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Radon is a naturally occurring radioactive gas and a major indoor contribution of exposure to ionizing radiation 
in dwellings. 222Rn is a health hazard gas what is responsible for thousand lung cancer deaths every year. In this 
study, indoor radon concentrations present in thirty representative houses in Mahallat city, Iran, were determined 
in order to estimate lung cancer risk associated with residential radon exposure. Long-term passive method, using 
CR-39, was used to measure the radon concentration. The results showed an association between the age of the 
dwellings and the indoor radon concentration that was found, in that the concentration of radon tended to increase 
as the age of the dwelling also increased. The indoor radon concentrations were calculated to be within the range 
of 23±2 to 350±26 Bq․m-3, with an average of 158 Bq․m-3. The annual effective dose from inhaled radon and its 
decay products was calculated between 0.8±0.1 and 12.3±0.9 mSv․y-1, with an average of 5.5 mSv․y-1. By taking 
into consideration the EPA recommendation and ICRP statement, the average annual risk of lung cancer from 
inhaled radon was calculated as 0.09%, 0.06%, 0.01%, and 0.03% for current smokers (CS), those who had ever 
smoked (ES), never smokers (NS) and the general population, respectively.
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1. INTRODUCTION1)

Radon is a naturally occurring radioactive gas with 
the chemical symbols of Rn and atomic number of 86. 
222Rn is the most stable isotope of radon with a 
half-life of 3.8 days [1]. 222Rn originates from the de-
cay of 226Ra, an element in the decay series of 238U, 
and it is the heaviest gaseous element in natural se-
quential decay series of uranium, thorium, and 
actinium. 222Rn and its progeny are major factors for 
radiation exposure to humans, and are what increases 
the risk of lung cancer [2-5]. 

DNA damage caused by the interaction of the charg-
ed alpha particles from the inhalation of radon with 
lung tissue can increase the risk of lung cancer, de-
pending on the radon concentration and exposure time 
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[6,7]; however, in accordance to the  United States 
Environmental Protection Agency (EPA) report, radon is 
the second leading cause of lung cancer, after smoking 
[8]. 226Ra is one of the commonly naturally occurring 
radioactive materials in the Earth’s crust (rocks, stones, 
soils, etc.) [9]. Soil and stone, as feedstock in the 
building materials, contain amounts of 226Ra, which is 
what generates radon gas. The generated radon mainly 
migrates and enters dwellings through cracks in walls, 
basements, and foundations; however, the ground is the 
main source of radon. Tap water used in the kitchen or 
shower can be another source of radon in homes [10]. 

Exposure to a low level of outdoors radon concen-
tration, due to its naturally occurring property, is likely 
impossible to avoid, while most exposure to radon orig-
inates from being within dwellings [9]. Several studies 
show that cigarette smoke and radon exposure can sep-
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arately increase the risk of lung cancer; however, ex-
posure to both greatly enhances the risk of lung cancer 
[8]. 

There is no evidence to show that exposure to in-
haled radon may have other side effects, such as other 
forms of cancer, respiratory diseases, or general phys-
ical symptoms (e.g., coughing or headaches) [11].

Depending on national and international recom-
mendation and regulations, a range of 100 to 400 
Bq/m3 has been set as an indoor radon concentration 
reference level. International Commission on Radio-
logical Protection (ICRP), World Health Organization 
(WHO), the European Union and United States Envi-
ronmental Protection Agency (EPA) are the most popu-
lar indexes in the world whom provide recommenda-
tions and regulations for concentrations of radon in 
workplace and public [8,11,12].

This paper presents the correlation between indoor 
radon concentration and the age of the building for the 
30 representative houses in Mahallat city, Iran. Taking 
into consideration the radon concentration and the in-
dividual status of the household, the health risk of ex-
posure to radon was determined to estimate the lung 
cancer risk associated with residential radon exposure 
for different categories of population: the general pop-
ulation; current smokers; those who have ever smoked; 
and never smokers. The annual effective dose received 
by residents was calculated to assess the potential of 
long-term effects.

 Study AREA
Mahallat, with a population of approximately 53 

thousand and 37 km2 areas, is one of the oldest cities 
in Iran. It is located in the Markazi state in the 
north-west of Iran (N 32° 54', E 50° 27') and is sur-
rounded by mountains. About 30 representative houses, 
in the age range of 3 to 30 years after construction and 
from different locations of the city, were selected to 
measure indoor radon concentration. The representative 
houses were collected from a randomized sample of 
homes and were based on: the distribution of the pop-
ulation, used building materials, geological structure, 
ventilator system and the age of constructions to cover 
sampling from all different parts of the city; during 
sampling, the applicants were requested to fill out an 
introduction form, which included questions about the 
building, households habitats, the ventilation system 
and so on.

Fig. 1. The location of representative dwellings in terms of age.

Fig. 1 presents the distribution of the selected dwell-
ings in terms of their age. 

From each house, two places were selected to eval-
uate the radon activity concentration. These were the 
living room and bedroom, due to residents mostly 
spending their time in these rooms. 

2. MEASUREMENTS AND　METHODS 

A time-integrated passive method was used to detect 
radon concentrations inside the houses. The CR-39 type 
detectors (SSNTD, Solid State Nuclear Track Detector, 
10×10 mm) covering by radon selective diffusion con-
tainers (35×30×10 mm) were exposed to indoor radon 
of representative houses for 6 months. The charged al-
pha particles from radon decay collide with the surface 
of CR-39 and break the chemical bonds of the polymer 
structure what are called tracks [13]. The tracks were 
made visible by the chemical etching and then counted 
using optical transmission microscope and image ana-
lyzer software. 

Two detectors - one in the living room and one in 
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the bedroom - were placed in each house for 180 days 
(January to June) in order to show precise results of in-
door radon concentrations in cold and warm seasons. 
The detectors were placed at the horizontal distance of 
120-160 cm above the floor, 50 cm far from the doors 
and windows and 20 cm away from any other objects 
on the wall.

Etching solution was prepared as a 25% NaOH sol-
ution on a hot plate. Detectors were floated in the etch-
ing solution at 90 °C for four hours [14]. The average 
radon concentration was then calculated by counting 
the tracks and Eq.1 [4,14]:

CRn = (NT - NB)E / TA            (1)

where CRn is the average indoor radon concentration 
(Bq․m-3), NT is tracks number, NB is the background 
tracks, E is the calibration factor (Bq․h․mm2․m-3), T is 
the exposed time (hours), and A is reading area of the 
detector (mm2). The calibration factor (E) is calculated 
from Equations (2) :

E = CRnTA / N                     (2)

where the N is the net tracks.
Radon decay product exposure rate is expressed as 

any combination of short-lived radon decay products in 
1 cubic meter of air with the potential of emitting 20.8 
µJ of alpha particle energy and shows by WL unit [16]. 
Working Level Months is a unit of exposure to 1 WL 
for 170 hours [8]. Annual radon progeny exposure is 
calculated with Equation (3) [8]. In the absence of ex-
perimental data on equilibrium factor between radon 
and its progeny in the representative houses, the EPA 
recommended value was used to estimate annual human 
exposure rate.

WLM(Y) = CRnF(2.7×10-4)S(HYear/170)    (3)

Where WLM(Y) is the annual human exposure rate to 
radon decay products, CRn is the average of radon con-
centration (Bq․m-3), F is the equilibrium factor as 0.4 
for indoor and 0.6 for outdoor, 2.7×10-4 is the radon 
progeny concentration in equilibrium (WL․Bq․m-3), S as 
0.7 is the fraction of spending time indoors, and HYear 
is annual hours.

The annual effective dose from inhaled radon is cal-
culated with Equation (4) [5,17]:

Table 1. The Lung Cancer Risk Factors by Individual Status.

Organization Status Risk Factor

ICRP General Population 5×10-4

EPA

Current Smoker 1.5×10-3

Ever Smoker 9.68×10-4

Never Smoker 1.67×10-4

HA = WLM(Y).I                              (4)

Where HA is annual effective dose (mSv․y-1) and I is 
the conversion factor of 9 (mSv per WLM).

The risk factors provided by ICRP and EPA were 
used to estimate the risk of lung cancer from radon in-
halation for: the general population, current smokers, 
ever smokers, and never smokers. Table 1 presents the 
risk factors in terms of organisations and individual 
status.

The annual risk of lung cancer from inhaled radon 
and its progeny is calculated by equation number 5 [8]:

R = WLM(Y)DK            (5)

where R is the risk of lung cancer per year, WLM(Y) 
is the annual cumulative radon and its progeny ex-
posure rate, D is the exposure time (Year) and K is the 
risk factor.

System calibration and characterization
The detectors were calibrated using a lake-proof ra-

don chamber and a passive radon source to supply a 
known concentration of radon inside the chamber [15]. 
Radon concentration inside the chamber was monitored

Fig. 2. The perspective of CR-39 calibration system.
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Table 2. The 222Rn Concentration, Effective Dose and Lung Cancer 
Risk for Representative Houses.

Type Location ⁕CRn
⁕Annual dose ⁕Ge risk 

Ground 
Level

S-01 177±13 6±0.4 0.03

S-02 248±18 9±0.7 0.05

S-03 202±15 7±0.5 0.04

S-04 157±12 5±0.4 0.03

S-06 103±8 4±0.3 0.02

S-07 168±12 6±0.4 0.03

S-08 281±21 10±0.8 0.05

S-09 145±11 5±0.4 0.03

S-10 198±15 7±0.5 0.04

S-11 179±13 6±0.5 0.03

Walk-up 
Basement

1-S02 286±21 10±1 0.06

2-S03 304±23 11±1 0.06

3-S06 271±20 9±0.7 0.05

4-S07 238±17 8±0.6 0.05

5-S08 350±26 12±0.9 0.07

6-S10 233±17 8±0.6 0.05

7-S04 268±19 9±0.7 0.05

2nd Floor
Apartment

A01-2 30±2 1±0.2 0.01

A02-2 27±3 1±0.1 0.01

A03-2 28±2 1±0.1 0.01

A04-2 23±2 1±0.1 0.01

1st Floor
Apartment

A01-1 40±3 1±0.1 0.01

A02-1 41±3 1±0.1 0.01

A03-1 45±4 2±0.1 0.01

A04-1 30±3 1±0.1 0.01

A05-1 52±5 2±0.1 0.01
⁕Rn is indoor radon concentration (Bq․m-3), Annual dose is annual ef-
fective dose from inhaled radon (mSv․y-1) and Ge risk is annual lung 
cancer risk to the general population (%).

during calibration using AlphaGUARD. The radon con-
centration inside the chamber was kept constant during 
the whole experiment by adjusting the flow rate of the 
pump. Detectors were exposed at 2000 Bq․m-3 radon 
concentration for seven days. Fig. 2 shows a schematic 
diagram of the calibration system.

3. RESULTS AND DISCUSSIONS

Table 2 shows the indoor radon concentration in rep-
resentative houses. The radon concentrations were 
measured between 23±2 and 350±6 Bq․m-3 with an 
average of 158 Bq․m-3; however, the average of meas-
ured radon concentration is higher than the worldwide 
average value at 39 Bq․m-3 (UNSCEAR, Effects of 
Atomic Radiation), and EPA recommend levels at 100 
Bq․m-3, however this is below the WHO, EU BSS 
(European Basic Safty Standard), and ICRP recom-
mended reference level (300 Bq․m-3) [1,8,12].

The average of indoor radon concentration in walk- 
up basement houses, ground level houses, basement 
apartments, and 1st and 2nd floor apartments, were cal-
culated as 292, 186, 132, 41, and 27 Bq․m-3, re-
spectively. 

An association between the age of the dwellings and 
the concentration of radon was found, in that the radon 
concentration tends increase as the age of the dwelling 
also increases. Fig. 3 shows the relation between the ra-
don concentration and the age of the houses - walk-up 
basement, ground level and basement apartments - that 
were similar in geology and climate.

Fig. 3. The correlation between indoor radon concentration and the age of the house.
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Fig. 4. The annual risk of lung cancer in terms of building style.

Fig. 5. Lung cancer risk and effective dose in terms of building age. 

Yearly exposure rates to radon and its progeny were 
measured from 0.09 to 1.36 WLM(Y) with an average of 
0.62 WLM(Y). Table 2 presents the annual effective 
dose from inhaled radon for each house. 

The annual effective dose rates were calculated be-
tween 0.8 and 12 mSv․y-1 with an average of 5.5 mSv․
y-1; mainly, the measured annual effective dose rates 
were within the recommended reference level at 3 to 10 
mSv․y-1 of the international organisations [18]. 

In addition, the yearly risk of lung cancer was esti-
mated for four different categories of smokers, ever 
smokers, never smokers and the general population. 
The annual risk of lung cancer for each category in 

terms of house type is shown in Fig. 4.
Lifetime lung cancer risk was calculated by multi-

plying the annual lung cancer risk of each category 
with the lifespan of the categories set for different 
smokers. In accordance with the EPA statement, the 
lifespan for never smokers, ever smokers, and the gen-
eral population are about 76.4, 74.2, and 75.4 years, re-
spectively [8]. Fig. 5 shows the lifetime lung cancer 
risk and the lifetime effective dose in terms of ground 
house age.

According to the results of the study, a possible ef-
fect of house age on indoor radon concentration was 
observed, however it cannot be approved due to vary-
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ing reasons, for example, the air tightness of earth- 
neighbouring building elements, induced radon concen-
tration, and the amount of used building material. 
According to Yu KN’s study, (The variation of radon 
exhalation rates from building surfaces of different 
ages, 1995), the radon exhalation rate from the build-
ing’s surface decreases as the building age increasing 
[19]. However, Cohen BL (1986) observed that there is 
a positive correlation between indoor radon concen-
trations and age of houses [20].

It is clear that approximately all selected houses – 
including old, recently built, and new - do not have ra-
don concentrations that exceed the recommended levels.

4. CONCLUSIONS

In conclusion, the results show that the average of 
indoor radon concentrations of dwellings in Mahallat 
city are below the European and ICRP recommendation 
levels, in exception of dwelling numbers 2-S03 and 
5-S08 as 305 and 350 Bq․m-3, respectively. The annual 
effective doses are mainly below the recommendation 
level, with an average of 5.5 mSv․y-1; however, the an-
nual risks of lung cancer were estimated at 0.2% in all 
population categories. The observed results of this 
study are consistent with a previous study by Cohen 
BL (“A national survey of 222Rn in U.S. homes and 
correlating factors”, 1991), in that the radon concen-
tration in houses with an average age of less than 20 
years old was measured around 33% higher than houses 
with an average age of more than 10 years. In regards 
to the risk of lung cancer, a mitigation act is recom-
mended for all dwellings with a radon concentration 
higher than 200 Bq․m-3; however, huge amounts of ra-
don enters the home from the ground, therefore ground 
isolation for old houses are recommended.
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