitable and reliable. In addition to various solid substances dissolved in the water
content, there may be radioactive substances depending on the environment passed through, or the
location found. Especially underground waters are in contact with different geological formations. The
chemical compounds in these underground formations mix with the groundwater more or less according
to their solubility in water. In this respect, it is recommended that drinking water should not exceed the
limits set by the international organizations in terms of metal and chemical substances and radioactive
elements. Especially groundwater contains radioactive elements from 235U and 232Th groups at different
concentrations (Duenas et al. 1993). The radon in water is absorbed by the organs, mainly into the walls
of the intestine and stomach, resulting from the ingestion of the dissolved radon. The presence of
nutrients in the stomach and absorption of most radiation creates the risk of stomach cancer (Krewski et
al. 2006; Ouabi 2009; Binesh et al. 2010). In other words, radon exposure from breathing and ingestion of
radon and its short-lived products can cause lung cancer (UNSCEAR 2008; WHO 2009; ICRP 2010). A
person's cancer risk can be 89% with the inhalation of water-soluble and released radon. It is estimated
that this rate maybe 11% due to the radon emission that people get from drinking water (USEPA 1991;
USNRC 1999). Smoking is the biggest cause of lung cancer, which is the leading cause of death
worldwide, and the World Health Organization (WHO) has reported radon gas as the second leading
cause of this cancer (WHO 2009). In addition, the WHO predicts that the risk of lung cancer will increase
by approximately 16% for every 100 Bq/m3 increase in the long-term average radon concentration (WHO
2009). International organizations have suggested limiting values   in drinking water for the safety of
public health against radon risks. The United States Environmental Protection Agency (USEPA)
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recommends the limit value for radon concentration in waters as 11.1 Bq− 1, WHO 100 Bq− 1, and the
United Nations Scienti�c Committee on the Effects of Atomic Radiation (UNSCEAR) 4–40 BqL− 1 (USEPA
1991; UNSCEAR 2008; WHO 2011). It is very important to determine radon gas concentrations in drinking
water as posing a health risk. Signi�cant radon gas is likely to present in groundwater because radon
comes from rock and soil. Studies emphasize that there may be higher radon concentrations in the fault
line or near areas (Al-Tamimi and Abumurad 2001; Atallah et al. 2001; Ajayi and Adepelumi 2002; Xuan et
al. 2020). In this respect, this study aimed to determine the radon gas concentrations and obtain the
annual average effective dose amounts in four-well and a spring water sources located on or near the
fault line and used as a drinking water source in the villages and districts of Afyonkarahisar province. The
results were commented on whether it poses a health threat or not. It is vital to detect radon activity
concentration in drinking water and compare the values with the recommended values reported by
international organizations. Measuring radon concentrations in water wells near ASFS, where
earthquakes that have devastating effects on the tectonic system at different times and cause loss of life
and property are also important in terms of radon and fault relationship. In this study, different from
previous years, water wells closer to the ASFS were determined, and the relationship between the average
radon concentration results and the distance to the fault was examined for the �rst time in this region.

2. Materials And Methods

2.1. Study area
Afyonkarahisar province, one of the 81 provinces of Turkey, is located in the middle of the Anatolian
peninsula close to the West and the inner part of the Aegean Region (Fig. 1). It is a province that spreads
over three of Turkey's geographical regions (Aegean, Mediterranean, Central Anatolia). It is located at 37°
45'- 39° 17' north latitude, 29° 40' and 31° 43' east longitude.

Afyonkarahisar and its surroundings are located in the middle part of the Akşehir-Simav fault system
(ASFS), and this fault system is one of the most important tectonic elements of Southwest Turkey
extensional Neotectonic region (Koçyiǧit and Deveci 2007). ASFS is an active tectonic line and therefore
has produced a series of historical and current earthquakes, and there is a possibility of earthquakes up
to 7 magnitudes in the region (Yıldız et al. 2012). Since 1921, 9 earthquakes ranging from 4.7 M to 7.2 M
have occurred in ASFS. Afyonkarahisar and its surroundings are geologically divided into three main
parts namely the Taurus Belt (Sultandağları part), the Inner Taurus Belt (North part of Afyon), and the
Northern part of Sandıklı district by (Metin et al. 1987) and (Erkan et al. 1996). In the study area, rock
assemblages formed in different geological periods from the Taurus and Inner Taurus Belts, from
Paleozoic to Quaternary, are observed.

2.2. Sampling and experimental analysis
This study was carried out to determine the radon concentrations and annual effective dose rates in 5
different water samples along the fault line in the Çay-Sultandağı districts of Afyonkarahisar province.
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Four different deep-water wells and spring water used as drinking water close to ASFS were determined
by taking water samples from these wells (Fig. 2). Point 2, one of the 5 points selected in the study, is not
well water but a source �owing spontaneously for more than 40 years, according to the information
received from the authorities in the region. It is not known exactly where this water comes from. The other
4 points are deep water wells, and the depth information is seen in Table 1.

Samples were taken in monthly cycles over 24 months from January 24, 2014, to December 22, 2015.
Before the water samples were taken, sources were let �ow for about 5 minutes until clean water was
obtained. The water samples were then �lled into 250 ml glass bottles with leak-proof caps. These bottles
are special bottles with an apparatus on the cap that prevents gas escape. Each bottle is �lled to the brim,
leaving no spaces inside to prevent bubbling and escape of radon gas; the bottles' caps are tightly closed
under the �ow of water. All samples were immediately taken to Afyon Kocatepe University Nuclear
Physics Laboratory to determine their radon concentrations. The names of the water wells from which the
samples taken are shown in Table 1 and their locations are shown in Fig. 2.

Table 1
Names and location information of the water samples

Sample No Location name Latitude Longitude Altitude (m) Depth(m)

1 Ali İhsan Paşa district 38.7110° 30.6055° 1008 130

2 Maltepe 38.6070° 30.9098° 1005 -

3 Kadıköy Başel district 38.6458° 30.8342° 1001 120

4 Ali Kaleli district 38.5979° 30.9882° 988 120

5 Çayırpınar 38.5900° 31.0951° 996 100

Radon concentrations in water samples were measured with the professional AlphaGUARD PQ2000PRO
radon detector (Saphymo GmbH 1998, 2001; Genitron Instruments 2008). This device is an ionizing
chamber measuring with the alpha spectrometric technique and is designed to measure radon in air,
water, and soil. To make measurements of radon concentrations in water, an additional device, Special
AquaKIT equipment, was used with this detector. AlphaGUARD PQ2000PRO detector and AquaKIT
equipment containing glass containers in the experimental setup were connected via an air pump, as
shown in Fig. 3. The aguakit apparatus was set to "10 min-diffusion modes" for the detector to measure
10 min cycles. Also, the air�ow was set to be measured at 0.5 L/min modes.

DataEXPERT software was used to transfer, view, and save the experimental data to the computer during
the measurements made with the device. Each water sample was measured three times, and the results
were averaged. All these measurements were made in monthly cycles over 24 months. With the data
obtained from the detector result, the radon concentrations of each water sample were calculated using
the following equation (Saphymo GmbH 1998; Genitron Instruments 2008).
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(1)

where Cw:222Rn concentration in the water sample (BqL− 1), Cair: 222Rn concentration in the measuring set-

up after expelling the radon (Bqm− 3); C0: 222Rn concentration in the measuring set-up before sampling

(Bqm− 3), Vsystem: The interior volume of the measurement set-up (1102 ml), Vsample: The volume of the
water sample (100 ml); and k: Radon distribution coe�cient, (k = 0,26).

2.3. Annual effective doses from 222Rn ingested with water
The annual effective dose for infants, children, and adults was calculated by the following formula
according to Eq. (2) (Somlai et al. 2007; Han et al. 2021):

(2)

where Ei is the annual effective dose due to ingestion of drinking water (Svy− 1); Ci is the measured 222Rn

activity in water (BqL− 1 ); IF is the ingesting dose conversion factor of 222Rn, this estimation was

calculated by the (UNSCEAR 2000) at infants; 23, children; 5.9, and adults; 3.5 nSvBq− 1 for the individuals
in the age groups from 1 year to 2 years (infants), from 7 years to 12 years (children), and over 17 years
(adults); W is the water consumption (infants; 0.7; children; 1.0 and adults; 2.0 L day− 1); T is the water
consumption period (UNSCEAR 2000).

3. Results And Discussion
The radon concentrations of the water samples were measured in monthly cycles, and the study was
carried out over 24 months. Each water sample was measured three times and the average of these three
measurements was calculated. Then, the average radon concentration values   were calculated over the
24-month period. The obtained range and the average radon concentration values are given in Table 2.
The lowest radon concentration value was obtained as 0.11 BqL− 1 in spring water (point 2), and the
highest radon concentration was obtained as 17.89 BqL− 1 in well no. 4. The lowest average radon
concentration value was also obtained for the spring water, 1.87 ± 0.28 BqL− 1, and the highest value was
determined in well no. 4 as 11.93 ± 0.48 BqL− 1. The duration of the study for 24 months enabled the long-
term radon concentrations of the wells to be observed. Monthly measurements of each well did not show
a large and signi�cant change during the study period.

Cw =
Cairx( +k)−C0

Vsystem−VsampleVsample
1000

Ei = CixIF xWxT
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Table 2
Average concentrations of 222Rn and annual effective doses by ingestion for infants, children, and adults

Sample
No

222Rn concentration
range (BqL− 1)

Average 222Rn
concentration (BqL− 1)

Annual effective dose due to
ingestion (µSvy− 1)

Infants Children Adults

1 0.16–13.49 5.13 ± 0.40 30.15 ± 
2.35

11.05 ± 
0.86

13.11 ± 
1.02

2 0.11–4.18 1.87 ± 0.28 10.99 ± 
1.65

4.03 ± 
0.60

4.78 ± 
0.72

3 0.94–12.92 8.93 ± 0.43 52.48 ± 
2.53

19.23 ± 
0.93

22.82 ± 
1.10

4 6.36–17.89 11.93 ± 0.48 70.11 ± 
2.82

25.69 ± 
1.03

30.48 ± 
1.23

5 5.52–11.30 8.50 ± 0.44 49.95 ± 
2.59

18.30 ± 
0.95

21.72 ± 
1.12

The values of radioactive elements in drinking water are required to be below the limit values determined
by international organizations. USEPA recommends the limit value of radon concentration in waters as
11.1 BqL− 1, WHO as 100 BqL− 1, and UNSCEAR as 4–40 BqL− 1 (USEPA 1991; UNSCEAR 2008; WHO
2011). The average radon concentration values of these water samples, which are used as a drinking
water source by the region's people, were compared with the limit values recommended by international
institutions. Accordingly, only the average radon concentration in well no. 4 exceeded the USEPA limit
value of 11 BqL− 1. But it is close to the limit value. The mean radon concentration values of all water
samples did not exceed the limit values recommended by WHO and UNSCEAR, as seen in Fig. 4.

In Table 3, the results of radon concentration measurements (minimum and maximum value ranges,
average concentration values) in groundwaters made in different countries and regions are given to be
compared with this study. As shown in Table 3, radon concentration measurements were carried out in
well water in Afyonkarahisar in 2007, too. The water samples in the present study are especially those
closest to the ASFS and can also be used as drinking water sources. In this study, different from previous
years, water wells closer to the fault line were determined, and the relationship between the average radon
concentration results and the distance to the fault was examined for the �rst time in this region. When
both average radon concentrations and radon concentration range values are compared, the present
study is compatible with the work done in the same area in previous years.
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Table 3
Comparison of this study with radon concentration measurements in groundwater in some other

countries in the World
Location and Country Radon Concentration

Range (BqL− 1)
Average Radon
Concentrations (BqL− 1)

References

Saudi Arabia 0.89–35.44 8.80 (Alabdula’aly
1999)

Italy 5.9-65.79 - (Borio et al.
2005)

Afyonkarahisar,Turkey 0.7–31.7 2.2–7.7 (Yalım et al.
2007a)

Afyonkarahisar,Turkey 0.42–28.82 12.33 (Yalım et al.
2007b)

Ashanti, Ghana 1-41.26 10.97 (Asare-Donkor et
al. 2018)

Konya,Turkey 1.44–27.45 - (Erdogan et al.
2013)

Sakarya, Turkey 1.98–20.80 9.05 (Yakut et al.
2013)

Saudi Arabia 0.06–40.9 5.34 (Alabdula’aly
2014)

Yemen 1.0-896 226.4 (Abdurabu et al.
2016)

Haryana, India 1.4–22.6 - (Duggal et al.
2017)

Ekiti, Nigeria 0.9–472 34.7 (Ajiboye et al.
2018)

China 1.29–31.31 10.47 (Tan et al. 2019)

Rajasthan, India 12.5–862 113 (Duggal et al.
2020)

Gadau, Nigeria 4.92–82.89 38.3 (Shu’aibu et al.
2021)

Çorlu (Turkey) 22.04–63.92 43.25 (Manisa et al.
2021)

Afyonkarahisar,Turkey 0.11–17.89 7.27 Present work

Using the 24-month average radon concentration values of the four different wells and the spring water,
the annual effective dose values of the water samples were calculated. The calculated annual effective
dose due to ingestion values are in the range of 10.99 ± 1.65 and 70.11 ± 2.82 µSvy− 1 for infants,
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between 4.03 ± 0.60 and 25.69 ± 1.03 µSvy− 1 for children, and from 4.78 ± 0.72 to 30.48 ± 1.23 µSvy− 1 for
adults (Table 2). The WHO and UNSCEAR recommend 100 µSvy− 1 as the safe limit for the annual
effective dose from radon intake in drinking water (WHO 2004; UNSCEAR 2008). All results obtained in
this study are below the allowable limit value of WHO and UNSCEAR, 100 µSvy− 1. For this reason, the
waters of these wells, which are located very close to the ASFS in Afyonkarahisar and its surroundings
and are also used as drinking water by the region's people, do not pose any health threat due to radon
intake.

In this study, the effect of the distance of the wells from the fault on the radon concentrations was also
investigated. For this purpose, only four well water sources were taken into account since deep well water
better re�ects the underground changes (IAEA 1993). The regression coe�cient (R2) was obtained from
the graph of the vertical distances to the fault according to the average radon concentrations values of
the wells for 24 month-period (Fig. 5).

The R2 value was obtained as 0.85. This result, therefore, indicates that there is a good relationship
between radon concentrations and proximity to the fault. In the ASFS, the closest well to the fault as well
no. 4, and its distance from the fault is only 1.07 km. The highest mean radon concentration was also
measured in well no. 4. This result is consistent with studies that interpret radon concentrations at or near
fault lines (Al-Tamimi and Abumurad 2001; Atallah et al. 2001; Ajayi and Adepelumi 2002). To better
understand this relationship, it is thought that it would be helpful to measure radon gas in many more
wells in the region.

4. Conclusions
In this study, radon concentrations were measured in four-well and a spring water, which are used as
drinking water, in the villages and districts of Afyonkarahisar province near ASFS for 24 month period and
the annual average effective dose amounts were calculated. The present results can be concluded as
follows:

1. Radon concentrations were measured in a spring water no. 2 with the lowest 0.11 BqL-1, and the
highest in well no. 4 with 17.89 BqL-1.

2. The lowest value of average radon concentrations was determined with 1.87 ± 0.28 BqL-1 in a spring
water no. 2, and the highest value was obtained in well no. 4 with 11.93 ± 0.48 BqL-1 value.

3. Well, no. 4 has slightly exceeded the USEPA's limit value of 11 BqL-1. It can be concluded that the use
of drinking water from this well is not very healthy.

4. During the 24-month study period, the monthly measurements of each well did not show a large and
signi�cant change.

5. The annual effective dose due to ingestion values for all age groups was determined in the lowest a
spring water no. 2 and the highest in well no. 4.
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�. The calculated annual effective dose due to ingestion calculated for different age groups did not
exceed the 100 µSvy− 1 limit recommended by WHO and UNSCEAR for ingestion dose exposure due
to 222Rn in drinking water (UNSCEAR 2008; Manisa et al. 2021).

7. The correlation coe�cient (R2) between the mean radon concentrations of the wells and their vertical
distance from the ASFS was derived as 0.85. The highest mean radon concentration was measured
in the water well closest to the fault (1.07 km and well no. 4). It is believed that it will be helpful to
follow these wells (especially well no. 4) in future studies on this fault line.
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Figure 1

Afyonkarahisar city and districts, including the study area
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Figure 2

Locations of the wells, the ASFS, and other faults

Figure 3

(a) Schematic of the experimental set-up (b) Schematic drawing of the ionization chamber of the
AlphaGUARD detector
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Figure 4

Average 222Rn concentrations of measuring points and annual effective doses for ingestion
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Figure 5

Correlation between the mean radon concentrations of the wells and their vertical distance from the ASFS


